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Pt Single Crystal Electrodes in Acid Solution
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The hydrogen evolution and ionization reactions were studied on Pt single crystal electrodes in N2 or Hs
saturated, acidic solutions. The hydrogen evolution reaction was structure insensitive and the ionization reaction
was structure dependent. The Tafel constants of the respective reactions, @ and @, and the reaction orders,
Zy+ and Zy+, with respect to proton, did not satisfy the relationships, &+a=2 and Zy+ —Z g+ =—2, deduced
by the rate-determining step which is the same for the hydrogen evolution and ionization reactions; The results
were, a+a~4 and Z g+ — Zy+~—4. These suggest that the rate-determining steps is different for the evolution
and ionization reactions in acidic solutions. A tentative model for the reaction routes was proposed.

The study of the hydrogen electrode reaction on plat-
inum electrodes has a long history since the beginning
of this century.!™%® Though it is a prototype of the
electrode reaction, some problems have been remain-
ing unsolved. For example, the Tafel slope of —30 mV
for the hydrogen evolution reaction in acidic solutions
assumes the recombination mechanism at a small cover-
age of hydrogen. However, the platinum surface is fully
covered with the adsorbed hydrogen at potentials of
the hydrogen evolution. Now, new spectroscopic tech-
niques for the surface survey have been developed ex-
tensively in the last decade. Particularly, the in-situ
IR observation'®'® gives essential information for ad-
sorbate on the electrode surface. Recently, Nichols and
Bewick!® reported that the on-top H appears at po-
tentials more negative than ca. 80 mV (RHE) on single
and polycrystalline Pt electrodes in acidic solutions and
concluded that the on-top H is responsible for the hy-
drogen evolution.

We have reexamined a general electrochemical behav-
ior of the hydrogen evolution and ionization reactions
on Pt single crystal electrodes. Special caution was paid
to reduce the effect of H, diffusion in solution by rotat-
ing the single crystal electrode which keeps the contact
with solution through meniscus. The observed kinetics
of the hydrogen evolution and ionization in acidic so-
lutions reveal interesting features which contradict the
expectation from a simple reaction theory. The present
results lead us to conclude that the rate-determining
step combined with the rapid hydrogen ion discharge
step differs in the forward (evolution) and backward
(ionization) directions, even on the same crystal plane
in acidic solution.

Theoretical Relationship between Kinetic Pa-
rameters

Before describing our experimental results, we first
derive the theoretically expected relationships between
the Tafel constants, a’s, and the reaction orders, 2z’s, of
the hydrogen electrode reaction.

The Tafel Constants. If a surface reaction

consists of a series of elementary steps, and the 7~th
step is rate-determining, the electrochemical free energy
change of the whole reaction, AG, is equal to the elec-
trochemical free energy change of the rate-determining
step, AG;, multiplied by v;, where v, is the stoichio-
metric number'? of the rate-determining step. Namely,
when the whole reaction occurs once, the rate-determin-
ing step occurs v, times. Thus we have,

AG = v:-AG:. 1)
By the relation of AG=nFn, we have,

F
AG, =1, (2)

Vr
Where n is the numbers of the electrons concerned in
the reaction. The general reaction rate expression of

the forward and backward elementary steps is given as

follows,'%

- kT _#—ul)

7= Sexp (-E201), 3)
and

o kT _p—pF

v—hexp( AT ), (4)

where ¥ and v are reaction rates of the forward and
backward reactions, u, pr, and pup are the electro-
chemical potentials of activated complex, initial sys-
tem (reactant) and final system (product), respectively.
Then, the difference between v and ¥ gives the net rate
and is expressed in terms of current for the hydrogen
electrode reaction (n=2) as

j= 7,—7,=2e<%—v>=1(1—é)
= 5, {1 - exp (~AG./RT)} (5)

where j, 7r and 7, are current densities of net, forward
and backward reactions, and A G;=pr— 1. Introducing
Eq. 2 into Eq. 5, and expanding the exponential term
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at the conditions of |n|<RT/F and T o (Jo is the
exchange current density), one obtains

'n_f’I]. (6)

= Jo
Vr

where f=F/RT.
On the other hand, j is related to the Tafel constants
by the Butler—Volmer equation:

a fn)}. (7)

where @ and @ are the Tafel constants for the hydro-
gen evolution and ionization reactions, respectively. As
|n|<RT/F, expansion of the exponential term leads:

J = Jjo{exp (@ fn) —exp (-

j=Jo(a+a) fn. (8)
Comparison of Egs. 6 and 8 yields

— — n
a+a= V_r (9)
Reaction Orders.

expressed as

Nernst’s equation is generally

Bea = do+ — x ] (&™), (10)
nf .
where ¢eq and ¢g are equilibrium and standard poten-
tial, ar and m; are activity and the coefficient of &
species in an electrode reaction. When k is reactant,
my has a negative value, and when k is product, my
has a positive value, respectively. A similar equation is
derived from kinetic expressions of j, which are given
in general form for forward and backward reactions as

jo =Tk +exp (— @ fdeq) 1:[ (a,c?k) , (11)
and
jo=kexp (<& o) [T (™),  (12)
k

where % and % are rate constants and Z and 7y are
the reaction orders with respect to the species k in the
hydrogen evolution and ionization reactions. By equat-
ing Egs. 11 and 12, we have

1 % 1
e =#1n—.
Fea (a+a)f

(Far=Fut)
(a+a)f In H e i
Introduction of Eq. 9 into Eq. 13 gives

(13)

1 %k 1 (Fat—Fas v
e =—-ln—_—,+—-ln||a HH T S at ) 14
¢q nf k nf . k ( )

Comparison of the last terms of Eqgs. 10 and 14 yields

Zp— Rp = —. (15)
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The hydrogen electrode reaction at Pt in acidic solu-
tions is generally accepted as consisting of two elemen-
tary steps; the discharge step and the recombination
step, where the latter step,

H(a) + H(a) — Ha

is rate-determining. Then we have, v, =1, my=—2, and

n=2. Thus Egs. 9 and 15 become

a+a=2 (16)
Zu+ — Zu+ = =2 @amn
Experimental

Platinum single crystals were prepared using Clavilier’s
method.'®'® In this experiment, three low index planes of
(111), (100), and (110) were used. Before each measure-
ments, the electrode was annealed in a gas+oxygen flame
at 600 °C for a few seconds and then quenched with Milli-
Q water and mounted onto cell.

At measurements, the crystal was rotated, keeping the
plane of interest in contact with the solution through menis-
cus. Recently, the same method has been used by Cahan
and Villullas'” in studies of the ferri-ferro redox system at
a gold single crystal disc electrode. The rotation speed was
varied in the range 500—5000 rev-min~! (Nikko Keisoku,
RRDE-1).

Electrolytic solutions of sulfuric acid solution with
Na3S0s4 to keep the ionic strength at 0.5 M were prepared
from suprapure reagents (Wako Pure Chemical CO.) and
Milli-Q water (Millipore Corp., MA). Cyclic voltammograms
(CV) and stationary currents were recorded by an usual
instrument (POTENTIOSTAT/GALVANOSTAT 2001 and
FUNCTION GENERATOR FG-02, TOHO Technical Re-
search, Japan). All measurements were conducted at room
temperature. Potentials in the text were referred to the re-
versible hydrogen electrode (RHE) in the same solution.

Results and Discussion

Before every measurement, CV with a sweep rate of
50 mVs~! was taken and used as a criterion for the
identification and cleanliness of the respective planes of
Pt single crystal electrodes.

Adsorbed Hydrogen on the Respective Crys-
tal Planes. We first present the hydrogen waves
observed at Pt(111), (100), and (110) in 0.5 M H3SO,4
in Fig. 1 (100 mVs~!). Each voltammogram shows a
symmetrical pattern with respect to the potential axis,
demonstrating that the discharge step is rapid enough
to be assumed in equilibrium,

H* +e” = H(a),
where (a) denotes the adsorbed state. The electricity
estimated from the wave area indicates that the hy-
drogen atom adsorbs to a full coverage with a 1 to 1
correspondence with the surface Pt atom at 50 mV,
though Pt(110) reveals an exceptionally high coverage
of 1.4—1.5.
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Fig. 1. Cyclic voltammograms of Pt(111), Pt(110), and Pt(100) electrodes in 0.5 M H2SO4. Sweep rate, 100 mV s~ 1.

It is one of the interests in the present work whether
the adsorbed hydrogen take part in the hydrogen evo-
lution and ionization reactions or not. These hydrogens
are denoted UPD-H in the text.

Kinetics for the Forward Hydrogen Electrode
Reaction (Evolution). = We have already reported
the kinetic parameters on the respective electrodes in
0.5 M HyS0,4.'® The Tafel relation was not affected
by the rotation speed from 500 to 5000 rev-min~!.
The kinetic parameters obtained at 1000 rev-min—! are
quoted in Table 1. The Tafel constant & and logj,
(exchange current density) are common among the elec-

Table 1. Kinetic Parameters of the Hydrogen Evolu-
tion and Ionization Reactions in Acid Solution
Plane (111) (100) (110)
[H2 evolution]
log jo/A cm™? —2.99 -2.97 —2.87
Tafel slope/mV —34 —35 —32
a 1.8 1.7 1.9
Zy+ 1.7 1.7 1.9
[H ionization]
Tafel slope/mV 45 45 35
a 1.3 1.3 1.7
Tyt -13 -13 -1.7
a+a 3.1 3.0 3.6
Tyt —Z g+ -3.0 -3.0 -3.6

trodes studied, indicating structure insensitiveness of
the hydrogen evolution reaction. The structure insensi-
tiveness will reflect that the real reaction intermediate
for the forward hydrogen electrode reaction is common
among the crystal planes, i.e., the on-top H as concluded
by Nichols and Bewick'® and not the structure sensi-
tive UPD-H. A similar conclusion is reported recently
by Lei et al.'¥ by coulometric study.

In the present work, the reaction order with respect
to HT, Zy, was examined. Zy is defined as

- _ [ Olog 7
Zut = (alog aH+>¢’ (18)

where ¢ is the electrode potential referred to the stan-
dard hydrogen electrode and ay is the activity of HT,

respectively. The above reaction order is expressed as®®
— —, m —
Zu+ = Zu+ - “‘_:+ o (19)

in terms of the apparent reaction order defined at a
constant overvoltage (7) as

—r [ Olog 7
Zur = (a,log ay+ )n (20)

and the numbers of H* and electron concerned in the
reaction, my and n. The value of m has negative sign
for the reaction.

When log j is plotted against 7, the plot appears in-
dependent of pH in a range from 0.1 to 2.5 on the respec-
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tive planes within an experimental error, i.e., Z'z+ =0
(Fig. 2). The values of Zy+ from Eq. 19 with myg+=-2
and n=2 are 1.7—1.9, close to 2 and listed in Table 1.

Kinetics for the Backward Reaction of the Hy-
drogen Electrode Reaction. @ When hydrogen was
introduced into the electrolyte solution, the reversible
hydrogen electrode holds and a positive polarization
causes the hydrogen ionization reaction. Figure 3 rep-
resents a typical polarization curve at Pt(110) in Ho-
saturated 0.5 M H,SO,4 (sweep rate 5 mVs~!, 1000
rev-min~!). The anodic current rapidly increases with
the polarization and at ca. 70 mV reaches a limiting
value, ji,, which depends on the rotation speed of the
electrode. ji, observed at 115 mV by sweeping the
rotation speed up and down (20 rev-min~!) is plot-
ted against w'/2 in Fig. 4. The Levich relation holds,

50
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A (110)2mA
w . O (111)imA
I
m o3
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> LA A
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Fig. 2. pH effect of the overvoltage at 1 mA cm™2 on

Pt(111), 2 mA cm™2 on Pt(110) and 3 mA cm™2 on
Pt(100). Solution, H2SO4+Na2SO,4 (ionic strength,
0.5 M).
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Fig. 3. Positive and negative polarization curves for
H; ionization at the rotating Pt(110) electrode in Ha
saturated 0.5 M H2SO4. Sweep rate, 5 mVs~™!. Ro-
tation speed, 1000 rev-min~?.
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Fig. 4. The Levich plot for H, ionization on the rotat-
ing Pt(110) electrode in Hy saturated 0.5 M H2SOy4.

Rotation sweep speed, 20 rev-min~'s~!. Electrode

potential, 115 mV vs. RHE.

demonstrating that ji, is controlled by the Hy diffusion
(denoted jpr, in what follows). At a smaller polariza-
tion, the hydrogen ionization is mix-controlled by the
H, diffusion (in solution) and the backward reaction (at
surface). In order to obtain the kinetic parameters of
the surface backward reaction, we treated the polariza-
tion curve as follows.

By using the surface concentration of Hy, the net cur-
rent j is expressed by:

=7 -7 =so{ew @) (G22) —exp (-3 )},
Ha,b
(21)

where ] and j are the backward and forward current
densities of the surface reaction, Cy,s and Cu,p the
concentrations of hydrogen near the surface and in the
bulk, and f=F/RT, respectively. From Fick’s second
law, the concentration ratio in the above equation is
expressed as

CH27 J

CH,,b =1 jor’ (22)
where jpr, is given in terms of the diffusion coefhi-
cient, D, and the diffusion layer thickness, 8, as jpL=
nFDCy, /6. Introduction of Eq. 21 to Eq. 22, yields

i =do{exp (@ fm)- (1- Jﬁ) ~ep (-afp). (23)

Since Jo, j, and @ in Eq. 23 were already given from
the hydrogen evolution experiments, the Tafel constant
o of the backward reaction can be obtained by plotting
log j against 1, where log j is given from Eq. 23 as

3/do +exp (*O}‘z—qlfn)

1-j/joL

log
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Figure 5 exemplifies the results at the respective planes
in the Hs-saturated 0.1 M HySOy4 for 1000 rev-min—1!.
The slopes give the Tafel constants summarized in Ta-
ble 1. We find that @ is almost the same at (111)
and (100), 1.3, and clearly larger at Pt(110), 1.7.
These values, independent of w in a range of 500—5000
rev-min~!, indicates that the hydrogen ionization reac-
tion is structure sensitive. -

Once the @ becomes known, j and hence the Tafel
line for the backward reaction under the absence of the
diffusion control is calculated. Thus, the reaction order
of hydrogen ion for the backward reaction,

= _ [ dlogj
Zu+ = ( Blog agr )¢ (24)

can be estimated from the results obtained at various
pH (0.1—1.7). A similar relation to Eq. 19,

— —/ mH+ —
Zu+ = Zu+ — «a

was used where <Z£I+ is the reaction order defined at a
constant overvoltage. Reaction orders thus obtained on
Pt(111), (100), and (110) are shown in Table 1.

Discussion on the Reaction Route of the Hy-
drogen Electrode Reaction. The obtained kinetic
parameters disagree with the theoretically expected val-
ues described in the previous section. The experimental
values in Table 1 give a+a=3.0—3.6 and Zy+ — Zy+=
—3.0——3.6 in acidic solutions, being entirely differ-
ent from the theoretically expected values (o +a =2
and Z g+ — Zg+=—2). The discrepancy in acidic solu-
tions undoubtedly denies our tacit assumption that the
rate-determining step occurs in the forward and back-
ward directions via the same potential profile. In other
words, the above discrepancy leads us to assume differ-
ent routes for the rate-determining step in the forward
(evolution) and backward (ionization) direction at Pt
in acidic solutions.
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Fig. 5. Tafel polts of Hy ionization reaction on rotat-

ing Pt(111), Pt(110), and Pt(100) in 0.1 M H2SO4+
0.9 M NaySO4. Rotation speed, 1000 rev-min~1.
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One of the possible explanations is illustrated in
Fig. 6a. The forward reaction may take place on ter-
race of the Pt crystal planes at which the sites of the
rate-determining step must be different from the ones
for the UPD-H familiar from the voltammogram, since
the hydrogen evolution reaction rate appears structure
insensitive. On the other hand, in the case of the back-
ward reaction, hydrogen molecule first adsorbs on the
defects such as steps or kinks, as shown in Fig. 6a which
will have a higher adsorption energy than the terrace.
In fact, in gas/solid system it is reported that hydro-
gen molecule undergoes easily dissociative adsorption
at steps on the single crystal of platinum.?") These dis-
sociated hydrogen atoms may either move to terrace
by surface diffusion, or ionize directly to H*. Easier
recombinative desorption on terrace and easier disso-
ciative adsorption at steps will be reasonably accepted,
provided that the heat of adsorption is larger at defects
than at terrace.

The other explanation is illustrated in Fig. 6b. The
forward reaction will take place at the on-top H site and
the backward reaction at the UPD-H site, respectively.

The hydrogen evolution proceeds by the recombina-
tion of the on-top H where the UPD-H of full cover-

(@)

Fig. 6. (a) A possible model for the hydrogen evo-
lution and ionization at Pt electrode. (b) Another
model for the hydrogen evolution reaction (at on-top
H site) and hydrogen ionization reaction (at UPD-H
site). A pair of on-top H’s (O), each occupying the
sites of the adjacent platinum atoms, undergoes the
recombination.
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age does not take part in the reaction. Though the
detailed way of the recombination will remain open to
discussion, Fig. 6b shows one of the possible ways that
a pair of on-top H’s, each occupying the on-top site of
the adjacent platinum atoms, undergoes the recombi-
nation. The on-top H population will increase propor-
tional to exp (—nF/RT) at a low coverage which leads
to the Tafel slope of —30 mV. Energetics of the on-
top H will be primarily determined by the nature of the
surface atom itself and only secondarily by the surface
arrangements. This is in agreement with the structure
insensitiveness of the forward reaction.

The hydrogen ionization reaction is also controlled
by the first elementary step of Hy dissociation to the
adsorbed hydrogen. This backward reaction will take
place at a vacant UPD-H site which will be allowed to
exist in a sensitive manner to the electrode potential in
a coverage range of UPD-H close to unity. The ener-
getics of the UPD-H site will be now affected by the
surface arrangement of platinum atoms. The present
results demonstrates the structure dependence of the
backward reaction, showing a higher value of the Tafel
slope at Pt(111) and (100) than that at Pt(110). The
population of the vacant UPD-H site will be taken to in-
crease proportionally to exp (—nF/RT) in a region close
to the full coverage of UPD-H. The requirement of the
adjacent pair of the vacant sites will bring the Tafel
slope of 30 mV, while the electrochemical dissociative
adsorption,

Hy - H(@)+H" +e”

brings the Tafel slope of 40 mV.

Here we estimated the number of the reaction site
(inperfections or vacant sites) which is effective under
the mixed control of the surface reaction and the Hy
diffusion. First we assume a hexagonal distribution of
the reaction site. Each reaction site forms its own semi-
spherical diffusion layer during the reaction. The layer
will grow with the reaction time and reach the maxi-
mum one at a radius, /, determined by the solution con-
vection. The number of the semi-spheres which array
in a hexagonal pattern is given at a radius of / as

1 1
N= 23 12
When lis 10~3 c¢cm, N becomes 3x10° cm™2. This num-
ber is extremely small compared to the atom numbers
present in the surface, ca. 101°> cm™2. N increases to
3x10' ¢cm~2 at [=10"5 cm but still is less than 0.05%
of the total atoms.
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This means that the hydrogen ionization reaction
reaches the limiting rate at an expense of the negligibly
small amount of UPD-H.

For further detailed information, it is required to
carry out the experiment at much more precisely con-
trolled experimental conditions including the surface
state.
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