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Abstract

Hydrogen electrode of silver was observed in alkaline solution with a view to verifying the
catalytic mechanism previously concluded as operative, by observing the saturation current
density at higher cathodic polarization as predicted by the mechanism.

The current density was observed, over the range from 10-3 to 10 A cm~—2 in 1.11+0.01
or 0.26£0.01 N NaOH solution at 21+ 2°C, by applying constant current by pulse technique for
a time interval long enough to secure a constant overvoltage toward the end of the pulse but
short enough practically to exclude local heating of electrode and local change of electrolyte
concentration, which might disturb the observation.

Three different kinds of electrodes were prepared from silver wire of four nine purity, 7.e.
(A) a small sphere formed by heating the silver wire up to melting in helium and enclosed in
a thin glass bulb with hydrogen, (B) the wire sealed into glass tube with the sealed end of the
latter coated with Araldite, and (C) the wire mounted in Teflon holder with Neoflon; they are
referred to below as electrode (A), (B) and (C) respectively. Small glass bulb of electrode (A)
was broken in electrolyte solution, while electrodes (B) and (C} were subjected to anodic and
cathodic polarizations repeated alternately several times (anodic activation) in the electrolyte
solution, respectively immediately before measurements.

Results obtained are as follows.

(1) The current density of one and the same electrode of each kind was observed repro-
ducibly within 10 mV at each overvoltage below the current density of 1 A cm~% (2) Several
tens pieces of electrodes of each kind were submitted to the observation. Best coincident
results were obtained along with the least rest-potentials within a few mV as referred to the
reversible hydrogen electrode in the same environment with electrode (C), which was used
throughout the present research. (3) The decay curve of anodic polarization presents three
distinct plateaus respectively at 1.1, 1.4 and 1.6 V as referred to the reversible hydrogen electrode
in the same environment, which was observed with a view to investigating the effect of anodic
activation mentioned above. (4) TAFEL line of the electrode (C) consists, over the current density
below 1 A cm~2, of two linear parts at lower and higher current densities with slope 43+2 mV
and 309:+5 mV respectively. (5) Beyond the current density of 1 A em~2, the overvoltage starts
to deviate from the TAFEL line, increasing very rapidly with increase of current density,
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indicating the saturation current density at about 10 A cm~2. (6) Effect of concentration change
from 0.26 to 1.11 N on overvoltage is imperceptible within experimental errors.

The above mentioned results (4) and (5) were theoretically reproduced on the basis of the
catalytic mechanism, taking account of the repulsive interactions of hydrogen adatoms each other
and between them and a critical complex of the rate-determining step, Ze. the recombination
of hydrogen adatoms, assuming the predominant contribution to the current density to be due
to (111)-lattice plane by analogy with a previous result of exact calculation in case of the hydrogen

electrode of nickel.
The present results establish the previous conclusion that the catalytic mechanism is opera-

tive on hydrogen electrode of silver.
Introduction

Three mechanisms have so far been advanced for the hydrogen evolution

reation,
2H +2 =H,, (1)

where H~ is proton attached to a BRONSTED base, H/O or OH", and e is
metal electron ; they are
(1) slow discharge mechanism, where the discharge of proton

H +e -A»-H{a),

which detérmines the rate as indicated by symbol -A»>, is followed by the rapid
recombination of hydrogen adatoms, H(a)’s,

2H(a)—H,
or by the step

H*+H(a)+e —H,,
(2) catalytic mechanism, where the rapid discharge

H"+e ——Hf{a) (2. a)
is followed by the rate-determining recombination

2H(a) Ao H, , (2.b)

and (3) electrochemical mechanism, where the rapid formation of hydrogen
molecule-ion, H; (a), adsorbed on the electrode,

2H" +e”—H; (a)
is followed by the rate-determining neutralization of Hj (a)

H;(a)+e A>H.,.
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A number of works have been contributed to the hydrogen electrode of
silver in acidic solutions™'® but only a few to that in alkaline solutions.”™
BockRis et al.'® estimated the adsorbed amount of H(a) on silver electrode in
alkaline solution by analyses of galvanostatic transients of the electrode which
was preliminarily subjected to polarization of different magnitudes, concluding
the slow discharge mechanism as operative. AMMAR and AwaDp" drew the
same conclusion from the value of TAFEL slope of 2RT/F and the value ca.
1 of 2, i.e. the number of electrons transferred by one act of the rate-determining
step. HorIUuTI et al.®*® concluded the catalytic mechanism from the value 6
of the electrolytic separation factor of deuterium' and hence predicted the
existence of the cathodic saturation current density.”®'*'®

The saturation current density is understood as concluded necessarily from
the catalytic mechanism as follows. The step (2. a) is in the partial equilibrium
in this case, which is stated as

p o+ Fy = g

in terms of overvoltage, 7, and electrochemical potential, 7", and chemical
potential, x™?, respectively of H* and H(a). The x*® increases along with
n according to the above equation, which results in the increase of coverage, 6,
of H{a). The @ increases, however, just up to unity, where the rate-determining
recombination has the constant rate of “decomposition” of a constant system
consisting of the electrode fully covered by H(a)’s irrespective of ™. It follows
that the specific rate of hydrogen evolution tends to a constant value as called
the saturation current density with increase of 7 toward sufficiently high a
value. Such a limiting value is not, however, expected in case of the slow
discharge or the electrochemical mechanism. Another conclusion from the
catalytic mechanism is the independence of current density against overvoltage
on pH.

The cathodic current density of hydrogen electrode of silver in alkaline
solution of different concentrations is thus experimentally followed up to the
highest possible value of 5 with a view to verifying the above conclusions from
the catalytic mechanism.

*) Overvoltage is defined as the negative of the potential of test electrode referred to the
reversible hydrogen electrode in the same environment, hence expressed in terms of
electrochemical potential, u¢~ or ug, of electron in the respective electrodes, as

Fr=p —pgy.

**) In the neighborhood of full coverage, ##(®) varies with 8 as yH®)=RT In 9

1—6
(Ref. 18), so that #H(®) increases without limit along with the approach of 6 to unity,
leaving 6 practically constant.

+const
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Most of the works on the hydrogen electrode of silver have been conducted
in the range of current density up to 107* A cm™?, except those of BockRris
et al.*®, who followed it to the extent of 10> A cm™ (cf. Fig. 7). The results
of those works show, however, no sign of the saturation current density at all.

In the present work, local heating and local change of electrolyte concen-
tration are avoided by means of the pulse technique which produces the highest
constant current of 1 A. Special precautions are taken to secure the smallest
possible value of rest-potential as referred to the reversible hydrogen electrode
in the same environment which is a symptom of sound operation of the hydrogen
electrode, its departure from zero indicating an inhibition of hydrogen electrode
reaction and a concurrence of other electrode reactions. Little attention has
hitherto been paid in this respect.

Experimental procedure and experimental results are described in §1 and
§ 2, and the latter are reproduced theoretically on the basis of the catalytic
mechanism in § 3, according to the lattice plane model'®****” where each metal
atom of the lattice plane provides a physically identical site for a hydrogen
adatom just above it and a pair of sites forms a seat for a critical complx of
the rate-determining step.

§1. Experimental

Experimental methods are the same as reported previously.”~* The diffi-
culties of local heating of electrode and local change of concentration are
overcome, as mentioned in the introduction, by means of a pulse of constant
current applied for a period of time which is long enough to allow the potential
of the test electrode to a constant value toward the end of the pulse but short
enough to restrict the local heating of the electrode to 2 degrees at most and
the concentration polarization due to local change of concentration of OH™ in
alkaline solution to 20 mV at most, as estimated similarly to previous works®:*,
the restricted values being within experimental errors at the relevant high
current density.

1-1. Apparatus, electrode and materials

The apparatus consists of, purification trains for gases, a cell accommodating electrodes, a
pulse generator and a recorder of potential of electrodes. The purification trains of gases, the
cell and the pulse generator are respectively the same with those reported previously.?h2 A
cathode ray oscilloscope (Syncroscope SS 5302, Preamp SP-15H-A Iwasakl Communication
Apparatus Co., LTD., Tokyo) or occasionally an electronic recorder (EPR-2T Toa Electronics
Co., LTD., Tokyo) has been used as the recorder.

The test electrodes are prepared in different ways as follows with silver wire of four nine
purity as stated by the supplier, TANAKA Noble Metal Co., Tokyo. (A) The silver wire of
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(a), Electrode (A) C—e -
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(b}, Electrode (B) C—= - - - = "!l*’_,
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(c), Electrode (C? mmmmnﬂmmmwwmwmm
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Fig. 1. Diagram of electrode (A), (B} and (C)

a: Ag b: Ptor Ni ¢c: W d: hydrogen atmosphere e: glass bulb
f: glass tube g: Araldite h: Teflon i: Neoflon

0.1 or 0.5 mm diameter is connected to W wire, inserting a piece of Ni- or Pt- wire, between
them in order to avoid the difficulty in spot-welding Ag directly to W2 W- and Ni- or Pt-
wires thus connected and the metal-metal junctions are now covered with ca. 0.5 mm thick layer
of glass; the juncture of wires thus covered with glass is called a stem in what follows. The
stem is now washed with benzene, alcohol, dilute sulfuric acid and conductivity water succes-
sively, and the exposed end of wire heated in purified hydrogen gas to reduce its surface oxide
and then melted in purified helium gas to form a small sphere at the exposed end of wire,
which is sealed in a small glass bulb with hydrogen according to the method of BOCKRIS et
al?~%) (Fig. 1(a)). These treatments, 7.e. the reduction in hydrogen, the formation of sphere
in helium and the sealing into small glass bulb with hydrogen are conducted without exposiﬁg
the silver end to air throughout. The glass bulb of the electrode (A) thus prepared is broken
in electrolyte solution immediately before measurements. (B) Glass covered part of the stem is
fused into a glass tuke, and the fused end of the glass tube is covered with Araldite (CIBA
Limited, Basle Switzerland) as shown in Fig. 1 (b) for protection against infiltration of solution.
The surface of electrode thus prepared is cleaned similarly to the stem in the case of (A).
The electrode is now introduced into electrolyte solution and subjected to anodic and cathodic
polarizations repeated alternately several times directly before measurements (called anodic
activation in what follows). (C) Silver wire is mounted in Teflon holder by means of melted
Neoflon (Tetrafluoroethylene-hexafluoropropylene copolymer) as shown in Fig. 1(c). The e-
lectrode is cleaned similarly to the stem of electrode (A) or electrode (B) itself and subjected
to the anodic activation similarly to electrode (B) just before the measurement.

Apparent geometrical surface area of the electrodes is either 0.7 or 0.03 cm?.

The cylinder formed of wire gauze or plate respectively of platinized platinum serves as
the counter or the reference electrode. All cocks are water sealed. The apparatus is con-
structed with borosilicate glass called Hario of SHIBATA Co, LTD., Tokyo. Electrolyte is NaOH
from WAKO Pure Chemical Ind., LTD., Osaka or from KANTO Chem. Co., Tokyo; its solution
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of 1.11+0.01 or 0.26 =0.01 N concentration is reserved in a flask in an atmosphere of purified

hydrogen.

1-2. Procedure

Experiment with electrode (A) is conducted as follows. Cell and glass bulb are cleaned
with a mixture of 50-50 concentrated nitric and sulfuric acids overnight. Pre-electrolysis is
conducted bubbling the purified hydrogen gas through the solution for about 60 hr with current
of about 30 mA. The glass bulb is now broken by a glass stick attached to the cell and the
spherical test electrode is positioned close to the orifice of the LUGGIN capillary.

Electrode (B) or (C) is cleaned and subjected to the anodic activation immediately before
measurements as described in 1-1.

A single pulse of constant current ranging from 10-3 to 10 A cm~Z is now applied between
the test and the cylindrical counter electrodes, the former being situated at the center of the
latter. Resulting potential change of the test electrode with time is observed on a screen of
the cathode ray oscilloscope and photographed on film (Neopan SSS, FuJi Photo Film Co., LTD.)
with a camera (Canon RM, F 1.2). The overvoltage relevant to the applied constant current
at the steady state is determined as the constant potential difference between the reference
electrode and the test electrode attained toward the end of pulse minus the potential difference
due to the solution resistance (called IR drop) between the orifice of the LUGGIN capillary and
the test electrode. The IR drop is determined from the initial jump of the potential difference
in a very rapid sweep (2u sec cm~1).2.22) Solutions are titrated with standard 1.0 or 0.1 N HCI
solution after the measurements. All these measurements are carried out at room temperature
21+ 2°C),

§2. Results

2-1. Rest-potential

Rest-potential was measured by an oscilloscope or an electronic recorder
referring to the reversible hydrogen electrode in the same environment. E-
lectrode {A) showed relatively high an anodic rest-potential amounting 26411
mV on an average for 73 electrodes and a poor agreement of the p~log i
relation between them (Fig. 2).

Electrode (B) revealed smaller rest-potential amounting 17+4 mV on an
average for 39 electrodes and better agreement of the p~log 7 relation between
them (Fig. 3). The higher rest-potential of electrode (A) and its poorer agree-
ment might be due to some sort of contamination induced by the heat trea-
tment as suspected from white powdery appearance of the end of the glass
covering near the electrode.

The rest-potential of electrode (C) was measured before and after the
measurements of y~log i relation, which were found much the same to each
other ; the values before measurements are shown in the last column of the
Table 1. The average value of the rest-potential is 4.54+0.9 mV on an average
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Fig. 2. Relationship between overvoltage, %, and log 7 on electrode (A).
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Fig. 3.

Relationship between overvoltage, 7, and log 7 on electrode (B).
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of 19 electrodes of this kind and a best agreement of y~log i relation is
obtained between them. Systematic observation was carried out with this kind
of electrode as described below.

2-2. Build up and decay curves of anodic polarization

Build up and decay curves of anodic polarization were observed with e-
lectrode (C) with a view to investigating the effect of anodic activation. Decay
curves of so high an anodic polarization as oxygen evolves, reveal three plateaus,
those at 1.4 and 1.1 V, as referred to the reversible hydrogen electrode in the
same environment, being well defined as illustrated in Fig. 4. Colour of the
electrode surface changes quite sharply from black to light gray along with the
decay across 1.4 and then from light gray to slightly yellowish or grayish
metallic colour along with the decay across 1.1. This indicates that the plateaus
are due to transition of compounds on the surface. The transition is inferred
to be that from AgO to Ag.O, or that from Ag,0O to Ag with reference to the
known equilibrium potential 1.4 or 1.1 V-**® of the reaction,

2Ag0O+H,O+2e = Ag,0O+20H" (3. a)
or

Ag,O+H,O+2¢ =2Ag+20H" (3. b)

respectively.  Similar conclusion has been reported by several workers.”~*®

WALES et al*™* recently confirmed by X-ray diffraction, the transition of AgO
into Ag,O and the latter into Ag respectively at 1.4 and 1.1 V on the surface
of silver electrode at its working condition. The amount of AgO or AgO
formed was estimated in accordance with Eq. (3.a) or (3.b) at 10* or 5 10°
layers from the amount of the cathodic current density 10 mA cm™ applied
after cessation of the anodic current density of 50 mA cm™* and the length of
the respective plateaus on the base of the number of surface atoms of silver
assumed to be 10 cm™2. Another plateau observed at 1.6 V indicates also the
transition of another higher oxide on the surface, although its amount is much
less than those of the other two plateaus. The higher oxide appears to be
Ag,Q,, since the equilibrium potential of the reaction,

Ag,0,+H,O+2e =2Ag0+20H"

is known to be 1.5 V*® as referred to the reversible hydrogen electrode in the

same environment.
The build up curve of anodic polarization reveals on the other hand only
two plateaus before the steady state of oxygen evolution is reached. The first
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Fig. 4. Build up and decay curves in anodic polarization.

Dotted line : the potential change caused by cathodic
current applied after anodic polarization.

plateau marked with I in Fig. 4 is much shorter than the second one marked
with II indicating much less formation of the lower oxide at the plateau of I,

contrary to the findings in the decay curves, which is unexplainable at the
moment.

2-3. Build up and decay curves in cathodic polarization

The state of the electrode (C) was further investigated by observation of
cathodic and anodic build up as well as decay curves in cathodic region in
view of recent results of KaBaNOV et al*™, who suggested the formation
of intermetallic compound with alkali metals in alkaline solution on the ground
of a plateau as revealed at 1.3 V against a normal hydrogen electrode on the
anodic and cathodic build up curves alternately observed in the cathodic region.

None of such plateau is now observed in the present experiment but a mo-
notonous change of potential.

No intermetallic compound or surface complex
needs hence be formed. This difference might be due to that of treatment of

electrode ; KaBANOV et al. applied constant high cathodic polarization of 1.2 V
against a normal hydrogen electrode for an hour and then that of 1.5~2.0V
for 0.05 sec~2 hr before measurements, whereas the electrode (C) in the present
experiment was subjected to the anodic activation for only a few minutes as
described above.
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Fig. 5. Relationship between the IR drop and the current density
(121 N NaOH, 21°C).
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Fig. 6. Relationship between the overvoltage, 7, and log ¢ on electrode (C) at 21x2°C,
——: L112001 N NaOH s : 0.26:0.01 N NaOH
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2-4. Roughness factor

The anodic activation was found roughly to treble the differential capacity
of the electrode as determined from the initial slope of potential-time curve
taken in a very rapid sweep (2¢ sec cm ')** The current density is thus
calculated on the base of roughness factor 3.

2-5. IR drop

A great portion of the total potential difference is the IR drop at higher
current densities so that sufficiently accurate determination of it is required for
the evaluation of overvoltage. Fig. 5 shows a typical result of IR drop
determination (cf. 1-2), plotted against the current density. The precise pro-
portionality of the IR drop to the current density as seen in Fig. 5 confirms
the reliability of the IR drop determination.

2-6. y~log i relation

Overvoltage, 7, determined as described in 1-2 is plotted against log 7 in
Fig. 6. Full or dotted lines represent respectively the results obtained in

TABLE 1 Values of b and ¢, on silver in alkaline solutions.

Conc. of b (low) b (high}) . 7y Rest-potential
No. NaOH (N} |
| (mV) (mV) i (pA, em~?) (mV)

1 1.06 50 280 | 2.28 7.0

2 106 | 50 30 6.66 08

3 1.06 30 335 3.94 2.0

4 1.06 40 340 7.52 0.3

5 1.06 52 317 214 40

6 0.20 38 320 166 ~01

7 0.20 50 390 185 22

8 0.20 2 320 269 20

9 0.29 230 7.07 5.2
10 0.29 370 0.34 0.0
11 0.29 50 280 5.16 3.0
12 0.29 50 205 481 15
13 0.29 40 275 6.06 45
14 0.29 33 260 495 05
15 1.06 310 10.4
16 1.06 200 32
17 1.06 315 0.2
18 1.06 330 2
19 1.13 340 01
20 113 53 290 | 0.6
21 1.2 340 0.2
22 121 323 | 6.3
23 121 205 2.3

Mean | a3:2 | 309s5 45404 45509

Cale. | e 80 | 56|
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1.1140.01 or 0.2640.01 N NaOH solution at 21+2°C. The curves show
two linear parts over the range of current density from 107° to 1 A cm™.
Values of slopes as well as of exchange current density, i,, are summarized
in Table 1, where 7, is extrapolated at y=0 from the linear part of the lower
current density. Average value of the slope is 4342 or 30945 mV for the
part of the lower or higher current densities respectively. These values are
remarkably different from the values previously reported as mentioned later.
Beyond the current density of 1 A cm™, overvoltage starts to deviate from
the linear relation and increases quite rapidly around the current density of
10 A cm™* as observed in 1.11 N NaOH solution, indicating the existence of
saturation current density thereabouts. Measurements at higher current densities
than 1 A ecm™* are not conducted in 0.26 N NaOH solution owing to exceedingly
large a value of IR drop which renders the determination of overvoltage

inaccurate.

\Theore’tical

value of saturation o.d.

10

05

= =6 =5 =4 =3 =
——— log i (Acm®)
Fig. 7. Comparison of the present results with others.

1) Present results 2) AzzAM and BOCKRIS (5N HCI, 25°C)»
3) ANTONIOU and WETMORE (2N H,SO,)'® 4) CoNwAY (0.1IN HCIl, 25°C)*»
5) GOSSNER, LOFFLER and SCHWAB (2N H,SO,, 18~21°C)®
6) DEVANATHAN, BOCKRIS and MEHL (0.1N NaOH, 25°C)®
7) AMMAR and AWAD (0.IN NaOH, 30°C)*®
Dotted line is the theoretical unidirectional rate calculated by Eq. (31).



Hydrogen Evolution Reaction on Silver in Alkaline Solution

The y~log i relation is not affected by the change of concentration from
1.11 to 0.26 N NaOH within experimental errors as seen from Fig. 6.

2-7. Comparison with previous results

Fig. 7 shows typical one of the present results in comparison with those
of other authors both in alkaline and acidic solutions. We see that overvoltage
of the present work is lowest at lower current densities and highest at higher
current densities. It is the general tendency found in the present experiments
that the smaller the rest-potential, the lower the overvoltage is at lower current
densities. The rest-potential is in consequence an important characteristic of
hydrogen electrode but not at all reported by other authors except by ANTONIOU
et al.’®, where the rest-potential lies in the range from 350 to 450 mV. The
present results are besides remarkably different in revealing the saturation current
around 10 A c¢cm 2, from those of Bockris et al.*® which indicates no sign
of it up to 10° A cm™.

It is now concluded as in the case of nickel”* from the appearance of
the saturation current density and the absence of pH effect on y~log 7 relation
that the catalytic mechanism is operative on silver in alkaline solution.

§ 3. Theoretical

It is.now tried to reproduce the observed y~log 7 relation theoretically on
the basis of the catalytic mechanism taking account of the interactions between
hydrogen adatoms each other and those between the adatoms and a critical
complex. The repulsive potential of an adatom or a critical complex exerted
by the surrounding adatoms is here assumed to be proportional to the coverage
of hydrogen adatom®. This approximation is called the proportional one in
what follows.

3-1. Formulation of the reaction rate

Let C be the assembly consisting of electrode, solution and hydrogen gas,
and QC the partition function of C. The C” or C* is defined as the assembly
formed by addition of an initial system, I, or a critical complex, 3, of a step
in question to C and QC’ or QC* as the partition function of C* or C*
respectively.

According to the theory of reaction rate developed by HoriuT1***”, the
unidirectional rate of the step in question, v., is given in general, identifying
the transmission coefficient with unity, as

*} This is just the first approximation and a higher approximation will be later conducted
as in case of nickel electrode by HORIUTI and one of the present authors®®.
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(4)

v = KL QC _ kT QC/QC _ kT p~

i h QC A QCyQC h p
where p* or p’ is the factor with which {C is multiplied by addition of =
or I to form C* or (7 respectively and %, T or & is of usual meanings. The
factor p#* is similarly defined as that of multiplication of QC by addition of
H(a). The chemical potential, x*, 4* or p*® of a critical complex, the initial
system or hydrogen adatom is now given in terms of p~, p’ or p™* respectively

4%

4" =—RTInp" (5. a)

@=—RTInp' (5.b)
or

p*V = —RT In p™© . (5.¢)

Eq. (4) is now applied to the rate-determining step of the catalytic mecha-
nism, for which I=2H{a). The H(a) is in the partial-equilibrium with H* and
metal electron, which is expressed in terms of the chemical potential of H{a)
and electrochemical potential, /,:H+ and g of H* and e, as

‘uH(a) _ #Iﬁ +‘ue_ . (6. a)
or in terms of overvoltage, 7, as”
2#H((¢) — #Hz +2Fv , (6 b)

where p™ is the chemical potential of gaseous hydrogen. The factor p’ in
Eq. (4) is now given from Egs. (5.b), (5.c) and (6.b) noting that p/=2,"“,

— {pH@)? _ _ﬂ”zfgﬁ> — pla. _2Fy
PI {P } exp< RT P exp< RT /) b4 ( 7 )
where p*: is the BoLTzMANN factor of p™ and expressed with good approxi-
mation as,

H,

Hz—_Q__z_
P ‘NH" (8)

where N¥: is the concentration of hydrogen molecules in gas around the e-
lectrode and Q% the partition function of a single H, molecule in unit volume.
Q™ is given identifying the vibrational partition function with unity, as

H,
2 - [P
Q% = (2am™kT 2 Ax* I, kTh 5-exp<— 2 ) : (9)
*) We have 2uH" 424t =puH. for the reversible hydrogen electrode, hence 24E" +2u¢”
~2Fn=p™: in accordance with the equation Fr=pue” —u¢, referred to in the footnote
on p. 4, or Eq. (6. b) with reference to Eq. (6.a).
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where m,;, or I,; is the mass or the moment of inertia and ¢ the ground state
energy respectively of H,.
The factor QC*/QC or p*~ in Eq. (4) is given for a group of physically

identical seats ¢%’s as'®***"

N
= SO .
where QC% s, is the partition function of the assembly C)(.,, which is the
particular case of C*, where the definite one of the physically identical seats
of the critical complex is occupied by 2 with certainty, and G* is the total
number of ¢*’s.

The rate expression (4) is now given in terms of forward unidirectional
current density, 7., with reference to Egs. (7), (8) and (10), as

T 2F G QCk N* 2F
i = T.E.T._-Q—C&ﬂ. o .exp<m@> ) (11)
where F is the FARADAY, N, the AvoGaDRO’s number, A the surface area
and the factor 2 cares for the two elementary charges transferred for every
occurrence of step (2. b).

It is now required to evaluate the factor QCx,/QC as a function of 5
in order to derive i as a function of 5 according to Eq. (11). It has been
shown with f.c.c. crystal of nickel™*” by theoretical calculation that contribution
to 7. of the critical complex in ¢%, provided by a pair of metal atoms in the
closest distance, 2.49 A, on (111)-lattice plane, predominates over that of critical
complex in ¢% provided by any other possible pair of metal atoms on any
principal lattice plane, i.e. 2.49 V3 A distant one on (111), 2.49 or 2.49 V2 A
distant one on (100)- or 2.49, 2.49 42 or 2.494 3 A distant one on (110)-lattice
plane. Hence by analogy, the present rough calculation with the f.c.c. crystal
of silver is conducted with ¢* provided by a pair of the metal atoms in the
closest distance of 2.883 A on (111)lattice plane.

3-2. Configuration of critical complex

The factor QC%,/QC in Eq. (11) is now evaluated by working out first
the configuration of the critical complex from adiabatic potential of the system
consisting of two hydrogen atoms and two metal atoms, the latter being fixed
at a distance of 2.883 A. Couroms and exchange energies, K and .J, are
determined as before’®**® from the MoRrsE function,

K+J=D[exp{—2a(r—ro)}—2exp{—a(r—ro)}_J (12)
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TABLE 2 Numerical values of constants of MORSE function
and the percentage of COULOMb energy.

D (Kcal mol-1) a (A~ ro (&) K/K+J)
H-H 109 1.98 0.7395 11%
Ag-H 57.658 1.508 1.6174 26%
Ag-Ag 18.6 ‘ 41%

and the percentage of the CouLoMB energy comprised in the MoRrsE function,
the latter being calculated by SLATER, ROSEN and IKEHARA’s method.®*”
Table 2 shows the numerical values of the constants in Eq. (12) and of the
above percentage for the respective pair of atoms.

The potential energy, ¢*, of the system around the critical state is now
expressed as

& = Koy a9 T Koy - ey + Koageny ey + Kuageey - sy
+ Kagy-mey + Kageey-meay

1
2
- [? l(JAg(U—Aa(z) + JHU)\Hu)_JAq(:)—H(z)_JAg(z)—H<1>)
2
+(Jagry—agxy + Juy—mey — Jagy - may— g —an)

+(Jagry-m0y T L agear—meny — L agey -y — JAg<1)~H(z>)2} ]
1
+ 2 (K5 4), (13)

where the last term }; <Kj— % J ,> is the potential of repulsions exerted upon
7

the pair of two hydrogen atoms constituting a critical complex by surrounding
silver atoms on the (111)lattice plane. Summation was taken over the metal
atoms situated 2.883 and 2.8834/3 A apart from any of the two metal atoms
providing the ¢*. Calculated results are expressed in terms of coordinates, 7.e.

x=(x1+x2)/2, 7/=(?/1+y2)/2> z=(21+zz)/2;
F=(r—x)2, §=W—v)2, Z=(—2)2,

where (x,, ¥, 2,) and (z;, ¥, 2.) are rectangular coordinates of the individual
hydrogen atoms as illustrated in Fig. 8; z, or x, is the distance of hydrogen
atom, 1 or 2, from the lattice plane (YZ plane in Fig. 8), v, or y, the distance
from the plane (ZX in Fig. 8) bisecting perpendicularly the line combining the
two metal atoms and 2, or 2, the distance from a plane (XY in Fig. 8), which
is perpendicular to the lattice plane and comprises the two metal atoms. The
x is thus the height of the center of the two hydrogen atoms above the lattice
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Fig. 8. Coordinates of two hydrogen atoms.

YZ plane represents the lattice plane.
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Fig. 9. ¢~ (z, y) calculated by Eq. (13) for seat afforded by a pair of
2.883 A spaced metal atoms on (111)lattice plane. Energy is
referred to that of the state where four atoms are at rest
infinitely apart from each other. X indicates the saddle pont.
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plane and y or z is the half of the sum of distances from the plane ZX or
XY respectively.

The potential energy has the extreme value with reference to 2, #, 7, and
g at =x=7y=%=0 as required by the symmetry of the configuration and is
particularly a minimum with respect to 2z, #, ¥, and £ according to Eq. (13).
The value of ¢ at the above minimum is illustrated as a function of « and ¥
in Fig. 9, where ¢~ less the last term of Eq. (13), i.e. the energy of the four
atoms is referred to that of the state where the four atoms are at rest infinitely
apart from each other. Saddle point is determined at x=1.49 A, y=0.67 A
from Fig. 9. The &* is now expanded in TAYLOR’s series around the saddle
point in order to evaluate the vibrational frequencies, v*’s, as,

e =&+ ZQ% (x—2f + @y, (x— 200) (Y — o) + @:,TF (14)

where ¢ is the value of ¢¥ at the saddle point and a,, efc. are the force
constants. Other cross terms vanish on account of the symmetry. The fre-
quencies were determined by the following equations, into which the sixth order
secular equation derived from Eq. (14) separates, i.e.

(@oe—2myd) (@, — 2Mpl)— A’y = 0
(s —2mpyd) (agy—2mpl)— @’y =0
A —2mph =0

and
az;z—2myhd =0,

where my; is the mass of hydrogen atom and i=4z°(r*f. Results are shown

in Table 3. One of the six values is imaginary, which corresponds to the

reaction path.
Vibrational frequencies of hydrogen adatoms are determined by the e-

quations ;

[(aZsH/axZ)z:xo]l/Z _

2am** T 2am'?

’ 2emM* ’

(15)

where the potential energy of hydrogen adatom, &”, is expressed as,
= DAG,H[exp { —2a,, glr—r)}—2exp {—aAg_,H(r——ru)}]

+2(K-57), (16)

the last term being the sum of the potentials of exerted upon the hydrogen
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TABLE 3 Vibrational frequencies of hydrogen adatom and
critical complex on (111)-lattice plane of silver.

vi (cm~1) \ 1241 \ 134 134 [

V5 (em=-1) ‘ 1254.9 ‘ 1470.6 520.7 546.5 ‘ 2302 | 16475
: | \

adatom by the surrounding metal atoms on the (111)-lattice plane. Table 3
shows the values of v*’s, v, etc. thus worked out.

3-3. QC,x, and QC

Based on the results of the preceding sections, the factor QCJk,/QC in
Eq. (11) is calculated for a critical complex in ¢~ provided by a pair of metal
atoms 2.883 A apart from each other on (111)lattice plane, taking account of
the repulsion due to surrounding hydrogen adatoms by the proportional ap-
proximation.

£1C'; According to the properties of partition function, Q0C is given as
the sum of QC, ., and Q2C,, ), 7. e

QC = QC, 0+ QC, ) ’ (17)

where QC,,,, or QC,,x) is the partition function of the assembly C at a
particular state, C,, or C, ), where a particular site o, is kept unoccupied
or occupied by a hydrogen adatom respectively with certainty.

Let now ¢, be either of the two constituent sites of 6%, say, .. The
QC, @, or QC, , is then developed with reference to ¢~ as,

L, () = QC,x o, 11),0,001 + LC % 0,020y (18)
or

QC,, 0y = QCox 1,001 T DC5 0,000,001 5 (19)
where C.C,=(, (a)0,0n is the partition function of the assembly of C at the
particular state, C,«(, ).y, Where g, is occupied by a hydrogen adatom and
the other constituent site ¢, of ¢ is unoccupied. Definitions of the other
partition functions on the right hand side of the above two equations are
similarly understood according to the parenthesized suffixes. These partition
functions are formulated taking account of repulsions due to surrounding hydro-
gen adatoms by the proportional approximation in accordance with spacing
shown in Fig. 10 (a), of sites near ¢* on (111)attice plane, as

QC,x (), 0y0n = Qoo LI

QC, = o, (my,0tin = QC oy 11, 111, (20)
QCﬁ(«,(ﬂ),az(on = QCﬁw)

QC,« {0,(0),0,(H)) = QCx T UL,
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where QC, =« is the partition function of
the assembly C* at the particular state,
i.e. C,x., where a particular seat ¢~ is
kept unoccupied, 7 the BoLTzMANN factor
of the reversible work required to transfer
a hydrogen atom from its adsorbed state
to the standard state and then from the
standard state to a definite, preliminarily
evacuated site inside ¢*, less the reversible
work due to the repulsions with surround-
ing hydrogen adatoms in the latter process.
L, III,, or I is the BoLTzMANN factor of T
the repulsive potential, R,8, R4, or R;

respectively, i.e. o \C\ //‘

I, =exp(—RMH/RT), o——=HI—>0

IH, = exp(— Ren0/RT) O// N

I =exp(—R,/RT), (21. a)

where R; or R, is the repulsive potential o

of the hydrogen adatom of interest due to (b)

the one 2.883 */ 3A apart from the former; Fig. 10. Interactions of critical com-
which is taken a times® as large as plex (a) or hydrogen adatom (b)
_35?16,18,20) of the Morsg function of with surrounding silver atoms

© . on (111)lattice plane.
hydrogen molecule, i.e.
R, =1.086a, R;;; = 0.0168 a (Kcal mole™), (21.b)

where « is the parameter to be adjusted. The 7 defined above is expressed as,
T =g ™, (22)

where g is the BoLTzMANN factor of the reversible work required to transfer
a hydrogen atom from its standard state to a definite, preliminarily evacuated
site less the part due to interactions. The ¢&“ is given as™

7@ = T 11 —exp (— huj/kT)} " exp (—efRT), (23)

j=1

*) It has been concluded by TOYA in terms of first principles of quantum mechanics*:*)
that the repulsion between adatoms must be greater than the exchange repulsion between
hydrogen atoms not bounded with each other and actually shown*») from the analysis
of hydrogen isotherm on nickel that the repulsive potential among hydrogen adatoms is
larger than the exchange repulsive potential estimated as —35% of the MORSE function.
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where v, is the frequency of the j-th normal mode of vibration of the hydrogen
adatom and % is its energy in the ground state. Hence, we have from Egs.
(7), (8), (9), (22) and (23),

PO _\/ N*h
= pH(a) - (Zﬂmﬂsz)3/2'47TZIszT
L w aw
-1 o 22— “ F
) [_ ’_ﬁﬁ] ( Zeg & p)
jl;[,ll exp( kT)I exp | — ‘ =T (24. a)

or

(24.b)

1
) 85'2—851(“)+Fn>
RT

at 25°C and 1 atmospheric pressure of hydrogen gas, using numerical values
of my, =3.337x107* and I,,=4.664 x10"* g cm®. - QC is now given from Eqgs.
(17), (18), (19) and (20) as

QC = QC,xy (L +2C+ 177, (25)

¥ =1.003-107 exp (——

where

E=rRIIL . (26)
QCx (., ; QCk (s, is similarly formulated as

QC e = OCox g L™, (27)

where g¥ is the BoLTzZMANN factor of the reversible work required to transfer
two hydrogen atoms from their standard state to a definite, preliminarily evacu-
ated seat ¢ less the part due to interactions with surrounding hydrogen adatoms.
The ¢; is now given as

x ; > hvi \1 7!
o == gp )L j1-ew (= T7 )|
where vF is the frequency of the i-th normal mode of vibration of a critical
complex and ¢ its energy at the ground state. {* in Eq. (27) is the BoLTzZMANN
factor of the excess of the reversible work required to bring up constituent
hydrogen atoms of a critical complex from their standard state onto the definite,
preliminarily evacuated seat, due to the repulsion exerted by surrounding hydro-
gen adatoms which is taken R*¢ by the proportional approximation, 7.e.

{* =exp(—R*0/RT), (28)

where the proportionality constant, R*, is a parameter to be adjusted.

97



98

Tadayoshi YAMAZAKI and Hideaki KiTA

3-4. Rate
The factor QC%(.,/QC in the rate equation (11) is now expressed by Eqgs.
(25) and (27) as
QCAw/DC=gr -7/ + 20+ ) (29)
hence, referring to Eqgs. (9) and (28),
. 2FkTN=Gy -exp {—(ey —ei:)/RT'}
 NRamg kTP 4zl kT ¢11 { 1—exp| —hv?/RT)}

1 +20+ 107 eXp< RT) (30)

where
GFf=G*|A=42%x10"cm™*
as follows from the geometry of the (111)lattice plane. We have from Eq.
(30) at 25°C and 1 atmospheric pressure of hydrogen
2F77>. &
RT /) (1+20+12%)°
(31)

i =7.406:10' exp {—(s;‘ —efz)/RT} -exp<

where £* and ¢ are the functions of the coverage, #, of hydrogen adatom as
seen from Egs. (28), (26) and (21.a). It is now required to determine # as a
function of 5 for working out 7, as such.

In accordance with the lattice plane model'**>*”, all sites on (111)lattice
plane are physically identical with each other, hence the coverage of hydrogen
adatoms is identical with the probability -of ¢; being occupied by a hydrogen
adatom, i.e. in terms of partition functions defined above,

0 = QC%(H)/QC

hence with reference to Eq. (17)

0/(1 _0) = QC,,Z.(H)/QC%(O) . (32)
The partition function QC, 4, is written by the proportional approximation as
Qcai(H) = chi(o)'r'f (33)

where ¢ is the BoLTZMANN factor of the excess of the reversible work required
to transfer a hydrogen atom from its standard state to the preliminarily evacuated
site a,, due to interaction with surrounding hydrogen adatoms ; & is approximated
counting as such only those on the sites 2.883 and 2.883 v 3 A apart from g,
which are respectively 6 in number on (111)-lattice plane as seen from Fig.
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10. (b), as

— I__ 6(RI+RII[) 0 l V

& expl —RT | {34)
The function 6 (y) is now calculated by Egs. (32), (33), (34) (21.b) and
(24.b) at 25°C and 1 atmospheric pressure of hydrogen by trial and error
method. Using ¢ () thus evaluated, 7,(y) is calculated by Egs. (31), (28), (25),
(21. a), (21.b) and (24.b), where the values of constants, &f —e¥2, R*, a and

ef“”—% ¢ are adjusted to those given in the next section, which make the
theoretical function 7.(y) to fit in best with the experimental one.
3-5. Comparison with experimental results

Theoretical value of 7_(y) is shown in Fig. 7 on the base of the adjusted
values of the parameters, a, etc.

a=>5

2HW gy = 4 () Kcal mole™’,
R*=113a«a Kcal mole™?,
ey —efi=11.2 Kcal mole™ .

We see a satisfactory agreement of the theoretical results with experimental
one. On the other hand, the above adjusted value of 2¢J"* —¢ indicates a
low heat of adsorption, that of « a high repulsive potentials and the both
incorporated specify silver as a poor or practically incompetent adsorbent of
hydrogen in accordance with well-known experimental results that hydrogen
adsorption on silver is not perceptible.*¥

The value of a=5 obtained here is extraordinary large as compared with
a=1.5 previously determined in the case of nickel. This is in conformity with
Toya’s theory**” of hydrogen adsorption, which states that the repulsive po-
tential between adatoms arising from their competition for metal electrons
participating in the bond, increases with decrease of the level density of electron
on the Fermi surface, whereas the level density of silver is much smaller than
that of nickel as follows from the values of electronic specific heat and magnetic
susceptibility.

Conclusive Remarks

Hydrogen evolution reaction of silver was observed. in 1.1140.01 and
0.2640.01 N NaOH solution at 2132°C in a range of current density from
107° to 10 A em™*  Electrodes were prepared in three different ways and a
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number of pieces of electrode of each preparation were subjected to the above
investigation. It was found that the best concordant results and the smallest
rest-potential, ¢.e. 4.6+0.9 mV as referred to the reversible hydrogen electrode
in the same environment were obtained in case of electrodes of the preparation,
where silver wire was mounted in Teflon holder by molten Neoflon and subjected
to the anodic activation before measurements.

Results obtained with the electrodes are as follows.

(1) TAFEL plot of one and the same electrode is reproducible within
10 mV for current densities below 1 A ecm™. '

{2) TarEL plot splits into two linear parts with slopes 43+2 and 309
+5 mV respectively at lower and higher current densities.

(3) The cathodic saturation current density is observed at ca. 10 A cm~
in 1.1140.01 N NaOH solution.

(4) The TAreL plot is affected imperceptibly by concentration change of
electrolyte solution from 0.26 to 1.11 N.

From the results (3) and (4) mentioned above, it is concluded that the
catalytic mechanism is operative on the hydrogen electrode of silver in alkaline

2

solution.

The observed y~log 7 relation was reproduced theoretically on the basis
of the catalytic mechanism taking account of the repulsive interactions by the
proportional approximation, assuming the predominant contribution from the
(111)-lattice plane of the f.c.c. crystal to the current density on analogy of
similar conclusion arrived at by elaborate theoretical calculations on the hydrogen
electrode of nickel.
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