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The important role pleyed by the platinum electrode
surface in electrocatalytic reactions is now well known. 1In
the oxidetion of many organic compounds, the platinum sur-
face provides sites for the dissociative adsorption of
orgenic molecules with subsequent oxidation of the adsorbed
species. The catelytic efficiency of the platinum surface
in such reactions depends on the nature of any species
already adsorbed on the surface, e.g. hydrogen or oxygen,
which arise when an aqueous electrolyte is employed. The
potential range over which the platinum surface in aqueous
HQSOh media is free from chemisorbed hydrogen or oxygen
species is very limited, 2nd es e result work hes been per-
formed on platinum electrodes in non-aqueous, aprotic
solvents such as acetonitrile. Absence of water in the
scetonitrile solvent system not only extends the potential
range over which the platinum electrode is free from chomi-
sorbed hydrogen or oxygen species, but it also allows the
use of high cathodic or anodic potentials without the
evolution of hydrogen or oxygen, respectively. Acetonitrile
hes thus been extensively employed in the study of orgeanic
redox reactions which often occur at very high cathodic or
anodic potentials with passage of currents which are smaller

than those which arise in the case of faradalc hydrogen or

oxygen evolution.
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Very little work has appeared regarding the electro-
chemiceal properties of acetonitrile itself, e.g. with regard
to its possidle influence on the platinum electrode surface.
Where acetonitrile has been used as solvent, 1t has generally
been assumed that it is inert towards the platinum surface
and hence does not influence the kinetics and mechanism of
the reaction under investigation. In the present work, the
electroactivity of methanol and formic acid at platinum in
anhydrous acetonitrile has been studied and an interpretation
of the results follows after an investigation of the behavior
of ascetonitrile itself at platinum electrodes in aqueous media.
Thus, the general assumption that acetonitrile is en inert
solvent at platinum electrodes comes under careful and
eritical examination in Part I of Chapter III. A direct
result of the work with acetonitrile in agueous media was the
discovery of the new anodic hydrogen displacement effect which
is of general interest with regard to electrochemical
hydrogenation of organic molecules and which is described 1in
Part II of Chapter III.

There have been previous reports regarding the
activating effects which several catalyst "poisons” have on
the formic acid oxidation reaction at platinum; however, no
reasons have been given for this unexpected result. In this
work, the effect was also observed with acetonitrile and
and an explanation is presented in terms of the

mercury.,

formation of ar inhibiting species derived from formic acid.



In fact, a considerable amount of research has been performed
over the past fifteen years regarding the identity of the
formic acid poison and a new possible identity is given in
Part III of Chapter III which fits all of the experimental
observations from this and related work.
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Figure

Potentiodynemic current (i)-potential (V)

profile for Pt in 1N H580), at (av/dt) =

50 mV sec=l in the potential range between
epprecieble hydrogen and oxygen evolution. 5

(2) Potentiodynamic i-V profile for Pt in
0.25M CH30H at dV/dt = 50 mV sec-1;
potential range 0.05 to 1.5 V,Eg.

(b) Potenticdynemic i-V profile for Pt in
0.25M HCOOH at dV/dt = 50 mV sec=l;
potential range 0.05 to 1.5 V,Eg. 15

Photegraph of the electrochemical cell
frequently used for studies under agqueous
conditions. 57

Electricel circuit for potentiostatic
steady-state polarization, 59

Electrical circuit for potentiodynamic
current-potential measurements. 59

Adsorption isotherm for thiourea (s),
dimethylsulphide (x), acetonitrile (a),
benzonitrile (®), 2nd benzene (o) at Pt

at 250C, 1N H,SO), represented in terms of

their blocking effects on H electro-
chemisorption. : 63

Potentiodynamic i-V profiles for adsorbed
acetonitrile at platinum as a function of

[CH3CN] in relation to background curves

for hydrogen and oxygen electrosorption

from 1N aq. HpS0) et (dV/dt) = 50 mV sec-1.

Also shown is the 1-V relation for anhydrous
CH3CN + NaCl0) as electrolyte. 68

Dependence of peak currents, i,, for aceto-
nitrile oxidation at platinum In the double-
layer region on sweep rate, (dV/dt), for
various concentrations of ﬁcetonitrile.

(v) 2 x 1079M; (@) 2 x 10-*M; (o) 2 x 10-3M;
(8) 2 x 10-2M; (V) 2 x 1072M with 90 sec
cathodic holding. Potential range 0.06 to

6
1.4 V,E.. 9
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Dependence of peak current, i,, for aceto-
nitrile oxidetion at pletinum” in the double-
leyer region on square-foot of sweep rate,
(av/at)172, with [cH.CN] = 2 x 10-5y.
Potentiel range 0.067to 1.k V,Eg.

Dependence of peak current, i,, for aceto-
nitrile reduction (0) and oxidation (O) in
the double-layer region at platinum on

Sweep rate, (dV/dt), with [CHsCN] =5 x 10-3u
Potential range 0.06 to 1.4 V,Eg for the
reduction peak.

Anodic end cathodic peaks in potentio-
dynamic i-V profiles for edsorbed aceto-
nitrile at platinum showing the effect of

the H-region and cathodic holding at 0.06
V,Ef on the reactions in the double-layer
region; curve (a) for the double-layer region
curve (b) for double-layer and H regions;
curve (c¢) with holding of potential at 0.0
V,Eg for 90 sec. [CH3CN] =5 x 10-3M, av/at
50 mV sec-l,

Dependence of peak current, i,, for aceto-
nitrile reduction and oxidation in the
double-layer region at platinum on sweep
rate, (3V/dt), for [CHsCN] = 5 x 10-3M with
cycling restricted to the potential range
0.35 to 0.80 V,Ej.

Extent of adsorption of acetonitrile and
corresponding apparent H blocking effects

et platinum as & function of acetonitrile
concentration; (a) in multisweep experi-
ments; (b) after 90 sec cathodic holding at
0.06 V,Eq. The points, @, represent expected
Continuation of Qg g.1. curve beyond L based
on the assumption that Ga,H should be
constant if species "B" was not formed.
{aV/dt) = 50 mV sec-l.

Dependence of peak current, iD, for aceto-
nitrile oxidetion at platinum’in the double-
layer region on ascetonitrile concentration,
with (o) and without (O) solution stirring.
Potential range 0.06 to 1.k V,Eg; (av/at) =
50 mV sec—i,
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20

Order of atomic hydrogen blocking at
pletinum by a series of nitriles at a
concentration of 6.k x 10-4M ip 1y H580),
after 90 sec cathodic holding at 0.05
V,Eg. Potential range 0.06 to 1.l V,Eg;
(dV?dt) = 50 nV sec~1,

i-V profiles teken on an oscilloscope at
high sweep rates for 1M CH3CN at Pt in 1N
Hgso&; (av/dat) = 5,10,20,30,40 and 50 uv
sec~+. Potential range 0.05 to 1.25 V,Eq.

Anodic and cathodic peaks in potentio-
dynamic i-V profiles for adsorbed aceto-
nitrile over various potential ranges
obtained by reversing the direction of the
sweep at different potentials in both the
anodic-going and cathodic-going sweep;
curve (a) for the double-layer region;
curve (b) for double-layer and H regions,
curve (c¢) with holding of potentials at
0.06 V,Ey for 90 sec, [CH3CN] =5 x 10-3M;
(dv/dt) = 50 oV sec-1,

Change of peak potential in cathodic and
anodic sweeps in the double-layer region
with log (sweep-rate) showing limit of
reversibility of double-layer reduction/
oxidation process.

Cathodic transient for acetonitrile
edsorption at platinum at 0.L0 V,Eq;
[cH3CN] =5 x 10-3M. Also shown are the
first (=) and second (***) anodic and
cathodic sweeps in the double-layer region
after measurement of the transient.

(2) Cathodic transient for acetonitrile
adsorption at pletinum at ca. 0.45 V,Ey
during an enodic-going potentiodynamic
sweep; [CH3CN] =5 x 10-3M, (av/at) =
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50 mVsec~1. First (1) and second (2) sweeps

after adsorption of acetonitrile are
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{b) Potentiodynsmic profile for 3 x 10”3y
CH3CN (—+—+—) and bvackground (—) at
50 mV sec-1 together with typical anodic
and cathodic transients which erise on
potentiostatic adsorption at 0.11 or
0.26 V,Eg, with the anodic & displace-
ment effect arising in the former case.

Transient adsorption charges, at (@), from
current transients for acetonitrile adsorp-
tion at Pt in relation to H blocking, Aqy
(o), and total X coverage, af (o), in
absence of additive. The points = represent
Q4 values before correction for slow reduc-
tion effects. g, is as defined in the text.

[caseN] = 3 x 10-3u.

Effect on the hydrogen region of changing
from slow (5 mV sec=l) to fast (50 mV sec-1)
sweep rates during an anodic-going sweep.
Pt, 1N HpS0).

(e) Resolution of the fast atomic hydrogen
end acetonitrile processes obtained by
initiating faster transients (50 mVsee-1)
on a slower anodic or cathodic-going one
(5 mV sec=1).

(o) Resolution of fast H ionization process
with trensients at 500 mV sec™l taken
on a slower anodic sweep of 5 mV sec-i.

Charges involved in reduction and oxidation
of adsorbed acetonitrile determined in
various potential ranges as a function of
potential of sweep reversal in the cathodic-

‘going sweep. Correction for acetonitrile

reoxidation charge in the anodic H region
vas made and the true acetonitrile and
hydrogen oxidation charges are shown (see

Table 1 for definitions of charge quantities).

[CHSCN] = 5 x 10-3M, (dV/dt) = 50 nV sec-l.

As in Fig. 2b but with a modified potentio-
dynemic prograemme in which the surface
oxide region is excluded.
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fect of cathodic nolding at various
potentials on charge recoverable in the
following anodic sweep in d.1. region
{gg,4.1. and g, d.1,,h). Holding effect,
corrected for additional charge involved
in reoxidation (in the H region) of reduced
CH3CN species, is represented by the solid
lines marked q, and 9g,n- The (constant)
cathodic charge, 9¢,d.1,» for reduction in
the double-layer region is also shown.
(av/dt) = 50 nV sec-1,

Repetitive sweep charges 9,4 9 K in the
H-region and the anodic charge Qe ,H,n Te-
covered after 90 sec holding at various
cathodic end poten?ials. 4 (n) end qp,

are the corresponding charges for the
resolved, fast H desorption component,
(wvith and without cathodic holding), giving
the true extent of H adsorption in repeti-
tive sweep and holding experiments. Q. is
the true charge for hydrogen deposition on
the cathodic sweep; q@ is the H coverage in
absence of acetonitrige es (V).

(av/dt) = 50 mV sec-1,

a) Lattice of Pt atoms om the 111 face
showing meximum accommodation of CH5CN
and coadsorbed H.

b) Orientation of CH3CN on Pt 111 surface
lattice.

¢) Orientation and shape of CH3CN reduced
by le, 1EY on Pt lattice.

d) Orientation and shape of CH3CN reduced
by 2e, 2HY on Pt lattice.

a) Dependence of currents i ,2,d.1,9
ip,g end ip;,., from the 2dodic 1-V pro-
£ile in Fig. 29(b), on the potential
region where slow cathodic sweeping was
introduced into 100 mV sec=1 sweep.
(This shows the relative effects of
holding the potential almost constant in
various S50 mV ranges of the cathodic
sweep).

98

99

104

106



30

31

32

33

3k

o'
g

- Xxvii -

Page

Anodic-going potentiodynamic i-V profiles

et 100 nV sec=! taken after 50 sec periods

of slow sweeping at 1 mV sec~l over

various potential ranges during a 100 aV,

sec-1 cathodic-going sweep. Curve a: 0.33

to 0.38 V; curve b: 0.21 %o 0.16 V; curve c:
0.15 to 0.10 V,Ej. 106

Resolution of component currents in the
cathodic-going sweep in the H region by
the method illustrated in Fig. 23a.
[CH3CN] = 5 x 10-3w,

As in (a) but for the enodic-going sweep.

Resolved current-potential profile for
reoxidation of adsorbed acetonitrile

reduced in a cathodic-going repetitive

sweep up to 0.10 V,Eg and after holding

for 90 sec at this potential. 107

Anodic (o) and cathodic (m) cherges in the

surface oxide region at Pt as & function of
CH3CN concentration, together with the
apparent charge (X) for blocking of oxide
formation. Difference between (o) and (m)
points give greaot, of Fig. 32, (av/dt) =
50 mV sec~1; petential range 0.05 to 1.3

Reaction charges a4,

V,Eg. 114

act for oxidation of

adsorbed'CH3CN species over the surface

oxide region at Pt determined from the

difference of anodic and cathodic oxide

charges measured in this region (from

Fig. 31) for various CH.CN concentrations.

(dv/at) = 50 nV sec~l, potential range

0.05 to 1.3 V,Ej. 11k

Dependence of acetonitrile resction charge

in oxide region, q

, On sweep rate.

»

[CH3CNJ =5 x 10-3M, gotential range 0.05
to 1.3 V,Eg. 117

Effect of different anodic terﬁination

potentials on the cathodic and anodic going

i-V profile for acetonitrile at Pt in 1N

H,80), . [CH3CN] =5 x 10-3M, dV/dt = 50 nV

sec-1, 118
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Effect of cathodic holding for 30 sec at
0.05 V,Ey on the i-V profile of 1M CH,CN
at Pt in 1N HpS50), et (av/dt) = 10 V sac-l
potential range 0.05 to 1.3 V,Eg. Also
shown is the effect on the i-V profile of
cycling in a potential range which excludes

the H region, i.e. 0.4 to 1.3 V,Bg. 120

’

(2) Effect of cathodic holding for 90 sec
at 0.4 V,E; on the i-V profile of 1M
CH3CN at Pt in 1N HyS0), at av/dt =10 Vv
sec~l, Potentiel range 0.l to 1.3 V,Eg.

(b) As in (a) but with 90 sec anodic holding
et 1.3 V,EH. 121

Dependence of peak current for oxide re-

duction on [CH3CN% for potential range 0.05

to 1.3 V,Eq with (D) and without (o) 90 sec
cathodic holding and for potential range 0.k

to 1.3 V,E; with (W) and without (e) cathodic
holding. (dv/dt) = 50 mV sec=l, 123

Potentiodynamic current-potential profiles
for Pt in the H and double-layer regions
showing background curve (—) for 1N H,S0),
and corresponding curve (—s—e—) for addition
of thiourea 3 x 10-3M. Curves at r.h.s. are
twvo (anodic) transients which arise when
thiourea is added at 0.11 or 0.26 V,Ej. XN -
hatched area corresponds to guantity of H
displaced by thiourea adsorbed at 0.11 V,Eg;
Z - hatched area to that for thiourea
adsorption at 0.26 V,Eg. (dV/dt) = 50 mV sec-l. 132

Anodic H desportion charges, a; (@), from

current transients for thiourea adsorption at

Pt in relation to H blocking, Aqy (8), and

total H coverage q§ (0), in the ebsence of
additive. 132

Anodic E desportion charges, g, (O), from
current transients for dimethyisulfide

adsorption at Pt in relation to H blocking,

Aqg(®), on both first and second anodic

sweeps after ddsorption, and total hydrogen
coverage, qf (0), in the absence of

additive. 13%
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41 Anodic electrochemisorption transient for
0.5 M CH30H edsorption in the double-layer
region (of. ref. 17) and absence of transient
in the H region. WNote relative lack of
adsorption of CH30H in 1st sweep after eddi-
tion at 0.1 V,E; in comparison with behavior
in 2nd sweep. Potentiodynamic i-V profile at
r.h.s. shows effect of methanol on the §
region after dissociative adsorption at 0.k
V,Eg. 136

42 Potentiodynamic profile, as in Fig. 38, for
background (——) and for addition of benzene
- (3 x 10=3M, —s—s=) together with typical
o anodic transients which arise from benzene
- edsorption et 0.11 and 0.06 V,Ez. In the
' latter case, note increased steady-state
cathodic current in the transient corres-
ponding to benzene reduction. 140

43 Anodic H desportion charges, ¢ (@), from
' current transients for benzene adsorption at
Pt in relation to H blocking, Aqy (e), and
total hydrogen coverage, qf (o), in the
absence of additive. Lower curve (qr) repre-
sent difference of qt and Agqy due to electro-
chemical hydrogenation effects which increase
as the potential becomes less positive. 141

bl Potentiodynamic profile, as in Fig. 38, for
background and for addition of benzonitrile
(3 x 10=3 M, ———) together with typical
anodic and cathodic transients for benzo-
nitrile adsorption at 0.06 and 0.26 V,Ey,
respectively. Note long-term cathodic
reduction involving charge 04 .- 8t Vggg =
0.6 V,Eg after initial ¥ displacement. 1ks

Ls Transient adsorption charges, q (m), from
current transients for benzonitrile adsorp-
tion et Pt in reletion to H blocking, Loy (o),
and total H coverage, qﬁ (o), in the absence
of additive. The points (®) represent the Qy
velues before correction for long-term re-
duction effects associated with charge a4 -

in Fig. L&, 145
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Potentiodynamic i-V prof
CH30E at pletinum with v
tions of acetonitrile. (
potential range 0.05 to

S concentra-
) =50 nV sec~1,

Dependence of pesk current for the FA; pro-
cess, i.e. formic acid oxidation in the
double-layer region (O) and methanol oxida-
tion et ca. 0.9 V,E; (0) on [CHACN] . The peak
currents were determined from the potentio-
dynamic i-V profiles in Figs. 46 and 48§.

[Hcogﬂj and [CH30E] = 0.25M, (aV/at) = 50 mv
sec™+,

Potentiodynamic i-V profiles for 0.25M

HCOOHE at platinum with verious concentra-
tions of scetonitrile, (av/dt) = 50 gzv sec—1,
potential range 0.05 to 1.5 V,Eg.

(a) Effect of cycling in & restricted
potential range, in this case without the
H region, on the i-V profile for 0.25M
HCOOH at Pt. (dV/dt) = 50 mV sec-1,
potential ranges: (i) 0.05 to 1.5 V,Ey;
(ii) 0.4 to 1.5 V,Eg.

(b) Dependence of (i )pa. on termination
potential in the catlodic sweep for the
same conditions as described in (o).

Anodic-going potentiodynamic i-V profiles
resulting from HCOOH addition at 0.3'V,Eq on
the cathodic-going sweep (a) and at 0.3 V,Eq
on the anodic-going sweep (b). (dv/dt) = '

25 mV sec-l, potential renge 0.05 to 1.5 V,Eg.

Dependence of (i )p,. for 0.25M HCOOH at Pt
on [CH3CNJ when cycling is restricted to the
range 0.4 to 1.5 V,Ey, i.e. in the ebsence of
the H region.

Relation between steady-state point-by-point
i-V curves for 0.25M formic acid oxidation
in the presence and absence of CHLCN

(2 x 10=3M in 1N agq. H,80),) and the corres-
ponding potentiodynamic i-V profiles taken
at 50 mV sec~l over the same potential range
in anodic-going direction.
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Anodic-going potentiodynamic i-V profiles

for 0.25M HCOOH resulting from addition of

5 x 107*M CH3CN at 0.3 V,Eg on the cathodic-

going sweep ?curve 2) and 0.3 V,Eg on the
anodic-going sweep (curve b). (dV/dt) = 25

mV sec=l, potential range 0.05 to 1.5 v,Eg. 160

Peak current for FA, process as a function of

time ty spent in the H region in potentio-

dynamic sweeps. [HCOOK] = 0.25M, {av/dt) in

FA] region = 50 mV sec-l, potential range 0.05

to 1.5 V,Eq. 165

Dependence of (i )p,. on termination potential

in the cethodic Sweed for various holding

times, ty, at that potential. Also shown on
non-linear scale are the corresponding H

coverages in 1N H,SO) at the different

cathodic termination potentials. [HCOOH] =

0.25M, (dV/dt) = 100 mV sec~l to minimiZe tg
effects in comparison with ty in the H region,
potential range to 1.5 V,Ey. 167

Progressive blocking of H adsorption peaks at

Pt (but with meintenance of their resolut%on)

upon electrodeposition of Hg from 3 x 10-OM

aq. HgS0) during successive cathodic sweep in
potential range 0.05 to 1.0 V,Eg. Quantitative
oxidation of deposited Hg is measured in an

anodic sweep taken to 1.4 V,Ey. 173

(2) Variation of potentiodynamic i-V profile
for 0.25M HCOOH at Pt with Hg electro-
deposition, as in Fig. 56. [HgS0),] =10-6y,
(av/at) = 50 mV sec-l, potential ranges
0.05 to 1.3 V,Eg and 0.05 to 1.05 V,Eg.

(v) Variation of (i,)pp, with H coverage, 05>
at platinum conirol}ed by Hg electro-
deposition (es in Fig. 56). [HCOOH] = 0.25M,

(av/dt) = 50 nV sec-1, 17k
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Dependence of (in)FA on the apparent

hydrogen coverage, bz, obtained with addition
of various concentrations of acetonitrile
(-e~, see text); potential range 0.05 to 1.5
V,Eg. Also shown is the incresse of (in)FA s
a function of apparent 8y (see text) due t
accumulation of adsorbed impurities during
long-period cycling in & restricted potential
range excluding surface oxidation (-@-) .e.

0.05 to 0.9 V,E;. For both cases, [HCOOK]

0.25M, (dv/dt) = 50 mV sec-1, 178
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Variation of (i )pa. with progressively in-
creasing reversal potential in the ancdic

sweep in the region of Pt surface oxidation.
Initial condition of (iy)py. at 0.9 V,Ex

was achieved by extensive c¥eling in this
restricted potential range with 0.25M HCOOH

in the system. Critical surface cleaning effect
arises at ca. 1.1 V,Ey leading to increase in
coverage by adsorbed formic gcid species. Also
shown are the results of the same type of
experiment but with 5 x 10-3M CH3CN also pre-
sent. (aV/dt) = 50 mV sec-l. The relative
charge, QO/QH, for platinum surface oxidation
is also given (4). 181

Potentiodynamic i-V profiles for Pt in aceto-
nitrile with 0.5M NeC10) in the potential

range 0.15 to 1.4 V,EH showing the effects of
various amounts of added water. Sweep profiles

are shown in the case of multisweeps (—) and

after 90 sec holding at the anodic termination
potential ()., (aV/dt) = 50 nV sec-l, 187

(a2) Potentiodynamic i-V profile for molecular
hydrogen oxidation at Pt in 1N Hy80), at
electrode rotation rate of 4900 r.p.m.
and (dV/dt) = 50 nV sec-l. Also shown is
the background sweep obtained in the
absence of hydrogen.

(b) As in (2) but at a stationary platinum
electrode, background not shown. 189
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Potentiodynamic i-V profile for molecular

hydrogen oxidation at platinum in anhydrous
acetonitrile coniaining 0.5M NaCl0y,

(dv/dt) = 600 aV sec=l. Also shown is the

sweep obtained in the absence of hydrogen. 189

Potentiodynamic i-V profiles at 600 mV sec-1
for molecular hydrogen oxidation at platinum
in anhydrous acetonitrile containing 0.5M

NaCl0) and 1.0% (ca. 0.5M) water in two
potential ranges:

......... 0.% to 1.6 V,Eg

—— -0.4 to 2.6 V,Eq 189
Poteatiodynamic i-V profiles for 0.25M HCOOH
at Pt in acetonitrile/0.5M NaCl0) with two
concentrations of water: (a) 0.1M Hy0 (.2%);
(b) 1.0M Hy0 (2%). (av/dt) = 50 mV sec-1, 193

Potentiodynamic i-V profiles for aceto-
nitrile/0.5M NaCl0) in the absence of (a)

and in the presence of (b) 0.25M methanol,

CH30H. (dV/dt) = 50 mV sec-1, 194
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ABSTRACT

The electroactivity of acetonitirile at platinum
electrodes in agueous HQSOh solutions has been investigated
by the potentiodynamic sweep technique. It is shown that
acetonitrile adsorbs on platinum electrodes and undergoes
electrochemicel reactions while in an adsorbed state on the
pletinum surface. The appearance of reduction-oxidation
current peaks in the "double-layer" potential region 1is
associated with a somewhat reversible, 2-electron reduction~-
oxidation of adsorbed acetonitrile, the primary reaction in
the double-layer region being reduction.

The extent of acetonitrile adsorption can be deter-
mined from measurements of charge passed in the double-layer
and H regions in potential sweep experiments and complementarily
in potentiostatic current transients which are observed following
adsorption of acetonitrile at potentials more negative than

ca. 0.6 V,E However, both reduction and oxidation of

g
adsorbed acetonitrile extends into the H region so that the
charge passed in this potential range contains compenents due
both to electroactive acetonitrile and to hydrogen. The true
coverage by hydrogen, and hence by acetonitrile, can be deter-
nined by utilizing the different kinetic relaxation

characteristics of the two species. It is subsequently found

that acetonitrile occupies three plaetinum sites per molecule
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The steges of reduction and oxidation of the
adsorbed acetonitrile speclies are considered in terms of a
consecutive 2-electron process which involves a change of
shape of the molecule leeding to steric hindrance for com-
pletion of the reduction of the ad-layer at the least
positive potentials.

The electrochemistry of acetonitrile in the
platinum surface oxide region reveals the oxidative desorption
of only a small fraction of the adsorbed species. In fact,
inclusion of the surface oxide region in the potentiodynamic
sweep program does not influence the charge for reoxidation
of adsorbed acetonitrile determined on the next anodic-going
sweep in the double-layer region. This behavior is to be
contrasted with that observed over the H reglon, especially
at high concentrations of acetonitrile,where another species
appears on the electrode surface and decreases the coverage
with the reactive species. The possible identity of this

inhibiting species is discussed.

Part II

The adsorption of acetonitrile In the H region
occurs by anodic displacement of previously adsorbed atomic
hydrogen, if the adsorption is initiated at potentials less

positive than ca. 0.11 V,E_. This new electrochemical



adsorption effect 2lso ariges with thiourea, dimethylsulfide,
benzene and benzonitrile upon adsorption in the H region.
Anodic edsorption transients can be measured potentio-
statically and the charges corresponding to quantities of
atomic hydrogen displaced may be quantitatively related to
the blocking of the surfece for H adsorption as determined in
subsequent cyclic voltammetry experiments. The effects are
shown to be quite different from those previously described
which result from dissociative chemisorption at electrodes
where anodic transients arise from electrochemical ionization
of adsorbed hydrogen atoms resulting from dissociation of the
organic molecule itself, e€.g. in the case of methanol
adsorption in the double-layer region at platinum.

The anodic adsorption transients resulting from
adsorption of thiourea and dimethylsulfide in the H region are
only associated with H ionization. However, adsorption of
nitriles and benzene in the H region gives an adsorption
transient charge which is composed of an anodic charge due %o
H ionization and a cathodic charge due to electrochemical
hydrogenation of the organic molecule. Separation of these
component charges is discussed and in the case of nitriles,
the cathodic reduction charge can be divided experimentally

into 2 fast and slow component.



- XXviii -

Part III

The effects of such cetalyst poisons as aceto-
nitrile and mercury on the oxidetion of formic acid ang
methanol at platinum was investigated by the potentiodynamiec
sweep technique. It is shown that the currents for formie
acid oxidation, measured in the potential range 0.4 to 0.8
V’EH’ are substantially increased by the presence of these
poisons. This result is in contrast with the auto-inhibition
usuelly suffered during oxidation of fyel molecules when a
build up of inhibiting species, referred to as p, occurs on
the electrode surface. It is shown that acetonitrile and
mercury increase the currents for formic acid oxidation at
platinum in an indirect way by diminishing the extent of D
formation. The formation of P is shown to be a slow reaction
which occurs more readily at less positive potentials and a
mechanism is proposed for p formation which involves dehydra-
tion between two adsorbed formic acid molecules. In this way,
the adsorbed formic acid is tied up as an unreactive p species
which blocks the surface for oxidation of the normal reactive
species.

It is shown that accumulation of impurities from
solution on the electrode surface, which is achieved by
potentiodynamic cyeling in the absence of the platinum surface
oxide region, also gives rise to an increase in the formic
acid oxidation currénts in the double-layer potential regicn.

The effect of acetonitrile on the peak current for various
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xidation processes is described,together
with an investigetion of the effect of very high concentrations

of acetonitrile on formic acid oxidation at platinum.

Part IV

The effect of trace quantities of water on the
potentiodynamic i-V profiles for platinum in anhydrous aceto-
nitrile was also investigated and the .formation and reduction
of surface oxides under these'conditions is explained. . The
oxidation vehavior of formic acid, methanol and molecular
hydrogen at platinum in anhydrous acetonitrile is described.

.

The lack of activity in the case of formic acid and methanol

[H

s interpreted in terms of the results given in Part I.
Molecular hydrogen oxidation occurs over a wide potential
range in anhydrous acetonitrile, this potential range being
dependent on the extent of platinum surface oxide formation

and hence on the quantity of water present in the system.

Molecular hydrogen oxidation was also studied in aqueous media
at platinum and the origin of the oxidation currents is dis-
cussed in relation to the currents arising from adsorbed

hydrogen deposition or ionization.



CHAPTER I
ekt e el

INTRODUCTION

1. Oxidation Processes on Platinum Anodes

() Electrocatelysis

The electrochemical oxidation of organic molecules
at platinum electrodes has been extensively studied in regard
to (a) fundamental aspects of electrocatalysis and electro-
chemisorption; (b) applications in fuel-cell technology; and
(c¢) in electrosyntheses, e.g., the Kolbe and Hofer-Moest
reactions. In order to obtain optimum fuel-cell efficiency
in the oxidation of orgenic molecules, an understanding of
reaction mechanisms is necessary. The electrochemical oxida-
tion of many organic molecules depends on the ability of the
electrode to dissociate catalytically the molecule into
smaller, adsorbed fragments which can be oxidized from the
surface. The role of the electrode surface in providing
sites where this dissociative adsorption can arise and where
the intermediates resulting from this process can undergo
electrochemical oxidation, has given rise to a new ternm,
"electrocatalysis™ (1). The catalytic efficiency of the
surface depends on the nature of the electrode material and
on the potential at which the electrode is held in & particular
solution. This potential-dependent role of the electrode

surface in the overall reaction mechanism and the coupling of



electrochemical with dissociétive adsorption processes are
the factors which distinguish electrochemical catalytic
processes from ordinery catalyzed resctions.

The importance of the electrode material is well
known in the case of the hydrogen evolution reaction. Conway
and Bockris (2) showed that the electrochemical catalytic
properties of a series of electrode materials, as indicated
by the exchange-current densities for the hydrogen reaction,
could be correlated with the %-d character in the desp3
ybrid bonding in the metal lattice and in fhe surface.
This arises because the meteal electrodes, to be referred to
generally as M, may act in an electrocatalytic role oy
forming a chemical bond with the atom of hydrogen to be dis=-
charged from H+ to give a chemisorbed species, M-H. The
reaction proceeds by the transfer of charge from the electrode
to an activated state of the solveted proton in solution with
the formetion of a chemical bond, M 4 H30+ t e > ME + H,0.
The strength of this chemical bond is related to the adsorptive
end catalytic properties of the electrode and is & major
factor determining the mechanism of the reaction. In fact,
the rate-determining step for the hydrogen evolution reaction
and even the overall reaction pathway itself can depend upon
the M-H bond strength, i.e., on the nature of the electrode
material and its coverage by H.

The chemisorption of atomic hydrogen on an electrode

surface at which H, evolution is occurring (3) is an example
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of direct adsorption of an intermediate resulting from
charge transfer., However, as mentioned above, the oxidation
of many organic molecules proceeds by & prior dissocietive
chemisorption of reactant, followed by charge transfer. The
dissociative chemisorption of methanol, formic acid and
ethylene on a platinum electrode is well known and the
electrochemical oxidation of molecular hydrogen proceeds by
& similar mechanism on platinum, involving chemisorbed H
atoms. Since the ability of the platinum electrode to dis-
sociatively chemisord organic molecules depends upon the
condition of the electrode surface.with regard to coverage
by hydrogen or oxygen species, the nature of the platinum
electrode surface in pure, aqueous solutions will first be

discussed.

(b) Nature of the platinum electrode surface in contact

with aqueous solution

The nature of eny electrode surface depends upon
the potential at which it is maintained and the solution with
which it is in contact (k). For example, there exists only =
relatively narrow range of potentials over which the platinum
surface in agueous solution is free of chemisorbed hydrogen
or oxygen particles (see below). The dependence of resction
kinetics on the state of the electrode surface has often
resulted in contradictions between the experimental data

rerorted by different authors engaged in studying the same
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reaction at the same electrode but under somewhat @ifferent
conditions of the surface. It is therefore important to
know the state of the electrode surface when investigating
the kinetics of an electrochemical reaction.

The hydrogen end oxygen evolution reactions on
platinum are examples of continuous faradeic processes, i.e.,
the reaction currents do not fall to zero upon potentiostatic
polarizetion, and, as a consequence, these reactions can be
studied by steady-state techniques. However, no continuous
earadzic processes are possible on platinum.in pure, aqueous
solutions between the thermodynamic limits for hydrogen and
oxygen evolution and the reactions occurring in that region,
i.e., hydrogen and oxygen adsorption, must therefore be non
steady-state processes. Since the currents arising from non
steady-state processes fall to zero upon potentiostatic
polerization, transient methods are required for their
investigation.

One important transient method is tﬁe potentio-
dynamic sweep technique, developed by Will and Knorr (3),
which consists of changing the potential in a controlled,
usually linear, manner with time and recording the non steedy-
state currents which result. The potential is varied in a
eyclic manner between certain limits, e.g., from the hydrogen
reversible to the oxygen reversible potentials as shown in
Fig. 1 for platinum in agueous HESOh' The curren%s recorded

. . . _ -
during the potential sweep 1n Fig. 1 are the result of



™~

Reduction of H; evolution

rearranged surface ~.
oxide

Deposition of adsorbed H
7 (H30% + Pt 4 ¢ - PtH)

: | e
- X o
°
9
. £
o
e : E 0
: POTENTIAL 7 5|
L g !
0
Double-layer
charging 2
g
- Surface <
oxidation

SN ]

Y Ionization of adsorbed H

O3 evolution

<No continuous Faradaic processes possible in this region \J

| S | ! 1 ] | | 1 |
1.6 1.4 1.2 10 08 03 c.2 0

POTENTIAL V, E,,

<
F{S

Fig. 1. Potentiodynamic current (i)-potential (V) profile Ié
for Pt in 1N H,S0) at (aV/dt) = 50 mV sec-1 in the |
potential range between appreciszble hydrogen and 5
oxygen evolution. ~,.

N



*

(i) non steady-state, pseudo-faradaic reactions involving

only the formation end removal of a layer of adsorbed inter-
mediates, and (ii) the non-faradaic reaction of charging the
metal-solution doudble-layer (see below). For a pseudo-
faradaic reaction, at each potential, there is a certsin
coverage of the electrode with adsorﬁed species corresponding
to en equilibrium condition. Tf this coverage is attained
and the electrode potential is not changed, e.g., upon
potentiosteatic polarization, the net electrochemical reaction
ceases and the currents fall o zero.

The nature of the platinum surface in agueous
solution can be classified by refereﬁce to three distinct
patential regions as shown in Fig. 1: (i) the adsorbed
atomic hydrogen region; (ii) the doublé-layer region; and
(iii) the surface oxide region. These three regions are
observed during both the 2nodic and cathodic-going sweeps
and their mein features will now be discussed.

In & cathodic-going sweep over the potential region
0.05 to 0.35 V,EH, pseudo-faradaic currents arise from
deposition of atomic hydrogen onto the surface from solution
(Pt + H30+ + e > PtH + HQO); in the reverse direction of the
sweep, ionization of adsorbed H from the surface occurs. The

different peaks correspond to distinguishable states of atomie

bhydrogen adsorbed on the surface with different bond strengths.

¥
Pseudo-faradaic reactions are also referred to as electro-

chemical surface reactions. They cannot occur continuously
as does a normal faradaic reaction.
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For the two principel ¥ species on Pt, the difference of

mean adsorption energy is ca. 3.5 kcal.mole-l. An important
characteristic of the reactions of atomic hydrogen on platinum
is that they are reversible, the equilibrium coverage at any
potential being attained almost instantaneously.

Between the hydrogen and oxygen adsorption regionms,
i.e., 0.35 to ca. 0.8 V’EH’ the platinum surface is free
from chemisorbed particles although oriented solvent molecules
are ubiquitously preseut. In this region, changes of surfece
charge on the metal change the electrode poténtial and give
rise to a different distribution of anions and catioms at the
metel-sclution interface. This is a non-faradaic process in
the sense that no electrons flow across the double-layer
between solution and metal, i.e., the behavior is similar to
that of charging a condenser. Behavior in this range of
potential, to be referréd to as the "double-layer™ region,
differs from that in the hydrogen adsorption region where
electrons pass zcross the double-layef in the &eposition or
ionization of atomic hydrogen causing flow of non steady,
pseudo-faradaic current.

At potentials more positive than ca. 0.8 V,E

H,

the platinum surface oxidizes, the anodic current profile

* .
Three species can bve d1

stinguished in work carried out on
clean surfaces in very pur

e solutions (see Chapter III).



exhibiting several reproducible peaks.* Reduction of surface
oxide occurs in 2 single peak at more cethodic potentials than
correspond to its formation (contrast the reversibility in the
hydrogen region). The oxidation and reduction of the surface
are slower, less reversible processes than the atomic hydrogen
reactions and require time for reaching equilibrium at any
potentisl.

Another method for studying non steady-state Dro=-
cesses at electrodes is chronopotentiometry (7-11), i.e., the
recording of changes of poiential as a funcfion of time which
result when a constant charging current is applied to the
electrode. The results obteined are related to those from
the potentiodynemic sweep method (12) except that in the latter
case there is more resolution of the processes that occur,
e.g., in the hydrogen and oxygen adsorption regions. This is
because the potentiodynemic method is essentially a differential
method**. Similar resolution can, however, be obtained with

the differential galvanostatic method (13).

*
In work to be described elsewhere (5), it has been shown that

the Pt surface undergoes several distinguishable stages of
oxidation corresponding to development of sub-lattices of
adsorbed OH (Pt + Hy0 » "PtOH" + E¥ 4+ e) below full coverage
by OH which occurs at ca. 1.1 V,Eg. Beyond this potential,
the "PtOH" species becomes oxidized to "PtQ" in a broad, less
reversible region. For convenience in the following material,
these various species covering the electrode surface will be
referred to as "surface oxide" although it is prodably only
after "Pt0" formation that the ad-layer approaches a 2=
dimensional phase (6).

**The significance and origin of currents arising from electro-
chemicel surface processes in the potentiodynamic method are
discussed in Chapter I, section 2(b).



The d.c. methods discussed above for studying the
nature of surface reactioas a% electrodes can be complemented
by the a.c. capeacitance method in which the capacitative
component of the impedence of the electfode to an a.c. signal
is derived as a function of frequency after allowance for
diffusional effects (14-16). This method was employed by
Breiter (16) in the cese of platinum electrodes in agueous
solution, the capacity-potential profiles being compared with
the potentiodynamic current-potential profiles. The results
from the a.c. method are more difficuli to interpret quantita-
tively than those from d.c. methods on account of the large

frequency dependence of the capacity that usually arises.

(¢) Oxidation of simple organic molecules at

platinum electrodes

The oxidation of simple organic molecules such as
ethylene, formic acid, and methanol has been studied extensively
end the speciel significance of platinum as ean electrocatalyst
meterial is now well known. The overall oxidation reaction of
these organic molecules may be divided into two important
steps: (i) adsorption on the electrode surface with the
formation of a chemisorbed intermediate; (ii) anodic oxidation
of the intermediate from the surface. The mechanism for the.
oxidation of methanol end formic acid at platinum electrodes
will now be discussed with reference to the nature of the
electrode surface, since these two molecules were involved in

part of the original work to be reported later.



Methanol is a representative.example of 2 molecule
which dissociatively chemisords on pletinum in the double=
layer potential region; the three H atoms of the methyl group
are split off and adsorbed together with a carbon conteining
residue (17); thus

Pt
6Pt + CH,OE » 3PtH + Pt-C-OH (1)
/
Pt
The adsorbed hydrogen atoms then undergo rapid electro-

chemical ionization:
3PtH > 3Pt + 3HT 4+ 3e (2)

and reaction (2) gives rise to a non steady-state current
which is initially observed after adsorption of methanol on
platinum (17). The above mechanism for adsorption of methanol
on platinum is supported by the fact that the charge for
oxidation of the adsorbed hydrogen which has split from the
molecule is equal to the charge associated with complete
oxidation of the residue, this charge also being equal to
the charge equivelent to the decrease in hydrogen coverage
after adsorption due to the presence of ;C-OH groups.

The ability of the surface to adsord a reactant,
e.g., methanol in reaction (1), depends on the energetics of
bond breaking in the molecule and bond formation with the
metal surface. The energy of the latter process depends on

the nature of the surface and of any species already chemi-
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sorbed on the surface, €.g8., electrosorbed oxyzen or
species. TFor adsorption of methanol on platinum, the
dependence of coverage by the orgeanic species* on electrode
potential hes been determined experimentally by several
workers (18-21). If methanol adsorption at each potential is
allowed to occur on a clean platinum surface, i.e., free fronm
any previously chemisorbed methanol, the coverage follows a
domé-shaped curve with potential (18). Maximum coverege with
methenol occurs between 0.35 and 0.55 V,EH, i.e., in the
doudble-layer potential region, where the plﬁtinum surface is
free from adsorbed hydrogen or oxygen species.** If, on the
other hand, methanol is initially adsorbed in the double-
layer region and the electrode potential is then taken to
cathodic values, no significant decrease in coverage with
methenol species is observed (19). This is associated with
the irreversibility of methanol adsorption, the adsorbed
species being displaced only at more positive potential where
they are oxidized from the surface (see reactibn (%) velow).
There has been considerable controversy concerning

the electrochemisorption of formic acid on piatinum. Its

adsorption and oxidation appeers to be more complicated than

* . 3 .
For an outline of the methods used in determining coverage

by organic species, see p.h4l,
*% . L .
A similar dome-shaped relstionship was obtained for methanol
adsorption on an iridium electrode (22) with maximum adsorp-
tion in the potential region 0.3 %o O.h.V,EH where oxygen
end hydrogen adsorption on iridium is minimal.

i/



that of methanol due to the possibility of side reactions
with formetion of 2 co-adsorbed blocking species (23-26),
Bagotsky and Vasiliev (27,28) believe that the mechanism for
the adsorption of formic acid as & species, which is reactive
in subsequent desorptive oxidation from the surface, involves

dissociation of the molecule; thus
2Pt ¢ HCOOH » PtE ¢+ Pt-COOH (3)

with the participation of two platinum stom sites. Like
methanol, formic acid also displays a non steady current
after adsorption on platinum in the double layer region
because of the rapid electrochemical oxidation of atomic
hydrogen. However, significant oxidation of the formic acig
residue is also possible at these potentiels; therefore, the
charge associated with oxidation of adsorbed hydrogen split
from the molecule cannot be easily evaluated. In this case,
the dissociative adsorption mechanism is supported by
(i) results obtained at a palladium bi-electrode (27) where
some of the atomic hydrogen resulting from splitting of the
molecule diffuses through the palladium and gives an anodiec
current on the opposite side of the membrane; and by (ii)
equality of the charge for'complete oxidation of the residue
and the charge equivalent to the decrease in hydrogen
coverage after adsorption (28). |

For adsorption of formic acid on platinum, the
dependence of coverage by organic species on electrode

potential gives a dome-shaped curve with maximum surface



coverage by formic acid species st 0.2 V,3, (23,28). The
coverage by formic acid species is close to unity up to ca.

0.3 V,EH, et which potential the coverage begins to decrease
end eventually falls to zeroc at ca. 0.7 V,EH because of
electrochemical oxidation of the adsorbed species. The formic
acid adsorption is not as irreversible as the methanol
adsorption since oxidation of formic acid can occur, at least
to a small extent, at potential less positive then 0.4 V,EH
and formic acid can adsorb on & surface partially covered by
atomic hydrogen.

For both methanol and formic acid, the rate of
oxidation of the adsorbed organic residue is a somewhat slow
reaction which depends on (a) the coverage by organic residue;
(b) the metal-solution potential difference and (c) the
coverage by any other adsorbed species such as surface oxide.
It is with regard to oxidation of the carbon residue that
the methanol and formic acid reactions differ, the adsorption
mechanism which gives the reactive species beiﬁg similar for
both molecules on platinum. In the case of methanol, the
enodic current resulting from oxidetion of the adsorbed species
at a fixed potential increases with increasing coverage by

methanol (17,27). This is to be contrasted with the result

reported by Brummer (23,26) for formic acid where an increase

. in coverage by adsorbed species at a fixed potential results

in a decrease in the anodic current. It has been proposed (26)

that while all of the experimentally determined coverage of
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edsorbed methanol species at platinum is involved in the main

oxidetion reactica, a large proportion of the species resulting

from formic acid adsorption is not the main reactive species

in reection (3) but is an inhibitor resulting from a parallel

side reaction. As the coverage by this inhibiting species

increases, the currents for formic acid oxidation decrease.
Oxidation of the methanol residue with platinum

surface oxide at potentiels >0.9 V,EH may be written as

follows (17):

3
\
Pt-C-0H + 3PtOH » 6Pt 4 CO_ + 2H.0 (k)

2 2
Pt
while that for the formic acid residue in the mein resction
path is:
Pt-COOH + PtOH » 2Pt + CO2 3 H20 (5)
In both ceases, the anodic curreat for oxidation of the
organic residue arises in the surface oxidation itself, thus:

Pt + H.O » PtOH + HY 4+ e (6)

2
with consumption of the electro-generated PtOH species
through reaction (5).

Although steady-state Tafel plots are required for a
full investigation of the charge-transfer events in organic
reaction mechanisms, the rate of orgapic oxidation processes

can in certain cases be followed conveniently with the

potentiodynamic sweep method, as can the oxidation and



reduction of the vlatinum surface itself (
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énv currents observed in many organic reactions
at pletinum are fundamentally different from those observed |
in the background potentiodynemic sweep arising when only the
"electro-inactive" supporting electrolyte itself is present.
Whereas in the latter case only reactions of surface species

at a finite coverage are involved, with methanol and formic
acid the currents can be of a continuous faradaic nature,

i.e., under controlled potential polarization conditions the

1l not usually fell to zero but will attain some

[N

currents w
steady, finite velue corresponding to the activation and/or
diffusion controlled rate of the reaction of species fron

the solution. It is often useful to compare the potentio~
dynamic current-potential curves for methanol or formic acid
with that for the platinum surfece reactions in the supporting
electrolyte alone, (e.g., 1N ag. HESOh (Fig. 2) see also

ref. 2). While, quantitatively, the coverage by surface

oxide and hydrogen will be changed in the presence of the
organic compounds, it is usually possible to gain qualitative
information on the electrochemical surface reaction from such
a comparison. The current densities for methanol and formic
acid oxidation at any potential are substantially different
(Fig. 2) because the oxidation rates for the two reactions

at platinum differ appreciably due to different reaction
mechanisms. From the oxidation peaks in the 1-V profiles,

both organic substances are seen to be reactive in

Vi



Sl ke

-

ol? 0.4¢

£

(&)

< 08t

E

>-

= L2F

N

pd

w

O 6+

*_.

pd

w

x 20+

e

)

O

O 24f

a)

o)

2

< 28F
. 3.2F
3.6L

Fig. 2.

POTENTIAL V,E,.

L5V

0.25M CHyOH

(a)

(a) Potentiodynamic i-V
CH3OH at dv/dt = 50
0.05 fo0 1.5 V,Eg.

(b) Potentiodynamic i~V
HCOOH at dv/dt = 50
0.05 to 1.5 V,Ex.

005 15

0.25 M HCOOH

profile for Pt in 0.25M

nV sec

-1.

’

potential

range

.25
range

FC

005V

//,'//



1
[
N
f

ct

he same potential ranges excep:t for o

©®

=
2]
:
yae
©
»
Fie
[&]

2w
-

s in the double-layer region in the case of
formic acid. This reactivity of fornmic acid during a potentio-
dynamic sweep in the double-layer potential region may be
associated with the fact that a mechanism of oxidation to C02
can be proposed for the formic acid residue without the

participation of surface oxide:

P£-COOK » Pt + CO, + it oe (1)

whercas such a mechanism cannoi easily be envisaged for

v methanol. However, the problem is complicated because of
the existence of finite steady-state currents for methanol
oxidation even at 0.5 V,EH (17), i.e., at potentials which

e are much less positive than those required for detectable

surface oxide coverage.

(@) Inhibition effects in organic oxidation reactions

at platinum electrodes

From potentiodynamic sweep experiments, both
methanol and formic acid are seen to react differently as
various steges of platinum surface oxidation are reached in
the potential range 0.8 to 1.4 V,E, (Fig. 2); inhivition
effects occur with increasing potential after initial reaction
of the organic substance with the surface oxide. It has been
suggested that the role of platinum surface oxide species in
organic oxidations can be two-fold (L): (i) they can react

with co-adsorbed organic molecules or derived adsorbed



intermediates as shown above; (ii) they can act as blocking
species causing inhibdition of organic oxidation. The
mechanism by which platinum surface oxides inhibit the
oxidation of hydrocarbons hes been studied in some detail
(29-33). Steady-state current-potential profiles for
oxidation of an extensive series of organic substances (e.g.,
ethylene, methanol, formic azigd, formaldehyde) at platinum
show a general passivation region at 0.95 V,EH, i.e., the
inhibition takes the form of a slower rate of increase of
current with potential which often leads to a reversal of
direction of the current-potential profile. It has been
suggested that the passivation can be due to the following
factors: (i) adsorption of supporting electrolyte anions
(34=36); (ii) self-inhibition by adsorbed intermediates
produced in the reaction itself (37-38); (iii) formation of

a surface oxide on the platinum electrode (29-33). The case
of development of potential-independent currents also repre-
sents a decrease in the "rate of increase" of current with
potential; however, this case arises when the reaction becomes
completely diffusion controlled and it is not of fundamental
mechanistic interest. The fact that there is very often a
real reversal of direction of the current-potential curves
(see Fig. 2), and not just development of a limiting current,
indicates that diffusion control is not an important factor
in such cases. With regard to (i), Schuldiner has suggested

2- . . . .
+hat the adsorption of SOh could give rise to passivation



in those systems where sulfuric acid was used as electrolyte,

Y
J

. s 2=
fowever, the coverage of pl 0, was found fro

S aum by g

radiatracer studies (39) to decreasc at about 0.9 V,E., i.e.,
in the region vhere surface oxidation commences. Since the
potential of passivation for oxidation of organic compounds
is the same in HCth and H3POh solutions, the perchlorcte angd
dihydrogen-phosphate anions, like the sulfate anion, evidently
play no direct role in the passivation.

In connection with (ii), it has been shown theoreti-

bition effects

e
e

cally by Gilroy and Conway {39) that self-inh
can arise in a reaction where electrochemical adsorption is
followed by a heterogeneous chemical step involving production
of species which occupy more surface sites than did the
kinetically antecedent species. The resulting rate-equation
involves a 8(1-8) term, & being coverage by the reacting inter-
mediate, i.e., the reaction reguires both reactant coverage

and free surface sites to proceed, & maximum rate occurring

at 6§ = 0.5. A somewhat different approach has been used to
explain the inhibition of formic acid oxidation at platinum
through coverage of the electrode by adsorbed species. It

has been pointed out above that the formic acid oxidation is
retarded by an intermediate derived from the reacting particles
in a reaction step parallel to the main reaction sequence.

This intermediate is a poisoning species and blocks a large

.

%The identity of this species will be discussed in
Chapter III, Part III.
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surface. Work by Dolin et 21, (40) on the effect of irradia-
tion on the oxidation rate of KCOOY and C2HSOH has shown that
unstable oxidation products of z radical type are not
responsible for the inhibition. The end oxidation product,
CO2, also has no effect on the passivation behavior.
With respect to (iii), Begotsky and Vesiliev (22,

27,4%1) noted that the range of potentials of inhibition of
organic reactions depends only on the nature of the electrode
metal and the solution pH; hence, kinetic inhibition above

0.9 V,EH is probably a result of a change in the steate of the
electrode surface brought about by the adsorption of oxygen
species. Bockris et al (30) arrived at the same conclusion
and were able to incorporate the surface oxidation reaction

into the rate equation with reasonable results. Indeed, it

is known that the presence of surface oxides affects the rate

‘of simple electron transfer processes at platinum. Anson (L2,

43) investigated the Fe(III)-Fe(II) couple at platinum and
found the reaction to be less reversible on an oxide covered
electrcde than on a reduced electrode. Also, the reduction
of molecular oxygen follows a different mechanism on oxide-
free and oxide covered platinum surfaces (Lh-LA). Oxide-

free platinum is more active than oxide-covered platinum for

w

oxygen reduction as indicated by the Tafel slope values of
m

RT . S as Pt ot

iz and 2;—, respectively, 1in dilute sulfuric acid.

4
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oxides as inhiditing species for organic oxidations comes
from the manner in which the rate of oxidation of organic
substances follows the well-known hystersis (47) in the
electrodeposition and reduction of pletinum surface oxide
species. In potentiodynamic i-V profiles at Pt, oxidation

of organic substances arises in the cathodic sweep only after
free Pt sites appear on part of the surface through reduction
of the oxide. In the same way that the potential for
commencenent of oxide reduction changes with the amount and
type of oxide formed in the anodic sweep, the potential at
which the orgenic oxidetion reaction begins on the cathodic
sweep depends on the prior anodic treatment of the electrode.
Bagotsky and Vasiliev (27) found that as the termination
potential on the anodic sweep was increased, the hystersis in
the steady-state polarization curve for methanol oxidation at
platinum increased accordingly.

The inhibition resulting from surface oxide forme-
tion can be due to: (i) the amount of surface oxide, i.e, its
coverage; and/or (ii) the type of surface oxide since various
oxidation states of platinum are possible. Although most
organic oxidation reactions in aq. medium at Pt probably occur
with the participation of surface oxide as was shown on p.l13
for methanol, the organic molecule must generally be in an
adsorbed state on the electrode surface initially. The

presence of 0 species can thus block surface sites for



adsorption of organic molecules and, at sufficiently hizh
oxide coverages, inhibit %the reazction. Increasing coverage
of a surface with O species may also give rise to an increase
in the standard free energy of adsorption for organic mole-
cules on the existing free surface sites (cf. Temkin's iso-
therm), and hence decrease the extent of adsorption of the
orgenic compounds in this way. As the anodic potential
increases above 0.9 V’EH’ the electrode surface becomes pro-
gressively filled by oxide species and at the same time
higher states of oxidation of the platinum surface are
generated. These higher oxidation states can be unreactive
toward organic molecules, i.e., the inhibition results more
from the type of surface oxide rather than the coverage by
surface oxide. Hence, it is often the species corresponding
to lower states of oxidation {e.g., OH on Pt or Pt surface
interstitial sites), at coverages which are not tooc high

(80

molecules to give the oxidation current in the region of initial

< 0.2) that appear to react with the adsorbed organic

stages of surface oxide formation. One experimental fact which
appears difficult to explain in terms of the theory of in-
hibition by oxides is that there is usually a region of

reactivity of organic substance at about 1.3 V,E , i.e., at

5
higher coverages of the initial surface oxide and/or coverage

by higher oxide different from that causing the initial in-
hibition. This is seen from both potentiodynamic sweeps (Fig. 2)

. . i A . .
and steady-state polarizatlon curves (e.g., for formic acid and

methanol (27)). 4 possible explanation is that the reaction



mechanism changes at these nore anodic potentials sc¢ th
organic adsorpiicn on free surface sites next to O-occupied

sites (bifunctional mechenism (48)) is no longer & pre-

requisite for oxidation. For example, a change in the

condition of the surface oxide at pletinum at these potentials

is a likely reason for this type of effect. Also, the

chenging enodic potential determines not only the type and
coverage of oxide species but also the rate of charge trans-

fer through the usual exponentisl factor in potential (see p.27).
The reactivity a2t 1.3 V,EH may partly be due to this exponential
increase of charge transfer rate with increasing anodic potential;
however, the fect thet the oxidation current again decreases at
c#. 1.5 V,EH indicates another region of inhibition of the
oxidation reaction. This must be the result of further

change of the oxidized platinum surface with the formation of
oxide species on which oxidation of the organic compounds

cannot occur even at these high positive potentials.

The surface oxide may thus be considered & co-
adsorbed species which can react with the adsorbed organic
molecule and/or inhibit the organic oxidation reaction. Its
coverage must therefore be taken into consideration in the
rate equation for oxidation of the organic compound in the
potential region of platinum surface pxidation. In the
general case of competition of oxygen electrosorption with
that of an intermediate produced in an anodic discharge re-

action such as Pt 4+ X =+ PtX 4 e, the rate of the reaction is
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2 potential dependent term 1-8 = (1-8,. -8 ), and

0H "x

21y determined by GOH’ the coverage by oxide
species, PtOH, if 6x tends to be small. This will be the

case 1 the step of discharge of X~ is rate-determining with
respect to a following desorption step and this example will
be typical for organic oxidation reactions in the oxide region.
The 1-80

- term arises under both Langmuir and Temkin adsorption

L conditions (49) and results in the characteristic reversal of

the current-potential curve at 8 = 0.5 over a bdbreadth of’

i
té]

otential determined by the Temkin heterogeneity/interaction
parameter r (50). Theoretical calculetions for reaction
{; inhibition by surface oxide species on platinum can be fitted
: very closely (31) to the experimental i-V curves for the
o inhibited formate ion reaction at pletinum in the potential
~i region 0.8 to 1.2 V,EH.
== Moleculer hydrogen oxidation a2t platinum also
exhibits inhibition in the oxide region (51,52); however,
unlike the case of organic oxidations, no further reaction
occurs at potentials around 1.3 V,EH. The inhibition occurs
immediately at the onset of surface oxidation (see Fig.62)
and has generally been attributed to blocking of sites

required for H, dissociation and oxidation by formation of

2
chémisorbed oxygen species (i.e., OH initially; see footnote
on p. 7). The reaction of H2 thus appears to be less com-

licated than most organic oxidations, the main role of

- . o - . hd . -
surface oxide belng that of a blocking species, since H2

zf]
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(or #) does not require co-adsorption of QX for its oxida-

tion.

(e) Use of non-aoueous solvent svstems with

pletinum electrodes

The complications associated with reactions at
oxygen-covered platinum electrodes have lead to work being
carried out under non-zqueous conditions (53-60). In such
systems, the degree of surface oxidation can be controlled
both by addition of known amounts of water and by control of
the anodic end potential in a potentiodynamic sweep or step.
Also, the relatively large background currents (i.e., peaks)
associated with the formation or removal of adsorbed layers
of hydrogen or oxygen on platinum can be avoided in a non-
aqueous system. Although the currents associated with surface
reactions at platinum may not substantially interfere with
the interpretation of large, faradaic oxidation currents
(e.g., for formic acid and methanol), some slow organic
reactions at platinum give currents of the same order of
megnitude as the background currents (e.g., benzene (30,61,
62) and most saturated aliphatic amines (63)). Non-agueous
solvent systems have also been used in organic polarography
at both mercury and platinum electrodes where simple electron
transfer resctions were being studied. Under such conditions
the production of stable, free-radical cations or anions is

. . 3 2 7 1
possible from the oxidation or reduction of aromatic hydro-

- L

vz
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carbons (64-66). Reduction recctions of aromatic hydro-

f—

1ave also been conducted under non-agueous conditions
with aprotic organic solvents (67-70). The aprotic solvent .
allows electro-generated radical anion species to have
relaetively long lifetimes due to absence or slowness of
protonation (cf. the very rapid protonation of radical anions
in water (70)).

Acetonitrile has been extensively used as an aprotic,
non-azqueous solvent in the study of electrochemical reactions
(71). It is well kKnown that acetonitrile is a difficult solvent
to purify (72-78) and special attention is given to this matter
in Chapter II. Depending on the weater content and state of
purity of acetonitrile and the supporting electrolyte, the
potential range over which both faradaic and pseudo-faradaic
processes (see p.5) are negligible can be several times that
observed in the aqueous solvent system. Acetonitrile is thus
said to be inert at platinum over an extended range of poten-
tials and permits many reactions to De studied at high cathodic
or anodic potentials without the participation of faradaic
processes (79-81) involving the supporting electrolyte.

Although the physicel properties of acetonitrile
jtself as a non-agueous solvent have been studied at length,
the effects of acetonitrile on the catalytic and electro-
sorption properties of platinum electrodes have hitherto
received little attention. Acetonitrile is known to retard
the oxygen evolution reaction on platinum in agueous media

(82) and shifts the potential of the reversible hydrogen
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electrode to some extent (83). However, reversibility of

ct

he hydrogen electrode is still maintained in acetonitrile
even at 907 concentration with 109 water (8L). The reduction
of acetonitrile on a palladized platinum electrode at high
cathodic potentiels was performed in 1942 (85), with

characterization of the resulting product as ethylamine:

CH,ON + sEY 4 Le » CHCHNE, (8)

However, such studies have provided only limited and gualita-
tive information on the effects of scetonitrile on the
platinum electrode surface itself with no thought of the
mechanisms of adsorption and poisoning. While the adsorption
of acetonitrile and other nitriles onto e platinum surface

may not significantly alter simple electron transfer processes,
any reaction for which the surface acts directly as a catalyst,
i.e., as a source of sites for the production and adsorption

of intermediates in the reaction mechanism, must be affected
by nitriles adsorbed on the surface,

Infrared spectroscopy has been used to study the
adsorption of nitriles on various adsorbents from the vapor
phase. Low and Bartner (86) examined the absorption of
acetonitrile on porous glass and found a weak adsorption with
only a very smsll change 1in the symmetric-stretching frequency,

this being ascribed to hydrogen bending with surface hydroxyl

groups:

./



When the porous glass was impregnated with aluminium or
zirconium, acetonitrile adsorption resulted in increases of

N -1 - . .
Avc y o 94 cm and 38 cm l, respectively, for the symmetric

m

¢f vidbration due tc electron donation from nitroge
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the metal atom with the molecule in the following orientetion:

CH

I
C

3

o= oz

[N

It is well known (87-89) that the formation of inorganic
complexes by coordination through the nitrogen atom results

in an increased Vosye due to an increase in the C:=N force
constant upon coordination. In contrast, only a very limited
number of inorganic complexes have been prepared which show a
decrease in Vozy Upon coordination (90); acetonitrile complexed
to ruthenium ammines is nevertheless an example (91). However,
the adsorption of gaseous nitriles onto silica-supported
platinum surfaces results in a decrease of the C:N stretching
frequency (92,93). This weakening of the C:=N bond strength is
believed to be due to back bonding of the d-electrons of

platinum to the anti-bonding pi (7 ) orbitals of the nitrile.
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2. Choice and Basis of Experimental Methods Used in the

Present VWerk for Sty

udying Electrode Processes

A nunber of complementary experimental methods were

employed during the course of this work. The techniques

involved in the various methods, their limitations, advantages

and disadvantages will now be discussed.

(a) Steady-state method

In 1905 (94) Tafel noted that a relation existed
between current and potential for za electrode reaction, this
relation now being called the Tafel equation. In its sinple
(exponential*) form, the relation gives the current, i, as a
function of potential, V. For a simple electron transfer
process such as O + e + R, where O and R are the reactent

and product, respectively, in solution, the relation in terms

of absolute rate theory is as follows:

ot
. _ g kI 86 g% :
i=TF =lexp - 553 (C ) exp{- x7 V! (1)
kT ac°t
where F is the faraday, E—{exp - ~§E—} the chemical reaction

rate constant, AGO+ the standard chemical free energy of

activation, (Co)s the reactant concentration at the electrode,
B the symmetry factor and V is the metal-solution potential

** . - -
difference. The metal-solution potential difference, V,

can be expressed in terms of the reversible potential for the

reaction, Vr’ and the overpotential, n:

# . . . — - ~ .
The originael equation was given in the log form, V = a-blog 1i.
P4

"For 2 more complete discussion of these terms, see ref. (95).
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V=YV_+n (ii)

[
[

When equation (ii) is substituted into e

vation (i) arnd

el

the constants are put together into an overall constant, the

exchange current density io’ equation (iii) results:

. ) c..
=4 exp{- 27 n} (iii)

Equation (iii) may be simplified to the following form:

j=¢]

— RT . RT .
n = = - — 3
In i BF 1n i (iv)

w
=

hence, a plot of N against 1n i gives the Tafel slope,
(RT/BF), usually denoted by b. If the reaction is more
complex, e.g., O + e > I; I » R where I is an intermediate
that may be adsorbed on the electrode surface, i.e., the
eiectrode is no longer simply a source or sink of electrons,
equation (iii) must be modified to take into account free
space (1-9) and/or coverage, 8, by intermediate T on the
electrode surface. If the coverage by the adsorbed inter-
mediate is dependent on potential, the Tafel slope will not
be (RT/BF) but a new guantity, (RT/aF), where o, defined as
the transfer coefficient, may differ from 8, the symmetry
factor, because the former term will contain a factor arising
from the potential dependence of coverage by the adsorbed
intermediate.

Steady-state current-potential curves can be
obtained by (i) galvanostatic and (ii> potentiostatic polariza-
tion. 1In galvanostatic polarization, the potential is measured
as a function of the controlled current supplied to the

electrode system. In potentiostatic polarization, the current
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1s measured as a function of the controlled potential of +he

electrede sysiem. In boin cases, neasurements are obtained
while the reaction is in a steady~state condition, i.e., there'
are normally no further short-time fluctuations. Both methods
provide experimental data from which polarization curves can
be obtained and Tafel slopes measured for various reactions.
In favoradle cases, analysis of the Tafel slopes can lead to
assignment of possidle reaction mechenisms and, when used in
connection with product yield and controlled potential reaction-
order experiments, can give the actual reaction mechanism.
Both methods should give the same results for a reaction which
displeys e simple, linear Tafel region. However, the potentio-
static method is more versatile since it can be used for
reactions where passivation causes & change in direction of
the current-potential profile. Under galvanostatic conditions,
this region of reversal of the i-V relation is unsteble due to
its negative resistance characteristic.

The potentiostatic method was exclusively used in
the present work since passivation effects by the surface

oxides at platinum were of considerable importence.

(b) Non steady-state methods

In contrast to the steady-state methods mentioned
above, non steady-state procedures can often be profitably
employed to provide information not obtainable under steady-
state conditions, particularly for reactions which involve

only adsorbed species. In these methods, the electrochemical



A

i

JUNE T
[ 5.'!,.2 .

I S

s i

- 30 -

system 1is no%t in an equilidrium state. One suech method
the potentiodynemic Procedure developed by Will and Xnorr

(3), was briefly discussed on p.L for Pt in 8g. H,80,.

The method consists of varying the pétential of the working
electrode in a2 controlled manner by means of a repetitive

or single triangular voltage-time signal and measuring the
resulting currents which pass at the electrode. Although

the sweep method can quickly give gualitative information
about processes at electrodes, & quantitative interpretation
of the experimental deta is sometimes difficult because the
currents observed are often the result of a number of
different processes. These currents can contain components
dué to (a) non-faradaic; (b) pseudo-faradaic; and (¢) faradaic
processes occurring at the electrode. The non-faradaic con-
tribution arises from charging of the double-layer, the so-
called "pseudo-faradaic" processes ere essociated with surface
reactions at the electrode and faradaic processes are those in
vhich a net steady-state current can ultimately be sustained
by reaction between the electrode interface and reaction
components in the solution. The pseudo-faradaic ang faradaic
components can be either activation controlled or diffusion
controlled, the latter processes depending on reactant con-
centration. The problem is further complicated by the fact
that a particular electrode process which is activation
controlled at one potential sweep rate, (dV/dt), may become

diffusion controlled at a faster sweep rate where higher
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relaxation currents are demanded, and vice versa ‘hen using

the potentiodynamis method is thus necessary to work under

well-defined conditions corresponding to either activation.or,
diffusion control and to ascertain whether any change in the
experimental variebles causes a change in the rate determining
step of the reaction mechanisnm.

A chearacteristic potentiodynamic i-V profile was
shown in Fig. 1 for a platinum electrode immersed in 1¥ aq.
Hesoh with the potential varied between the limits for
hydrogen and oxygen evolution. For %his particular case,
the electrode processes which occur between these potentials
can only be the activation controlled "pseudo-faradaic"
surface reactions corresponding to atomic hydrogen deposition
and ionization, and to surface oxide formation and reduction,
referred to on p.6. These processes are not continuous since
they virtually cease as the fractional coverage, 8, by the
adsorbed species reaches its equilibrium value at any potential,
The transient currents, iads’ which are observed during the
potentiodynamic sweep, depend on the coverage by adsorbed
species produced or stripped from a surface in an electro-
chemical reaction. The quantity which characterizes the
potential dependence of coverage by the adsorbed species 1is

the adsorption pseudo-capacitance, C and hence the

ads’
transient currents will be related to this quantity.
The deposition or removal of adsorbed hydrogen is

an example of a pseudo-faradalic process occurring reversibly

RN

i Pt X
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at the electrode surface. Since the sorbed intermediates

£

a

: ; . N .
med in a charge transter process, (Pt + H 0' + e »

3

PtH + HEO)’ each value of coverage, 6, corresponds to a charge,

@, required to achieve that coverage from a2 condition where
the electrode surface was previously uncovered, i.e., ¢ = k¢
where k is the charge needed to establish a monolayer of
adsorbed species, The derivative da/dV is defined as the

adsorption pseudo-capacitance:

d

= 84 _ ¢
Cads v o

o

mlo-

<l
——~
<

since the electrode coverage, 6, is a function of potential.
The potential dependence of coverage by an electroactive
species in an electrode process is analogous to the pressure
dependence of coverage in a gas/solid adsorption process.

In the first case it is the electrochemical potential, 1y,
thet is changed while in the latter case it is the chemical
potential, y, that is altered. Equation (v) also gives the
dependence of transient current on adsorption pseudo-capacity
since the charge, g, is simply the product of current and

time. Thus

For simple, reversible electrochemical adsorption

processes such as the stages of hydrogen deposition or removal,



kinetic equations give, at equilibrium,

eF
—— =K. C_+ exp(-VFP/RT) (viii) '
1 -8, H'H -
H
—
k

where KH = ?ﬁ , l.e., the ratio of rate constants for electro-

H

deposition and ionization, respectively, of hydrogen at the
metal surface angd CH+ is the bulk concentration of the proton
source. More explicitly

KoCpt exp(-VF/RT)

By = b (ix)
H 1 ¢ XK,Cu+ exp(-VF/RT)
so that the corresponding pseudo~capacitance, Céds’ is given
by
. ) k(deH) _xF K Cpt exp(-VF/RT) )
ads dav RT 12

|1 4 K. C_+ exp(-VF/RT)

HH !

which is a symmetrical function in V with 2 maximum at

6, = 0.5. The pseudo-capacitance Ca

4 has the properties of

ds

& condenser exhidbiting potential-dependent capacitance and
hence the current flowing into it (or out from it) is a

charging current. Cads has limits of zero at 6=l or §=0 at

high or low V, respectively. For & condenser of capacity C, the
charging current for a linearly verying potential is C(av/dt).
Hence, in 2 potenticdynamic sweep, a pseudo-faradaic current,

1as = Cads(dv/dt), flows and has a maximum corresponding to

the maximum in C.4e @S £(V) (Equation (vii)). The ideally

ds

reversible electrochemicel adsorption case has been discussed

here as an example. Other cases involving varying degrees of
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reversidbility of the reaction ang neterogeneity of
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in previous work by Gileadi and

Conway (96,97). Some examples will be involved in the

pretation of results obtained in the present work.
Surface processes involving devosition or removal

of an electroactive intermediate display a peak in the

potentiodynamic current-potential orofile since Ca is a f£(V)

ds
exhibiting 2 maximum at § = ca, 0.5. It is convenient to con-

sider, in particular, the current corresponding to the veak
votential, Vp’ the

i . IfcC is independent of sweep-rate, i.e., for a
D ads

neasured current being the Peak current,

relatively reversible electrochenisorption process such as
tﬁat discussed above, the transient currents will be directly
proportional to sweep rate. For the peaks in the hydrogen
adsorption region on platinum, this criterion is fulfilled
exactly since the reactions of adsorbed hydrogen at platinum
are fast, reversible processes even at quite rapid (>50 v sec_l)
sweep rates. This fact will be utilized later in distinguishing
co-adsorbed organic species from hydrogen in the hydrogen
adsorption region. The potentiodyneamic veak current for a
diffusion controlled process is, on the other hand, proportional
to (dV/dt)l/2 (98,99), and the peak current for any sweep rate
will then also depend on reactant concentration.

The charge associated with fhe electrochemical
deposition or removal of a layer of adsorbed intermediates

over a potential range V2-Vl 1s given by the expression:
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and Cads will usually be a function, often symmetrical
(cf. EZqn. (ix)), of potential. The area under the i~V peak

between the potential limits V2-Vl within which the electro-

sorption reaction is occurring gives the charge passed to
produce the adsorbed layer. The coverage of the electrode
with adsorbed intermediates can then be obtained from the
charge passed if information is available on the number of
electrons involved in the adsorption or ionization process

at each platinum atom site.

%
For hydrogen adsorption on platinum, the assumption

is usually made that one atom of adsorbed hydrogen is gssociated
with one atom of platinum and one electron is involved in its
adsorption or ionization. Hence, the total charge under the
eanodic or cathodic hydrogen peaks at platinum gives directly

the hydrogen coverage while the charge at full hydrogen

coverage can also be employed to provide & basis for estima-
tion of the real area of the electrode (since the number of

exposed platinum atoms is known per real cm2 of any given

*The hydrogen atoms may, in fact, sit interstitially in the
Surface amongst groups of 3 or 4 platinum atoms (depending
on the index of the crystal face) with multiple or de-
localized bonding (cf. the conclusions of Mignolet (100)
on the surface potential of chemisorbed hydrogen).

A
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crystal face). The charge associzted with the deposition

or removal of adsorbed atonmic hvdrogen is found to he

independent of sweep rate

ot

o

ae peak heights changing in exact

J2e

proportion to = This will be true for any activation con-
trolled pseudo-faradaic process which is rapid enough to keep
up with the rate of potential change in the sweep.

In the case of surface oxide formation on platinum,
the oxide charge is not independent of sweep rate since the
reaction is a relatively slow surface process reguiring time
for the equilibrium coverage, corresponding to any potential,
to be attained. Coverage by adsorbed oxygen species is deter-
mined in the same manner as that for hydrogen; however, it is
usually preferable to obtain this coverage by integration of
the i-V peak for surface oxide reduction since this peak is
not usually affected by impurities which, because of reaction
with the surface oxide formed in the anodic sweep, change the
charge passed in the anodic direction of the sweep. Sone
types of organic impurities may, however, react in the region
of oxide reduction in the cathodic sweep, as well as on the
anodic sweep, in which case this method for evaluation of
surface oxide charge could be inaccurate.

This method for determining surface coverage cannot,
of course, be applied to reactions where a net steady-state
current i1s sustained since such reactions involve the formation

of adsorbed species which are constantly removed from the

% . . .
A complete discussion on the relationship between hydrogen
adsorption charge and area of the electrode is given in
ref, (101).
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surface by the reaction and permit more of the

to form by continuing electrochemical reactio

. P add Y -

potentiodynamic sweep method cennot give direction informetion

[ N
ct

regarding

he surface coverage by species such as formic acid,

methanol, formaldehyde, etc. An indirect method for obtaining

such coverages by the sweep method is, however, possible and

is given below.

The information which can be obtained by the
potentiodynamic sweep method mey be summarized as follows:

1. Whether the reactants under investigation are adsorbed at
platinum. In the case of aqueous HESOh as supporting
electrolyte, adsorption of reactant species such as organic
molecules will give rise to a new i-V profile different
from the standard background i-V profile for deposition and
removal of hydrogen and oxygen species at platinum.

2. In ceses where the reactant molecule is electroactive in
the adsorbed state, the manner in which it reacts over the
various ranges of potential may be observed. Its electro-
chemical behavior in the hydrogen and oxygen adsorption
regions (0.05 to 0.35 V,E; and 0.8 to 1.5 V,Ey, respectively)
and the cathodic and anodic double-layer regions may be
readily distinguished.

3. By studying the reaction over various potential ranges,
e.g., with or without the presence §f surface oxide and/
or adsorbed hydrogen, information can be obtained
regarding electrochemical modifications of the reactant

molecule that can occur in the different potential regions.
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Distinction can be made between reactants which give
faradaic or pseudo-faradaic currents since a faradaic
process gives a finite, steady-state current on potentio-
static polarization. The currents will be independent of

sweep rate if the faradeic process is not diffusion con-

trolled and does not involve slowly produced intermediates;

examples are the Oxygen end hydrogen evolution reactions

at platinum in agq. HQSOh.
If the reaction is pseudo~faradaic, i.e., it involves
eiectrochemical deposition or removal of an adsorbed

species which does not undergo a continuous, faradaic

reaction, and gives a peak in the current-potential curve,

€.g., 1in the double-layer region, the sweep rate dependence

of the peesk current, iD, and peak potential VD, can be

& -

determined. For an activation controlled pseudo-faradaic
process, ip o (dV/dt) and is independent of reactent con-
centration in solution. For a diffusion controlled
process, ip a (clV/d‘c)l/2 and will also depend on reactant
concentration in solution. A pseudo-faradaic process
which is influenced by diffusion of reactant to the
electrode surface will display an iD o (dV/dt)x where x
is between 1/2 and 1. If the process is fast and rever-
sible, VD should be independent of sweep rate while any
dependence of VP on sweep rate will indicate a degree of
slowness and irreversibility in the reaction; dependence
of VD on log (dV/dt) can give Tafel parameters for the

surface process.
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In cases where the reaction gives rise %o 2 peak in

5

either the hydrogen or OxXygen regions of the sweep,

o
13}
1

plications arise because the dackground currents of surface
oxidation or reduction, and of H deposition or ionization,
will also play a role. 1In general, the currents assoclated
with pseudo-faradaic adsorption processes involving organic
substances are of the same order of magnitude as those for
the hydrogen and oXygen reactions arising from the support-
ing aqueous electrolyte; hence these background currents
must always be taken into consideration together with the
corresponding double-layer charging current. However, it
is unlikely that these current contributions will be the
csame as they were in the absence of the adsorbing re-
actant, so that the correction to be employed may be
unknown. Even when organic faradeic reactions are being
investigated which exhibit large oxidation currents, the
smeller background currents may complicate interpretation
of the results. This difficulty does not arise with the
steady-state method since currents for any background !
surface processes will have fallen to zero in the steady-
state.

For a pseudo-faradaic process involving an electroactive
adsorbed species, the fraction of electrode surface blocked
by reactant adsorption can be determined from the Gecrease
in atomic hydrogen coverage observed in the sweep. The

coverage by adsorbed species, 8 is thus equivalent %o

R!

(1-81), eé being the total hydrogen coverage after




result, the only reaction in the gion should be
etomic hydrogen deposition ang ionization, i.e., no hydro-
genation of the adsorbed species should be possible. For

a diffusion controlled pseudo-faradaic process, this method
cannot be employed since the coverage by reactant may be
chenging even during the sweep in the hydrogen region.

The role of protons in the mechanism of an electrochemical

process displaying a current peak can be examined by

o

ng the pE of the solution, as in pi studies in steady-

very
state investigations (33). The pH dependence of the peak
potential, Vp’ will indicate whether protons are involved

in the reaction and will also give the ratio of the

number of protons to the number of electrons involved.

The potentiodynamic sweep method can also be used *o give
the i-V profile for the hydrogen and oXygen evolution
processes at pletinum. Although steady-state polarization
plots are requifed for any mechanism study of the reactions,
the general qualitative effects of additives on these
faradaic processes can be quickly ascertained, e.g.,

whether inhibition of the reactions occurs and how such
changes in the kinetics of these processes may be related

to hydrogen and oxygen coverage.

In a similar manner, the potentiodynamic sweep method can

be used to examine the faradaic currents associated with
organic oxidations, e.g., methanol, formic acid and

formaldehyde. The reactions of such organic molecules in

R R R T

/
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the various potential regions can be readily established
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i0ivion effects,
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(24,102) witn regard to activation ang
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Although integraticn of the oxigd
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ion peak area does noﬁ,'
in thi§ type of case, give the coverage of the electrode
by the organiec reactant, 2 method exists for determining
the coverage et different potentials from the decrease in
charge (area) for the atomic hydrogen reaction brought
about by adsorption of the organic species in relation to
the charge measured over the same potential range in the
supporting electrolyte alone.

The method consists (24,103) of polarization at the
potential of interest, followed by a very rapid cathodic
sweep into the hydrogen adsorption region. The assumption
is made that no further adsorption or desorption occurs
during the rapid cathodic sweep; this assumption can be
checked by varying the rate of the cathodic sweep into the
hydrogen region. Usually low concentrations of reactant are
employed to minimize continuing reaction in the transient.

In a similar fashion, the surface coverage with ad-
sorbed organic species may be determined from the charge for
complete oxidative desorption of the adsorbed species during
a rapid anodic sweep to ca. 1.8 V,EH (52). In order to
evaluate surface coverage from oxidation charge by this
procedure, information is required, or assumptions must

be made, as to the number of electrons involved in the

ane

PR



oxidetion of the adsorbed species per platinum atom.
These procedures may be complemented by the technique
of redioactive isotope lebelling, which can give 2
direct measure of the degree of adsorption on the
electrode surface in the case of suitable substances,

4 . .
e.g., Cl -ethylene, formic acid, benzene, etc, (102,

10L4-106).

10. The potentiodynamic sweep method is particularly well
suited to the study of non-aqueous systems since it
allows a rapid qualitative determination of the water
content in the system. This method involves the
reactivity of molecular hydrogen at the platinum
electrode and further details will be given in

Chapter III, part IV.

Another transient procedure consists in obtaining
current-time transients after addition of various additives
at potentiostatically controlled potentials. For an
activation-controlled pseudo-faradaic process, i.e., one
involving only electrochemical adsorption, the area under the
current-time transient can sometimes give the equilibrium
coverage of additive at the potential of addition (see 2.79).
The method mey thus give the potential at which maximum
adsorption of the additive in question oceurs, provided no
complications arise from other reactions on the surface. As

with the potentiodynamic sweep method, fewer complications

/
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will arise for reactions studieg in the double-layer region

than for reactions studied in the hydrogen or oxygen regions.

<

(c) Controlled mass~iransfer exveriments

It is usually desirable to study the kinetics of 2
reaction under activation control, if possible. However, for
conditions where diffusion or mass-transfer effects cannot be
avoided, the kinetic parameters (e.g., i0 and the transfer co-

. - * - »
efficient ) can usuelly be evaluated by appropriate choice of
& non steady-state trensient method (99). Alternatively, by

forced convection, it is sometimes possible to change the con-

ditions so that a process which was previously diffusion

controlled becomes activation controlleg. Thus, some reactions

[y

which are under diffusion control at a stationary electrode can

be forced into activation controlled behavior at a rotating

electrode (108). As the rotation speed of the electrode
increases, reactant is transported to the surface more rapidly
and the diffusion layer thickness effectively decreases. With

some fast reactions, e.g., molecular hydrogen oxidation at

e platinum (108), a very high rotation rate results in reactant j
o being transported to the surface sufficiently fast that it is
;i consumed by the electrochemical reaction at a rate determined
by the velocity of the activation controlled reaction at the
electrode surface. The reaction is then no longer diffusion |
controlled.

For those reactions which do not become azctivetion

controlled, even at high rotaticn speeds, the diffusion layer

=
For definitions of

current density, io’ and the
transfer coefficien

he exchange
see (107).
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thickness can at least be kept constent and well-defined by

[N

mearns 9
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che rotating electrode. Indeed, for reactions studied
under diffusion control, the rotating electrode provides the
only method for obtaining reproducible results, this method

being greatly superior to solution stirring by nitrogen as a

basis for providing a constant flow of reactant to the surface.

3. Aims of the Work

The aims of the present work were to investigate the
role of a number of electrode poisons, acetonitrile in parti-
cular, in electro-catalytic organic oxidation resctions at
platinum in relation to the dissociative chemisorption of
organic molecules and H2. The extensive use of acetonitrile
with various electrode materials as a non-aqueous solvent in
electrochemistry over the past decade has not been complemented
by any significant studies on its basic electrochemical pro-
perties at the electrode surfaces. Indeed, the substance has
been assumed to be unreactive in the pure form at platinum
except at extremes of potentials.

In the present work, acetonitrile is shown to be
reactive at platinum electrodes in aqueous media and this be-
havior is used to explain the results obtained with aceto=
nitrile under non-agueous conditions.

The general aims of the work can be sub-divided into
a number of sections as outlined below, covering specific areas
of the investigation required to characterize the electro-
chemical properties and reactivity of acetoaitrile and =

number of other nitriles.
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cetonitrile
avinum electrodes and the manner in which

acetonitrile affects the normal surface reactions at

platinum in aqueous medium between the potential limits
of hydrogen and oxygen evolution.

Also to investigate
the mechanism of reactions which acetonitrile itsel?f

undergoes at a platinunm electrode.

To determi

ne the optimum procedure for purifying and
drying acetonitrile

for use as a non-aqueous solvent,
The effects of low concentrations of water on the aceto-

nitrile solvent system were investigated electrochemically
in order to establish the effect, if any, of small amounts

of water in the acetonitrile on its electrochemical
reactivity.

To devise a reasonable, in situ, method of detecting the

presence of trace quantities of water in the non-agueous

acetonitrile solvent system before an experiment was begun.
L,

To investigate further the mechanisms of formic acid and

methanol oxidation at platinum by working under non-

aqueous conditions in acetonitrile.

Also, to determine
the effects of low concentrations of acetonitrile on

methanol and formic acid oxidations at platinum and to

correlate this information with that obtained at very

high concentrations of acetonitrile (i.e., virtually non-
agueous conditions).
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5. To investigate, i general wey, the mechenism by which

a

both organi

A

ganic poisons affect organic oxida-
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¢
tions 2% platinum in relation to the manner in which

surface oxides inhibit these reactions.

6. To elucidate further the role of platinum surface oxides
in organic oxidations (as well as in molecular hydrogen
oxidation) by working under conditions where the formation

of such oxide species is either not possible, i.e., under

non-aqueous conditions, or can be controlled independently

ot by water content of the solvent.

T. To investigate the manner in which adsorption of organic

or inorganic substances occurs on a platinum electrode

surface partielly or fully covered by atomic hydrogen
and the relation between these processes and adsorption

on a surface initially free from chemiscrbed hydrogen or

oxygen particles.
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1. Introduction

The electrochemical experiments carried out in the
present work employed both steady-state and non steady-state
techniques. Since the study of passivation effects and non-
continuous faradaic processes was of particular interest,
the electrochemical methods involved potential rather than
current control. Measurements of current-time transients
vere made in determining the coverage by certain electrcactive
species at various controlled potentials. These procedures,

as well as those involved with preparetion of solutions and

electrodes, will be described in detail below.

2. Preparation of Solutions

2

(a) Criteria of solution purity

Aqueous solutions were prepared from water that had
been doubly distilled, the last stage of distillation being
from an alkaline permanganate solution in an apparatus pro-~
vided with three sprey traps and baffles. Identical results
were obtained from water which had undergone one further step
of distillation without permanganate. Acidic solutions were
prepared from B.D.H. micro-analytical grade sulfuric acig

without any further purification being necessary. Pre-
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electrolysis treatment of the solutions was erployed where

mapuim
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below were noit satisfied.

i.e., when the criteria of solution purity listed

On the basis of results obtained

by the potentiodynamic sweep method at a platinum electrode

in agq. HQSOh, the criteria for high solution purity were as

follows:

a)

Resolution of the two cathodic and three anodic
atomic hydrogen electrosorption peaks in the
potential renge 0.05 to 0.35 V’EH'

Resolution of the three anodic peaks for Pt surface
oxidation* in the potential range 0.8 to 1.2 V,EH.
Independence of the charges'and peak current/
potential coordinates for the oxide and hydrogen
peaks on solution stirring and linearity of the
peak currents with sweep rate, indicating the
occurrence of surface processes only.

Equality of cathodic and anodic charges for the
oxide and hydrogen regions to within 2% (contrast
results of earlier work (110)).

Reversibility to within 5 nV of the two main peaks
for electrosorption of H.

Maintenance of the charge associated with hydrogen

coverage to within 95% of its initial value during

* - . -
These three peaks have received special attention and

- recognition in recent work (109) and are, in fact, only well
resolved under conditions of highest purity.
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cycling for one hour in +he

-
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aage 0.05 to 0.75
V,EH, i.e., in the absence of formation of Pt
surface oxides which otherwise leads to anodic
oxidation of any accumulating impurities and
cleaning of the electrode for H adsorption.

g) Absence of any spurious peaks in the cathodic or
anodic double-layer regions of the sweep,

h) Constancy of the anodic double-layer charging

current between 0.4 V and 0.75 V,E, and observa-

H
tion of en equal cathodic double layer charging
current at 0.k V,EH for anodic termination
potentials in the sweep of up to 1.3 V’EH'
Fulfillment of the ebove criteria not only indicates
& high degree of purity of the electrolyte solution but also
a very clean platinum electrode surface.* Before any experi-
ments were performed with additives in the system, all the
above criteria were fulfilled with the exception of (£), this
extra criterion being employed only in those experiments
which requiréd cycling in a restricted potential.range without
formation of Pt surface oxide.

Alkaline solutions were prepared from B.D.H. AnalaR

grade KOH recrystallized once from water.

xIn other work in this laboratory, it has been shown by low
energy electron diffraction that electrodes examined under
the conditions mentioned above are exceptionally clean in

relation to normally accevpted standards in LEED work.
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(b) Purification o< acetonitrile and organic reacents

Purification of acetonitrile as an electrochemical
solvent has received considerable attention in the literature
because it is more difficult to purify than most other non-
aqueous solvents (ef. dimethylsulfoxide, dimethylformamide,
prepylene carbonate) and, as a result, there are numerous
procedures for acetonitrile purification (72-78). Coeizee
et 21 (74) reviewed a number of the standard procedures and
recommended a multi-stage refluxing and distillation operation
employing CaH2 and P205. However, polymeriéation of the
acetonitrile at each stage of this procedure results in a low
percentage yield. In the present work, acetonitrile was
purified by the procedure of Mann et al (73) using Union
Carbide grade 987 acetonitrile as starting material. The
acetonitrile was not suﬁjected to a prior drying over CaSOh
as suggested by these autho%s since traces of water were
thought to be desirable in aiding the permenganate oxidation
of olefinic impurities (84,111) which cen cause difficulties
(impurity current or inhibition effects) in the anodic
potential region at platinum. The acetonitrile was distilled
first from alkaline permanganate through a2 short column having
3 theoretical plates. This distillation was followed by
acidification of the acetonitrile and a further distillation

through a2 multi-plate column having ca. 30 theoretical plates,

The "middle" 709 fraction was collected.



Gas chromatography on & Porapak column using a
thermel conductivity detector showed this acetonitrile to
contain less than 0.01% water and no detectadle acrylonitrile:
Gas chromatography, with high sensitivity hydrogen flame
ionization detection, showed less than 5 p.p.m. of organic
impurities. The purified acetonitrile was stored over a dry
moleculer sieve (B.D.E. type 4A) in 2ll-glass containers and
syphoned off as necessary. It was found thet dry acetonitrile
exposed to air picked up water rapidly, from less then 0.019
to 0.10% in four hours of exposure from a thin (ca. 1 cn.
diam.) necked flask. The molecular sieve was found to be
extremely effective in drying acetonitrile, the water content
decreasing from 1.0% to less than 0.01% after half an hoﬁr
of treatment with the molecular sieve (cf. 112).

For runs in anhydrous acetonitrile, & specially
constructed platinum gauze bag electrode was filled with
molecular sieve and immersed in the solution for prior, in situ
drying and purification treatment. Although the Eastman
"spectrograde" acetonitrile gave results identical with those
obtained with the Union Carbide treated acetonitrile when added
to aqueous solutions in small quantities, in the case of experi-
ments conducted in almost 100% acetonitrile, the Eastman grade
product gave difficulties in the high anodic potential region.

In order to check the results obtained using the
various commercial grades of acetonitrile, a quantity of
acetonitrile was prepered synthetically in the laboratory by

dehydration of acetamide:
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P20
CH,CONE, ——23 CH_cisk 0 (9)
3 2 3 2
After distillation of %he rroduct, no differences were found

between the behavior of this and the purified commercizl
aéetonitrile.

Sodium perchlorate was used as the supporting
electrolyte for the non-aqueous acetonitrile system.
"Anachemia" reagent grade material wes recrystallized from
water end dried in a vacuum oven at 80°C. The salt was stored
in all-glass containers and dried again before use, great care
being necessary at all times in handling the salt because of
its hygroscopic nature.

Formic acid solutions were prepared from the
"AnaleR" analytical reagent, and methanol and benzene sclutions
from Baker "Spectroanalyzed" reagents. Ethylamine, iso- ¢
butyronitrile, acrylonitrile and propionitrile were distilled 8
through a three plate fractionating column while all other
"reagent pure" chemical compounds were used without further
purification. Acetonitrile was the only material which was
used as a 100% non-aqueous solvent so that it was the only

nitrile which required rigorous drying.

3. Preparation of Electrode Metal Surfaces

The platinum electrodes used in the present work
were prepared from Johnson Matthey and Mallory spectro-

scopically pure platinum wire degreased for 2L hours in an
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acetone-containing Soxlet exiracior. The platinum wire was

then ennealed for one hour in wartz furnace a
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atmosphere of purified Hydrogen and allowed to cool slowly.
The annealed vire was then sealed into a specially prepared
thin glass bulb under a hydrogen atmosphere (113); in this
wey, the electrodes could be stored without contamination
until used in the experiment. The bulbs were subsequently
broken in the solution being studied so thet no prior atmo-
spheric contamination occurred.

It wes of particular importance in the non-aqueous

runs to prepare platinum electrodes, the surface of which had
not undergone any prior oxidation at elevated temperatures.

e Some large area platinum electrodes were also prepared, in this

case with spectroscopically pure platinum foil, degreased, but
not annealed in the manner described above. Such large area
electrodes were used when results were required over ranges of
potential where the surface oxide region was excluded in the
experiments in aqueous media; they were never used in the non-

aqueous systems because of the high resistance of such solutions.

In the case of the runs in aqueous solutions, a clean
- pletinum electrode was found to continue to give reproducible
potentiodynamic current-potential profiles for several weeks,
fulfilling the criteria listed above, provided the electrode
was washed thoroughly after each run with concentrated sulfuric
acid and stored under doubly-distilled water. The various

nitriles could be washed from the surface with some facility



but sulfur compounds (e.g. thiourea) used in part of the
work required more rizorous cleaning coupled with anodic

polarization in the oxygen evolution

84

egion in a separate
cell in order to effect their complete removal. Nickel and
gold electrodes were also investigated and were prepared in
& manner identical with that for platinum, except that the

annealing temperature for nickel was 600°C while that for

gold was SSOOC.

it

Ly
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4, Reference Electrodes

+
d

Hydrogen reference electrodes were prepared by
platinizing platinum gauze electrodes in an acidic solution
of platinic chloride (11L). The platinized platinum elect-
.%; rodes were freguently checked with other freshly prepared

reference electrodes and were kept under double-distilled

water between runs. The hydrogen reference electrodes were

used in all aqueous runs and in those non-aqueous runs where
= exclusion of the last traces of water from the system was

not necessary. The hydrogen reference electrode in highly
concentrated acetonitrile solutions gave reproducible results
(ef (84)) provided the solution in the reference compartment
was made 0.25 M in HCth. In those acetonitrile solutions
wvhere very low water contents were essential, a Ag/Ag+
reference electrode was used, followihg the method of Billon
(80). This reference electrode was prepared in situ by

anodically polarizing a silver wire with 2 sufficient quantity



of electricity to give 2 10°° M Ag+ solution in 2

containing 0.5 M Nag

A r aaas
., v

1 i in addition to the normal stopecock
between the reference and working electrode conparinments,
the silver wire and solution were énclosed in a small tube
which vas closed by means of o solution-wetted standard

taper joint to minimize diffusion of silver ions to the working

electrode compartment.

5. Gases

Hydrogen and nitrogen gases were passed through
stendard (dry) purification trains (113) before admission to
the electrochemical cell. The gas purification trains con-
sisted of (a) a mercury blow-off safety trap; (b) magnesium
perchlorate and molecular sieve drying tubes; (c) a duel oven
containing copper turnings and palladized asbestos maintained
st 450°C to remove oxygen from the gases and (d) three traps
maintained at liquid nitrogen temperatures, the last two
containing activated charcoal covered by glass wool. Medical
grade carbon dioxide employed in some experiments was used
after passage through a trap maintained at the dry ice-acetone
temperature (i.e., -78°C). Solution pre-saturator bubblers
were used for both the working and reference electrodes so as
to minimize solution evaporation and hence change of con-

centration during experiments.
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Three different types of all-glass electrochemical
cell were used in the present work; one for experiments in -
nen-aqueous solutions, one for aqueous solutions and one for
work with a roteting-disk electrode. The cell employed in
the non-agueous work was of the standard three~compartment
design (115) with a large volume working electrode compart-
ment, so thet up to 250 ml of solution could be used with as
many as six different pletinum working electrodes without
opening the working electrode compartment to the atmosphere.
This was a great advantage in the non-aqueous acetonitrile
work since vepor phase chromatography showed that even limited
exposure to the atmosphere gave an increesse in the water
content (£ogether with the usual danger of accumulation of
traces of impurities from the stmosphere). This cell was 4
equipped with 2 movable glass prode in the working compart-
ment which could be used to break the electrode glass bulbs
while they were immersed in the solution (116). Glass
connections were also provided for transferring the solutions
directly to the cell, after a prior distillation, without
contact with the atmosphere.

The cell used for most of the work in agueous
solutions was entirely different from thet described above
and shown in Fig. 3. Special features to be noted are the
moveble beaker below the cell which serves as a counter

electrode compartment and also facilitates changing of
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Fig. 3. DPhotograph of the electrochemical cell frequently
used for studies under aqueous conditions.
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¢ compurtment is not permanently rixed to

the working electrode compartment;

3 the latter was designed .
for a small volume of solution only (20 to 40 nls) and there
was accommodaticn at the top of the cell for two electrodes
mounted in sliding sleeves. The nitrogen bubbled was intro-
duced through the bottom of the cell to maximize efficiency
of oxygen removal, such removal being easier in a cell of
this design because of the lack of any dead-space or stagnant
soluticn region associated with connection to a counter
electrode compartment. This design of the cell made washing
of the apparatus very easy since only the working compartment
needed to be cleaned rigorously ang frequently, this being an
important and necessary requirement because of the large
number of individual experiments which had to be performed
on the various orgenic compounds in agueous solutions.

The cell used for studies with the rotating disc
electrode was of the standard three-compartment type with a
working electrode compartment of large diameter. Since
rotation speeds of up to 10,000 r.p.m. could be employed,
turbulent flow could arise in a cell heving an insufficiently
large diameter compartment for the working electrode. The
rotating electrode was of the ring-disc type and was fabri-
cated, together with the support stand angd motor, by Pine

Instrument Company, N.J. The rotating electrode was located

in the cell through a Teflon joint, the opening of which was
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solution and

out through the loose Teflon bearing. This was Tound to be

the best way of nmininizing adnission of oxygen.

T. Electrical Circuits

The circuit for poterntiostatic steady-state polari-
zetlior measurements is shown in Fig. 4. The potential between
the working and reference electrodes was controlled with a
Wenking potentiostat and the potential readings were taken on
a potentiometer (Radiometer Model PHM-Ub). The current was
read from a Sensitive Research multi-range ammeter in series
with the counter electrode.

The circuit used in obtaining potentiodynamic
current-potential relations is shown in Fig. 5. 1In this case,
the potentiostat is driven by a Servomex LF1L1 wave-form
generator capable of giving single and multiple triangular
potential-time functions. A Tacussel function generator was
used for obtaining more complex potential sweep programmes,
€.g., a programme where the rate of potential scan in the
cathodic and anodic directions is different. The constantly
varying potential between the working and reference electrodes
results in a current which usually also varies in response to
the potential. The resulting current-potential profile was

recorded either on a Tekironix duzl-bean oscilloscope or on a

e
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Fig. 4. Electrical circuit for potentiostatic steady-state
polarization.
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ewlett-Packard Model 2D-2AN Y-V reccrder. The current-
of the time-dependent currents to corresponding potentials
by passage through a calibrated decade resistance box in
series with the cell. A cathode follower was employed to
communicate the electrode potential to either an oscillo-

Scope or an X-Y recorder. 1In the present werk, a Tektronix

storage oscilloscope was used extensively for the purpose of

comparing and photographing a number of rapid sweep profiles

(see Fig. 16).

8. Temperature

All experiments were performed at 2500 with thermo-
static control being employed where necessary to maintein

this temperature.

9. Experimenital Procedures

(2) Steady-state measurements

Difficulties arise in obtaining steady-state polari-
zetion plots for formic acid oxidation at platinum because of
the problem of defining conditions for any true steady-state
for this reaction. In certain potential regions, not only does
the variation of current with time continue after a period of
1 to 2 minutes but also the direction of variation of current
may vary. In some of these cases, the current was found still
to be decreasing or increasing to 2 significant extent after

10 minutes at 2 particular poteniizl. Because of the

ERURSY NV

AmEr A A
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uncertainties assceiated with polarization

.

or long periods
of time (to achieve & reasonably steady current value), the
polarization plots were taken with a standardized 90 sec.
duration of current Teasurement at each controlled potential

and both the initial ang final current densities were

recorded.

(v) Potentiodynamic sweep mneasurements

In all experiments where aqueous systems were

studied, a potenticdynamin enrrent-potential

rofile wae

3

initially recorded on the eletrode in the absence of
additives. 1In the case of platinum, the electrode was cyeled
between selected potential limits (e.g. 1.4 %0 0.05 V,EH)
until the criterias of purity given above on P.48 were fulfilled.
The electrode a2nd solution purity were generally investigateq
by employing two sweep speeds (100 and 5 mV sec-l) to ensure
the absence of impurities which can behave selectively with
respect 1o sweep speed. When a reproducible background i-v
profile was obtained which fulfilled the criteria of solution
purity, the electrode system was ready for the addition of
the various organic and inorganic compounds and their sub-
sequent experimental investigation.

Three procedures were employed for addition of
the organic or inorganic compounds to the system. In the
Tirst case, the substance was added during a potentiodynamic

L D M T _3 Fay
sweep and the measurements were made afier the i-V profile



had become reproducible. The number of sweeps reguired %o

el

since it gave information on any slow transformation which the
additive might undergo. The additives were completely de-
oxygenated before being injected as aliquots into the solution
by means of a micro-syringe.

In the second case, 2ddition was made during a
potentiodynamic sweep, but at a ceriain predetermined potential.
This, for example, was one of several methods employved to study
the effects of acetonitrile on the oxidation of formic acid at
platinum. Since it was of great importance for the deoxygenated
additive to reach the electrode when the potential was at a
certain desired value, rather slow sweep rates were used in
this investigation (10 to 25 mV sec—l).

A third method, used to investigate the adsorption
behavior of various organic compounds at free and hydrogen-
covered platinum surfaces, involved a somewhat modified pro-
cedure. After the current-potential profile was obtained for
the clean platinum in agq. HZSOh’ the electrode was held
potentiostatically at various potentials and a2 "zero-current
line" (with respect to time) was recorded as a basis of
reference. The organic substance is deoxygenated solution
was then added to the cell from the micro-syringe and the
resulting current-time transient was recorded. This was
followed by a further potentiodynamic 1-V profile to determine
the change of coverage by electrochemisorbed hydrogen due to

adsorption of the organic edditive on the platinum surface.



In this way, the charge associated with dsorption of the

()

organic subsiance could be compared with the extent of
blocking of the surface for adsorbed hydrogen caused by the.
organic additive. The organic compounds investigated in
this way at platinum were acetonitrile, benzonitrile, 1,k-
dicyanobenzene, benzene, cyclohexane, thiourea and dimethyl-
sulfide; thiourea was also used at a2 nickel electrode to
detect possible coverage by atomic hydrogen at potentials
negative to that of the H2 reversible potential. Thesge

add

Fe

tives were injected into the solution at concentrations
which were high enough to give saturation limits of hydrogen
blocking in a single i-V sweep as indicated from a study of
tﬁe concentration dependence of the hydrogen blocking effects

revealed in cyclic voltammetry experiments (Fig. 6).

(¢) Evaluation of charge components for acetonitrile

surface reactions at platinum

The experimental procedure used in determing the
extent of reduction of acetonitrile at various potentials
was somewhat complex and involved the use of several potentio-
dynamic programs. The reasons for choice of various pro-
grams will only be appreciated afiter the experimental
results have been cited, i.e., the details of the experimental
procedure developed in this case were governed by the progress
of the work; consequently the rationale of the procedure will

be outlined, as required, in Chapter III. The same applies
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for example, to the nethod of investigating the effect of

the presence of adsorbed hydrogen on formic acig oxidation

by (i) sweep reversal at various cathodic terminal potentials;
(ii) progressive electrodeposition of mercury; (iii) adsorp-
tion of acetonitrile; ang (iv) eycling for extensive periods
of time in potential ranges which exclude the surface
oxidation reaction and hence can give rise to impurity
accunulation on the electrode surface. This approach will
allow a more logical and less repetitive presentation of

the work,



RESULTS AYD DISCUSSIOYN '

The experimental results and the subsequent dis-
cussion will be presented togetiier since the sequence of
experiments and their interpretation were closely related.
The presentation will be divided into four main sections
(Parts I, II, III and IV) corresponding to the four
principal areas of experimenial work involving

electrochemistry and electrocatalysis at Pt.

Part I

Electrochemisorontion and Reactivity of Nitriles at Platinum

Electrodes

I.1 Behavior of Acetonitrile at Platinum in Agueous

stoh Solutions

(a2) Introduction

The reactivity of low molecular weight organic
molecules such as methanol, formaldehyde and formic acid at
platinum anocdes in anhydrous acetonitrile was the first
subject to be experimentallf investigated in the present work.
The extent of platinum surface oxide formation could be con-
trolled by addition of various amounts of water to the systenm

as well as by the value of the anodic terminal potential in



the potentiodynanmic Sweep experiments., The results of these
e€Xperinents, discussed in Part IV, led to an examinustion of

the behavior of acetonitrile 1tsel? in nore aqueous solutions

in order to determine if acetonitrile is electrochemically
reactive at platinum. Under completely anhydrous conditions

there was no observed reactivity, except at extreme anodic

and cathodic potentials, as indicated by the absence of
significant currents during potentiodynamic cycling with

-4l

sodium perchlorate as electrolyte. However, the possibility

e

§t1ll existed that acetonitrile could be adsorbed on the

platinum surface in pure, anhydrous systems and in that vay
influence the organic reactions which had been studied. Since
interpretation of the results of experiments in non-aqueous
acetonitrile is easier after the behavior of acetonitrile at
platinum in aqueous media has been understood, the latter
subject will be discussed first.

In aqueous acid media, the following new effects
were observed in the investigation of the behavior of nitriles
at platinum:

(1) acetonitrile and & number of other nitriles undergo
chemisorption at platinum electrodes and then set

up & more or less reversible redox system in the

"double-layer" region* involving only adsorbed

acetonitrile species;

The "double-layer" region refers to the range of. potentials
0.35 %o ca. 0.825 V,EH, l1.e., the potential range over which
neither hydrogen nor 0xygen species are significantly
adsorbed on platinum (see ».%),
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tely, even when the coverage with nitrile
has reached its saturation value;

if chemisorption of nitriles at platinum is z2llowed

%

to occur in the "H region" near the reversible
potential of the H2/H+ electrode in the same
solution, adsorbed atomic hydrogen is electro-
chemically displaced and gives rise to an anodic
electrochemical transient (117);
the adsorbed nitrile is not only electroactive in
the double-layer region but gives rise to a charge
component in the H-region at Pt which can be dis-
tinguished from the contribution from H species

by taking advantage of the different kinetic
relaxation characteristics which the two species

exhibit. '

These effects form the basis for the study of the reactions

of acetonitrile and other nitriles at platinum in aqueous

media and will now be discussed in detail.

% . . . .
The "H region" refers to the potential region in which
adsorbed, atomic hydrogen exists on the platinum electrode

surface, 1.e., 0.35 to 0.05 V,E

g



determined bv %he votentiodynamic sweep method

1g. T shows the overall rotentiodynanic i-V pro-
files for platinum in the bresence of acetonitrile at various
concentrations in relation to that for platinum in 1N aq.
Hesoh. In the presence of acetonitrile, the following
characteristics are to be noted:

(1) the coverage with adsorbed hydrogen, 6y, decreases
with increasing acetonitrile concentration, [CHBCN],*
énd resolution of the two main hydrogen peaks
disappears;

(ii) new reduction and oxidation current peaks appear
in the double-layer regions of the cathodic and
anodic-going sweeps, respectively;

(iii) surface oxide formation is displaced to more
positive potentials and the quantity of surface
oxide which is reducible in the cathodic-going
sweep decreases. There appears to be a reaction
of acetonitrile in the surface oxide region as
indicated by the increased current at potentials

> ca. 1.1 V’EH°

The decrease in coverage by both atomic hydrogen
and surface oxide indicates that acetonitrile occupies platinum
surface sites which were previously available for electro-

sorption of hydrogen or oxygen species. The appearance of a

* = . s Lo N -
The symbol [CH3CNJ will refer to concentrations in moles 1-1,
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(A

new reduction and oxidation peak in the double-layer region
shows that the acetonitrile, or a species derived from it,
not only partially blocks the ordinary surface reazctions at
platinum but also participates in a new electron transfer

process itself which, as is shown below, involves only an

adsorbed acetonitrile species. At gold electrodes, by con-

trast, no electroactivity of acetonitrile either as an
adsorbed species or by reaction from solution is observed.
Thus, adsorption at the platinum surface is essential for

electroactivity of acetonitrile.

(c) Adsorption and reaction characteristics of aceto-

nitrile in the double-layer region at platinunm

Acetonitrile gives rise to a relatively reversible
reduction-oxidation process in the double-layer region at
pletinum in agq. H,80) (Fig. 7). Fig. 8 shows the dependence
of the double-layer acetonitrile oxidation peak current on
the rate of potential scan, dV/dt = S, for various aceto-
nitrile concentrations over the potential range 0.06 to 1.L0

*
V,E Reasonable linearity of the peak current with SWeep

5
rate, S, was found for 21l concentrations except the lowest

. . 1/2
one employed, for which the peak current varies as § /

: -b
(Fig. 8 and 9). This indicates that for [CH3CN] > ca. 2x10 M,

* - - .
The small deviations from linearity observed ai faster sweep

rates are due to slowness in the prior reduction reaction in
the cathodic-going sweep (see section I.2(e))

‘.
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Fig. 9, Devendence of peak current, iD, for acetonitrile
oxidation 2% platinum in the Jouble-layer region on
square-root of sweep rate, (dV/dt)l/e, with
[CH3eq] =2 x 1075, Potentiar Tange 0.06 to 1.k V,x_
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the oxidation process in the doudle-layer region is associated

with adsorbed acetonitrile, or 2 chemisorbed species derived
from it, and not with acetonitrile diffusing from the solution.

Evaluation of the sweep rate depvendence of the aceto-
nitrile reduction peak in the double-layer region is not
possible with anodic sweeps that terminate at potentials
greater than 0.80 V,EH because of interference from the surface
oxide reduction process (see Fig. 3L and section I.4(v)).
However, the sweep rate dependence of the current at this peak
was obtained by reversing the direction of +he sweep after the
acetonitrile oxidation process in the double-layer region had
been completed but before any surface oxide could be formed
(i.e. for V < 0.80 V,EH). The result is shown in Fig. 10 for
a 5 x lO-3 M acetonitrile solution and the excellent linearity
of the reduction peak current with S indicates that aceto-

nitrile reduction in the double-layer region is also entirely 1

-4 M*

a surface process at concentrations above ca. 3 x 10 .
The reason for the discrepancy between the oxidation ang

reduction peak currents for acetonitrile in the double-layer
region is discussed below. The absence of any dependence of
acetonitrile peaks in the d.l. potential region on solution

stirring when [CH3CN} > ca. 3 x 10_h M gives further proof of

the absence of diffusion controlled processes and hence the

2 . . . .
The importance of this observation will become evident after

it has been shown (p.79) that the primary reaction of aceto-
nitrile adsorbed on platinum is reduction. Oxidation processes
(2part from those in the oxide region itself) involving aceto-
nitrile species arise only after the species, initially
adsorbed, has been reduced in a cathodic-going sweep or in an
adsorption transient.

Iz
K
/‘/
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Fig. 10. Dependence of peak current, i,, for acetonitrile
reduction (0) and oxidation (@) in the double-
layer region at platinum on sweep rate, (4V/dt),
with [CHqCN] =5 x 10-3 M. Potential range 0.06
to . 1.4 ¥,Ey for the oxidation peak and 0.8 to o~
0.06 V,E; for the reduction peak. N
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lack of reaction of acetonitrile from solution once the

LI
v

initial electrochemisorption has occurred.
"Reversible" reduction-oxidation peaks of aceto- -

nitrile are observed in the double-layer region at platinum

inde

o]

endently of whether or not the adsorbed hydrogen and/or
surface oxide regions are traversed in the sweep since the
cathodic and anodic current peaks still arise if only the
doudble-layer potential region is scanned, i.e. between 0.35

and 0,70 V,EH (Fig. 11). The presence of peaks in the double-
layer potential region is therefore not associated with pre-
history of the electrode or of acetonitrile in the oxide or
hydrogen regions, although holding the potential at the H end
of & cathodic sweep at 0.06 V,EH, or simply cycling into the
hydrogen adsorption region, does increase the charge for re-
oxidation of the acetonitrile species in the double-layer
region as may be observed in a subsequent anodic sweep (see
below and Fig. 10). The dependence of the peak current on §
was also investigated over this restricted potential range in
the double-layer region and the results again showed linearity
of iD with S for the acetonitrile reduction and oxidation
processes (Fig. 12). When cycling is restricted to the double-
layer potential region, the charges associated with acetonitrile
reduction and oxidation always balance to within 2% for [CH3CNJ
> ca. 3 x 10-hM, thus providing another indication that it is

an adsorbed acetonitrile species which undergoes reactions in

the doudle-layer region at platinum in ag. HQSOL'

ER WP,
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The possibility that <hese effects cculd be due <o

an impurity in the acetonitrile was investigated by synthesizing
the compound by a different route from that employed for manu-
facture of the commercially available material which is obtained,
for example, as a co-product in the Sohio process for prepara-
tion of acrylonitrile (118). Dehydration of re-crystallized
acetanide gave & very pure product after doudble-distillation;
this material exhibiteqd exactly the same electrochemical
behavior as that of acetonitrile obtained by purification of
the manufactured solvent. This result Justified the special
attention peid to the purification of the acetonitrile (8L)
used in the present work and flame-ionization vapor-phase
chromatography showed impurity levels in that material of less
than 5 pom. Also, work with a series of 11 other nitriles
(see below) of varying structures, which are synthesized by
verious routes, gave {i) a common type of redox behavior of
an adsorbed species in the double-layer region and (ii)
similar blocking of atomic hydrogen chemisorption at less
positive potentials. The effects thus appear to be due to
adsorption and reactivity of the CN-function itself.

In order to check if possible hydrolysis or

reduction products derived from CH_CN, viz. CH_CONH.., CE_COOH

3 3 2> 773
or CQHSNH2, could be responsible for the observations with
acetonitrile, potentiodynamic experiments were also conducted

. -3 ;
on these substances at a concentration of 5 x 10 M. DNone

showed behavior similar or related to that of acetonitrile.
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the behavior of acetonitrile dis-

cussed above is not associated with the most probable

(d) Electrode coverase oy acetonitrile and blocking

of hydrogen adsorvtion

The curves of Fig. 11 show that on thé anodic sweep
between the potential limits 0.80 to 0.05 V,E, there are two
principal regions where oxidation reactions on the surface
occur, (i) the region which is usually associated with
ionization of adsorbed atomic hydrogen; (ii) the double-layer
region where oxidation of an sdsorbed acetonitrile species
oécurs. The charge measured by integration of the peak in the
region 0.05 to 0.30 V, EH will be attributed for the moment
(see below) to ionization of adsorbed hydrogen and designated
as qa,H*' The charge measured between 0.3 and 0.8 v, EH is
associated with the reaction of an adsorbed acdetonitrile
species and will be called qa,d.l.' In both cases, the non-
faradaic double-layer charge has been subtracted to give real
values of reaction charge. The difference between the hydrogen
charge, qa,H’ in the presence of adsorbed acetonitrile and
that for hydrogen adsorption, qg, in the background profiles
(i.e. for absence of acetonitrile) of Fig. T, gives the

%

.:,:. - .
apparent extent of blocking of the surface for H adsorption,

*

1= bxj

or a complete tabulation of definitions of the symbols used
n the present work, see Table I.

It is shown below that the H-blocking effect must be correcie
Tor the presence of some adsorbed aceitonitrile species
electroactive in the X region.



Definitions of Charre and Other Quantities

(=)
ye
4]
0

ussed and Measnured

total net charge passed in current transient
Tollowing adsorption

cherges, anodic (a) or cathodic (c¢) for oxidation
or reduction, respectively, of chemisorbed CH3CN
species in the "double-layer" region

total charges for oxidation (a) or reduction (c)

of CHoCN species over the whole range of potentials
incluging the H regions but corrected for ¥ con-
tributions

the value of ¢, determined afier 90 sec "holding"
at 2 given potential

charges in cathodic-going (e) or anodic-going (e)
sweeps measured in the H region (0.05 to 0.35 V) in
multisweep experiments. (These are not necessarily
the actual charges for H electrochemisorption - see
text and definitions of g and g.. Dbelow

Hs'f‘ =
charges in anodic-going sweep in the ¥ region after
"holding" (h) the potential V at various values for
90 sec

charge for electrochemisorption of H, in absence of
CH3CN measured at various potentials

actual charges for resolved E components in the H
region in anodic (4) or cathodic (-) going sweeps

charge for displacement of H by chemisorbed species

derived charge component for CH3CN reduction
(=, - aq)

potential for adsorption of CHLCN and potential at
which the potentiostatic adsordtion transieat is
measured (V = a typical potential)

represents scale on which potentials are experi-
mentally measured vs. ithe H2/H1 electrode at Pt
in the same solution

e ) a -1
sweep rate dV/dt, V sec
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The quantity of acetonitrile adsorbed, measured

g.1.> *s seen (Fig. 132) to approach an
elmost limiting value at [CH.CN] = ca. 1.6 x 107" .  mns
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1erease with [CH3 N] but this tendency is cpposed by

ot
o
[

competitive adsorption of another type of species. Since the
coverage with adsorbed hydrogen, measured by ¢, o continues
b

(Fig. 132) to decrease as the apparent coverage with aceto-

[N

nitrile remaeins constant, the surface coverage on a site basis
with species other than hydrogen cannot really be constant.
This fact gives support to explanation (ii) above, and it
appears that a different type of adsorbed species, derived
from acetonitrile, arises at higher concentrations. This
species may, for example, be of a different geonetry from

that adsorbed and reactive on the surface 2t lower acetonitrile
concentrations, thus occupying more Pt surface sites. Another
possibility is that the second adsorbed species occupies Pi

surface sites but is not

13

eactive in the same manner as %

5]

a
I~

adsorbed svecies formed at lower [CHLCX]. Tt will be

3
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this species as "B3" and its identity

If the B species blocks hydrogen and acetonitrile -
adsorption in the same manner, it is possible to evaluate the
way in which .4.1. would increase with [CHSCN] in the
absence of B species. This is illustrated in Fig. 13a where
it 1s assumed that the decrease in qa,H at [CH3CN] > 1.6 x 10—h M
is due to the normel form of reactive adsorbed acetonitrile.
The resulting plot of qa,d.l. shows no plateau and is similar
to the qa,d.l.,h plot in Fig. 13b where the effects of holding
the potential at the cathodic end of the sweep are shown.
These effects will be discussed below in connection with the
manner in which adsorbed hydrogen is involved in the aceto-
nitrile reaction. The presence of the B species is further
indicated by the fact that qa,d.l. decreases below its initial

3 M. The fact that the

limiting value when [CH3CN] > 6 x 107
total charge for hydrogen adsorption and for reaction of
acetonitrile, qa,H + qa,d.l.’ decreases significantly with
increasing [CH3CN] can be due to a difference in the charge
equivalence per platinum atom between hydrogen and acetonitrile
and/or the presence of the "B" species. The extent of hydrogen
o 0 eventually falls to ca. 0.2 in 0.1M CH3CN and
only in 50% ag. CH

coverage, q

3CN does it approach zero. This indicates

that a certein proportion of platinum surface sites remain

unoccupied by CH_CN, even at very high [CH3CNJ (cf. results

3

of section I.3(c)).
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The dependence of g on sclutio

3

1 stirring is also

.

shown in Fig. 13a, from which it is seen that the region of

solution diffu l'M.
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This is to be compared with the results of Fig. 1b which show
the dependence of the peak current for acetonitrile oxidation
in the double-layer region on [CH3CN], where similar behavior

is indicated. The decrease in the peak current at [CH3CNJ >

ic
6 x 10-3 M is analogous to the corresvonding decrease in
e.d.1. in Fig. 13, i.e. it is consistent with the presence
of a "B" specles at higher acetonitrile concentrations.

The value of AqH depends on the type of nitrile
edsorbed as shown in Fig. 15 for 7 nitriles, 2 dinitriles,
tetracyanoethylene and HCN, all adsorbed from 6.4 x 10—h M
solutiony. As expected, the latter compounds exhibit the
strongest H-blocking effects but l-eH_still never becomes
> ca. 0.8. BEvidently there is room for some H-adsorption
amongst chemisorbed -CN groups (as will be shown in section
I.3(a)) even when the coverage by such species has reached
its own limiting value. This is not the case with small S-

containing molecules which almost completely block H chemi-

sorption at Pt electrodes (119).

For all the nitriles examined, this concentration was
sufficiently high theat there were no elements of solution
diffusion control but not so high that significant effects
<f the "B" species arose.

A
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double-layver potential rezion

The processes of reduction and oxidation of aceto-

nitrile at platinum in the double-layer region are fast (see

%
ig. 16) surface reactions; however, these reactions of the

adsorbed species are not as fast ang reversible as the electro-
chemical adsorption or desorption reactions of atomic hydrogen

at pletinum which occur at less positive potentials., For
[CHBCN] > 3 x 10-h M, 2nd with cycling in potential ranges

|

ch her include or exclude the atomic hydrogen region,

Ca €1

frm
ct+

there is some inequality in the peak potentials, Vp, for the

reduction and oxidation current peaks. In the case of cycling

from 0.75 to 0.35 V’EH’ this inequality is 65 nV at a sweep

rate of 50 nV sec‘l, while with cycling from 0.75 to 0.05 V,E
av

the inequality is 50 mV at (EE) =50 oV sec”r. The fact that

HS

the oxidation peak potential shifis to somewhat less positive
potentials with cycling to 0.05 V,EH is thermodynamically
expected from the greater quantity of reduced acetonitrile
(see below) which arises when the electrode is cycled to these

more negative potentials.

*
Fig. 16 shows the i-V profiles for acetonitrile st the

platinum electrode at sweep rates of up to 50 V sec=l, The
fact that acetonitrile electroactivity persists even at such
hlgh sweep rates indicates that a very fast surface reaction
is 1nvolved As the sweep rate increases, the lower limit
-of [Cﬁ CN] where diffusion effects become significant also
1ncreases, but this is as expected. The behavior of aceto-

nitrile may be contrasted with that of formic acid and methanol

at platinum where 1ittls or no reactivity resulis at such fass
Sweep rates even when the concentrations in solution are high,
so that diffusion limitation is minimized.
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Fig. 16. 1i-V profiles taken on an oscillloscope at high sweep

rates for 1M CHoCN at 2t in 1N aq. #,50); (&v/dt) =
5,10,20,30,40 2nd 50 uV sec~l. Potentizl range 0.05
to 1.25 ¥,%.
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Fig. 17 shows i-V profiles for acetonitrile ot

platinum obtained in successive potentiodynamic experiments
at 50 mV secml over various potential ranges both in the
anodic-going and cathodic-going directions of sweep. The
potential ranges of cycling are varied by reversing the sweep
at different potentials, the sanme sweep rate being always
maintained. It is important to note %that both the anodic and
cethodic reactions have slow components (see below), other-
wise reversal of sweep direction would immediately establish
currents corresponding to potentials on a common i-V profile
for all reversal potentials, as it does in the H adsorption
region et platinum in pure aq. stoh. The existence of these
slow, irreversible components of the overall process is con-
sistent with the small but significant deviation of the anodic
peak current, ip, from linearity in S (Fig. 8). However,
after 90 sec holding of the potential at 0.06 V,Eg, the ip is
exactly linear in § (Fig. 8). The small deviation from
linearity in 8§ of ip for acetonitrile reoxidation in the
double-layer region in the multisweep experiment results from
a slow cathodic current component which falls to zero upon
holding at 0.06 V,E, for 90 sec.

The variation of peak potential with sweep rate for
the reduction and oxidation reactions of adsorbed acetonitrile
in the double~layer region was also studied. Since it was

shown above (Fig. 8) that the reduction of acetonitrile on 2

cathodic-going sweep is a slow reaction requiring time at the
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least positive potentials for
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or tne oxidation reaction was obtained at faster

" '

sweep rates (>50 mV sec—l) after a prior, slow (5 mV sec_l)
cathodic sweep. This procedure allowed the oxidation reaction

to be studied independently of the reduction reaction., TFig. 18
shows that the limits of reversibility for the peaks occurs at

& sweep rate of ca, 40 mv sec-l and beyond this sweep rate

Tafel polarization behavior obtains.

(f) Adsorption transients and the nature of aceto-

nitrile chemisorotion

The nature of the chemisorption of acetonitrile,
indicated by the i-V profiles in Figs. 7 and 11, was investi-
gated further by examining potentiostatic adsorption current
transients** that arise in electroscorption of CHBCN at Pt.
Two adsorption mechanisms are possible:

(i) acetonitrile is electrosorbed like methanol
(17) with dissociative adsorption at the CH3 group; in this
case, an anodic transient should arise upon electrochemi-

sorption in the double-layer potential region, e.g. between

0.35 and 0.75 V’EH’ corresponding to the process:

*This cathodic-going sweep speed is found to be slow enough
to give complete reduction of the adsorbed acetonitrile
(see section I.2(Db)).

%

This method is described 2nd discussed in detail in vart II

with reference to 2 number of compounds.
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Pt
AN
CH3CN + 6Pt = P?;C-CN + 3PtH (10)
P .
3PtH > 3Pt ¢ 3T 4 3e (2)

It is evident from the i-V profiles of Fig. T that the
nitrile residue (=C-CN) is unlike the methanol residue
(=c-0H) arising from adsorption at platinum because of the
lack of.continuous feradaic currents* in the case of aceto-
nitrile and absence of an anodic current on the cathodic-
going sweep which is characterisiic of methanol and formic
acid oxidations (see section III(2)). 1In the region of
significant H coverage, no trensients will arise since H
sites are already occupied (see section II(c)); or

(ii) acetonitrile is adsorbed at the CN-group;
in this case, no anodic transient will arise in the double-
layer potential region because the molecule will be iner:
towards oxidation of the methyl hydrogens. The possibility
exists, however, that at less positive potentials electro-
sorption can occur at the CN-group with uptake of protons
and/or electrons to give a reduced chemisorbed species,

Fig. 19 shows the result of addition of deoxygenated

CH3CN solution to the 1N agq. H280h electrolyte to give

* .
Potentiostatic polarization measurements on CHLCN solutions

at Pt electrodes in the potential range 0.1 to 1.k V,Eyq
gave only residual steady currents which were <10-8 a.cm-2
and are associated with trace impurities in the system. 1In
fact, the residual, steady currents due to trace impurities
in the absence of acetonitrile decrease when CH3CN at

5 x 103 M is added to the systiem.
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Tr T —_ _3 e R L s .
LCn3Ck] = 5 x 10 7 M while the electrode was held potentio-
t

lcally in the double-layer region at 0.40 V,E,. (see

.
section II(f)). The cathodic trensient which is observed
indicates process (ii) as the mechanism of electrosorption
rather then a process of type (i) found with methanol (17).
In fact, when acetonitrile is added to the 13X ag. stoh
electrolyte in such a way that it reaches the electrode
surfece during the anodic-going sweep in the double-layer
region, a cathodic reduction transient results before any
oxidation in the double-layer region can oceur (Fig. 20a).
This indicates that the primary reaction of acetonitrile in
the double-layer region, after its chemisorption, is
reduction and not oxidation as is found with methanol. The
methyl-H atoms in the acetonitrile molecule are evidently
unreactive; hence the cathodic transient must be due to
reduction of the CN-group.

The transient reduction charge resulting from
acetonitrile adsorption at platinum, potentiostated in the
double-layer potential region, can be compared with the
subsequent oxidation charge on the first anodic sweep after
addition of acetonitrile*. For these conditions, this charge
is equivalent, within 2%, to the re-oxidation charge on the

first anodic sweep after the transient, and this fact pro-.

vides further proof that the acetonitrile is adsorbed on the

* - . -
For a complete description of this method see Part II.

/
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If addition of acetonitrile is made at 0.70 V,EH,
or even more anodic potentials, adsorption occurs without
passage of significant charge thus ruling out dissociative
adsorption of the methyl hydrogens, as occurs with metheanol.
That adsorption does actually occur at this potential, even
though no charge transfer ocecurs, is indicated (i) vy
blocking effects on surface oxide formation if o subseguent
anodic sweep is taken from 0.7 to 1.k V,E.; (ii) by a
reduction peak linear in S (Fig. 10) which is observed in a
sweep taken from 0.7 to 0.L V,EH; (iii) by ellipsometry which
shows (120) a decrease in the dhase shift parameter 4. Hence,
the adsorption of acetonitrile on platinum in aq. HQSOh can
also occur (depending on potential) without charge transfer,
which is consistent with mechanism (ii) above.

Potentiostatic current transients were also obtained
for acetonitrile édsorption at a series of potentials less
positive than 0.1 V,EH (Fig. 19b), i.e. on 2 platinum surface
where the coverage by atomic hydrogen was increasing. The
cathodic transient currents described above diminish and
eventually become anodic ones which increase as the potential
of adsorption becomes less positive and approaéhes the

reversible H, potential. This interesting and initially

2

unexpected observation lead to the discovery of a new, general

. .. "
electrochemical effect, "anodic X displacement™, to be

Ry
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LA S S A ST



described fully in Part IT. T3

fhe effect consists of ionization
of i , previously adsorbed on the electrode, when another
adsorbate becomes chemisorbed on the surface. The effect

thus tends to be larger at potentials where more ¥ is present
on the electrode, i.e. at the least vositive potentials.

The observation with acetonitrile can only be
accounted for in terms of the adsorption mecharism (ii) given
above, since adsorption and the subsequent H displacement
referred to above could not occur (117) via mechanism (i) at
high coverages of atomic hydrogen (e.g. at 0.06 V’EH)'
anodic H displacement effect observed with acetonitrile must

hence arise from competitive displacement of adsorbed H

according to an anodic electrochemical mechanism of the form:

+
CH3CN + PtH =+ Pt(CH3CN)adS + H' 4+ ¢ (11)

The effect provides useful information on the processes that
occur when acetonitrile becomes adsorbed, in particular the
connection between transient adsorption charge, H blocking
(AqH) and H displacement.

The charge quantities associated with acetonitrile
adsorption at various potentials are given in Table IT and
Fig. 21. The net adsorption current transient for aceto-

nitrile between 0.l V and 0.05 V,EH corresponds to passage of

*A detailed anelysis, given in section II(b), proves that the
observed anodic transient charge at V < 0.15 V,E4, resulting
from acetonitrile addition, arises from anodic H displacenment
occurring when CH_CN is adsorbed.

3
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ay values before correction for slow reduciion effects.
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charge, qt, due %o the following processes: (2) electron
transfer to acetonitrile at vecant sites; (b) electron trans-
fer to acetonitrile adsorbed at sites occupied initially by
H-at potentials <0.35 V,EH; (¢) anodic displacement of the

¥ etoms at those sites; and (q) any reaction of neighbouring
H atoms with the adsorbed acetonitrile that may leave a site

vacant which could then become reoccupied by H in %the normal

. ot
cathodic process H' 4 e ¢ Pt - PtH. For these reasons, the

values of qt are all substantially less than the values of qg

{the charge for H coverage at platinum in the absence of
acetonitrile) at various potentisls in the H-region and also
less than the extent of blocking of H adsorption, AqH, as
measured from the areas under the cyclic voltammetry curves
after adsorption. The difference 9 - g (= a, in Fig. 21)
represents the cathodic charge component that is taken up as
ecetonitrile is adsorbed and electrochemical displacement of
H occurs. Quantitative examination of the charges shows that
a, 1s almost equal, at all adsorption potentials, to the
charge for anodic re-oxidation of the adsorbegd CH3CN species
in the next anodic sweep taken up to 0.8 V,EH after measure-
ment of the transient. This result is expected for an
adsorption controlled, reduction-oxidation reaction. The
significance of the measured charge quantities in relation
to the reaction mechanism will be discussed in detail in

section II(f).
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reduction and oxidation

'

In order to determine whether acetonitrile redﬁction
in the double-layer potential region occurs with the uptake of
solution protons, the DE dependence of the cathodic process
was investigated by evaluating the pH dependence of the peak
potential, Vn' The same solution was employed in both the
reference and working compartments so that no liguid junection
was involved. The variation of VD with pH over the pH range
*1 to -1 wvas found to give a Hernst slope of 59 mV per unit
pH change, i.e. the retio of protons to electrons involved in
the reaction is one. This indicates that acetonitrile reduc-
tion in the double-layer region is not & simple electron

transfer process but involves protons from the solutions.

I.2 Involvement of the H Adsorption/Desorption Potential

Region in the Acetonitrile Reactions at Platinum

(a) General observations

Figs. 11 and 17 showed the progressive increase of
acetonitrile re-oxidation charge in the double-layer region
(qa,d.l.) as the cathodic-going sweep was taken to less
positive reversal potentials. These sWeeps were programmed
to exclude or include (either pertially or totally) the
potential range for ¥ adsorption at platinum (i.e. from 0.35
to 0.05 V,EH). The results indicate that besides decreasing

The coverage with atomic hydrogen, adsorbed acetoniirile
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region of the cathodic-going sweep ei
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n, or by electron and proton tra

to give an increaseq quantity of reduced adsorbed material

3

which can be reoxidized in the double-layer region on the

i

o

. - * . .
next anodic-going Sweep . The increase is not associated

with further acetonitrile adsorption from solution since it

is known that there are no elements of diffusion control

when [CH3CN] > 3x 107" w,

. (b) Resolution o component currents and charges in

the anodic and cathodic ¥ regions by means of

kinetic relaxation studies

In order to determine accurately the manner in
which the acetonitrile reoxidation charge in the double- ~layer
" potential region is influenced by reactions in the K region,

it will be necessary to consider how any overlap of the
acetonitrile reoxidation peak with that for atomic hydrogen
ionization can be evaluated. Up to this point, the hydrogen
charge has been considered to be that which would be obtained
by integration of the i-V profile over the anodic hydrogen

region taken from the reversible hydrogen potential

(ca. 0.05 V,EH) to a potential corresponding to the minimum

*At least one type of anodic electrochemical reaction is

known, the surface oxidation of Pt (see 1. 7T), which gives
rise to several distinguishable peaks over different potential
regions in the anodic-going sweep, but the final adsorbed
species gives only a single reduction peak in the caunoawc-‘
going sweep (%this single oxide reduction peak can, however, pe
resolved into component peaks in very fast caunodlc transients
under certain conditions (121)).
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¢ main acetonitrile ang hydrogen
peaks (see Fig. 7). The assumption was thus made that any
overlap which existed between the two peaks was symmetrical- '
$0 that any errors in evaluation of the charges for aceto-
nitrile reoxidetion and ¥ ionization were cancelled., Tt is
obvious that such a simple procedure could not be employed

for the cathodic-going sweep since qc,H > qa,H' This arises
because the reduction of acetonitrile is occurring in the X
region during the cathodic sweep and the charge adds to that
for atomic hydrogen deposition. Cathodic holding effects
produce substantial changes not only in the double-layer region
on the next anodic sweep but also in the H region (Fig. 11).
Such an observation is important with regard to possible
rearrangements of acetonitrile on the surface during cathodiec
holding which could lead to an increased accommodation with
etomic H. It is therefore important in this study, and also
more generally, to be able to distinguish co~adsorbed H from
other adsorbed organic species that may be reactive in the

H region.

A special newv experimental procedure was therefore
developed to investigate this problem further by utilizing
the principle that the kinetic relaxation rates in response
to a fast changing potential signal (step or fast sweep) will
be different for fast and slow reaction components at any
given potential. The atomic hydrogen ionization resction on

platinum is a very fast, reversible process and it is likely
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thet any components o7 the aceionitri

i

[

e oxidation reaction,
which might occur over the hydrogen region, will be slower
and less reversible than the atomic hydrogen deposition or .
ionization reactions (cf. Fig. 17). Separation of reaction
components in the hydrogen region could thus be achievegd by
means of the potentiodynamic Sweep program consisting of
cycling the system in the normal potential range (0.05 to
1.3 V’EH) 2t a standard (slow) sweep rate (e.g. 5 v sec-l)
but interrupting this "guiding" sweep, while it is progressing
in the anodic-going direction of the hydrogen adsorption
region, by introduction of & much faster anodic-going
potential pulse (fast linear sweep). Because of the type of
function generator being used (Tecussel), the sweep rate
alterations had to be made by factors of ten, e.g. from a
normal swveep rate of 5 nV sec-l to 50 mV sec-l or 10 to
100 mV sec-l. When this particular program was tested in a
potential sweep at Pt over the H region in pure agq. stoh
solution, alteration of the sweep rate from slow to faster
speeds resulted in the H ionization currents becoming re-
adjusted immediately from their initial to their new values
at the higher sweep rate as required for a fast relaxation
process. Such behavior is illustrated in Fig. 22.

The important fact to be noted in relation to the
method described here is that transient currents for atomic

hydrogen ionization obtained after interruption of the sweep

by changing from small to larger values of dV/dt were almost

Pz
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1dentical to those obitained with multisweep cycling at the
Tester sweep rate (Fig. 22). The fact that there was no delay
in attaining the new values after interruption is characteris-
tic of the pseudo-capacitance behavior (50,96) of a rfast,
reversible electrochemical process and this characteristic

will be used to distinguish the atomic hydrogen electrosorption
reactions on platinum from slower processes involving organic
species. Such slower, somewhat irreversibdle processes (ef.
surface oxide formation on platinum) cannot immediately

respond to the successively initiated fast sweeps and appear

es a trailing of current after the initial fast H compénent

hes appeared (Fig. 23). Fig. 23b also shows the application

of this method to the kinetic separation of reaction components
vhich arise in the cathodic-going sweep. In this case, the
fast, reversible reaction in the X region corresponds to
deposition of atomic hydrogen.

Fig. 23b shows that the current associated with the
reversible process of atomic hydrogen deposition or ionization
is easily obtained since the cut-off point between the fast
current rise and the delayed current rise is well-defined*.

The fast component process in both the cathodic and anodic
H regions falls to zero at ca. 0.3 V,EH in the manner well
known to be characteristic of adsorbe@ H. That the species

associated with fast relaxation is H is also confirmed by the

*The slight overshoot of ca. 0.5 mm on an X-¥ recorder, res-
ponding to a fast process, serves fortuituously to act as a
marker for the termination of the fast process and commence-
ment of the slow one.
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exact identity of its amount (charge) on the cathodic ana
anodic-going sveeps. Fig. 23b shows, however, that 211 the
qa,H or qc,H’ i.e. the total charges passed in the cathodic
or anodic H regions, is not identifiable uniquely with
Qualitatively, this is already apparent from the experimental
fact that qc,H > qa,H' In both anodic and cathodic sweeps,

a substantial slower component process is indicated in the H
region which must be associated with oxidation and reduction
of adsorbed acetonitrile species rather than with electro-
activity of H.

Since the experimental procedure discussed above
involved slow sweeping (5 mV sec_l) through at least part of
the hydrogen region before the fast sweeps (50 mV sec-l) were
initiated, there was necessarily an effect equivalent to
cathodic holding arising from the longer times, Ty» Spent in
the cathodic region, AVC, of the 5 mV sec-,1 potentiodynamiec
sweeps (TH = AVC/S). As wes discussed above, cathodic holding
effects give rise to significant changes in the charges for
apparent H coverage and acetonitrile reaction on the electrode
surface (Fig. 11). To eliminate these holding effects, the
experimental procedure was modified by employing a potentio-
dynamic program in which the faster sweep was interrupted by
switching to the slow sweep for a short time in the hydrogen
region followed by switching to the faster sweep again. The
procedure is thus similar to the one described above except

that the slow "guiding" sweep through the cathodic and 2nodic

AEINV AL U TANV AL
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i
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hydrogen regions is no loncer employed. Instead, the current

-
4

is allowed to fall to the value which it displayed on the
slow (5 mV sec—l) guiding sweep at the potential of inter- -
ruption from the fast to slow sweep and the potential program
1s then switched back to the fast sweep rate.

The new procedure can be applied to any potential
on the cathodic or anodic-going sweeps; hence the charge
component associated with atomic hydrogen reactivity can be
evaluated with only very small effects of cathodic holding.
The true effect of holding at the cathodic reversal potential

in the sweep can also be evaluated by using this modified

procedure and will be discussed in section I.2(e) below.

(¢) Kinetic heterogeneity in the double-layer

potential region

Application of the kinetic relaxation method to the
reactions of acetonitrile in the double-layer region (Fig. 23b)
indicates that a fraction of the CH3CN species is also
associated with a relatively fast reduction or oxidation pro-
cess. The fast component substantially diminishes with
increasing sweep rate of the superimposed faster linear sweep,
and at 500 mV sec”t (at which sweep rate H is still reversible)
the fast component has fallen to zero leaving only double-layer
charging as a fast process above 0.3 V,E (Fig. 23a). Initia-
tion of the fast transient sweep at various rates in the

double-layer region appears to reveal a spectrum of reversi-
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bility or extents of the fast cxidation or reduction process
evidently depending on the rate constants of processes at
various tyves of sites. That the same chemical species is
involved (as that corresponding tc¢ the main peak) is indicated
by the fact that the peak for the fast component appears at

the same potential independently of the rise time of the swveep,
and at the same potential as the overall peak observed in the

slover sweeps (Fig. 23b).

(¢) Dependence of acetonitrile oxidation charge on

reversal potential in the cathodic~going sweep ze

Three potentiodynamic programs were employed in
studying the influence of the reversal potential in the
cathodic sweep on the charge recovered in reoxidetion of

reduced acetonitrile on the next anodic sweep. These experi-

Asivainily Atnigwva

ments provide informetion on the exteat of reduction of
acetonitrile at various potentials in the H region in cathodic-
going sweeps, since any reduction of acetonitrile in excess of
that already achieved in the double-layer region results in an
increased acetonitrile reoxidation charge on the next anodic
sweep (Fig. 17). The potentials between which the reoxidation
charge was integrated were chosen in relation the position of
the peaks in the sweep profile, the anodic limit of integration
being generally taken as 0.825 VoE.

Justification for taking the anodic limit of integra-

tion as 0.825 V,E. comes from the fact that at %his potential

H
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all reoxidation of acetonitrile in the doudle-layer region
appears to be complete and at slightly higher anodic potentials
the currents sharply increase because of surface oxide forma-‘
tion and/or reaction of acetonitrile in the oxide region

(Fig. 7). It is to be noted that the region of acetonitrile
reoxidation extends to 0.825 V,EH and includes a small shoulder
observed at the higher anodic potentials. This current

i shoulder may or may not correspond to another stage of oxida-

tion of reduced adsorbed acetonitrile but since it generally

increases in the same menner as the main doudble~-layer oxidation

IR

peak in the range 0.35 to 0.70 V,EH, it was decided to include
-ff this charge as part of that evaluated for reoxidation of
réduced acetonitrile. Choice of the cathodic limit of the
¥ integrand for acetonitrile reoxidation charge in the double-

- layer region depended on the reversal potential in the cathodic

ol e R XL 1 0% GNP S SN TERLT N

sweep and was initially taken as the potential for the current

‘”:f'é i

nininum (see e.g. Fig. 17 which shows the dividing line between
- the H and the double-layer region) in the i-V profile between

the H desorption and acetonitrile oxidation regions. The

acetonitrile reoxidation charge in the double-layer region

thus obtained was corrected for charge contribution in the

atomic hydrogen region by the method described above

(section I.2(b)).
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The first iype of poientiodynanic progran to be
- - . - - - ) * .
eLDiOyed 1s snown in Fig. 24 . A multisweep was Tirst

established Detween standard potential limits, e.g. 1.3 to

0.06 V,E,,

and after several such sweeps had been registered,
the sweep direction was reversed at certain selected potentials
(differing from 0.06 V’EH) on the cathodic-going sweep. These
reversals of the sweep direction were achieved by appropriate
settings of the function generstor, the sweep rate efter
reversal being identical with that on the repetitive sweep.
Between each such reversal of potential scan, a nultiswveep

over the full potential range (i.e. 1.3 to 0.06 V,E_) was

1)

again made to assure a reproducible condition of the electrode

NV A

R

surface. By thus interrupting the cathodic sweep before the
cathodic end potential of 0.06 V,EH was reached, a series of

anodic sweeps resulted for different amounts of reduced aceto-

ACAN iTAUL 214y

nitrile awaiting reoxidetion. A plot of the corrected charge
for acetonitrile reoxidation, q,, versus cathodic end potential
gives a very broad relationship with two linear regions

(Fig. 24). The corrected hydrogen coverage, Uy Lo as deter-

mined from the resolved anodic sweep in the H region, wes

plotted with respect to the cathodic end potential but, unlike

It should be noted that the separation of hydrogen and aceto-
nitrile charge components in the H region by the kinetic
relaxation procedure discussed above must be employed in such
a way that it conforms with the potentiodynamic program given
in Fig. 24. This simply means that the kinetic relaxetion
technique is employed separately for the various potential
ranges that result from reversal of the cathodic-geing sweep
at different potentials in the H region.
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the case for 2 sweep in th
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upporting acid electrolyte alone,
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foz e
\Fig. 21), no arrests are observed.

Another quantity which may be determined from the-
above experiment is the total charge in the cathodic hydrogen
region at different cathodic end potentials. This gquantity,
% 5 is plotted in Fig. 2L but its interpretation in this case
is complicated because of pre-history of the electrode in the
surface oxide region. It will be shown in the section on
oxide involvement (see p.ll7) that & process occurs in the
surface oxide region which produces extra reducible material
that reacts in the H region of the next cathodic-going sweep;
however, this extra reduction process has no influence on the
acetonitrile reoxidation peak on the next anodic-going sweep.

In addition to complicating the interpretation of
charge measured in the cathodic hydrogen region, continuation
of potential scan into the surface oxide region results (see
section I.k(b), Fig. 3k) in 2 charge component being added to
the acetonitrile reduction peak in the double-layer region.
These difficulties can be avoided by using a modified potentio-
dynemic program such as the one illustrated in Fig. 25. 1In
this case, the sweep direction is reversed on the anodic-going
cycle before the formation of surface oxide, i.e. at 0.825
V,EH and this is followed by the same type of sweep reversal
program discussed above involving various cathodic end
potentials. Between cycles over the restricted range, the

electrode can be driven into the oxide region so that the
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A somevhat different potenticdynamic sweep progranm
was used in determining the effect of cathodic end potential
on the acetonitrile reduction charge in the double-layer

region:

0.06V

In this experiment, there is a "triple reversal of the sweep,
first at 0.825 V,EH to avoid surface oxide formation thus
enabling the true value of qc,d.l. to be obtained, followed by
cutting at various cathodic end potentials and then finally
another cutting at 0.825 V,Eg. Acetonitrile reduction on the
cathodic-going sweep in the double-layer region is seen

(Fig. 25) to be independent of the history of the electrode in

. the prior sweep which has covered the hydrogen region. However,

if g is compared with 9, 4.1 in sweeps which either
,d.1.

c,d.1.

include or exclude the H region, it is found that these charges

are almost identical if the H region was excluded but g 4.1
,d.

% 4.1 for conditions where the H region is included in the
,d.1.

cathodic-going sweep. There is z broad dependence of the

ANV LYY 2 v A
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cherge for acetonitrile reoxidation on the range of potentials

vay

covered in the hydrogen region (Fig. 25) similar to the be-
havior shown in
The charge in the hydrogen region in a cathodic-
going sweep using the program shown in Fig. 25 is the sum of
charges for each of the following surface reactions: (i) normal
electrochemical hydrogen deposition on platinum; (ii) further
reduction of acetonitrile beyond that which occurs in a
cathodic-going sweep in the double-layer region. The true
contribution froxm ionizaiion of adsorbded hydrogen is given by
qH’*, determined by the kinetic relaxation method discussed
above. The component of the charge qc,H wvhich is associated

with reduction of acetonitrile species in the hydrogen region

can then be easily determined (see Fig. 23b).

(e) Evaluation of effects of holding the potential

at the cathodic end of the sweep

The adsorption transient measurements discussed
above for acetonitrile at the less positive potentials (Fig. 21)
indicated a slow reduction process in the H region. Fig. 11
showed how both the charge qa,d.l. for reoxidation of adsorbed
acetonitrile in the double-layer region and the apparent H
coverage, measured in an anodic sweep, increased upon 90 sec

holding at 0.06 V,E In fact, 90% of the holding effect is

g
already completed in 15 sec at 0.06 V,EH and no further effects

are observed beyond 90 sec. However, the progreams discussed

Adiveaitit g PR TSNEVILN
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above (shown in Figs. 24 ana 25) could not easily be used to

. s )
investigate the

(¢

£ 0

w
iy

-
[shve}

holding the potential at various
velues at the ends of cathodic sweeps because in these pro-.
grams the cathodic-going sweep was simply reversed at the
required potential and thus could not be held at the reversal
value. This technique had the advantage of not requiring any
instrument readjustment since the sweep rate for any potential
range scanned remained the same. When effects of holding were
investigated, the potential range for the prior multisweep
(and hence the sweep rate itsel?) hzd %o be adjusted each time
the cathodic termination potential was changed. The potentio-
dynamic program used, together with the results obtained, ere
shown in Fig. 26,

Holding the potential for 90 sec at various termina-
tion potentials in a cathodic-going sweep indicates two
important charactertistics of the behavior of acetonitrile at
Pt: (i) cathodic holding produces more of a material which is
electrooxidized in the double-layer region in a subsequent

anodic sweep (charge g of Fig. 26). The extra oxidizable

*a,dl,h
material is evidently the same or similar to that produced
with cycling into the H-region since the peak characteristics
are unchanged by cethodic holding, except that the charge is
increased (Fig. 11); (ii) a larger anodic charge passes in
the H region (represented by qa,H,h) as a result of cathodic

holding (Fig. 11). It is important to note that holding

effects also persist at more positive potentials,

LR A ST EY I WS PR TE NIV
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Effect of cathodic holding at various potentials

on cherge recoverable in the following anodie

sweep in d.1. region (g, a,1. 288 a5 4.1, ).

Holding effect, corrected for additional charge

involved in reoxidation (in the & region) of reduced

CH3CN species, is representsd by the solid lines :
merked g, and Ga,h- The (constant) cathodic charge, \5\?\\\
9c,d,1., for reduction in the double-layer region ;
is’2lso shown. (av/dt) = 50 mV see-1, he
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i.e. »0.32 V,E. (Fig. 26), and ere hence not dependent only
on the presence of chemisorbed H. The holding effect is,
however, larger at potentials where atomic hydrecgen is
present on the surface.

The kinetic relaxation method described above was
used to determine qa,h’ i.e. the corrected acetonitrile re-
oxidation charge measured on the next anodic-going sweep after
cathodic holding, and it is compared with the corrected total
velue without cathodic holding, a0 in Fig. 26. Also, the
extent to which the increase of charge in the hydrogen region
in the anodic-going sweep, resulting from cathodic holding, is
due to an increase in reduced acetonitrile or to an increase
in coverage of co-adsorbed H may be derived from these

measurements. Fig. 27 shows the apparent and corrected hydrogen

ATV aitil Tl M iy va

ionization charges with end without cathodic holding. Although
e paert of the total apparent charge increase in the anodic X
region is evidently due to an increased amount of reoxidizable
adsorbed acetonitrile species, the difference between the
corrected hydrogen charges, qH’+ and qH,+,h’ appears to be
quite substantial and would seem to indicate a rather large
increese in the Pt surface available for atomic H adsorption
resulting from long-term reduction of the adsorbed aceto-

nitrile. However, when *he value of Y 4 on is compared with
H] 3

the resolved chargelfor atomic hydrogen deposition on the

cathodic-going sweep, q in Fig. 27, the difference is

H,-

rather small (although such small differences (<7%) could
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Repetitive sweep charges % H> 9.5 in the HE-region
. E) 3
and the anodic charge 9 . H.h recovered after 90 sec

. . ol .
holding at various cathodié end potentials. gy

and qy_ are the corresponding charges for then-(n)
resolved, fast H desorption component, (with and

without cethodic holding), giving the true extent

of H adsorption in repetitive sweep 2nd holding
experiments. Op. is the true chargeofor aydrogen

deposition on the cathodic sweep; a; 1s the X "\\\\\\
coverage in absence of acetonitrile as (V). N )

(dV/dt) = 50 nV sec=1,



still be significant in the interpretation of the reaciio

3

=N

S

te

ect 1ndicates that there is no substantial

[, me
chanism). Th

change in the coverage with co-adsorbed H upon cathodic
holding at a platinum surface covered by adsorbed acetonitrile.
The observed difference beitween g and g
“H,o+ “H,+.h
originates because there is a cathodic shift of the i1-V profile

in the H region during 2 multisweep at a finite rate (e.g. at

50 mV sec-l) shown schematically below:

i )
<
2
5
cathodic shift e 3
- " . \*. .. ;
current llqp,. :
0.06 V 0.06 V
M. resolved H

\ current line

Multisweep

Held cathodic 90 sec.

This arises because the cathodic reaction during a sweep
never reaches stages of completion corresponding to ail
potentials covered in the sweep, so that on the reverse,

i.e. anodic, direction of the cycle (without holding) =

¢
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cathodlc current component remain

wn

and causes the whole iV

profile o be displaced towards the cathodic current side
(ef. Fig. 17). Holding the potential at the cathodic end of

a sweep evidently allows the slow cathodic process to be com-
pleted so that in the following anodic sweep, (1) the net
anodic current no longer contains»the potential-dependent
cathodic component, and (ii) more of the reduced acetonitrile
species is available for reoxidation causing qa,h > 9,

(Fig. 26). 1In fact, support for the above conclusions is pro-
vided by the fact that ithe resolved hydrogen charges for both
the cathodic- and anodic-going sweeps are identical so long

as the potentiodynamic program makes use of 2 slow (e.g. 5 mV
sec-l) guiding sweep with switching to 2 faster sweep for

resolution of the fast process. Use of the prior slow sweep

in the H region has the effect of "equilibrating" the systen,

ATIVLTINL U ituvaA

i.e. allowing a state of electrochemical adsorption,
characteristic of a given potential, to be reached. Hence,

% %
the effect is similar to that achieved with cathodic holding .

¥
For slow surface processes in cyclic voltammetry, this be-
havior is not unusual. For example, on reversal of an anodic
sweep at the end of Pt surface oxide formation, an anodic
current component remains initially for the first 100 mV of
the following cathodic sweep while reversal of a cathodic
sweep in the oxide reduction region gives initially a cathodic
component on the following anodic sweep (121).

%% o

It was also found that the peak current for the acetonitrile ‘

reoxidation peak in the double-layer region displayed much

smaller deviations from linearity in S with slow (5 mV sec~l)

prior sweeping through the H region. The result is analogous

to that shown in Fig. 8 for the anodic peak current as £(S)

after cathodic holding, where exact linearity arises.




These conclusions regerding completion of a slow cathodic

ct

[

ith the ho

z,

ding effects discussed

. o
reaction are consisten
.

in section I.1(c) and I.1(e) and illustrated in Figs. 8 and.

17.

I.3 Mechanism of Acetonitrile Adsorption and Reaction

et Platinum

(a) Orientation,surfece coveraze and nature of the

chemisorbed nitrile species

The evidence presented above in sections I.1(c) and
I.1(f) led to the conclusion that acetonitrile (and other

nitriles) must be adsorbed through the CN rather than the CH3

group on Pt, as follows:

H
H H
H\|/H \l
e
c 5\
| < s C=N
C and/or associatively as )
I Pt Pt
N
¥
Pt

(1) (ia)

Similar modes of bonding have been proposed for adsorption.

of gaseous acetonitrile on silica (86,92,93) and for the

Pt...N bond in Pt(Ii) complexes of nitriles (87-89). Dis-
tinction between the orientations (i).and (ia) was investigated
by examining the relative adsorption and H-blocking effects of

benzonitrile and terephthalonitrile (the p-dinitrile).

Adiveainvail U iyvA
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These nitriles were added to the system while the elecirode

wes held 2% 2

S o A0 o Lol =g S ]
ovential of 0.35 V,Z,.

h:

()

region, and the cathodic adsorption transient charge, q;, Was

measured. Since qt results from the reduction of the CX

i.e. in the double-layer

1

group, 1t should be directly related to the electrode coverage

with adsorbed CN which becomes reduced at the adsorption
potential employed. After measurement of 1, 2 cathodic sweep
was initiated from 0.35 to 0.05 V,EH in order to obtain the
atomic hydrogen displacement charge, AqP (see p.83). 1If
orientation (ia) were the main configuration adopted by the
edsorbed nitrile, the ratio AqH:qt should be different in
the case of the dinitrile since the benzene group would be
held to the surface by the two CN groups. This condition
would give rise to a smaller ratio of AqH:qt for the mono-
nitrile relative to that of the dinitrile if the benzene ring
of benzonitrile in orientation (ia) could orient itself away
from the surface or a larger relative ratio if this were not
the case*. The fact thet AqH:qt is 3.26 for the benzonitrile
and 3.40 for the terephthalonitrile (i.e. only a 4.5%
difference) indicates orientation (i) as the main mode of

&

adsorption for ecetonitrile . Also, this orientation is

*Cf. section II(e) where it is stated that benzene itself
effectively blocks T Pt atoms on the surface.

**The assumption is of course made that the CN group of aceto-
nitrile behaves in a similar way to that of benzonitrile znd
p-terephthalonitrile; indeed, their behavior is guite
similar as indicated by their i-V profiles at Pt and the

ratio bgg:g, for acetonitrile itself is 2.80.

AIVETITL g vA
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consistent with the direction of the double-layer field in

relation to the electric dipole in the molecule.

of type (ia) species would also be expected to0 te somewhat .

=

rreversidle, (cf. the behavior of ethylene on Pt (123)), while
it is found in the present work that acetonitrile can be easily
washed from the electrode surface. Tuat the species in orienta-
tion (ia) may be the inhibitor B, referred to earlier on p.Th,
is discussed below.

The maximum reduction charge taken up by the adsorbed

acetonitrile species is 0.68 e per Pt at 0.05 V,E_ with cgthodic

3

H
holding (Fig. 26) and the corresponding coverage by coadsorbed
H is 0.35 e per Pt (Fig. 27). This acetonitrile reduction

charge corresponds to a true maximum value since no further

BAYAN

increase occurs upon polarization to 0.0 V,EH. Models of the

%
111 platinum surface , and space-filling models of aceto-

ATiv2itdlTy 2y 3y

nitrile and its reduced form, show that the maximum coverage

by species (i) allowed sterically is 1 molecule per 3 Pt

atoms (i.e. 33% of the surface) as shown in Fig. 28. Hence :
the coverage 0.68 e per Pt corresponds to 68/33, i.e. 2 e per
CH3CN molecule adsorbed at saturation. Fig. 28 also shows

that at full coverage with acetonitrile, 2/3 of 50% of sites '
normally available for H electrosorption are still aveilable,
i.e. 33% or 0.33 e per Pt atom. This agrees very well with

the observed, resolved maximum H coverage on the cathodic and

anodic sweeps of 0.35 e per Pt. The geometry of adsorbed

*This particular crystal face was chosen because it is be-
lieved to be the predominant face in the case of drawn
platinum wire, from which the electrodes were prevared. Also,
calculations using the 100 face as a model ¢of the surface
gave expected results which were ca. 50% different from those
observed. =

.
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B

products (Fig. 28) shows that

.

somewhal mere space on the Pt lattice is required for the
reduced species owing to a change of shape of the molecule -

upon reduction.

(b) Characterization of the slow component in

acetonitrile reduction

The reduction of acetonitrile adsorbed on Pt is
characterized by a component of the reaction which is slower
than any compcnents of the reoxidation resction. This con-
clusion comes from the increase of charge q, for reoxidation
of reduced material with time in the cathodic sweep or with
cathodic holding (Fig. 26), in contrast to the absence of any

increased reduction charge upon anodic holding (e.g. at 0.7

Ariveitil LINRITNEVHAN

to 0.8 V,EH). Although the effect of cathodic holding at
various termination potentials for the cethodic-going sweep
was discussed above with respect to Fig. 26, a somewhat
different experiment was desirable in order to determine the
true influence of the various potential regions for aceto-
nitrile reduction on the slow process.

The following experimental procedure was adopted:
during a cathodic sweep at 100 mV sec-l, the sweep rate was
lowered to 1 mV sec-l for 50 sec, i.e. over various 50 mV

potential ranges, between 0.6 a2nd 0.1 V,E the electrode was

H’
alloved to remain 100 times longer *han if z continuous 100 mV

-

-1 . . . _ < -1 -
sec sweep had been applied; the same 100 mV sec sweep was

s



continued in the Tollewing anodic sweep. Fig. 29b shows the

resultin iles (with the previous "slow" sweep

iy

anodic 1i-V tro

(48]

regions on the cathodic sweep side indicated) and Fig, 20Qa -

gives the maximum currents in the double-layer and H regions

together with the current corresponding to the minimum at

0.2 V,EH. These currents are seen to depend on the potential

range over which the cathodic sweep was slowed by 10C times.
When slow sweeping is conducted in the potential

range 0.6 to 0.k V,EH, no time effects arise (Fig. 29a).

This behavior is only observed when the overall sweep range

includes the H region and is to be compared with the increase

of reoxidizable adsorbed material upon cathodic holding at

0.4 V,EH after fast cycling when only the double-layer region

is included (Figs. 19 and 26). The extra reduced material

4
»
2
3
3
3
3
2
X
<

formed during the slow sweep between 0.6 and 0.k V,E, would
have been formed anyway during the fast sweep (100 mV sec-l)
in the H region. When the slow cathodic sweep is employed
between 0.4 to 0.25 V,EH (curve a, Fig. 29b), an increase in
the anodic double-layer peak current is observed but at the
same time a decrease of the current at the minimum of the i-V
profile of Fig. 29b arises. This indicates that some of the
material initially produced during the sweep in a fast
cathodic reaction is transformed in a‘slow further stage of
reduction into the finel material which is then reoxidized

in the foliowing anodic sweep in the double-layer region.

If the electrode is allowed to remain longer in the H region,
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an increese of current over the whole i-V profile results
(curve ¢, Pig. 29b). These facts are consistent with the
shape of the component i-V profiles for reoxidetion of reduceé
acetonitrile (i.e. after correction for oxidation of co-
adsorbed H; see Fig. 30). On a fast sweep (corresponding to
curve d in Fig. 29b) the resolved i-V profile shows a second
oxidetion peak at the potential of the original minimum but
this resolved peak diminishes (curve ¢ in Fig. 29b) after the
potential of the electrode has been held in the H region.
The resulting increase of the whole i-V profile caused by the
cathodic holding is principally due to an increase of the
main reoxidation peak in the double-layer region.

The resolved i-V profile for adsorbed acetonitrile
reduction, i.e. corrected for H deposition, shows (Fig. 30a)

the peek for the fast process (0.7 to ca. 0.35 V,E_ ) followed

H

by a trailing current region (0.35 to 0.05 V,E.) connected

H

with the slow reduction process. Beyond the minimum following
the reduction in the double-layer region (Figs. 11 and 30a),
the cathodic current begins to increase again at the potential

vhere H can be detected on the surface (ca. 0.3 V,E_), and

H
this increase follows that of H coverage, indicating parti-

cipation of H in the reduction reaction in the potential range

0.3 to 0.05 V,E,.
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A

(¢) Mechanism of fthe surface reactions of

acetonitrile at platinum

In the light of the results described in the pre-
ceding section, a general mechanism for acetonitrile reduction

at Pt can be written as:

CH Reaction 1 Reacﬁion 2
| ’ H CH Gy
CH.CN+Pt— C Y 4 e N 3 ¥4
3 %1  m— 1 ﬁ/ p— H __c\ (12)

(1] \

Pt Pt Pt 2 bt

Pt Pt Pt Pt Pt Pt

(1) (ii) (1ii)-

This mechanism is consistent with (a) the observed pH
dependence of the peak potential (59 mV) in the double-~layer
region; (b) adsorption of acetontrile through orientation (i)
as opposed to orientation (ia); and (c¢) the accommodation of
the Pt surface for acetonitrile and the resulting maximum
reduction charge. However, the following possibilities still
exist regarding the reduction of the adsorbed acetonitrile
over either the double-layer or H regions: (a) acetonitrile
which was reduced in the double-layer region to (ii) is
further reduced to (iii) in the H region; (b) acetonitrile
which wes not already completely reduced in the double-layer
region can be reduced in the H region. From the resolved i-V
profile for reduction (Fig. 30z), it indeed might be concluded
that reaction 1 corresponds to reduction in the double-layer
potential region while reaction 2 occurs in the H region.

However, it is known that at least 95% of the fully reduced

AVLLHl A v A



acetonitrile gives rise to reoxidation in the double-layer
& . 3 ., - 3 * .
pesvenvial region with a single anodic peak . The reaction

involving adsorbed acetonitrile, (i), can be writien as

follows:
kl k2
b R——— ] i1 &—= iii
Ky Koo

and the observed single anodic peak could be explained with

& small k_2 and a large k-l so that (ii) oxidizes back to (i)
as soon as it is formed from (iii) by oxidation. Such a
mechanism would mean that the oxidation potential for the
species (iii) is the same as that for the species (ii) since,
as noted above (Fig. 11), there is no significant change in

the anodic peak potential for acetonitrile reoxidation obtained

when cycling either includes or excludes the H region. This

AdVaitil 'l M liivaA

important observation indicates that the acetonitrile species
which undergoes reoxidation with cyeling from 0.75 to 0.35
V,EH is the same species which is produced with cyeling into
the H region, i.e. possibility {b) above.

There are three possible explanations why a certain
fraction of adsorbed acetonitrile can undergo reduction in
the double-layer potential region while the remainder requires
the ¥ region for reduction: (z) the acetonitrile is adsorbed

on different kinds of Pt sites in the same way as atomic

* -
The small resolved peak at ca. 0.20 V’EH’ (Flg..30b) represents
less than 5% of the total acetonitrile reoxidation charge angd
cannot be the required second anodic peak.

\
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"
S
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hydrogen; (b) acetonitrile adsorbds on Pt to give at least
two different species, each of whien undergoes reduction in
different votential regions but to the same reduced species:
(¢) it is the same adsorbed acetonitrile species which is
reduced in the double-layer or H regions but difficulties
arise in completion of its reduction after a certain fraction
has been reduced. The first explanation is unlikely since
oxidation of the reduced acetonitrile species on different Pt
sites should give more than one peak {cf. the case of atomic
hydrogen oxidation on Pt). The second explanation could
involve the two species discussed above, i.e. (i) and (ia).
The species (ia) would require reduction in the H region as is
in faect the case with associatively adsorbed olefins (4,124,
125). However, it was shown above that orientation (ia) is
unlikely because of the similarity in ratios AqH:qt for
benzonitrile and terephthalonitrile. It was also found that
the adsorbed acetonitrile could be easily washed from the
surface with 1N stoh, a situation which would be unlikely
for an associatively adsorbed species at Pt (e.g. ethylene).
This leaves the last explanation which is consistent with
the experimental observations.

During reduction, the adsorbed acetonitrile must

change its shape due to a transformation from the sp linear,

HUNVA
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unreduced form to the bent sp2 inine radical-type structure .
Space-filling models show that the accessibility of the X
atom to protons from solution is poor due to the change of -
configuration from the initially linear sp one to the bent sp2
structure, thus leading to slowness in reaction 2. The change
of configuration with reduction (Fig. 28) of a surface fully
covered with acetonitrile introduces steric hinderance in the
reduction, especially in the second reaction, and this effect
will increase with increasing extent of reduction of the
adsorbed species.

When the electrode is brought from 0.8 V,E. to less
positive potentials in either a fast or slow sweep, the
reaction initially occurs rapidly (ef. Fig. 15) corresponding
to the cathodic d.1. peak which is associated with the Qe
process (i) » (iii) corresponding to Stage I in Fig. 2L.

With increesing extent of reduction of the ad-layer, however,
further reduction by reaction 2 bYecomes hindered due to the
steric limitations described above so that a fraction of the
adsorbed acetonitrile molecules remain in state (ii) of
reduction corresponding to reaction 1. This gives on reoxida-

tion the (resolved) peak at 0.2 V,E; in the anodic sweep as

*

An imine species such as (iii) would normally be susceptible
to hydrolysis. The reduced species is, however, quite stable
as indicated by the reversibility and the holding effects
discussed above, and the surface nature of the reactions.

This stability of the imine probably arises from the fact that
(a) it is adsorbed and (b) the double bond is conjugated with
the delocalized metal electron system in the surface (ef. the
relative stebility of aromatic imines in relation to that of
aliphatic ones),

4
>
2
3
by}
3
3
>
X
-(




shown in Fig. 30b. Time is reguire

2,
ct
o
0
o]
3
($]
l—l
[0
ct
4]
ct
[
()]
L5
(48]
1

duction reection 2, transforming the species of Fig. 28c into
that of Fig. 28d; this explains the important observation tha£
the resolved peak at 0.2 V,EH on the reoxidation sweep

(Fig. 30b) diminishes with time (in the cathodic sweep) allowing
the charge for the main d.1. peak to increase, i.e. for 2e
reoxidation of completely reduced species. Bearing in mind
this kinetic limitation, it is reasonable to suppose that the
increase of cathodic current which ocecurs at potentials more
negative than 0.3 V,EH , beyond the minimum, is due to pre-
ferred reaction with adsorbed H that then appears on the
surface with increesing coverage es the potential becomes less
positive. As was shown above (p.10k4), the reoxidation of

reduced adsorbed acetonitrile is a much faster process, which

is consistent with the above mechanism.

I.4 Involvement of Surface Oxide in Acetonitrile Reactions

at Platinum

(a) Introduction

Fig. 7 showed that adsorbed acetonitrile displaces
the potential for surface oxide formation at platinum to more

positive values and decreases the charge for reduction of the

* . .
As mentioned above, the fact that the increase in current on

a cathodic-going sweep begins at 0.3 V,Ey, after a previous
trend of decreasing current indicates a reaction with atomic
hydrogen in reaction 2 1in this region rather than with
solution protons, since the coverage with H becomes sub-
stantial as the potential becomes <0.3 V,EH.

AdiVvairill U lidgwa



oxide on a following cathedic-going sweep. The oxidetion

currents observed at potentials more anodic than ca. 1.0 V’EH

'

are, however, larger in the presence of added acetonitrile -
then in the pure, ag. HZSOh electrolyte and this indicates
that a reaction of acetonitrile or = species derived there-
from occurs over this potential region at platinum. It wes
noted above that the inclusion of the surface oxide region
in the potenticdynamic progranms complicates the interpretation
of q and ¢q and this led to the use of programs where
c,d.1. c,H =
the surface oxide region was excluded in measurements of
charge (Fig. 25). One interesting aspect of cycling into the
surface oxide region in the presence of acetonitrile is that
the subsequent anodic-going sweep on the next cycle taken from

0.05 V’EH remains unchanged, in comparison to that observed

Adiveseild M _IrgvA

in the absence of surface oxide, even at very high concentra-
tions of acetonitrile (>1M) where the effect of the B species
(see p. 7h ) normally becomes significant in the double-layer
and H regions. This is to be contrasted (see below) with

the great importance of the cathodic region (i.e. for potentials

more negative than ca. 0.5 V,EH) on maintenance of the activity

of the platinum electrode at such high [CH3CNJ.

(b) Reaction of acetonitrile in the surface oxide region

As mentioned above, acetonitrile gives rise to an
anodic reaction in the surface oxide region at Pt, the charge

in the anodic-geing sweep, qéx, being larger than



that for oxide reduction » @5 shown in Fig, 31 as a

1
o]
’ Gred

function of [CH3CN - Also shown is the charge, 1o
representing the extent by which surface oxidation would be
blocked if the initial displacement of the surface oxide
formation potential (in the anodic-going sweep) were the

only factor to influence the charge recoverable on reduction
in a following cathodic sweep. The fact that dyp corresponds

. ) 3 o . X
quite closely to Uog = ¢ (where qred 1s the charge for

t
red
surface oxide reduction in the absence of acetonitrile)
indicates, in fact, that most of the oxide charge not re-

coverable on the cathodic sweep can be accounted for by the

Qp1 charge. This is not unreasonable since it is evident that

e 4
: >
the complete oxidative desorption of CH3CN (to form CO2 + H20 + z
Py}

NZ) from the surface would require 1le ver molecule. Hence g
3

o 1 - 1 : + i

the overall reaction charge, qox qred’ observed in the 3

surface oxide region may correspond to oxidation of 2
relatively small fraction of the adsorbed acetonitrile from
the surface.
The charge for oxidation of adsorbed acetonitrile in ;

the surface oxide region, Uenct? is shown in Fig. 32 for
various [CH3CN]. This charge depends on [CH3CN] in a way

. - -3
similar to that for g, , ; (Fig. 13) wp to [CH3CN} = 2x107° M.

,d.1.

Only the initial increase in reactionlcharge, Upeact? at low

[CHBCM is due to diffusion control (cf. Fig. 14) while at

refer to the surface

# . e o
Corresponding quantities %oy 4 ) :
) in the absence of

oxide formation and reduction char
ecetonitrile (see p.4).
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[CHBCN] ebove 3 x lO-L M the reaction becomes a itrue surface
process, independent of solution concentration and stirring.
When [CHBCN] > 2 x 1073 M, the effects of the 3 species be-
come significant as was indicated in Fig. 13 by the decrease
of the reoxidation charge in the double-layer wiﬁh increasing
[CH3CN]; Fig. 32 thus shows that the B species reacts in the
Pt surface oxide region since U eact increases when [CHBCN] >
2 x 10-3 M. This result can be seen in a qualitative way in
Fig. 7 which shows the potentiodynamic i-V profiles at various
acetonitrile concentrations. With increasing [CH3CN] up to
ca. 2 x 10"3 M, an oxidation peak is observed in the potential

region of initial oxide formation, i.e. ca. 1.0 V,E At

.
higher acetonitrile concentrations, this reaction peak
dininishes but another develops and increases at higher anodic
potentials, >ca. 1.25 V,EH and it may be concluded that this
latter peak is associated with a reaction of the B species.

A charge imbalance between the anodic and cathodic
multisweeps only arises when the termination potential in the

anodic sweep is >1.1 V,E.. When [CH3CN] =3 x 1073 M, the

H

*
imbalance is approximetely 5% of the total charge at 1.2 V,EH

and 15% of the total charge at 1.5 V,E Thus only a small

g
quantity of acetonitrile is oxidatively desorbed from the
surface in the anodic sweep, this being in agreement with the

reaction charges cited above and the requirement of lle for

* .

Note that the total charge referred to here is the sum of all
charges (except that for d.1. cherging) passed between 0.05
V,EH and the anodic termination potentials.
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the complete oxidation of CH.CN. The desorbed acetonitrile

3

nust be replaced on the next cathodic sweep since ihe coverage

L[]

with acetonitrile, as measured in the g.1. region, is not
altered by extending the range of the potential sweep 1nto the
oxide region (see p.117). Any readsorption which occurs is a
very rapid process since the reduction peak for acetonitrile
in the double-layer region is not controlled by diffusion

when [CH3CN] > ca. 3 x lO-h M. At intermediate acetonitrile

3 M, oxidation of the platinunm

concentrations, e.g. 3 x 10
surface to potentials as high as 1.8 V’EH still leaves e
significant coverage of acetonitrile on the surface as
indicated by the decrease of the charge for oxide reduction
b& about 20% of the qged value in a following cathodic sweep.
This means that acetonitrile behaves differently from hydro-
carbons (e.g. C H)» C2H6) examined, e.g. by Gilman (126),
where oxidation of the electrode to high anodic potentials

(e.g. 1.7 V,E_) resulted in coincidence of the anodic current

H
profiles and identity of the cethodic surface oxide reduction
i-V profiles with and without the presence of hydrocarbon.
Although a fraction of the adsorbed acetonitrile may be
oxidized from the surface at high anodic potentials, a
situation cannot be reached where all the acetonitrile is
oxidatively desorbed from the electrode surface. At [CH3CN] =
1M, the potential can be taken to 2.6 V,EH, since the adsorbed
acetonitrile inhibits the oxygen evolution reaction at this

concentration, with desorption of only & small fraction of the

acetonitrile from the surface.

AciVveiesld & _11ayva
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hat the reaction

ct

he following evidence indicates

.

of acetonitrile in the oxide region is not simply another
stage of oxidation of adsorbed acetonitrile, previously
reduced in a cathodic-going sweep: (a) addition of acetonitriie
at Vads = 0.75 V’EH’ (i.e. 2t a potential where adsorption is
not followed by reduction) still results in a net oxidation
reaction when the potential is subsequently swept through the
oxide region, and {b) the acetonitrile reduction and reoxida-
tion charges between 0.825 and 0.06 V,EH balance to within 5%.
t 1s very unlikely that the reaction in the oxide region is
associated with oxidation of molecular CH3CN arriving from the
solution since the reaction charge is independent of solution
stirring at [CH3CN] > ca. 3 x 107 M. Also, when acetonitrile
was added to the electrolyte solution with the Pt electrode
potentiostated to 1.l V,EH in pure, aq. stoh, no transient
reaction current was observed, indicating that acetonitrile
in the solution does not react on a Pt surface covered by a
layer of oxide. It can be further concluded that acetonitrile

does not adsorb at 1.4 V,E_ since the following cathodic sweep

H

gave q' = qO ; hence, the absence of reaction on the fully
red red
oxidized Pt surface probably arises because acetonitrile is
unable to adsorb under these conditions.
The reaction of adsorbed acetonitrile in the region
of Pt surface oxidation between 0.95 and 1.3 V,EH is slow and

the reaction charge is found to increase at slower sweep rates

(Fig. 33). However, as was demonstrated above, this slowness
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SWEEP RATE (mV sec ')
Fig. 33. Dependence of acetonitrile reaction chaerge in oxide
region, Qpezess 02 Sweep rate. [CHoCN] =5 x 10-3u,

potential range 0.05 %o 1.3 V’EH°
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in the oxidation reaction is not due to diffusion control.

At very fast sweep rates (>10 V sec-l) and correspondingly
higher [CH3CN] to avoid diffusion effects, the charge for
oxide reduction decreases significantly with increasing

sweep rate (cf. the normal behavior where qo g is more or
less independent of sweep rate). This effect is directly
opposite to that which would have been expected had diffusion
of acetonitrile from solution been the controlling factor.
The formation of platinum surface oxide at high concentrations
of acetonitrile is thus a slower process than is observed in
the pure, aq. HESOh alone because the oxidation reaction
creating free surface sites is quite slow. Although this
effect of decreasing q;ed with increasing sweep rate is
observed both with and without inclusion of the X region in
the potentiodynamic sweep, it is much more pronounced under
the latter conditions (see below, p.120).

In addition to some oxidative desorption of aceto-
nitrile species at potentials >1.1 V’EH’ the potential region
of Pt surface oxide formation also gives rise to an oxidation
of adsorbed acetonitrile to produce a species which remains
on the surface, and becomes reduced over both the d.1. znd ¥
regions of the following cathodic sweep (Fig. 34). However,
the next sweep in the anodic direction is identical with that
observed if only the potential range 0.75 to 0.05 V,EH had
been traversed. This means that {the oxidation and reduction

processes which adsorbed acetonitrile undergoes on traversal
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of the oxide potential region at Pt involves a center in the
molecule thet is not irreversibly changed by these processes.
It wes this oxidation reaction followed by the reduction on
the subsequent cathodic-going sweep that prompted the use of
the potentiodynamic program of Fig. 25 for obtaining values

of q and q

e.d. 1. Lo E An important aspect of this acetonitrile

oxidation in the oxide region is that the resulting additional

reduction charge which passes when the potential is returned

to the cathodic H region (i.e. in the region where g . is ‘
e .

measured) reaches i%ts maximum value when the potential is

reversed at 1.15 V,E, in the anodic-going sweep. As seen in

H

Fig. 34, there are no further changes in q, g evenr after an
3

anodic termination potential of 1.40 V,EH. This could mean

*
that either this oxidation reaction in the oxide region is

Abaal T Ldiiva

not, in fact, associated with surface oxide formation (an
unlikely possibility) or that the reaction only occurs with
the initially formed surface oxide. If the second possibility
is correct, the acetonitrile species resulting from the

oxidation reaction could be an adsorbed nitrilium oxide

CH3Cﬁ + 0 which would be both stable and susceptidble to

reduction back to adsorbed CH3CN.

* . 3 .

It should be noted that the oxidation referred to here is
not that observed at higher anodic potentials (>ca. 1.1 V,E
which gives rise to the charge imbalance.

)

; /



(c) Relation between the behavior of a2dscrbed CH_CN

3

in the surface oxide recion and that in the H region

With increasing sweep rate and/or concentration of
aéetonitrile, the effects of the B species discussed above
(p. T4 ) become more prominent and cathodic holding 2t 0.05 VB,
results in a substantial increase of the surface oxide reduction
peak (Fig. 35). 1In addition, the charge associated with re-
duction of adsorbed acetonitrile in the double-layer region,

Q . » 8lso increases with cathodic holding (Fig. 35). This

c,d.1
last observation, along with the absence of any such activation
effect with cathodic holding at 0.05 V,EH at low concentrations

of acetonitrile (<5 x lO-3

M) and slow speeds {e.g. 50 mV sec—l),

indicates that the gctivation effect in Fig. 35 resulting from

cathodic holding is due to a transformation of the B species

rather than to ordinary reactive adsorbed acetonitrile. This

transormation is probably dbrought about by reduction of the

B species into a form which can be oxidized from the surface

in the next anodic sweep. The fraction of the surface which

was previously occupied by B species is thus made available

for oxygen electrosorption and reactive acetonitrile species,

until the B species is formed again on the surface (see below).
The observation of a cathodic holding effect at

0.05 V,E_ on q;ed for fast sweep rates, toge er with the

H

sweep rate dependence of ¢! discussed above, shows that an

red

important factor in the activity of the Pt surface in aceto-

nitrile solutions towards ordinary oxidation at fast sweep

Acibdiasd T dtipiva
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rates is the time spent in the ¥ region o

Y

the sweep. The
behavior of the Pt surface with respect to this factor was
next investigated under conditions where the H region was
excluded in the sweep. Fig. 35 shows the rather surprising
result that in 1M CH3CN the surface is completely inactive,
even with regard to the normel acetonitrile reactions, when
the H region is excluded in a sweep at 10 V sec_l. One
possibility is that this deactivation effect results from
the accumulation of surface oxide which requires potentials
more cathodic than 0.4 V,EH for its reduction at such rapid
sweep rates in acetonitrile solutions. Fig. 36b shows that
this is not really the case since anodic holding at 1.3 V,EH
reactivates the surface for the ordinary reactions by oxida-
tion of the poisoning species, as indicated by the significant
increase in q;ed on the following cathodic sweep. Since a
reactivation effect can also be achieved by cathodic holding
at 0.k V,E (Fig. 36a), the presence of adsorbed H atoms* on
the surface is not essential for the cathodic holding effect
to manifest itself. This may indicate that the cathodic
reaction of reduction of B species is a slow, potential
dependent reaction which is not influenced by hydrogen
coverage. It can, however, be similar to the situstion des-

cribed above (p.98 ) for reduction of adsorbed (reactive)

acetonitrile where, although the reaction can proceed without

* 3 . -
Compare this result with that shown in Fig. 26 and discussed

on p.98.
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the participation of adsorbed I,

ct

he reaction is greatly
Tecilitated by the presence of H on the surface (reaction
12).

1t is seen from both the anodic and cathodic holding
effects (Fig. 36) that a rather long period of time (ixn terms
of number of cycles) is required for re-establishment of the
nultisweep conditions after holding, i.e. a significant time
is reguired for the poisoning species, B, to become formed
again on the electrode surface. In the light of this observa-
tion, the above experiment was also performed without solution
stirring and the time required for complete surface de-
ectivetion wes almost identical with that observed with
solution stirring. Indeed, when the i-V profiles at slower
sweep speeds (e.g. 50 mV sec-l) in concentrated acetonitrile
solutions (>1M) are analyzed with and without solution stirring,
no differences are observed. These facts indicete thaet the
reaction giving rise to formation of the B species is not
limited by solution diffusion and is probably a slow (perhaps
chemical) reaction at the electrode surface.

The independence of the current peaks in the anodic-
going sweep between 0,05 and 0.75 V,EH upon extension of the
sweep into the surface oxide region was discussed above for
low acetonitrile concentrations and slow sweep rates. The
same results are obtained when [CH3CNJ = 1M and (4v/dt) =
10 Vv sec-l, i.e. in this case alsc the zanodic peaks are

independent of cycling into the oxide region. This is to be

ACGVadl § Y _IVA



contrasted with the results in Fig. 35 showing the effect
of ecyeling with and without the H region included in the i-V
profile. It becomes immediately évident that whereas the E
region plays a very important role in the reactions of aceto-
nitrile at platinum, the surface oxide region plays no
equivalent role except with regard to removal of ordinary
impurities which may somewhat affect the activity of the

*
electrode.

The behavior of the peak current for Pt surface
oxide reduction in the presence and absence of the H region,
i.e. in the potential ranges 0.05 to 1.3 V,E; and 0.4 to 1.3
V?EH’ respectively, for various [CH3CN] is shown in Fig. 37.
Also shown are the effects of 90 sec holding at the cathodic
termination potential on the oxide reduction peak current.
Although this experiment was performed at a slower sweep
Y

rate (50 mV sec-l) than those employed above (>10 V sec”

b]

the same observations and hence conclusions result. It is seen

vaal l SUINVA

that the oxide reduction peak current decreases with increasing

[CH3CN] at a more rapid rate if the H region is excluded in
the sweep. Whereas cathodie holding increases ip for oxide
reduction for both sweep ranges (i.e. with the H region

included or excluded), the effect is much more pronounced at
higher [CH3CN] if the sweep range is Q.h to 1.3 V,EH becausé

of exclusion of the H-region. It is to be noted that although

%

peak after 10 min of cycling in the absence of formation of
Pt surface oxide up to potentials >1.1 V.

Ordinary accumulation of impurities affects the anodic current

N
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cathodic holding at 0.k V,EH results in an increase of (iD)
for oxide reduction, the peak current is not as large as -
that attained by cycling to 0.05 V,E_.. This fact again
illustrates the special significance of the potential region

of hydrogen adsorption on the activation of the Pt surface

when acetonitrile is present at higher concentrations.

(d) Identity and characteristics of the B species

The results in Figs. 13, 14, 35, 36 and 37 showed
that both platinum surface cxidation and the crdinary reactions
of adsorbed acetonitrile (Figs. 7, 11 and 17) become inhibited
at higher concentrations of acetonitrile, This effect was
ascribed to a second type of surface species, referred to eas
B, different from the reactive adsorbed acetonitrile which

predominates at lower [CH3CN] (Fig. 7).

AV | [SEPNS VAN

The effect of the B species increased with increasing
[CH3CN] (Figs. 13 and 14) and resulted in a steady decrease

-3
of q. 4.1, &t [CH3CN] > ca. 6 x 10

M. At high [CH3CN] and
rapid sweep rates, the effect of the B species becomes more
preoncunced, especially when the potential range is restricted
so as to exclude the atomic hydrogen region (Figs. 35 and 36).
The B species can be removed from the surface only by a very
slow oxidation reaction at potentials > ca. 1.1 V,Ey (Fig. 36b)
or it can be first reduced in the potential region ca. 0.4 to
0.05 V,EH and then burned more readily from the surface in

the oxide region (Fig. 36a2). Desorption of the B species
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results mainly from reactions in the H region, the oxide

region having litile effect on the coverage by B species
except after long periods of holding at high anodic potential.
After oxidative desorption from the surface, the B species
requires time for its reappearance on the surfacey however,
the reaction is not controlled in any way by solution
diffusion,

Two of the experimental facts mentioned above appear
to contradict each other, i.e. the amount of B species on the

surface, as determined by its effect o , increases

i qa,d.l.
with increasing [CH3CN], however, the reaction is not in-
fluenced by diffusion from the solution. Actually, %,d.1.
decreases very slowly with increasing [CH3CNJ (Fig. 13) and
it i1s unlikely that solution stirring at a particular [CHBCN]
can achieve the same effect as significantly increasing the
[CH3CN], e.g. by a factor of 10.

A number of possibilities exist for the identity
of the B speciles:

(i) that B results from polymerization of adsorbed aceto-
nitrile. It is known (127) that the dimerization of
acetonitrile is catalyzed by the presence of an
electron acceptor, such as a Lewis acid, and the
platinum electrode could act in the same way at
positive potentials. The dimeric product would be

8-amino crotonitrile (128) =and when this substance is

added to a2 5 x 10_3 M CHBCN system, the currents for

A e at LU
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acetonitrile reaction in the double-layer region do
diminish; however, this decrease in current is
dependent on solution stirring, i.e. the inhibiting
reaction is diffusion controlled. There are no
elements of diffusion control in the pure acetonitrile
system even at [CH3CN] = 5 M and this fact negates the
possibility of a dimer in solution. However, there is
still the possibility that the dimer is formed on the
surface but Is not desorbed as such into the solution.
Trimer formation gives rise to a pyrimidine ring
structure (127) but the conditions required for this
reaction afe elevated temperatures (>250°C) at high
pressures (30 atm) in the presence of catalysts (e.g.
TiClh + ZnCle). A major argument against any poly-
merization of the acetonitrile is the fact that the
potentiodynamic i-V profile for Pt in strong CH3CN
solutions is reproducible within one complete cycle,
e.g. ca. 45 sec at 50 mV sec”" over a normal potential
range. This is to be contrasted with the case of HCN
addition where polymerization results in the i-V
profile continuously changing even after 30 min of
cyecling.

that B 1s a product of a side reaction of acetonitrile
and may be acetamide, acetic acid or ethylamine.
However, (see p. T1), 2ll of these compounds were

examined and none gave behavior similar to that of

Y
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(1i1)

the B species. Hence, the B species is not 2 simple
product of hydrolysis or reduction of acetonitrile.
that B 1s associatively adsorbed acetonitrile, i.e.
(ia) (see p.101). 1If this species behaved in & manner
similar to that of associatively adsorbed ethylene,

it could be reduced with adsorbed H, and this would
explain the activating effect associated with the H
region at high [CH3CN]. Cathodic holding could con-
vert (ia) into reduced acetonitrile, i.e. (ii) or
(iii), and in this way the surface would become

activated.

(e) Summary of the behavior of acetonitrile at

W T ———

platinum in aq. H2SOh

In the potential range 0.8 to 0.05 V,E_, acetonitrile

H

adsorbs on Pt from agq. stoh solution without charge

transfer as follows:

H
H H
N

Pt ¢ CH CN: = c
<

[

N

Pt Pt Pt

This adsorption may be followed by reduction of the
CNl group if the electrode potential is less positive
than ca. 0.60 V’EH’ the extent of reduction depending

on potential.
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Reduction is the primary reaction of adsorbed aceto-

nitrile and i

5
pey -

+
v

oceurs with the uptake of solution

protons:

+
Pt(CH_CN
( 3 )ads + nH' 4 ne + Pt{(CH3CN)nH}adS

Oxidation below ca. 1.1 V,EH can only occur if the
adsorbed acetonitrile is in a reduced state.

The resulting reduction-oxidation reactions are
surface processes (above [CHSCN] =3 x lO-h M) which
are relatively reversible, especially at slower sweep
rates where time effects are not so important.

The reduction of adsorbed acetonitrile extends,
however, into the H region at platinum because of the
changing geometry of ecetonitrile upon reduction.

This leads to substantial time effects for the aceto-
nitrile reduction reaction. At low extents of
reduction of adsorbed acetonitrile, i.e. in the double-
layer potential region, reduction of the CN group to
the corresponding imine occurs, while at higher extent
of reduction of the acetonitrile, completion of the
reduction is more difficult to achieve. The fact that
completion of the reduction tends to occur in the X
region may indicate the participation of adsorbed H

in that reaction.

Although reoxidation of reduced acetonitrile on the

anodic-going sweep occurs mainly in the double-layer

v GUiuA

A
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(vii)

(viii)

region, an oxidation component also arises in the

H wamiAamn
e 20

- .

[

nd necessitates the use of different

m

potentiodynamic programs to separate the H and
acetonitrile oxidetion charges. The kinetic
relaxation technique developed enabled the true
acetonitrile reaction components to be determined.
Adsorbed acetonitrile oxidizes slowly over the Pt
surface oxide region but cannot be completely
oxidized from the surface, even at 1.8 VoEg.
Acetonitrile from the solution does not react on a
surface fully covered with oxide since the nitrile
group cannot adsorb.

At higher concentrations of acetonitrile, another

G

species is formed on the electrode surface and

“
3

decreases the extent of coverage by reactive adsorbed
acetonitrile. This species is called B and its pre-
sence and subsequent inhibiting effects are strongly
dependent on treatment of the electrode in the H
region. For very rapid sweep rates and high [CH3CN],
exclusion of the H region in a potentiodynamic sweep
can result in complete deactivation of the platinum
surface. The most probable identity of the B species
is associatively adsorbed acetontrile, i.e.

CH

X

Y —— =)

c
|
P
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Although inclusion of the ¥ region in a sweep has
& very lmportant influence on both the extent of
reduction of adsorbed acetonitrile and the B
species, the surface oxide region has no effect on
q, and qa,H’ even at high [CH3CN] and very fast

sweep rates.
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PART II

Anodic Disvlacement of Adsorbed Hydrogen in Electrochemi-

sorption of Organic Molecules at Platinum

(e) 1Introduction

In the double-layer potential region at platinum,
potentiostatic adsorption of acetonitrile gives rise to a
cathodic electrosorption transient (see p. 79 and Fig. 19).

The charge, q,, for this process can be evaluated by inte-

5
gration of the current-time transient and can give the
coverage with reduced acetonitrile at the potential of
adsorption. In the H region at less positive potentials,
adsorption of acetonitrile gave rise to the new electro-
chemical H displacement effect (see p. 81 and refs. 117,119)
in the form of an anodic transient (Fig. 20b). This effect

is observed with a number of other organic molecules (e.g.
benzonitrile, benzene, thiourea, dimethylsulfide) when
adsorption occurs at a platinum electrode surface which is
either partially or fully covered by adsorbed atomic hydrogen,
i.e. when the platinum electrode is maintained at a potential

more cathodic than 0.35 V,E_ in agueous solution.

H

The anodic transient is associated with the electro-
chemical displacement of previously adsorbed atomic hydrogen
and the transient charge, q,, can be correlated with the

amount of hydrogen displaced by the organic substance. This

latter quantity is obteined by initiating an enodic-going
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sweep through the hydrogen region and measurinz the

ng uantity

0

of hydrogen which remains on the surface afier the adsorption
process is complete. The origin of the anodic X displacement
effect and its relation to the dissociative chemisorption of

organic molecules will now be discussed.

(b) Chemisorption of sulfur compounds with anodie

hydrecgen displacement

Sulfur compounds provided the most clear-cut
example of the new effect because of the absence of any side
reactions of these substances at the platinum electrode.
Addition of thiourea to a solution in which a platinum

electrode 1s held potentiostatically in the hydrogen adsorption

LR SUNUING VAN

region produces an anodic current-time transient as shown in
Fig. 38. All eadditives were injected into the solution to J

3

give final concentrations of 3 x 10 - M, because at this
concentration their effect in blocking hydrogen adsorption
had reached saturation limits in a single sweep (FPig. §).
Although several cyclic potential sweeps were required for
adsorption saturation to be reached in the case of dimethyl- ;
sulphide, this was associated with slow electrochemical
adsorption rather than diffusion and hence solution concen-
tration.

The displacement effect is seen to increase as the

potential at which the additive is injected into the solution

is made progressively less positive (Fig. 39), i.e. as the
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coverage with atomic hydrogen increases. The anodic transient
charge, ¢ = fidt (i.e. the area under the current transient
curve), thus follows the initiel coverage by chemisorbed
hydrogen on the surface. The anodic current transient must
therefore be associated with ionization of the atomic hydrogen
previously on the surface which becomes displaced by adsorption
of the sulfur compound. If the anodic charée were in any way
connected with oxidation of the thiourea itself, it should
decrease rather than increase as the potential is taken to
more cathodic values.

The quentity of chemisorbed hydrogen (q§) initially
held on the electfode surface can be obtained by a simple
integration of the area of the i-V(t) profile over the hydrogen
region from 0.35 V,EH down to the potential of interest, i.e.
jZ?35 é dv, where Va is the experimental adsorption potential.
The integration is always performed on the hydrogen peaks in
the anodic-going sweep in order to avoid any complications
associated with components of hydrogen evolution in the

cathodic peaks when the potential is near 0.10 V,E The

q°
quantity of hydrogen still on the surface after addition of the
organic substance at a particular potential, i.e. any atomic
hydrogen not displaced by the organic additive, is determined
from the area under the first anodic sweep after addition of
the adsorbate under potentiostatic conditions. The quantity

of hydrogen displaced by adsorption of the organic substance,

AqH, can thus be compared with the anodic H displacement charge,

Ciaiesuiian

i



a.. In the case of thiourea (Fig. 39) the correspondence
between AqH and a is excellent except at the more positive
adsorption potentials, e.g. >0.30 V,EH. The deviations at
these potentials are due to = component current arising from
faradaic oxidation of thiourea at the more positive potentiels
in the double-layer reglon, as seen from the potentiodynamic
sweep (Fig. 38) for the electrode in thiourea solution. The
close correspondence between AqH and qt at the more negative
potentials, combined with the fact that q becomes larger as
the initiel hydrogen coverage (qg) increases, indicates that
the transient anodic charge observed with thiourea injection
corresponds quantitatively with displacement of stomic hydrogen
by electrochemical ionization from the electrode surface.
Dimethylsulfide adsorption and coupled displacement
of hydrogen occurs in a similar manner (Fig. 40); however,
the adsorption and resultant hydrogen blocking was slower
then with thiourea as indicated by the fact that the change
of H coverage as measured by the charge AqH becomes larger on
the second anodic sweep after addition of the substance.
This is due to slower adsorption of dimethylsulfide in conm-
parison with that of thiourea. The anodic displacement
cherge, 9 for dimethylsulfide corresponds more closely to
AqH over a wider range of potentials ﬁhan was the case with
thiourea. This arises, as is seen from the cyclic voltanm-
mogram for dimethylsulfide, because there is no faradaic

oxidation process in the double-layer potential region. The

LRI SRV V1Y
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smaller stability of thiourea in comparison with that of
dimethylsuifide is probably due to the greater facility of
ancdic oxidation of the unsaturated thiocarbonyl group of the
former compounds than of the § in the latter compound. How-
ever, boih ¢

and Aq. for dimethylsulfide adsorption are

t H

appreciably less than the charge for the total quantity of

H on the surface, so that amongst the chemisorbed (CH4)2S
3

molecules, some adsorbed H atoms can remain.

(¢} Anodic H dispiacement in relation

to dissociative chemisorvtion

The relation of the anodic transients discussed
above to those observed in dissociative chemisorption of

organic molecules (e.g. CH3OH, C g, 03nT at Pt electrodes)

Conwval

was investigated. :
Methenol provides an excellent example of an organic

compound which undergoes dissociative chemisorption at Pt in

the double-layer region and coupled oxidetion of the resulting

‘adsorbed hydrogen atoms. The mechanism for methanol oxidation

involves adsorption on a free platinum surface (17) and is as

follows:
Pt

N
CH,OH + 6Pt -+ 3PtH + Pt;C-OH (1)
Pt
with rapid electrochemical oxidation of the atoms of hydrogen.
The driving force for the reaction is provided by the adsorp-

tion and bond formation on the pletinum surface. This type
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of reaction is therefore quite different from that discussed

-

above for adsorpiion of sulfur compounds since in the latter
case no dissociative chemisorption occurs.

With methanol, the anodic transient arises from
electrochemical ionizetion of H that originates from the
adsorbed molecule itself and is only transiently adsorbed on
the surface in the dissociative chemisorption step. However,
in the case of adsorption of the sulfur compounds, the H
which is ionized is already present on the electrode at an
initial coveragé determined by the electrode potential. The
displacement results in a new, lower coverage of H as the S-
compound becomes adsorbed, a guantity q, of H being ionized
at the potential Va that would not normally be ionized from
the surface at this potential, e.g. in & potential sweep

originating from 0.06 V,E This indicates that the energy

g

gained from the sulfur compound adsorption more than compensates

for the energy required to oxidize the adsorbed hydrogen. The
question then arises whether methyl alcohol will chemisorb at
a surface covered with atomic hydrogen.

Fig. 41 shows the result of experiments where
methanol was injected into the system at two adsorption
potentials, with and without adsorbed hydrogen present.
Addition of methenol to an electrode that is covered with
adsorbed hydrogen, i.e. at 0.10 V,EH, does not result in any
anodic transient and there is no change of H adsorption as

indicated by zero value of Ag. measured from the first anodic

q..
“H
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sweep after addition of ithe methanol. The fact that subsequent
sweeps show blocking of H adsorption indicates that some
methyl alcohol has become adsorbed as the potential was being
swept into the beginning of the double-layer region, i.e.
around 0.k V,EH. Addition of methanol at 0.l V,Z, results in
passage of the characteristic anodic transient charge, the
mechanism of which was explained above. The fact that methanol
adsorption does not occur at a platinum surface in the hydrogen
region indicates that the energy geined from the Pt-C bond
formetion is not great enough to compensate for the energy
required to ionize the hydrogen atoms already adsorbed at
this potential together with those that must arise from the
Cﬁ3 group. In related terms, the tendency for C-¥ dissocia-
tive adsorption is negligible if the surface is already

substantially covered by H.

(d) Mechanism of sulfur compound adsorption

The anodic displacement reaction observed with the
organic sulfur compounds mey be represented as follows in a

general way for an organic adsorbate, R:

R4 PtH > PtR_ .+ gt 4. (13)

ds

The adsorbate R may chemisorb with occupation of one or more
Pt sites per molecule depending on the nature of R (see
below) but the general anodic displacement reaction (13) of

1H per Pt site will still apply. The observed anodic H

L S 'R Y



displacement is of importance since it means that a non-

electrochenical displacement of the type

R + Pt -~ PtRads + 2, (1%)
coupled with
H > 1/2 K, (15)
or
R'H ¢ PtH » PtRéds + H, by H abstraction, (16)

is evidently not favorea. ‘Yhis is presumably because pro-
cesses (15) and (16) are not possible under the experimental
conditions employéd since they involve evolution of molecular
H2 and all potentials were positive to the reversible hydrogen
potential. 1In fact, it is known that at Pt electrodes, H2
cannot evolve by H recombination from the surface at potentials
more positive than the reversible hydrogen potential, even
when the coverage by hydrogen is quite large, e.g. at 0.1 V,EH.
The pathway (13) for H displacement is hence the preferred
one for thermodynamic reasons.

Preferential anodic desorption by process (13) is
alsc indicated by consideration of the energetics of (13)
with respect to (14) and (15). The difference of energy of

processes (13) and (1k) will be equal to the difference

between the energies of the elementary reactions:

and

TRV RVIPEY



for a given adsorbed additive.

process (17) is as follows:

(19)

The Born-Haber cyele for

+
Hgas > Hgas ¥ egas
+6214 -2634 v 115
+
foas 7 gt epy
- while that for (18) is:
H
gas
+624 \\\QQL“
Hads > HsolE

A knowledge of the hydration energy of #' (130) and the work
function of Pt shows that the energy difference between pro-
cesses (17) and (18) is -64 £ 7 kcal mole~! in favor of (17).

For process (19) the Born-Haber cycle is:

H
gas

-52
62 ¢

H >

ads 1/2 H

2

and in this case the energy difference beiween (17) and (19)
is ca. 13 keal mole™t
The anodic hydrogen displacement effect has been
discussed above for adsorption of sulfur compounds at platinum

over the hydrogen adsorption region. A series of other

organic compounds which were also exemined show & more complex

in favor of the ionization process, (17).

s caeniuwey
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behavior due to other reactions, e.z. hydrogenation, which

oS

ere coupled with or occur after the hydrogen displacement.

(e) Adsorption of benzene in the hydrogen region

at platinum

The anodic hydrogen displacement effect described
above was used to investigate the electrochenisorption of
benzene at a platinum surface which was either partially or
fully covered by adsorbed hydrogen. This case is more com-
plicated than that involving sulfur compounds because benzene
can undergo electrochemical hydrogenation at the cathodic
potentials corresponding to the hydrogen region. This is
shown in Fig. 42 for benzene injection at two potentials,
.06 V andg .11 V,EH; cathodic faradaic currents are observed
in both cases after addition of the benzene. It is interesting

to note that at Va = -0.05 V,EH a significant anodic hydrogen

ds
displacement charge is still observed even though there is
some cathodic H2 evolution at this potential in the absence
of additive. This would suggest that those hydrogen atoms
displaced upon chemisorption of benzene are different from
those which participate in the hydrogen evolution reaction.
This result provides further support for mechanism (13) shown
above for the anodic hydrogen displacement process since,
even when the hydrogen evolution reacfion can occur, an
anodic hydrogen displacement charge is observed.

The measurement of the anocdic hydrogen displacement

5 M < W 3 Fo R
charge is somewhat complicated at 0.06 v,zH pecause of the

L R SRR VPR
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added component of benzene electroreduction. Af =
potentials, there is, of course, less complication due to
this extra reaction of benzene reduction in the displacement
transients; however, Fig. L3 shows that a small farazdaic
reduction component exists up to 0.25 V,EH giving 9, < AqH.

Unlike thiourea, benzene is seen to be inert with respect to

anodic oxidation up to 0.35 V,E_. (Fig. 42) as found in other

q
work (30). The potentiodynamic sweep, after bvenzene addition,
shows that benzene is significantly oxidized at platinum only
at potentials adbove ca. 0.80 V,EH at room temperature.

Fig. U3 also shows a plot of q - AqH, i.e. there

is a finite difference between the anodic transient charge

and the actual amount of hydrogen displaced. As mentioned

LR S 'R §

above, this difference arises because the benzene can undergo
electrochemical hydrogenation upon adsorption, this cathodic
current adding to the anodic H displacement current with the
The maximum

result that the measured q, is lower than Agq

t H'

coverage by benzene at 0.06 V,E_. is approximately 55% of

ot
the total Pt sites available for atomic hydrogen adsorption,
as may be derived from the AqH and qg values. The geometry
of the molecule in relation to the (111) close-placked

plane of a platinum surface shows that the whole molecule
can occupy an area.equivalent to 7 Pt atom sites (see also
61,131). However, for steric reasons, a certain proportion

of the surface will remain unavailable to benzene adsorption

and hence provide sites for H adsorption. This explains why
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benzene, being a relatively large molecule, does not block

hae NrPLanAa
the surface

[N

or hydrogen as effectively as does thiourea.
Six of the platinum atom sites blockad by benzene are those
et which associative adsorption of the three doudble bonds
can occur (132), 2K atoms per double bond being displaced.
The blocking of the Tth site arises simply on account of the
physical size of the molecule in relation to the surface
lattice spacing.

The electrochemical adsorption behavior of cyclo-
hexane was also investigated by the above meihods but, as
expected, there was no anodic hydrogen displacement current
upon injection of this additive into the solution;
correspondingly, AqH on the subsequent anodic sweep was zero.
This lack of adsorption activity is consistent with the
electrochemical inactivity of paraffins at platinum at
ambient temperatures and with the fact that product adsorption
after chemical catalyzed hydrogenation of benzene at platinunm

(in water) does not inhibit the reaction..

(f) Adsorption of nitriles in the hydrogen

region at platinum

The general effects of acetonitrile on the usual
surface processes at a platinum electrode in ag. solution

between 0.05 and 1.5 V,E, were previously described (e.g.

H

Section I.1(b)). The hydrogen displacement effect upon

adsorption of acetonitrile in relation to surface coverage



—

by atomic hydrogen was briefly discussed {(p.81). It was
shown thaf when acetonitrile is adsorbed potentiostatically
in the double-layer potential region a cathodic current
trensient results (Fig. 18), especlally at potentials between
0.55 and 0.3 V,EH. This cathodic current transient was
associated with reduction of adsorbed acetonitrile and from
the charge, the acetonitrile coverage can be derived at
various potentials, provided = satisfactory assumption can

be made concerning the number of electrons transferred per
platinum site in the surface. The adsorption and reaction
characteristics of acetonitrile were thus quite different
from those of metﬁanol (Figs. 19 and 41) where dissociative
chemisorption results (17) in large anodic current transients
in the double-layer potential region.

The adsorption characteristics of both acetonitrile
and benzonitrile in the hydrogen region were investigated in
detail. TFig. 20b shows the type of transient obtained when
acetonitrile adsorption occurs in the hydrogen region; also
shown is the potentiodynamic sweep profile before and after
nitrile addition which enables the change of H coverage AqH
to be evaluated. The fact that the adsorption transient is
cathodic at 0.26 V,Ey or higher potentials up to ca. 0.6 V,Eg,

but becomes anodic at a less positive potential, indicates a

more complicated behavior than was observed with the sulfur
compounds; at the same time, this result confirms that the

anodic transient must arise from oxidation of adsorbed E.
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Fig. 21 shows the charge quantities obtained when acetonitrile
is adsorbed at various potentials. The charge ¢, for the
adsorption transient is seen *o Tass from anodic to cathodic
values at approximately 0.12 V,EH. This behavior is associated
with the fact that the transient charge, q is made up of two
components: (a) an anodic component due to ionization of
edsorbed H; and (b) a cathodic component from the reduction
of adsorbed acetonitrile. For adsorption potentials less
positive than0.12 V’EH’ the charge for disvlacement of atomic

. .
aydrogen, AqH , becomes greater than the acetonitrile reduction
charge because coverage by adsorbed hydrogen beconmes higher
at these potentials. t more positive potentials, there is a
smaller hydrogen coverage and thus more free surface is
aveilable for adsorption to occur; the acetonitrile reduction
charge then becomes greater than the H displacement component.
The cathodic adsorption transient charge decreases at potentials
anodic to 0.33 V,E, because of incomplete reduction of the
acetonitrile on the surface, the reduction peak potential in

the sweep being at ca. 0.L5 V,E, (see p.106). A similar

treatment applies to the results obtained with benzonitrile

% . . .
The charge, dqy, for displacement of atomic hydrogen is given

by Aqy = qf - af, where qf is the quantity of adsorbed atomic
hydrogen remaining on the surface after acetonitrile adsorp-
tion as determined from the next anodic-going sweep, following
the adsorption transient. This charge has been corrected by
the kinetic relaxation method discussed on p.86 for the
charge component due to acetonitrile electroactivity in the
hydrogen region. Thus, the Llgy values given in Fig. 21 are
the true adsorbed H displacement charges and are larger than
the apparent values which would be obtained by simple integra-
tion over the (unresolved) hydrogen adsorption region.



F .

b
(Fig. Lk); Fig. 45 shows that for benzonitrile +the transition

4,

rom anodic %

(o]

cathodic char

o

e transients occurs at 0.18 V,EH.
A closer examination of the adsorption transients
for acetonitrile and benzonitrile in the potential region
where anodic charges are observed reveals a slow cathodic
current component after the anocdic one has been completed.
The corresponding cathodic charge, qt’_, represents a con-
tinuing element of the acetonitrile reduction process that is
slower than the initial reduction and, when added to the qt,+
charge, gives the correct net transient charge Qy - As the
potential for adsorption becomes more positive, this long-~
time reduction effect diminishes. For both acetonitrile and
benzonitrile, the difference between Qs the net adsorption
transient charge, and AqH, is due to reduction of the nitrile
as it adsorbs and displaces adsorbed H. The differences
between AqH and the corrected a4 values for acetonitrile are
given in Fig. 21 as q,. The maximum value of q, for aceto-
nitrile is 160 uC en™? at 0.06 V,E;, and this represents a ;
fractional acetonitrile coverage corresponding to 0.72
electrons per Pt site. This coverage value is in excellent
agreement with that, 0.68 e per Pt, obtained from the ancdic-
going potential sweep by integration of the acetonitrile
reoxidation charge up to 0.825 V,EH after 90 sec cathodic

(see p.97 and the g values in

holding at 0.05 V,E “2,h

il

*The Aqy values for benzonitrile adsorgtion were_al§o corrgc?ed
for the charge component associated with benzonitrile activiiy
in the hydrogen region, by the same procedure as thai des-
cribed for acetonitrile.
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Fig. 26). TFor acetonitrile, a detailed analysis of the
charge quantities involved in ¥ displacement and electro-
chemical adsorpition is given in Table II as a function of

adsorption potential, Va'

From Teble II it is seen that AqH - q is almost
equal, at all Va’ to the charge for anodie oxidation of
adsorbed acetonitrile species in the double-layer region,
corrected by the kinetic relaxation procedure for the charge
component which arises in the H region on the next anodic
sweep taken after the measurement of the transient. This
follows from the fact that the adsorption transient charge,

q is equal to thé algebraic sum of the cathodic trensient
charge component, s passed in initial reduction of the

nitrile group and the H displacement charge, AqH; i.e,

qt = AqH - qr. Therefore qt - AqH is equal to qr, corresponding
to the charge taken up by the chemisorbed species which becomes
reoxidized on the next anodic sweep.

The behavior of benzonitrile is simiiar, as shown
in Fig. U5, where qE, AqH and qt are compared. The adsorption
transient in this case (Fig. 4L) shows the usual anodic com-
ponent when eH is appreciable but a cathodic component at
longer times as in the case of acetonitrile. The significance
of this component, qt,_, in the case of benzonitrile adsorp-
tion at the least positive Va values 1s similar to that in

the case of acetonitrile reduction.



The electrochemical reduction of acetonitrile and
benzonitrile (together with benzene) is evidently a process
which initially requires anodic displacement of adsorbed H.
This is of general interes:t with regard to the mechanism of
electrochemical hydrogenation, since the reducible molecule
must evidently become chemisorbed on sites previously occupied
by H and then become reduced rather than being physically
adsorbed on the H layer and then reacting with the adsorbed

H (Rideal type mechanism).

(g) Behavior of thiourea at nickel electrodes

The observation of anodic H displacement transients
at platinum led to an investigation of the possible use of
this method at nickel electrodes. In the case of nickel,
potentiodynamic and current pulse methods cannot be readily
applied to the determination of H coverage since the corrosion
currents which arise at these metals in any aqueous acidie
medium complicate the application of transient methods. In
an experiment in which nickel was potentiostated at -0.05 and
-0.15 ViEy in 0.1 N H;50), no anodic adsorption transient was

observed upon addition of thiourea (3 x 1075

M) although the
residual corrosion current was diminished by a factor of
ca. 10 times, as expected. This result is of interest in that

e . -2
it means nickel electrodes support negligible (<10 uC cm ) H

coverage near the reversible H_ potential (cf. 133), unlike

2

the case of platinunm.



(h) Summary of the anodic hydrogen displacement effect

A

(i) Adsorption of an organic molecule at a platinum site
occupied by atomic hydrogen, i.e. PtE, proceeds with

coupled ionization of the atonmic hydrogen:

R+ PtH > PtR + 87 + e (13)
This effect is best illustrated with sulfur-containing
compounds, such as dimethylsulfide, where the charge
associated with adsorption at potentials more negative
than 0.3 V,EH arises from ionization of adsorbed I and
is exactly equivalent to the extent of subsequent
blocking of the surface for H adsorption, AqH. The
effect i1s quite different from that observed with
dissociative adsorption of organic molecules like
methanol in the double-layer potential region.

(ii) The transient charge, 9, resulting from adsorption of
nitriles in the H region is the sum of a charge com-
ponent due to reduction of the adsorbed nitrile, Q.5

and with coupled ionization of adsorbed H. Because of

the magnitude of . the anodic H displacement effect
is observed with nitriles only at quite negative
adsorption potentials, i.e. at high eH.

(iii) From the measured quantities q, and AqH the real

t

reduction charge resulting from adsorption of the

nitrile can be calculated since Q, T 9 - AqH. This

same reasoning can be used to determine the reduction
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charge associated

”
v

i region.

An enodic transient cha

o'
[
3}
2
1)
m

-
[$

adsorption in the

rge is observed when +the

adsorption of benzene occurs at potentials where

a2 net faradaic current

due to hydrogen evoluticn is

observed. This suggests that the H atoms participating

in the rate controlling step of H2 evolution are not

in the same state as those that are displaced in the

chemisorption of organic substances.




Effects of Acetonitrile on the Oxidation of Formic Acigd

and Methanol in Acuecus Media

(a) Introduction

The oxidation of formic acid and methanol at
platinum in aqueous media was discussed briefly in Chapter I.
During an anodic sweep, formic acid exhibits oxidation
currents in three distinct potential regions (Fig. 2): i) the
double-layer region; ii) the region where surface oxidation
begins, i.e. 0.80 to 0.95 V,EH; and iii) a region of higher

anodic potentials, i.e. ca. 1.2 to 1.5 V,E Regions of

g
decreasing currents with increasing anodic potential also
arise and correspond to passivation of the reaction by surface
oxide formation (24,27). 1In the cathodic-going potential
sweep, & large anodic current peak arises in the potential
region where surface oxide reduction occurs. Similar electro-
oxidation behavior at platinum has been observed with methanol
(102), although in this case there is no double-layer peak in
the anodic-going potential sweep (Fig. 2).

After confirming the above behavior in aqueous
solution, the oxidation of formic acid and methanol was also
studied at platinum under anhydrous cpnditions with aceto-
nitrile as solvent (see section IV(b)). The complete lack of
activity of methanol and the relatively small degree of

-

activity of formic acid under these conditions ever with
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edded water lead to an examination of (i) the effect of
acetonitrile itself on the normal surface reactions at

platinun (described already in Part I), and (ii) the effect

of small quentities of acetonitrile on the oxidation of

organic molecules at platinum electrodes in agueous media.
With regard to (i), it hes been shown in section I.1(b) that
acetonitrile is electroactive at platinum in agueous media
and this information is used in interpreting the results of
(ii) given below. The effect of other additives, including
mercury, on the oxidation of formic acid at platinum was

also investigated in relation to the behavior of the reaction

in the presence of acetonitrile.

(b) Formic acid and methanol oxidation st platinum

in the presence of acetonitrile

The oxidation of methanol at platinum gives rise
to three anodic current peaks upon cycling from 0.05 to 1.5

V,E two of these appear on the anodic sweep and one on the

g3
cathodic sweep (Fig. 2). The presence of acetonitrile, even
in trace quantities (<10-h M), results in a decrease of the
oxidation currents for all three peaks (Fig. 46). The peak
current for metﬁanol oxidation at ca. 0.9 V,EH has decreased
by a factor of ten at [CH3CN] =2 x 107 ¥ (Fig. 47); indeed,

the majcr fraction of the peak current at this concentration

of acetonitrile is probably due to reoxidation of acetonitrile

itself, which has been previously reduced (see section I.1(f)).
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Peek currents for the oxidation of methanol on the cathodic
SWeep are seen to be reduced to zero by an acetonitrile con-
centration of only 1.6 x 10”3y (Fig. 46). These observetions
are consistent with the facts that (1) methanol electro-
sorption requires three geometrically adjacent sites (17),
and (ii) ca. 70% of the surface is covered by acetonitrile
species at [CH3CNJ >3 x 10-h M; therefore, the site require-
ments for the electrosorption of methanol cannot be fulfilled,
Acetonitrile also gives rise to a decrease in the pesk current
for methancl oxidation at high anodic potenfials, ca. 1.3 V,EH,
and this effect can be correlsted with the fact that aceto-
nitrile remains adsorbed on the electrode surface even at
potentials in the oxygen evolution region on platinum (cf.
the example 2t 1.8 V,Eg in section I.L4(Db)).

In contrast to the general inhibition effect which
adsorbed acetonitrile has on the electrosorption and sub-
sequent oxidation of methanol at platinum, acetonitrile has
an activating effect on the formic acid oxidation peak (FAl*)
in the double-layer potential region at platinum (Fig. 48).

Fig. 47 shows the dependence of the peak current (ip)FAl for

this process on acetonitrile concentration, the increase of

(lp)FAl
the full potential range (i.e. 1.4 to 0.05 V,E

in a potentiodynamic cycling experiment conducted over

H) being of the

*The symbol FA; will be used to refer to the formic acid oxida-

tion reaction in the double-layer region at platinum in an
. e N
anodic-going sweep. Correspondingly, FC will be usgd to
- . . . - - " - ~
denote the formic acid oxidation peak in the cethodic-going
sweep.
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order of 6009 for acetonitrile concentrations of up to
5 x 10 " M, At higher concentrations of acetonitrile,
begins to decrease; however, even at 2M acetonitrile,

(

ip)FAl is still greater then its value measured in the
absence of acetonitrile, i.e. in 1N Hesoh, 0.25M HCOOH.

The dependence on acetonitrile concentration of the
peak current for formic acid oxidation observed on the cathodic-
going sweep, (iD)FC , can be seen in Fig. 48. 1In this case,
there is a current decrease which follows, in a general way,
the dependence of acetonitrile coverage at ?latinum on 1its
concentration (see Fig. 13). The decrease of (ip)FC

rapid at low acetonitrile concentrations but varies less

is quite

sensitively with concentration in the range where acetonitrile
coverage only changes slightly with further increases in
[CH3CN]. The rate of decrease of the formic acid current
peak on the cathodic sweep can be compared with that for
methenol on the cathodic sweep where the current has decreased

3y (Fig. 46). The less sensi-

to zero at [CH,CN] = 1.6 x 107
tive dependence of the currents for formic acid oxidation on
[CHBCN] can be correlated with the requirement of only one

free platinum site for the dissociative chemisorption:

2Pt + HCOOE -+ PtCOOH + PtH (3)

PtH + Pt + H' + e (rapid) (2)

It is to be noted that while two sites are required for the

initial adsorption of the formic acid molecule, the site on
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which atomic hydrogen is adsorbed immediately becomes vecant
(because of the rapid coupled anodic reaction of H ionization
at appropriate potentials) so that further formic acid
adsorption can occur. Also, it will be shown below that
although one formic acid molecule probably gives rise to only
one chemisorption bond with platinum, the molecule effectively
shields three platinum atoms. The implications of this fact
with regard to the reaction mechanism are aiscussed on p.194,
The formic acid oxidation peak on the anodic-going
sweep at 1.3 V,EH is almost independent of acetonitrile con-
centration up to [CH3CN] =5 %1072y (Fig. 48). There is a
slight increase in peak current initially with increasing
acetonitrile concentration which can be due to a contribution
from the oxidation of acetonitrile which is observed in this
potentiel region (section I.4(b)). That the increase is not
due to an activation effect of the type observed for formic
acid oxidation in the double-layer region will become evident
following the explanation for the latter effect to be given
below. The peak current for methanol oxidation on the anodic

sweep at 1.3 V,E. continuously decreases with increasing

H
[CH3CN] (Fig. b46); however, it is not possible to separate

this peak from that for acetonitrile oxidation itself since,
at higher [CH3CN], the observed peak current for methanol at

1.3 V,E_ is the same order of magnitude as thai for aceto-

H
nitrile oxidation in this potential region.

The peak current for formic acid oxidation at ca.
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0.9 V,E,, i.e. in the potential region corresponding to the

initial stages of surface oxidation of platinum, decreases

with increasing [CH3CN]. However, the dependence of i for
- D

this reaction on [CH3CN] could be determined only up to
-k .

[CH3CNJ =1 x 10 ' M because at higher concentrations of

acetonitrile, e.g. 5 x lO-h M, this peak at ca. 0.9 V,EH

begins to merge with the double-leyer peak, FA_, as shown in

1
Fig. 48, and eventually only one peak can be distinguished.
The resulting peak may contain a component of formic scid
oxidation originally observed at ca. 0.9 V’EH but it is

completely obscured by the broad and large FA. peak which

1
has increased substantially with increasing [CH3CN]. It

is assumed that the anodic current peak at 0.9 V,EH arises
from reaction of formic acid with the initial surface oxide

on platinum (see reaction 5), the decrease of the peak with
[CH3CN] is consistent with the experimental fact, demonstrated
in section I.4(b), that acetonitrile decreases the extent of
surface oxidation at a given potential at platinum.

The major effect of interest is the activating
effect which acetonitrile has on the FAl reaction of formic
acld at platinum. Similar activating effects by what would
normally be regarded as catalyst poisons have also been
oﬁserved by Binder et 2l (134) who found that partial coverage
of the electrode by sulfur from sulfide enhanced the electro-

catalytic activity of the surface for formic acid oxidation.

Satsifactory explanations for these effects have not yet been
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provided; consequently, the main purpose of the work to de

described in this section w1ll be to determine the reason(s)
for the activation effect described above by working under

different conditions of the electrode surface with various

catalyst poisons.

(¢) Role of acetonitrile in formic acid oxidation

In general, there are two possible explanations for
the observed effect of acetonitrile on the FAl reaction:
(i) it is & true activation effest with the adscrted acete-
nitrile having 2 direct influence on the rate of oxidation
of formic acid either by altering the catalytic efficiency
of the platinum electrode or by serving as an activating
intermediate in the overall reaction; (ii) it is an indirect
effect, i.e. the acetonitrile influences some species which
is an inhibitor for the reaction in such a vay that the species
no longer inhibits the formic acid reaction. To distinguish
between these two possibilities, the FAl reaction itself was
first investigated in the absence of acetonitrile.

It has been shown above (p.65) that acetonitrile
adsorbs on the platinum surface and decreases the coverage
of adsorbed hydrogen. To determine if acetonitrile increases
(ip) by decreasing the hydrogen coverage, the formic acigd
reactiin at platinum was studied by the potentiodynamic

FA

sweep method with different cathodic termination potentials

in the cathodic sweep and hence with different amounts of
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adsorbed hydrogen. An activation effect, similar to that
feund in the presence of acetonitrile, resulited when the
sweep range was adjusted so as to exclude the hydrogen
edsorption region (Fig. 49a). The dependence of (ip)FAl on
the termination potential in the cathodic-going sweep is
shown in Fig. L9b. The peak curreat is very sensitive to
the reversal potential in the cathodic sweep, the increase
of (ip)FAl with more positive reversal potentials indicating
that a reaction in the cathodic potential region diminishes
the rate of the FAl reaction,

In order to investigate the inhibiting effects
described above in a formic acid solution which had not been
subjected to extensive periods of eyeling, an expériment was
performed by adding deoxygenated formic acid to the electro-
lyte from a syringe at such a moment during a slow sweep that
it would reach the electrode surface either before (0.30 V,EH
on the cathodic sweep) or after (0.30 V,E; on the anodic sweep)
the potential had passed through the range corresponding to
the hydrogen adsorption/desorption region. The results are
shown in Fig. 50. When formic acid is added during the
cathodic-going sweep at 0.30 V,EH, a small, transient oxida-
tion current is observed as the formic acid reaches the
electrode surface. On the next enodic sweep, the usual
formic acid oxidation peaks result, the currents being of

the same magnitude as they are in the multisweep experiment

(i.e. after a number of repetitive cathodic and anodic sweeps
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had been observed, with no further changes ocecurring). If
tne formic acid is added, however, during the anodic-going
sweep at 0.30 V,EH, l.e. after most of the hydrogen region
has been traversed so that coverage by H is negligible when
the formic acid reaches the surface, the FAl peek is much
higher than on a multisweep; the peak 2t ca. 0.9 V,EH is also
higher but to a much smaller extent. It is evident that the
increase in current for the FAl reaction in this experiment
is associated with the absence of some reaction in the
hydrogen region; these inhibiting reactions can occur even
on an electrode surface which was fully covered with adsorbed
hydrogen, as indicated by a decreased FAl peak after addition
of formic acid at the cathodic end potential in a sweep, i.e.
0.05 V,EH relative to that for addition of formic acid at
0.3 V in the anodic sweep.

The influence of acetonitrile on (ip)FAl vhen

cycling is restricted to the potential range 1.5 to 0.k V,EH,

i.e. in the absence of the hydrogen region, is shown in

Fig. 51. Although the current does increase by ca. 309 in
the presence of acetonitrile, this is insignificant in con-
which results from

1
addition of acetonitrile to the system with cycling in the

parison with the 600% increase in (ip)FA

range 1.5 to 0.05 V,E_ (Fig. 47). These observations suggest

H

through an effect which
1

is similar fto that brought zbout by cycling over a restricted

that acetonitrile increases (1p)FA

potential renge, excluding the H region. The acetonitrile
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allows the peak current for FAl to attain a value which is
closer to that which would arise in the absence of poison,
i.e. the acetonitrile diminishes the extent of formation of
the poison species. Hence, acetonitrile increases (ip)FAl in
an indirect fashion, in agreement with possibility (ii) above.
Although it would initially appear that acetonitrile increases
(ip)FA, by decreasing the hydrogen coverage, it will be shown
below ;hat the indirect role of acetonitrile in the formic
acid reaction is quite different from this proposal.

The effect of CH3CN is not due to some non-steady
state effect, i.e. because the i-V profile was measured under |
potentiodynamic conditions, as is shown by the results in
Fig. 52 where the steady-state point-by-point i-V profile
(90 sec per point) is shown in relation to the 50 mV sec™t
profile. Slow time effects in the point-by-point curve are
also indicated by the direction of change from the (X) to the
(0) points during the 90 second observation time and a pro- |
bable explanation for this behavior is given below. It is ;
clear that the activating effects of CH3CN are even larger on !
the steady-state curve than on the dynamical one and all the ‘
Teatures of the results of Fig. 48 are retained in the steady-
state behavior. ‘

In order to investigate the role of acetonitrile |
in the formic acid oxidation reaction in the double-layer :
potential region, an experiment was performed with aceto-

nitrile which was identical in design to that described above

TR RN TN
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ormic acid, i.e. additions of CH3CN (5 x 1077 M) were

HH

Hy

or

1
o

ade to the 1¥ agq. HQSOh elready containing 0.25 M HCOOX
before and after cycling through the atomic hydrogen region.
Fig. 53 shows that the acetonitrile is effective in increasing
the FAl peak current on the next anodic sweep only when it has
been added before the electrode potential has been driven into
the range where atomic hydrogen electrosorption occurs. When,
however, the addition is performed after the hydrogen region
has been traversed, i.e. at 0.30 V,EH on the anodic-going
sweep, no incresse in the FAl peak current is observed during
that sweep; however, there is understandably an increase in ?
current on the succeeding anodic sweep because the aceto-
nitrile will have been present in the system during that
sweep through the atomic hydrogen region.

Under conditions when acetonitrile is added before
the potehtial in the cycle has reached that for H electro-
sorption, the FAl peak is higher after the second cycle through %
the hydrogen region. This difference may originate because
the potential range over which the poisoning effects determining
the FAl peak current are observed is not necessarily restricted
to the hydrogen region but extends to more anodic potentials,*
e.g. where the maximum current in the FC peak arises (see
section III(e) below). It will only be on the second cathodic |

cycle after addition of acetoniirile that this region will be

* - - -——

This observation is one of several used in section III(e) to
prove that acetonitrile does noi increase (lo)?A oy

= 771
diminishing the hydsogen coverage.
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effected by the additive when the addition has been made at
0.3 V,EH on the cathedic sweep. Slower sweep speeds (25 mV
sec-l) were employed in these experiments to ensure that the
time of diffusion of the additive to the surface was not
responsible for the observed differences; the similarity of
these results to those obtained at faster sweep rates (50 nV
sec-l) shows that diffusion was not a significant factor.

In fact, the differences on the first and second anodic
sweeps mentioned above are consistent with the results of
Fig. 51 which shows that acetonitrile has an effect on the
FAl peak current even when the cycling is restricted to a
potential range in which H electrosorption is excluded.

| In general, the results described above can be
best interpreted by supposing that acetonitrile increases the
FAl peak current by blocking sites on the surface where a
reaction producing an inhibiting species, p, can occur.
When the acetonitrile is added at 0.3 V,EH on the cathodic
sweep, it subsegquently adsorbs on the surface and blocks
sites for the production of poison. However, when the

acetonitrile is added at 0.3 V,E_. on the anodic sweep, p has

H
already formed and it would seem that acetonitrile cannot
displace it from the surface. The implications of the

results with regard to reaction mechanisms are examined

below.
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(d) Relation to mechanism of formic acia oxidation

..... fects of acetonitrile described sbove must
be examined in relation to the mechenism of oxidation of
formic acid itself, particularly with regard to the behavior
of the HCOOH molecule at the bare platinum surface znd at
the surface on which coadsorbed hydrogen is present.

Iwo main pathways for HCOOH oxidation have been
proposed, one involving oxidative electrosorption at the

carboxylic acid group (135):

HCOOH = HCOOHads.’d.l. (20)

N +
Pt ¢ HCOOHads.’d.l' > HCOO*/Pt ¢+ H™ ¢ e (21)
HCOO'/Pt > €O, + gt 4 e (22)

and the other involving dissociative chemisorption with

coupled electrochemical oxidation steps (28):

HCOOH — L (20)
: 0 2
2Pt ¢ HCOOH o, ) > PtE 4 PLCOOR (23)
PtE - Pt 4+ H 4 e (21)
+
PtCOOE » Pt + CO, + B 4+ e (25)

Both pathways involve physically and electrostatically
adsorbed HCOOH molecules in the double-layer prior to chemi-

sorption.
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One of the main features of interest in the
kinetiecs of formic z2cid oxidation is that the kinetics of the
reaction, i.e., the.current density at various potentials,
does not increase in relation to the coverage of chemisorbed
species on the electrode as deduced from oxidative and
reductive (H accommodation) transients. In fact, under some
conditions the oxidetion current falls as the coverage by
adsorbed species increases (23,26,136,137), & conclusion which
wes interpreted by Brummer (23) in terms of formation of a
blocking species which is produced in a step in parallel with
the main reaction sequences shown above. Such & species can-
not therefore be HCO0+ or +CO0H, either of which are involved
iﬁ the mein reaction. The blocking species is also responsible
for long~time effects in which the activity of an intially
cleaned electrode for HCOOH oxidation decreases after
exposure to HCOOH solution.

Various possible inhibiting species, such as co,

CHO
"reduced 002", HCOO™ anion, and | (glyoxalic acid) formed

COOH
by dehydration of two HCOOH molecules, have been discussed (23).
CO, "reduced C02" and HCOO™ anion have, however, been dis-
counted as the inhibiting species on the basis of various
arguments given by Brummer and Makrides (23); it is also
unlikely that the HCOOH molecule itse;f (24) can be the
inhibiting agent unless some dissociatively chemisorbed con-
dition of the molecule is established.

In the present work, the results obtained with

acetonitrile suggest that an adsorbed species plays a
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significant role in the formation of p. Two possible pro-
posals may be offered for the reaction which forms the
inhibitor and leads to the effect of acetonitrile:

i) the inhibitor is formed in a reaction between
adsorbed E and the adsorbed species derived from formic acigd
oriented on the surface in the proper geometry. Once the
poison is formed, the acetonitrile cannot displace it and
hence has little effect (Fig. 53). 1In the case where aceto-
nitrile addition is made before the poison has been formed in
the H region, adsorption of ¥ is blocked by the adsorbed
acetonitrile (as discussed earlier in this Chapter) so that
poison cannot be formed;

ii) the poison is formed in a potential-dependent
reaction, without the participation of adsorbed hydrogen and,
in this case, when the poison is formed it cannot be displaced
with acetonitrile. Acetonitrile could, however, displace
vhatever formic acid species is the reactant in the poisoning

reaction; hence, addition of the nitrile before the poison is

formed could give rise to an increase in the FAl peak current.
With regard to (i), the fact that the activating
effect of acetonitrile is alsc, but in a much diminished way,
experienced outside the normal hydrogen adsorption region on
platinum (Fig. 51) seems to indicate that presence of adsorbed
hydrogen is not an essential requirement for the reaction which
produces inhibiting species giving rise to the decrease in the

FAl peak current. However, in the course of formic acid
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oxidation there is always a transitory but low cover ge with

I

etomic hydrogen even at potentials anodic to 0.35 V,E, due

to the reaction
2Pt + HCOOH * PtE + PtCOOH (3)

A decision between the two proposals given above can be made
after discussing the kinetics of formation of p in the next

section.

(e) Time effects in the hvdrogen region

The results presented above indicated that aceto-

nitrile influences (ip)FA because of its effect on formation
1

of the poisoning species p. The sweep rate and thus time
spent 1n the adsorbed hydrogen region, tH’ plays a very
important role in the reaction which produces the p species.

In order to study the dependence of (i ) on time, %., with-

D FAl H

out complications from its own dependence on sweep rate,
(dv/dt) was carefully varied in only the adsorbed hydrogen
reglon, a standard sweep rate of 50 mV sec-1 being always

employed over the potential range of the FA. process. The

1

result is shown in Fig. 54 where (ip)FA is plotted as 2
1

. - -1
function of ty.e Atoa relatively fast sweep rate (200 mV sec )

and correspondingly short time (3 sec) in the hydrogen region,
the FAI peak current (observed still at 50 mV sec-l) increases
by 500% over the value observed after a slow sweep (12.5 mV

sec-l, tH = 56 sec) through the hydrogen region.
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It is to be noted that the Dercentage change in
(ip)FAl between various sweep rates decreased quite sharply
upon going to slower sweep rates. Evidently, under the latter
conditions, the time spent in the § adéorption region is
sufficient to allow the production of poison to be more or
less complete (Fig. 5k). At faster sweep rates, even small
changes in by give significant changes in (ip)FAl’ because by
was short in comparison with the time required for the pro-
duction of p to be complete.

It was noted above that the cathoaic end potential
in the potentiodynamic sweep for formic acid oxidation at
p;atinum has a profound effect on the oxidation peak current
for the FAl process as shown in Fig. L9b. The major increase
in (

lp)FAl occurs at potentials where eH for Pt in aq. stoh’

in the absence of CH3CN or HCOOH, would have decreased to

<0.3, i.e., at potentisls more positive than 0.20 V,EH.
Again, a problem exists in that the hydrogen coverage during
the HCOOH reaction may be finite (though smali) even at
potentials anodic to 0.3 V,EH; this 1s coupled with the
indications (138) that the HCOOH reaction occurs only on 10%

of the available platinum surface, the remaining 90% being
occupied either by p or H at low anodic potentials. Hence, i
even quite small coverages by H could have significant kinetic E
effects for that 10% of the pletinum surface on which formic |
oxidation actually occurs.

Although the increase of FAl peak current as the

cathodic termination potential of the sweep 1s mede nore
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o]

ositive can be explained in terms of the oroduction of less

2 &2

poiscon due to lower eH, the same, or an even higher degree

o
b=}

of poisoning of the FAl reaction can be achieved by holdin
the potential for various periods of time at more anodic values
in the H region, i.e., potentials at which GH is smaller.
Fig. 55 shows the results of this kind of experiment with

respect to (in)FA values and the effects of various holding
= 1

times th at the different end cathodic potentials are easily

seen. It 1is to be noted that the maximum decrease of FAl peak

current occurs at a cathodic end potential of 0.20 V,EH; in

fact, 5 sec of cathodic holding at this potential gives a

value of (i ) equivalent to that observed after L0 sec of

D FAl
cathodic holding at 0.1 V,EH.
These results (Figs. 54 and 55) indicate that the

formation of p is a slow reaction, the maximum rate occurring

at ca. 0.2 V,E_ and decreasing at either more cathodic or more

H

anodic potentials. Actually, significant quantities of p can

still be formed at 0.5 V,E, with sufficiently long holding

H

times, t At this potential, the adsorbed hydrogen resulting

W
from dissociation of formiec acid will be immediately ionized
from the surface. Since the formation of p is slow and would
hence require the adsorbed reactants to be present on the
surface for some time, atomic hydroggn is evidently not
necessary for p formation. This leaves proposal (ii) on p.163

as an explanation of formation of p and the effects of aceto-

nitrile on the reaction.
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There are evidently three facto%s which are
important in the production of %he poison: i) the time spent
at a given potential; ii) the electrode potential itself;
iii) the free space available for the adsorption of HCOOH
which can then form the poison. It is difficult to distinguish
(ii) from (iii) because of the dependence of coverage with
adsorbed species on potential; however, the contribution of
(i) to the reaction of p formation can be separated. Reversing
the cathodic-going sweep at more positive potentials results
in a shorter period of time being spent in fhe overall hydrogen %
region as well as the obvious exclusion of a certain potential |
region in the sweep. The FAl peak current was found to in-
crease 67% when the cathodic end potential was changed from
0.10 to 0.25 V,E, (Fig. 55) while the increase was only 42%
when the sweep rate was adjusted so that the hydrogen region
is traversed 3 sec faster with the same (dV/dt) through the
FA, peak (Fig. 54). This means that when the cathodic end
potential is cut from 0.1 to 0.25 V,Eys ca. hé% of the
increase in (i) is associated with a time effect while

D FAl

ca. 25% is due to coverage and/or potential dependence of

the reaction which forms the poison.
From the above evidence, 1t appears that p is

formed in a slow reaction, involving adsorbed formic acid

species, which is parallel to the oxidation reaction. TForma-
tion of p 1s very dependent on the coverage by formic acid
species, the maximum formation rate being at 0.2 V’EH where

coverage with formic acid species is at a meximum (2L,28).
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The reaction of formation of poison murt be a type
of "dimerization" on the electrode surface between zdsorbed
formic acid species which theredy lowers the coverage with the
electrochemically reactive species, i.e. -COOH. It cannot be
a poison arising independently of the adsorbed formic acid
specles, e.g. a poison such as chloride ion (138), since there
is no reason why displacement of such a poison by acetonitrile

should increase (ip)FA . Indeed, one poison has simply been

1
replaced by another in such a case. A possible reaction be-
tween two adsorbed formic acid molecules adjacent to each ’ !

other on the electrode surface is dehydration; thus:

0 0
Pt-C<: Pt-C49
OH “H. 0 \O (26)
2 /
4¢p —_— Pt-C

Pt-C

/

The poison p in this case is formic anhydride formed by de-

. * B
hydration of two adjacent adsorbed formic acid species. .

This reaction diminishes the surface available for reactive

formic acid species, transforming it instead into the anhydride
species which is unreactive except at higher anodic potentials

(>ca. 0.9 V’EH)' Acetonitrile adsorbs on the surface and acts 3
as & third body, decreasing the coverage with adsorbed formic i

acid so that there is less chance that two reactive species

* . - 2
A geometric requirement for the above reaction may exist thet

would limit the reaction of enhydride formation to those

i - el o . 1
adjacent formic acid speciles on the surface which have the
proper gecmeiry.




POV ¢ R

s R RIRELIT IS

W

n
]
H

050 Bl b ikt

- 166 .

wi1ll be adjacent to one another and thus undergo dehydration.

The mechanism of reaction (26) may be written as

fellows
"0 . ® 0K (034 0
I gt i | | w
Pt~-C-0H —> Pt-C-0H ¢ Ptj%fOH + Pt-C-QH
v

Although the formation of formic anhydride has not been
observed in solution, it is proposed that the above reaction
is possible since the formic acid is in an adsorbed state on
the platinum surface. The identity of the p species as formic
anhydride formed by the above reaction mechanism is supported
by the observed potential dependence of the rate of formation
of p. Significant p formation only occurs in the cathodic
potential region, i.e. when the electrode is acting as a
source of electrons. This is in agreement with the reaction
mechanism since electron donation by the platinum will tend to
increase the rate of protonation of the adsorbed formic acid
species with stabilization of the resulting protonated species
and will also increase the nucleophilicity of those adsorbed
species which are not protonated, i.e. the attacking species.
At more positive potentials the rate of reaction (26) should

decrease since the platinum is then acting as an electron

withdrawing agent.
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(£) ffect of higher concentrations of acetonitrile

4s the concentration of aceionitirile incresses in
the formic acid system, the effects of the "B" species, dis-

cussed on p. Tk, become evident. The manner in which (i )FA
D

. - . l
varies with [CH3CN] in the potential ranges 0.05 to 1.5 V,E

i

and 0.4 to 1.5 V,E, wes shown in Figs. 47 and 51. For aceto-

H

nitrile concentrations up to 5 x 10-1 M, the (in)FA increases
= 1
if the potential of the cathodic end of the sweep is cut to

the more positive value of 0.4 V,E_; this would indicate that

H;
up to this [CH3CN], the major influence of the cathodic end
potential is in thg production of the poison p for the FAl
reaction. For [CH3CN] > 5M, sweep reversal at 0.l V,EH
results in a decrease in FAl peak current in comparison with

cycling to 0.05 V,E At these high concentrations of aceto=-

5
nitrile, the H adsorption region is necessary for the maximunm
extent of reduction of adsorbed CH3CN since reduction of the
acetonitrile has the effect of creating free surface sites for
other reactions (ef. Figs. 35 and 37 and p.122).

As the concentration of acetonitrile increases, its
reduction becomes more important in so far as liberation of
free surface sites is concerned. At a concentration of CH3CN
as high as 5M, the necessity for reducing the acetonitrile is
& more important factor than the value of the cathodic end

potential in producing the poison p for the FAl reaction.

-k
This idea is supported by the fact that at [CH3CNJ > 1 x 10 M

and with 2 cathodic end potential of 0.05 V’EH’ the peak current

for FC is less than the peak current for FAl. This indicates
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that unreduced acetonitrile on the platinun surface poisons

dia
the oxidation of formic acid while reduction of the aceto-
nitrile et more cathodic potentials in the E region decreases
the acetonitrile poisoning effect. The same effect is also

cbserved when the cathodic end potential is 0.& V,EH; hence,

the potential does not have to be taken to high cathodic values
for acetonitrile reduction to result. This corresponds with
the conclusion reached in section I.1(f) where it was noted

that acetonitrile is reduced already at 0.4 V,E_ on platinum

H

in aqueous HZSOh’ but the extent of reduction is smaller
than that arising at more cathodic potentials down to 0.05 V,E
Another point in support of the above view is the

fact that cathodic holding at 0.k V,E_ gives a decrease in

H

the peak current for the FA. reaction for [CH3CN] <ca. S5M at

1

which point cathodic holding at 0.k V,E_ gives an increase in

H

the peak current for the FAl reaction. All of these facts

indicate that at high acetonitrile concentrations, >ca. 5M,
the effect of the inhibitor produced from HCOOH in the

cathodic potential region becomes secondary to the pcisoning
effects of unreduced acetonitrile in the form of the B species.

However, even at [CH3CN] > 5M, cathodic holding at 0.05 V,EH

st11l results in a decrease in the peak current for reactiocn

FAl. This decrease must be associated with the formation of
the formic acid poison and also indicates that most of the
acetonitrile reduction has occurred during the multisweep up
to 0.05 V,E, at (dv/dt) = 50 mV sec™. Further holding at

0.05 V,EH allows production of the formic acid poison and

7



P

S -

st b Pt § 111 B @ »c8 58 °]

- 172 -
hence decreases the peak current for reaction FA, in the
manner described above. The decrease of (i) with

D FAl

cathodic holding at 0.05 V,E, is still evident with 909
acetonitrile in the system. At such high concentrations of
acetoritrile, there would only be 2 very small proportion of
surface available with adsorbed, adjacent formic acid molecules;
however, since the oxidation reaction ocecurs on only 10% of the

surface, gquite small amounts of adsorbed poison would be

sufficient to noticeably decrease the FAl reaction current.

(g) Effects of mercury on the oxidation of

formic acid at platinum

It was considered desirable to provide a further
way of blocking H adsorption in formic acid oxidation experi-
ments without introduction of another electroactive organic
molecule such as acetonitrile. It was found that mercury met
this requirement very well and it could be conveniently eand
controllably electro-deposited in sub-monolayer quantities at
the platinum surface in aqueous H2SOh using mercuric sulfate.
This deposition of mercury was achieved under repetitive sweep
conditions with the anodic reversal potential <1.0 V,EH; the
cathodically deposited mercury is not then oxidized off from
the surface so that the mercury coverage on successive sweeps
progressively increases as indicated by corresponding decreases
of hydrogen coverage (Fig. 56). The rate of change of coverage
by mercury depended on its concentration in solution, the rate

of solution stirring and the anodic termination potential 1in

|
=.
!
|
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the sweep. The electrodeposited mercury could be cuantita-
tively oxidized from the surface by sweeping to 1.k V,EH,
mercury oxidation giving rise to the new peak shown in

Fig. 56.

By means of this method, the coverage with adsorbed
hydrogen at platinum could be controlled over a wide range of
values with only one concentration of mercury in the solution.
For progressively increasing Hg deposition, it is of interest
to note that the two main H peaks still remain completely
resolved down to a high level of blocking by mercury. This
indicates that mercury blocks the H adsorption on an individual
site by site basis* rather than changing the state of H
adsorption. This situation is of particular value for the
studies with HCOOH where a large range of H coverages and
corresponding values of free surface area were of interest.

Fig. 57 shows the variation of the FA, peak current

1
with eH controlled by Hg deposition in the presence of formic
acid. It is necessary to make the assumption (see below) that
the hydrogen coverages observed in the absence of formic acid
when the surface is progressively blocked by electrodeposited
Hg (Fig. 56) change in proportion to those observed when

formic acid is present. Thus, full hydrogen coverage, eH =1

in Fig. 57b,1is to be regarded as the relative hydrogen coverage

%

The possibility that the electrodeposited Hg simply forms 2-
dimensional islands of Hg with otherwise free Pt sites is
ruled out because the FAl peak current is increased by Hg
(Fig. 57). If Hg had the effect of simply cutting the avail-
able surface area, all currents would be uniformly decreased.
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when formic acid, but not mercury, is present. The initial
increase in the peak current for reaction FAl, as mercury
begins to decrease the coverage by atomic hydrogen and/or the
available free space for HCOOH adsorption, continues until
approximately 25% of the platinum sites at which H is electro-
chemisorbed has been blocked by mercury. Since the percentage
of sites blocked at the inflection point is important when
considering the reaction of formation of p, the 25% figure
was checked by a procedure which did not involve the above

. * .
assumption ., In this case, known coverages of mercury were
first electrodeposited on the surface and the formic acid was

added and the height of the FA. peak registered. This pro-

1

cedure was repeated in separate experiments for a series of eH

velues and the 25% figure was confirmed.

It is concluded that mercury acts in the same way
as acetonitrile with regard to the FAl reaction, i.e. it
behaves as a third body whose presence on the electrode surface
decreases the formation of poison p (reaction.(26)). The
situation giving rise to the maximum (ip)FAl should correspond
to the highest coverage by formic acid which can be attained
without the presence of adjacent, adsorbed formic acid species
close enough to one another to give rise to dehydration (i.e.
reaction (26)). The maximum (i )FAl exists when the platinum

surface is ca. 25% covered with mercury and the subsequent

decrease of (in)FA 2t higher mercury coverages (Fig. 57) is
= 1

probably simply caused by mercury adsorption on platinum sites

The assumpt
occurs to ¢
acid.

ion, simply stated, is that the mercury depcsition
he same extent in the presence or absence c¢f fornmic
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on which the normal, main FAl reaction itself is occurring.
It is seen, however, that even when mercury has blocked T5%
of the surface, (ip)FAl’ after passing through its maeximum
value (Fig. 57), hes the same value it had in the initial
formic acid solution in the absence of mercury. This is
consistent with the experimental findings of Brummer et al
(138) who concluded that the formic acid oxidation reaction
oceurs on only 10% of the available platinum surface.

An epproximate value of the mercury coverage which
should give rise to a maximunm (ip)FAl can bé obtained with
reference to & schematic representation of adsorbed formic
acid on the 111 face of platinum. This representation is
given below where the geometry of a formic acid molecule
adsorbed on the 111 face is shown in relation to a schematic

view of space occupied by two rows of adsorbed formic acid

*
molecules on the 111 face of platinum.

Oxygen Platinum

Carbon  Hydrogen Schematic of formiec acid on Pt

The adsorbed formic acid molecules are drawn as triangles

(shielding three platinum atoms) for convenience of represen-
tation. The formic anhydride molecule, not shown, can be seen

from space-filling model to shield 5 platinum ztoms.
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It 1s to be noted that while one molecule of formic acid can
Torm = chenmisorption bond %o one platinum atom site, the whole
molecule effectively shields three platinum atom sites. This
observation is discussed below (p.194) with regard to reaction
mechanism,

The important conclusion from the above schematic
model is that formic acid can occupy 30% of the sites on one
line (or row) and none on the next line (or row), i.e. it
occupies 1/3 of the available sites on each line. One-half
of these occupied sites becomes blocked by mercury when its
coverage is ca. 17%. The difference between this value and i
that of 25% which is experimentally observed is probably
associated with the assumption in the above calculation that
the adsorbed mercury only displaces those formic acid mole-
cules which give rise to the reaction of p formation. There
will probably be a certain amount of mercury which displaces
otherwise reactive formic acid molecules and hence does not

contribute to the increase in In this way, it is

(ip)FAl'

reasonable that the experimentally determined mercury coverage

corresponding to maximunm (ip)FA is found to be somewhat
1

higher than that determined from models of the surface.

(h) Relation between the effects of mercury

and acetonitrile

It is imporiant to note that when (i_) in
= D FAl

Fig. L7 is plotted with respect to the hydrogen coverage, QH’
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corresponding to the various acetonitrile concentrations in
eq. stoh (Fig. 13), the reversal orf direction of the
increase in (iD)FAl oceurs at 70% surface coverage by nitrile
(Fig. 58). As was the case with mercury deposition (see
ebove), the same results were obtzined when GH was controlled
with a particular [CH3CNJ in the absence of formic acid
followed by formic acid addition to.the system.

The difference between the results with mercury and

acetonitrile is probably associated with the ability of formic

acid to displace, to some extenit, acetoniirile from the surface.

Therefore, the free space available for formic acid adsorption,

vhich may be measured by GH determined in the presence of the
added acetonitrile, can be substantially different from the
space actually occupied by formic acid molecules when the
latter are present on the surface together with acetonitrile.
Formic acid coverage can hence be higher with reactant
formation of p. In fact, it was noted on p.103 that aceto-
nitrile can be rather easily washed from the ﬁlatinum surface
and would therefore be susceptible to displacement by formic
acid. Electrodeposited mercury is much more difficult to
clean from a platinum electrode and requires polarization at
high anodic potentials for its complete removal; heﬁce, the
results with mercury (Fig. 57) should not be complicated by
the possibility of displacement of mercury by formic acid and
subsequent varietion of eH. These conclusions are consistent

with the above calculation of the GH value which would
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Fig. 58. Dependence of (i),  on the epperent hydrogen

coverage, 8y, obualn%d with addition of various.con-
centrations of acetonitrile (-o-, see text); potentieal

range 0.05 to 1.5 V,Eg. Also shown 1s the increase of

(iD)FA as a function of apparent Oy (see text) due to
ac‘cumuiatlon of adsorbed impurities during long-period
cycling in 2 restricted potential range echud’na -
surface oxidation (-g-), i.e. 0.05 o 0.9 V,Eg. For N
both cases, [HCOOE] = 0.25M, (dv/dt) = 50 oV sec”

.
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on s 1.e. ca. 83% whi ;i 5
p)rA1' 3% which is close

correspond to a maximum (i

e the value that was observed with mercury (ca. T75%).

Ll Il

(i) Effect of solution impuritv adsorvtion on the

1 £

formic acid reaction

Long-period cycling of a platinum electrode in
aqueous stoh in a restricted range of potentials (0.90 V to
i : 0.05 V,EH) without the participation of surface oxide which
normally leads to repetitive cleaning of the surface causes

a progressive decrease in the extent to which the electrode

..
by
i

can be covered with atomic hydrogen. Depending on the length

of time the restricted-range cycling is performed, o4 and

hence that part of the surface free from impurities can vary

[ ¢

from 1.0 down to ca. 0.35. It is interesting tc note that
adsorption of adventitious impurities from solution affects
the structure of the H adsorption region in much the same way
as does mercury, i.e. there is a uniform and progressive
kS decrease of both the peaks with time.

The effect of the varying GH caused by impurity
adsorption upon the FA, reaction current was investigated by

1

adding formic acid at 0.30 V,EH on the cathodic sweep and

registering the peak current for FAl on the first anodic

sweep. The hydrogen coverage in this case is the actual cne
to which the formic acid is exposed and corresponds to the
modified procedure described for mercury adsorption. A

separate experiment is required for each GF value and hence

RSSO I0Y SIS AL S LI ST R LT

. . . . - . el . s
each point obtained in Fig. 58 for impurity accumulation.
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The reversal of direction of the increase in (i), for the
D rAl
itrile system at ca. T0% apparent surface coverage

ce

ot

0

{0
8]

it

=
2
jay
1=

nitrile was due (as in the mercury cese at 2overages

>ca. 25%) to blocking of those sites on which the FAl reaction
itself is cccurring. UNo such reversal was observed in the
case of cycling in a restricted potential range, but this is
no doubt associated with the ability of the formic acid to
displace the accumulated impurities from the surface and thus

considerably alter the true value of eH from the apparent

velue which is plotted in Fig. 58.
The ability of adsorbed impurities from solution

to substantially alter (ip) provides an explanation for

the time-effects noted in the steady-state polarization

curves for formic acid (Fig. 52). Between 0.54 and 0.7 VoEgs

the value of (ip)FA was larger after the 90 sec polarization
1

compared with the initial value. This may be due to slow
decomposition of the poison p at these potentials, followed
by some impurity accumulation because of the long periods of
time at the potential of polarization without the electrode
being subjected to surface oxidation. The adsorbed impurities

evidently give rise to a "third body" effect, in the same way

as did acetonitrile or mercury, with a consequent increase

in (1p)FA1.
The peak current for reaction FAl also increases

with cyeling in the restricted potential range (0.9 to 0.05

c . . s
V,E.) when formic acid 1s already 1in the electrolyte solution.
H
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In this way, the value of (in)

7a. cen be varied, depending
= 071

v

on the end anodic potential of the sweep, l1.e. depending on
the extent of surface oxide formation on the platinum which
results in various degrees of cleaning of the surface and
hence increases the free surface available for adsorption of
formic acid. It is obvious that after an increase in (i )

D FAl
is obtained by cycling in the restricted range, the extent

of surface cleaning resulting from polarization to different

end anodic potentials can be followed by the decrease in

(i )'1 .
P rAl

0.25M HCOOH solution where impurity accumulation had occurred

This is shown in Fig. 59 for results obtained in a

after sweeping over a restricted potential range. The end
anodic potential was increased from the initial restricted

range value of 0.9 V,E_, in increments of 0.05 V and the

H

respective values of (1p)FAl

multisweep was obtained. It is to be noted that the critical

anodic potential for oxidation of impurities from the electrode

surface is 1.1 V,E_, in the 0.25M HCOOH system. Up to this

H
potential there is an increase in (ip)FAl vwhich must be

associated with the fact that the critical coverage with
adsorbed formic acid species and subsequent formation of

poison on a large part of the surface is only attained at

1.1 V,E In the case of cycling in the absence of formic

g
. oy s . s - o
acid, it is found that an anodlc potential of 1.1 V,uH

. n n :
represents monolayer coverage of the surface with "OH" species

., . . Y i .
(1 OH per Pt atom). However, with formic acid present in the

were recorded after a reproducible



g 25
i 0
o
] 20— 0.25MHCO0H+5«
- 10" M CH,CN
E ””/;.——0
0/0
1.5-0-
o
e 1
= €
S 025M__1 : A
= < HCOOH .
-
- ~ o
&
8 10~ ///////’
) / I
B |
- !
1
1
N |
- "
|
= 05 , A 1
]
/ :
. I
= A I
= CRITICAL POTENTIAL |
FOR H REAPPEARANCE é o
AT CATHODIC END \ \ v
P,
|
0 I 1 ! 1 | 1
e 0.9 095 10 1.0 ] 115 1.2
1 . :
§ ANODIC END POTENTIAL OF CYCLING RANGE (Eq,V)
|
i Fig. 59. Variation of (i) with progressively increasing
i : reversal potentlal In the anodic sweep in the region
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at 0.9 V,Ey was achieved by extensive cyeling in Ihis
restricted potential range with 0.25M HCOOH in the
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system. Critical surface cleaning effect arises at
ca. 1.1 V,Eg leading to increase in coverage by
adsorbed formic acid species. Also shown are the
results_of the same type of experiment but with

5 x 1034 CH3CN also present. (dV/dt) = 50 mV sec'l.
The relative charge, QO/QH, for platinum surface
oxidation is also given (4).

o
o

SURFACE COVERAGE BY O SPECIES (Qpo7Qy)
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system, the potential at which monolayer coverage of surface
oxide is reached will be shifted to somewhat more anodic
values because of consumption of the surface oxide through
reaction with the formic acid.

Fig. 59 also shows the results obtained with
increasing anodic end potentials after previous cycling over

3 M CH_CN was

3
present in the solution together with the 0.25 M HCOOH. 1In

the restricted potential range when 5 x 10~

this case, the decrease in (ip)FAl vhen the electrode surface
is ecleaned by means of anodic formation of surface oxide is

not as large as that cbserved in the system in the absence of
formic acid because the presence of acetohitrile décreases the
extent to which free sites for formic acid electrochemisorption
are made available by surface cleaning in the oxide region.

The critical anodic end potential for cleaning impurities

from the electrode surface which have arisen from the solution
is higher with acetonitrile in the system; this is consistent
with the observation that acetonitrile displaces the potential
for formation of surface oxide at platinum to higher anodic
values (as shown earlier in Fig. 31). The fact that there is
an increase in (i )FA with cycling in the restricted potential
range when acetonitriie is present indicates that there is
still a substantial coverage with adjacent formic acid species

3

at [CH3CN] =5 x 1077 M. This arises beceuse the formic acid

can displace some of the adsorbed acetonitrile from certaln

surface sites whereas it cannot so effectively displace the

impurities adsorbed from solution.
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(iii)

(3) Summary of the effects of acetonitrile on the

oxidation of formic acid and methanol at platinum

Adsorbed acetonitrile decreases the currents ror
oxidation of methanol at platinum during potentiodynanmic

cycling in the potential region 0.05 to 1.5 V,E In

e
the case of formic acid, the anodic currents are also

decreased by the presence of acetonitrile but with the

important exception of the FA. reaction current, i.e.

1

B

Tor formic acid cxidation in the double-layer region,
on an anodic-going sweep which is increased.

The increase of (ip) during a potentiodynamic sweep

FAl
in the presence of adsorbed acetonitrile can be as much
as 600%, and this increasse is also observed in the
steady-state polarization curves for formic acid with
acetonitrile present.

A similar increase in (iP)FAl can be achieved by
cycling in a potential range where the H region is
excluded. Thus, acetonitrile does not give rise to a
true activation effect but instead increases (ip)FAl
by preventing formation of an inhibiting species p
which is otherwise formed in the H region.

The formation of p does not involve H itself since
poison formation still occurs at 0.5 V’EH' This fact,
combined with the effect of acetonitrile, points to a

sort of "dimerization" of adsorbed formic acld, perhaps

in the form of a dehydration reaction *o give adsorbed
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formic anhydride as the poison. Adsorbed acetonitrile

decrezs

[

§ the probability that two adsorbed formic
acid species will be adjacent to one another; heance
the extent of formation of p is decreased.

Electrodeposition of mercury also increases (iP)FA
1

up to a mercury coverage of 0.25, beyond which (ip)FA

begins to decrease because of mercury deposition on

1

platinum sites at which the main FAl reaction occurs.

A similar increase in (in)FA results from cycling

—

in a restricted potential region, without the surface
oxide reaction, because of accumulation of impurities
on the electrode surface. After such treatment, an
anodic potential of ca. 1.1 V,EH is required for
oxidizing the adsorbed impurities from the electrode
surface and hence substantially decreasing (i ) to

p'FA4

its original value prior to impurity accumulation.
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Imeprraenges

Studies under Non-Acueous Conditions

(e) Introduction

It is well known that the platinum electrode surface
cen act as a catalyst in numerous organic oxidation reactions
(1). 1In aqueous systems, an increase in the electrode
potential in the anodic direction not only results in sironger
electron accepting properties but also gives rise to the
formation of surface oxides on platinum. Mechanistic studies
of oxidation reactions are complicated by the various stages
of oxidation (see p. 6 ) of the platinum surface; indeed, as
the potential of the platinum electrode changes, the organic
reaction mechanism may also change since the type and coverage
with surface oxide species can change. Consequently it is
difficult to obtain information regarding the effect of
electrode potential or corresponding electron charge density
in the metal surface on catalytic activity from studies per-
formed under aqueous conditions. The effects referred to
here are concerned with catalytic activity per se, e.g. in
dissociative chemisorption of organic molecules, and not with
the direct eleciron accepting properties of the anode in an
electrochemical charge transfer reaction.

Non-agueous acetonitrile solutions were employed to
study the effect of potential on some organic oxidations at

3 i . comparison with the
platinum surfaces free fron oxides By I
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behavior of water-containing solutions, these studies nay
provide informetion on the role of surface oxides in oerganic
oxidation reactions at platinum. In non-aqueous acetonitrile
systems, the platinum electrode can be potentiostated to

high anodic potentisls (up to 3.0 V,E_) with no surface oxide

H
formation (79,80). Amounts of surface oxide can then be
independently controlled by water content of the solution and
by anodic "end" potentials in e controlled potential program.
However, as was shown above, acetonitrile can adsorb onto a
platinum electrode surface without charge traansfer from an
aqueous solution, e.g. at 0.75 V,EH, and therefore may also
adsord from the pure liquid. This meens that although the
platinum surface is free from oxide under 100% non-agueous
conditions in acetonitrile, it may not be free of adsorbed
species derived directly from the acetonitrile without prior
reduction or oxidation. These factors were taken into account
in considering the results obtained with formic acid, methanol,
formaldehyde and hydrogen oxidation reacticns at platinum in

anhydrous and water-containing acetonitrile, to be discussed

below.

(b) Reference current-potential profiles in anhydrous

scetonitrile in the absence of oxidizable substances

Comparison between the potentiodynamic sweep be-
havior at platinum in 1N Hgsoh and that in anhydrous aceto-

nitrile containing 0.5 M FaCl0), wes given in Fig. 7. 1In the
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v + 34 ma 3
anhydrous acetonitrile system, there is, as expected, no

evidence of hydrogen or oxygen reactions at

ct

he platinum
surface, only what appears to bDe the double-layer charging
current. The latter is smeller in anhydrous acetonitrile
because of the different dielectric properties of the solvent
and solution of the ions of the electrolyte. Absence of
residual currents in the potential range from 0.% to 2.6 V.2,

in pure acetonitrile as solvent was best achieved with NaCth

&s supporting electrolyte (see Fig. 62 below).

(¢) Effects of additions of small quantities of water

to the anhydrous systenm

The effect of addition of water on the potentio-
dynamic sweep for platinum in initially anhydrous acetonitrile
in the potential range 0.15 to 1.k V,E, is shown in Fig. 60.
The behavior of the system is not affected to a significant
extent by added water until a concentration of 1M is reached,
i.e. 2.0% H,0. At this concentration of water, a small
oxidation current is observed at the end of the anodic sweep
but little effect arises on the cathodic sweep. Ninety seconds
holding of the potential at 1.b V,E in acetonitrile/1M H,0
gave the profile shown in Fig. 60d; the lack of any normal
oxide reduction peak is to be noted. However, the anodic
holding did result in an increase of the cathodic charge
associated with reduction of a species produced in some prior

oxidation reaction which occurred during the anodic holding.
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When the water content is increased to 5M, the i-V profile
in Pig. 60e results; but even at this high water concentration,
no cbservable oxide reduction peak results, even with 90 sec

enodic holding at 1.4 V,E When, however, the multi-sweep

1
and anodic holding experiments are performed in the 5M H20
system without nitrogen bubbling to stir the solution, a well
defined oxide reduction peak immediately results (Fig. 607f).

This reduction peak at 0.65 V,E, again disappears when nitrogen

~ bubbling is resumed.

There are two possible explanatioﬁs for these results:
(i) nitrogen budbbling transports a species to the electrode
which consumes the oxide and does not allow further oxidation
of the platinum surface; (ii) nitrogen budbbling transports
protons formed during the oxidation reaction (Pt + H20 - PtOH +
H* + e) away from the electrode interface into the solution
where they cannot easily be recovered for the reduction of
surface oxide. The fact that the anodic potentiodynamic sweep
in the oxide formation region is similar with'or vithout
nitrogen bubbling tends to refute the first argument, unless
e chemical reaction were involved. Firm support for the
second argument comes from Fig. 60g which shows that the

oxide reduction peak for the 5M H,0/CH,CN system is very dis-

tinctive, even with nitrogen bubbling, when the system is made

0.1 M in perchloric acid. The amount by which this addition
of perchloric acid increases the water content is insignifi-

cant, (<lO-2 M); however, it does provide a large lncrease 1n
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proton concentration. 1In those cases where nitrogen bubbling

was employed without 2488ed pro

ot

ons, oxide reducticn was a
slow, diffusion controlled process occurring over a large
range of cathodic potentials, i.e., without exhibiting the
sharp peak characteristic of surface oxide reduction in water.
In the HZO/CH3CN system with added perchloric acid,
two other peaks are observed and correspond to acetonitrile
reduction and oxidation in the double-layer region discussed

in seetion I.1(c) above.

{@d) Oxidation of molecular hydrogen in acetonitrile

The oxidation of molecular hydrogen at platinum
is normally blocked by the formation of surface oxide
(Fig. 61la). However, in anhydrous acetonitrile, oxidation of
molecular hydrogen occurs at platinum over a broad range of
potentials both in cathodic and anodic-going potentiodynamic
sweeps (Fig. 62). In the presence of 1% water, the maximum
currents for molecular hydrogen oxidation are enhanced but
the range of potentials over which appreciable oxidation rates
arise is diminished (Fig. 63). The significant decrease in
the potential range for hydrogen reactivity in the cathodic
sweep is due to oxide formation on the prior anodic sweep and
the characteristic hystersis between oxide formation and
reduction is enhanced in acetonitrile systems because the
potential for surface oxide formation is displaced to more
anodic potentials (see p.67 ). TFig. €3 also shows a potentlo-

dynamic sweep with an anodic terminetion potentl
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which 1s obviously too low an anodic potential for signifi-
cent oxide formaticn In the 17 agueous acetonitrile system.
Thus, oxidation of molecular hydrogen at platinum in aceto-
nitrile offers a sensitive, in situ test for the extent
surface oxide formation and hence the presence of traces of
water in the system.

The very sharply defined potential for oxide

reduction in acetonitrile with 1% water when H2 is present is

to be contrasted with that for the case where no molecular

hydrogen is involved, as discussed above (Fig. 60). The
presence of molecular hydrogen in the system must hence provide
a ready source of protons at the electrode by either of the

following pairs of reactions:

(i) Pt + H, = PtE « B+ e (27) ;

PtH =Pt +E +e (2) }

or (ii) 2Pt + H, & 2PtH (28) |
oPtH = 2Pt + 2H' + 2e (2)

As soon as free platinum sites become available by
. +
reduction of surface oxide with solution protons (PtOH ¢+ E' ¢

e > Pt ¢ H20), an autocatalytic process will tend to occur

with oxidation of molecular hydrogen on the free Pt sites

providing further protons. The fact that molecular hydrogen

is very reactive at platinum even in anhydrous acetonitrile

pay indicate one of two things: (2) molecular hydrogen,

i i i 7 ti surface, is
while unreactive at an oxilde covered platinum f R
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= in anhydrous acetcniirile there are still available free

platinum sites for hydrogen oxidaticn and since this is a

FAIRTITE
2l

apid faradaic process, relatively few free sites would be

el

b3

required to sustain large currents . In regard to the latter

33

point, such a theory would favor mechanism (i) above where
only one free site is required for hydrogen oxidation con-

pared with the requirement of two neighboring sites for

il

mechanism (ii). In connection with (a) above, another

[N

on for the molecular hydrogen reactivity might be

|

explanat

based on the supposition that adsorbed acetonitrile can act

b mﬂ /ENE W PSRN (F B

as a mediator in the reaction, i.e., adsorbed acetonitrile
could be reduced by molecular hydrogen but become rapidly

reoxidized electrochemically if the potential were >0.k4 V,EH.

(e) Oxidation of molecular hydrogen in agueous solutions

Molecular hydrogen oxidation in agueous solutions

E will be discussed here because of +the connections with its

oxidetion in non-agueous solvents. Fig. 61b shows a potentio-

dynemic sweep for H2 oxidation at a stationary platinum

The cathodic and anodic hydrogen adsorption and

T

electrode.

desportion peaks at platinum appear to arise independently of

*

s atadpabed § 3ois) § 1 1 554 )

It was shown above (p.103) that even at full coverage by
acetonitrile, the platinum surface may still have ca. 33% of
the sites available because of the geometry of acetonitrile
adsorbed on the electrode surface. However, it musi be noted
that although this value of 339 was also found experimentally,
the systen contained much smeller concentvratlion
nitrile (cea. 5 x 10-3 ) than are tc be found 1ir
sideration here.

Cpm g e

o

of aceto-

tne non-

ct 2o
"

w0

[

3
n

agueous systems under con



- 191 -

= ne overall kinetic current for molecular hydrogen oxidation,

o

E i.e., large overall molecular hydrogen current (H2+2H+ + 2e)

2 can pass and the anodic or cathedic partial processes

=" gt + e) simply add or subtract component currents,

to or from, respectively, the overal]l mclecular H2 current.

A closer comparison of the H electrosorption peaks, with and
without molecular hydrogen oxidation, revealed that the cathodic
charge was somewhat diminished relative to the anodic H charge
in the presence of molecular hydrogen. This could arise on
account of a small contribution from the moiecular hydrogen

reection to the atomic hydrogen coverage without passage of

charge for its cathodic deposition, viz.

+
H2 > 2Hads or H2 > H  tHE o+ (29)

Since the contribution of the above processes to the ordinary
hydrogen adsorption charge is very small (approximately 5% to
the cathodic charge), these reactions of molecular hydrogen

at platinum are less reversible than the usual atomic hydrogen

electrosorption processes involving charge transfer with the
solution species H3O+. In the atomic hydrogen region, almost
all of the adsorbed hydrogen resulting from the first stage

of molecular hydrogen oxidation (reaction (29)) would be

rapidly ionized from the surface since the eguilibrium coverage

TS T T T IT I IEE

with adsorbed hydrogen results mainly from the more reversible

reaction Pt + H3O+ + e &= PtHE + HQO.
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(f) oOxidetion of formic acid in acetonitrile

Formic acid was found to be inactive at a platinum
electrode in anhydrous acetonitrile over the potential range
1.40 to 0.05 V’EH’ i.e., where it is normally very reactive
in aqueous solutions (Fig. 2). A faradaic reaction arises at
potentials more anodic than 1.5 V,EH; however, it is not
known if this reaction is one involving formic acid and
platinum surface oxide formed because of the water introduced
into the system with addition of the formic acid. The reaction
is not oxygen evolution since no molecular oxygen reduction
current is observed, even after periods of holding the potential
at the anodic end of the sweep. Formic acid oxidation is only
observed at lower potentials (i.e. 0.20 to 0.65 V’EH) when
enough water is present in the system to give rise to surface
oxide formation (Fig. 64). On the cathodic sweep, formic
acid oxidation gives the characteristic anodic current when
the surface oxide is partially reduced and free Pt sites are
recovered. Fig. 64 shows a comparison between i-V profiles
in the system with two different concentrations of water and
it is seen that the reactivity of formic acid is enhanced in
both regions of oxidation with increased water content in
accord with the view that extent of surface oxidation of

platinum depends on water concentratilon.
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(g) Oxidetion of formaldehyde and methanol

. e
1n a2c¢cetonitrile

The oxidation behavior of formaldehyde at platinum
in nominally anhydrous acetonitrile is complicated, a small
oxidation current passing in the first anodic sweep after
addition of formaldehyde, but in subsequent sweeps the
oxidation is completely inhibited. Because of this complex
behavior in acetonitrile, formaldehyde was not studied
extensively. Similarly, addition of methanol to a nominally
anhydrous acetonitrile solvent system resulted in no oxidation

- . . . *
activity et platinum, Fig. 65.

(h) Conclusions from the work in nominally

anhydrous acetonitrile

The difference in reactivity of the three organic
compounds mentioned has already been correlated (Part III)
with the number of free platinum sites required for their
dissociative adsorption and eventual oxidation. The fact
thet methanol oxidation is completely inhibited in anhydrous
acetonitrile is in accord with the observations of Bagotsky
and Vasiliev (17) that its adsorption at platinum requires at
least three free sites in appropriate geometrical positions
for dissociation of the three methyl H atoms. In the case of

formaldehyde, somewhat more activity may be anticipated since

* . 3 L
This is in accord with results discussed on p.150 where 1%

o

was shown that guite small concentrations (e.g. 10=2H) of
acetonitrile in aqueous media result in complete 1nhibdbition of
electrochemical oxidation of methanol at platinum.
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23 M CHzOK added

Fig. 65. Potentiodynamic i-V profiles for acetonitrile/0.5M
NaClO) in the absence of (a) and in the presence of
(b) 0.25K methanol, CH30H. (&V/dt) = 50 a7 sec-l.
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only two free platinum sitss are required fo

H

dissocciative
adserption. The much greater activity of formic acid in the
nominally anhydrous acetonitrile would, by this argument, be
associated with the requirement of only one free platinum
site for adsorption. The three dissociative adsorption

reactions of interest are as follows:

Pt
\
3Pt + CH,0H > Pt-C-0¥ + 38t 4 3e (1)
Pt
D
AN +
2Pt + B,CO > /c=o + 28% + 26 (30)
Pt
Pt + HCOOH - Pt-COOH ¢ H' + e (3)

This approach may, however, be oversimplified since space-
filling models (see p.175) shows that although the adsorbed
formic acid residue (-COOH) is presumably only adsorbed on
one Pt site (or lattice hole), it occupies an area on the
surface roughly equivalent to three Pt atoms. A somevwhat
different explanation of the observation with formic acid
and methanol would be that formic acid can displace aceto-
nitrile from the surface (see p.177) while methanol cannot.
Different reaction mechanisms may also play a role, i.e.
large oxidation currents for formic acid can be susteined by
e small fraction of free Pt surface wﬁile this same fraction
will give only small oxidation currents for the much slower
reaction of methanol. Probably all three possibilities play

a role. Support for the imporimnce of site reguirements
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- . . .. R .
comes from the relatively high reactivity of H2 whilch may bde

essociated with the step H. + Pt + PtH + HY

2

only 1 site) rather than H, + 2Pt > 2PtH > 2Pt + o1t 4 2e

requiring two adjacent sites.

+ e (requiring

(i) Summary of the results of non-agueous studies

(i) 1In non-agueocus acetonitrile media, the potential range
over which the platinum surface is inert towards
faradaic and pseudo-faradaic processes extends up to
ca. 3.0 V,EH; however, this condition is partly due to
the significant adsorption of acetonitrile on the
platinum surface and subsequent blocking of the normal
reactions at platinum even when some water is present.

(ii) The reduction of platinum surface oxide in nominally
anhydrous acetonitrile (and even with solutions con-
teining SM H20) is a diffusion controlled reaction be-
cause of the small concentration of protons in solution.
Addition of a proton source such as an acid results in
the usuel behavior for reduction of platinum surface
oxide.

(iii) Although oxidation of molecular hydrogen on platinum
is inhibited by surface oxide formation, the reaction
readily occurs on 2z surface at which acetonitrile is

adsorbed. As a consegquence, oxidation of molecular

hydrogen at platinum in anhydrous acetonitrile continues

up to ca. 3.0 V’EH with the range being lowered in the

presence of water.

<,
f
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Oxidation of molecular hydrogen at platinum in agueous

acid media during a potentiodynanmic swee

[y

oes

ct

0

(&
3

significantly alter the shape of the atomic hydrogen
adsorption/desorption peaks. This can be explained

in terms of the greater reversibility in the case of
electrochemical proton discharge in comparison with
the adsorption and oxidation of molecular hydrogen.
Methanol displays no electroactivity in an acetonitrile
solvent  system, even in the presence of substantial
amounts of water, as expected from the results given
earlier (Fig. 46). Formic acid does display a small
degree of activity when water is present in the

system.
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The following claims are made to original research
which has been discussed in this thesis:

(

1o

) The adsorption of

{o

o . .
cetonitrile cxn platinum fronm

aqueous H280h solutions has been examined in deteail
with regard to the effecis which this adsorption has

on the normal surface reactions 2

ct
s}
'_J
1
prs
e
[s]
=]
2]
-
e
[0

s ~

hydrogen and oxygen adsorption in aqueous media. The

ity of the adsorbed acetonitrile zas btee:x

[N

electroact
extensively studied and a reaction mechanism was pro-
posed for the reduction and oxidation of the adsorbed
nitrile in the different potential regions at platinunm.
(ii) A technique hes been developed to separate charge com-
ponents associated with reaction of adsorbed aceto-
nitrile in the H region from those of H deposition or

on

e

jonization. This has been called the kinetic relaxai
technique since it employs 2 method wheredby the response
of the verious reactions to a rapidly changing potential
signal is studied. It was only with the use of this
method that true acetonitrile and hydrogen reaction
charges could be esteblished and the proposed aceto-

nitrile reaction mechanism confirmed.

&)

(iii) A series of ten other niiriles was studied wit

regard to their effect on atomic hydrogen adsorpilion

at platinum.

Fal

ile, adsorption of

[
')
o
o
ct
o
3
e
ct
'y
1o

(iv) At nigh concentrations o
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enother species was indicated, this species inhibiting
the reduction-oxidation reactions of acetonitrile.

Its identity was postulated.

A new effect, in the form of an enodic current transient,
arises when organic sulfur molecules such as thiourea
and dimethylsulfide adsorb on platinum surfaces which
are either partially or fully covered by adsorbed
hydrogen. It was proved that the anodic transient
charge arises from the displacement, by way of ioniza-
tion, of chemisorbed hydrogen by the sulfur molecules.
This effect was compared with, and shown to be quite
different from, that which arises upon adsorption of
methanol at platinum in the double-layer region. The
anodic nydrogen displacement effect was alsc found with
acetonitrile, benzonitrile and benzene; however, it was
more complicated in these cases because of possible
reduction of the adsorbed organic molecules.

The effects of various concentrations of acetonitrile
on the oxidation of methanol and formic acid at platinum
in squeous media were carefully studied. Acetonitrile
was observed to activate the FAl reaction of formic
acid, and the mechanism of this activation was studied
in considerable detail. A mechanism was proposed for
the activetion in terms of the effects of acetonitrile
on a blocking species, p, which is the formic acid
poison. A new possibility was given for the identity

of the p species with reference to the experimental

results.

N
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ix)

The effect of 2dsorpiion of ordinary solution
impurities oz the FA, peak current was also studied

et some lengih with an explanation of the

3]

esults,
The reaction of methanol, formic acid and hydrogen
et pletinum in non-agueous acetonitrile mediz was
studied. The inactivity of methanol 2ad formic aciid
was explained in terms of the results in Part I.

Molecular hydrogen oxidation in non-zgqueous aceto-

nitrile occurred over & much larger range of potential

than was observed in zqueous media. It was shown that

this last result is associated with the absence of

oxide formation in non-agueous scetonitrile media.

[¥H

The reduction of platinum surface oxide in nominally
anhydrous acetonitrile was studied and the rezection
was found to be diffusion controlled evea ai 5M 320
because of the small concentretion of protons in

solution.
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