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Hydrogen evolution reaction on electrocatalytic materials
highly dispersed on carbon powder
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Highly dispersed electrocatalytic materials were obtained by vacuum deposition of catalytic metals on
electromechanically suspended graphite powder particles. Graphite electrodes, vacuum-deposited
with various metals (Ni, Pt, Au, Pd, Rh) or an alloy (Cu—Al), were bonded with an inorganic polymer,
LaPO,. A.c. impedance and steady-state polarization methods were used to investigate the mechanism
and kinetics of the hydrogen evolution reaction (HER) in 1 M KOH at 25°C for Pt/C, Pd/C and Rh/C
electrodes. It was concluded that the HER follows a Volmer—Heyrovsky mechanism.

1. Introduction

The hydrogen evolution reaction (HER) has been
extensively investigated in the literature [1-5]. This
reaction may be schematically described as composed
of three elementary steps:

Volmer reaction

H,O+M +e” = MH,4 +OH™ kik o (1)
Heyrovsky reaction
H,O+MH,4,+¢ =M+ H, +OH™ ko, k_y
(2)
Tafel reaction
2MH, 4, =2M + H, ks k_3 (3)

where indicated kg represent the respective rate con-
stants of the forward (++) and backward (—) processes.
Water reduction with hydrogen adsorption (Reaction
1) is followed by electrochemical (Reaction 2) and/or
chemical (Reaction 3) desorption. The rates (v) of
these processes are described by the equations

v; = k(1 - 0) exp(—~ayfn) —k_18exp[(1 — a;)/n}(4)
vy = kyfexp(—anfn) — k_5(1 — ) exp[(1 — ;) /7] (5)
vy = k36 — k_3(1 — 6)° . (6)

where « denotes the transfer coefficient, 8 the surface
coverage of the electrode by adsorbed hydrogen, and
f=F/RT.

Early studies by Bockris, Conway and Parsons [6]
showed that the rate constants of the HER reach a
maximum with the platinum group metals, but that
cheaper nickel-based electrodes are also very active
electrocatalysts. For hydrogen evolution in alkaline
media [7-9], the Ni-based electrode can be made
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by various methods such as sintering, vacuum or
plasma-sprayed deposition, clectrodeposition or high-
temperature deposition [7, 10—-16]. High surface area
nickel electrodes are also obtained using a tridimen-
sional inorganic polymer of aluminium or lanthanum
phosphate (AIPO, or LaPO,), which cements the
metallic particles [17—20]. These electrodes are more
stable in aqueous alkaline solution when made with
LaPO, rather than AIPOy, because it is less soluble
in such solutions [20]. This new process is particularly
attractive because cementation can be achieved with-
out a reducing atmosphere (only the presence of inert
gas 1s required).

Very active metallic powders such as platinum
should not normally be used, since they are expensive
compared to nickel, but they may be more attractive
for the HER or other electrochemical processes if
they are well dispersed by vacuum deposition on a
graphite powder.

Graphites have been widely used as electrode
materials in the chlor-alkali industry. Besides being
relatively inert chemically in most electrolytes, carbon
can be obtained as high-surface-area powders as well
as in solid-electrode form. For the preparation of high
surface area electrocatalysts, carbon offers many
attractive properties, namely chemical stability, high
surface area, good electrical conductivity and favour-
able (macroscopic and microscopic) porosity.

Vacuum deposition of catalytic metals on a solid
graphite substrate has been known for a long time,
whereas successful vacuum deposition on graphite
powder is very recent [21]. The process consists in
applying catalytic metals (Ni, Rh, Pt, Pd, ...) or alloy
(Al-Cu) under vacuum on an electromechanically
suspended graphite powder. Deposition of catalytic
material is performed by heating a powder or wire
of the metal (or alloy) concerned on a refractory
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support material under vacuum (10°-107% mbar). The
graphite powder (substrate) is fluidized by shaking it
over a surface vibrating at low frequency (~ 200 Hz).

Since graphite is very loosely bonded, paste elec-
trodes of the Adams type [22], in which various hydro-
carbons are used as binding substances, would tend to
disintegrate under a large flow of hydrogen when
graphite is used as the cathode for alkaline water
electrolysis. In our laboratory, graphite powder elec-
trodes were therefore made with lanthanum phos-
phate as the binding material, which yielded strongly
bonded graphite particles.

In the present study, the electrochemical behaviour of
graphite powder vacuum-deposited with various metals
and bonded by LaPO, polymer was investigated for
the HER in a 1 KOH solution at 25°C. The elec-
trodes with vacuum-deposited rhodium (2.1 wt %)
had a hydrogen overvoltage as low as —168mYV for
j=0.10Acm™2 (1M KOH at 25°C), that is, much
lower than for electrodes prepared with a nickel
powder. HER investigation of vacuum-deposited
highly dispersed electrocatalytic materials is a further
step in an ongoing evaluation of their potential appli-
cation in electrohydrogenation processes.

2. Experimental details
2.1. Preparation of catalytic powders

Natural graphite powder (Superior Co.) was used as
the substrate for vacuum deposition of the catalytic
metals. The graphite was heated overnight at 250°C
under an argon flow to remove water and some of the
species adsorbed on the surface before introducing it
in the evaporation system.

A diagram of the vacuum deposition setup is given
in Fig. 1. The apparatus comprises a glass evaporation
chamber (2) with a ~ 30cm diameter which is filled
through a loading port (3). Vacuum (on the order of
107310 ®mbar) is obtained by a pumping system
comprising a water cooled (6) oil diffusion pump (4).
This pump is connected to the evaporation chamber
by an oil baffie (7) filled with liquid nitrogen (8) and
a pneumatic valve (9) which allows the pump to be
kept under vacuum and at the operating temperature
even when the chamber is at atmospheric pressure.
Prior to connection to the diffusion pump in the
purpose of realize high vacuum, the chamber must
be evacuated by means of a rotary mechanical pump
(10) by opening valve (9). The rotary pump is con-
nected to the system itself by two other valves, the first
(11) to the evaporation chamber and the second (12)
to the back of the diffusion pump. A gas admittance
valve (13) is located at the gas input. A Pirani gauge
(14) is used for measuring the gas pressure during
mechanical pumping and detecting leak. A Penning
cold-cathode type of ionization gauge (15) is used
for the very low pressure measurements, low-pressure
values being a key factor for favourable coating
conditions.

A 3000 VA transformer (16) ensures the evaporation
of catalytic metals by resistance heating of refractory
metal (W, Mo, Ta) heaters in the form of filaments or
inverted boats (17). Three filaments or inverted boats
can be heated either in succession or simultaneously in
the apparatus described. For long evaporation times,
a cooling system (18) serves to reduce heat-generated
stress in the evaporation chamber. The substrate
powder is placed in an aluminium boat (19) which is
maintained on the audiofed surface (20) by four small
springs (21). An amplifier (22) feeds the output from
a sinusoidal signal generator (23) to the vibrating
surface. Surprisingly, it proved possible to obtain
powder in the shape of a fluidized bed over a vibrating
surface without resorting to gas circulation through
the bed. Depending on the density of the powder to
be fluidized, the frequency was adjusted manually to
obtain good dispersion over this surface to take into
account variations in the density of the substrate
powder. Since the fluidizing frequency of the powder
substrate is also linked to the pressure, it was continu-
ously adjusted during metal evaporation to take into
account increases in the pressure in the evaporation
chamber throughout this process.

2.2. Preparation of the electrodes

The M/C/LaPO, electrodes were prepared with graphite
powder containing various amounts of a deposited
metal: Ni, Pt, Cu, Pd and Rh. Lanthanum phosphate
was prepared by combining acid lanthanum phos-
phate and lanthanum hydroxide [23]. Two reactions
are involved in the formation of acid phosphate
lanthanum La(H,PO,); and its subsequent transfor-
mation into LaPOy,

1/2 La203 + 3H3PO4 — La(H2P04)3
+3/2H,0 (7)
La(H2P04)3 + 2La(OH)3 E— 3LaPO4 + 6H20 (8)

La(H,PO,); was synthesized by adding 48.88 g
(0.15mol) La,O5 to 103.7 g (0.90 mol) H;PO, (85%)
in a rectangular Teflon cell, 10cm x S5cm x S5cm
(Teflon was used rather than a reactive intermediate
which may react with glass).

The reaction product, in the form of a viscous paste,
was heated in an oven at 150 °C for 24 h and vacuum-
dried to remove traces of water generated by the
reaction. Powders of La(H,PO,); and La(OH);
were mixed thoroughly with a graphite powder (with
or without a metal deposit) in a 1:1 ratio. Approxi-
mately 1g of the resulting powder was pressed at
7040 kg cm ™~ under vacuum in a mould with a diameter
of 1.28cm®. A nickel foil was inserted into the pellet to
obtain a good electrical contact.

The polymerization reaction was carried out under
argon by heating the pellets for 8 h at 400 °C, after
which one side was coated with Epofix resin (Struers).
The exposed surface area of the electrode was
1.29 cm?.
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Fig. 1. Apparatus for preparation of highly dispersed catalytic materials.

The nature of the solid polymer resulting from
Equation 8 was previously determined (by XRD) to
be a three-dimensional polymer LaPQ, [24], the
crystallographic parameters of LaPO, being similar
to those reported for monazite [25, 26].

2.3. Data acquisition

The Tafel plots were established using an EG&G
(model 273) potentiostat. The same potentiostat and

an EG&G 5208 lock-in analyser were used for the
impedance measurements. The experiments were con-
trolled by an IBM-compatible microcomputer.

All the experiments were carried out in a 1 M KOH
(BDH Aristar) solution using deionized water (Barn-
stead Nano-pure) and the solution was deaerated by
bubbling nitrogen through it.

The electrochemical cell was made of Pyrex and
the anodic compartment was separated by a
Nafion® membrane M-901CATH/MD (duPont).
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A Luggin capillary was used to minimize the ohmic
drop.

The reference electrode was a Hg/HgO electrode
in 1M KOH kept at room temperature. The counter
electrode was a high surface area nickel grid.

3. Results and discussion
3.1. Characteristics of the deposits

The yield values of the metal deposition are summar-
ized in Table 1 for the different metals or the alloy
studied. The yield is the ratio between the amount of
metal or alloy deposited on graphite powder and the
amount of metal or alloy contained in the vessel
(made of refractory material) prior to evaporation.
The evaporation process was carried out in such a way
that all the metal or alloy contained in the vessel
was evaporated. The refractory materials, the evapora-
tion time and the temperature [27, 28] are given in Table
1 but in many cases rapid evaporation started at tem-
peratures well above those in the Table 1 because of a
surface oxide film on metals to be evaporated.

The structure of the graphite powder in the presence
or absence of a metal deposit was investigated by
transmission electron microscopy (TEM). The TEM
picture in Fig. 2 clearly shows that these particles
have a lamellar structure (average diameter of 50 pm).
Figure 3 illustrates a nickel deposit (10wt %) on a
graphite particle. This deposit has a fine cluster struc-
ture (< 1um) and a relatively uniform distribution
over the entire surface. It should be noted that because
electrons pass through the particles, the deposit
appearing in the TEM picture corresponds to the
simultaneous projection of the two faces of a particle.
For a larger amount of nickel coating, i.e. 20 wt %, the
deposit is nodular (Fig. 4) with a larger particle size
compared to that for 10wt % Ni (Fig. 3). Another
example is given for a 5.4 wt % platinum deposit on
a graphite particle (Fig. 5) which shows a uniform dis-
persion of metal on a graphite particle surface.

Table 1. Deposition conditions and yields

Fig. 2. Graphite particle (Superior Co) seen by TEM (X10000).

10 ym

Fig. 3. Ni/C (10 wt %) particle seen by TEM (X16000).

For a natural carbon powder, the specific surface
area is 6.05m”g~! and 7.212m? g~ without nickel
and with 10wt % nickel, respectively (Table 2). It is
deduced that the small asperities induced by the
presence of a deposit favour the increase of the specific
surface area up to approximately 15wt % nickel. For
a larger amount of metal deposit, i.e. 20 wt % or more,

Metals deposited Evaporation temperature* Evaporation time Refractory material for the Yield!
on carbon powder (v.p. = 10uHg) /min evaporation of metals 1%
e

Ni 1510 15 w 53
(inverted boat)

Pt 2090 10 \'% 35
(filament)

Cu-Al 1037 5 Mo 89
(inverted boat)

Au 1465 5 w 58
(filament)

Pd 1555 10 W 21
(filament)

Rh 2149 8 w 35
(filament)

* Refs. [24, 25].

 Ratio between the amount of metal or alloy deposited on graphite powder and the amount of metal or alloy present before complete

evaporation in a vessel made of a refractory material.
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Fig. 4. Ni/C (20 wt %) particle seen by TEM (X12500).

Fig. 5. Pt/C (5.39 wt %) particle seen by TEM (X10000).

the specific surface area decreases as the micropores
are filled.

3.2. Characteristics of M|C/LaPOy electrodes

White spots of LaPO, binder on graphite (which is
black) are noticed for a graphite electrode bonded
with 50wt % LaPO, (Fig. 6); the picture was obtained
by SEM (Jeol JSM-840A) in a composition mode.
The porosity and chemical stability of this material
are both good [23]. The porosity of the electrodes

Fig. 6. C/LaPOy electrode surface (50wt % LaPO,) obtained by
SEM (X700, 20kV, WD18).

was determined by a mercury porosimeter (Carlo
Erba ES 200). The volume of mercury intruded at a
pressure of 150.1 MPa which was applied to force
mercury into the pores was 35.2mm> g~ The chemi-
cal stability was determined by keeping the electrodes
in a 30wt % KOH solution (88 °C) at open-circuit
potential and monitoring the weight for five con-
secutive days. The weight loss of less than 3wt %
was ascribed to the removal of unpolymerized LaPOj,.

In a different set of experiments, fresh electrodes
made with a natural graphite powder and a graphite
powder with a deposited metal were polarized under
a cathodic current density of 0.1 Acm 2. The increase
in the hydrogen overvoltage was in the order of 20mV
after two days of polarization for all materials investi-
gated, most likely due to the removal of unbonded
metal on the graphite surface. The parameters of the
hydrogen evolution reaction (HER) after two days
of polarization are summarized in Tables 2 to 5.

Graphite clectrodes free of deposited metal are
characterised by a high hydrogen overvoltage at
0.1 Acm™ (1;90) as shown in Table 2. It has been
found for the Ni/C electrodes that the larger the
specific surface area, the lower is 799, as may be
expected. The slight increase in 7,49 from 15wt % to
20wt % Ni is related to a somewhat smaller specific
surface area.

For Cu—Al deposits, the aluminium was leached by
reaction of deposit with 1M KOH at 50°C for 2h
prior to the polarization and the electrocatalytic activ-
ity is linked to the specific surface area (i.e., surface
roughness factor) the latter being related to the amount

Table 2. Specific surface area and kinetic parameters of the HER on graphite powder with or without deposited Ni metal and bonded with 50 wt %

of LaPO,
Ni/C deposit BET* Overpotential® at 0.1 A cm™ Exchange-current density'
Jwt % £ 1wt % /m?g™! /mV /mA cm™?
of 6.05 ~525 0.010
10 7.21 -315 0.112
15 7.66 -311 0.188
20 7.62 —330 0.157

* Powder sample.

T After two days of polarization at 0.1 A cm™2 for the HER in 1 v KOH at 25°C.

! Pure graphite powder.
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Table 3. Specific surface area and kinetic parameters of the HER on graphite powder deposited with Cu~Al alloy and bonded with 50 wt %

LaPO,

Cu—Al[C deposit BET! Overpotential* at 0.1 A cm™ Exchange-current density*
Cu-All:1 jm? g1 /mV /mA cm™?

[wt% 1wt %

10 7.03 - -

10 7.34 —468 0.03

(after leaching)*

15 6.72 - -

15 9.96 —418 0.174

(after leaching)*

* Leaching of aluminium on powder (NaOH 1M, 50°C, 2h).
! Idem Table 2.
¥ Jdem Table 2.

Table 4. Kinetic parameters of the HER on graphite powder deposited with platinum metal and bonded with 50wt % of LaPO,

Pt/C deposit Overpotentialt at 0.1 A cm™ Exchange-current density! Tafel slope!
Wt % £ 0.09 wt % /mV /mA cm ™2 /mV (decade)™
1.31 —388 2.31 234
2.45 —360 2.60 225
5.39 320 0.79 151
50.0* -333 3.26 223

* Mixed powder (Pt and graphite).
t Idem Table 2.

Table 5. Kinetic parameters of the HER on graphite powder deposited with various metals and bonded with 50wt % LaPO,

M/C deposit Overpotential* at 0.1 A cm™> Exchange-current density* Tafel slope*
/mV /mA cm 2 /mV (decade)"1

Au —498 0.89 241

(36 = 5wt %)

Pd —430 0.79 205

(0.2 0.1 wt %)

Rh —168 3.43 99.9

(2.1+0.1wt%)

* Idem Table 2.

of copper present on the surface after aluminium
leaching (Table 3). For deposit, with 10 and 15wt %
Cu-Al, a larger specific surface area was noticed after
leaching of aluminium.

The HER Tafel parameters and related over-
potentials at 0.1 Acm ™2 are summarized in Table 4
for electrodes made with a graphite powder contain-
ing platinum deposits or mixed with a platinum
powder. As anticipated, a relationship is noticed
between 19 and the amount of deposited platinum.
In view of the fact that 7y is higher for a mixture
of pure graphite and platinum powders with 1:1wt
than for a graphite powder with only 5.4wt%
deposited platinum, it is deduced that a very fine
dispersion of platinum on a graphite surface allows
the optimized use of this metal for the HER.

In another set of experiments, Au, Pd and Rh were
deposited on a graphite powder and Au/C, Pd/C and
Rh/C electrodes were characterized for the HER
(Table 5). Of the three electrode materials referred
to Table 5, the Rh/C facilitates the HER. As far as
Pd/C electrodes are concerned, Pd was difficult to

evaporate by resistance heating but an improvement
in the HER electrocatalytic activity was noticed for
amounts of Pd as low as 0.2wt %, that is, g =
—430mV for Pd/C compared to —525mV for pure
graphite.

3.3. A.c. measurements

Pd/C, Pt/C (2.5wt%) and Rh/C electrodes were
characterized for the HER in 1 M KOH solution using
an a.c. impedance technique. Rh/C and Pt/C are the
best electrocatalytic materials for the HER among
the eclectrode materials investigated in the present
paper while Pd/C proved poor by comparison. The
frequency of the a.c. current was varied from 0.005
to 20 kHz.

Impedance spectra for the three electrodes under
consideration follow a semicircular curve (Figs 7-9).
The impedance data were analyzed assuming that
the equivalent circuit comprised of the solution resis-
tance R, in series with theé double-layer capacitance,
Cq, which in turn is in parallel to the faradaic impe-
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1.0
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Fig. 7. Nyquist plots for the hydrogen evolution reaction of the Rh/C/
LaPOy electrode in a 1 M solution of KOH at 25 °C. Points are exper-
imental data obtained for various overvoltages: n = —26mV (V),
—60mV (QO) and —133 mV ([0J); lines are calculated.

dance Z;. According to Harrington and Conway [29],
the faradaic admittance (Y;) of the system, described
by Reactions 1-3, can be represented by the equation

1 B
A

Vi=—= ; 9
£ Z: +Jw+C )
where
aro)
A= -F|-2=2 10
(377 9 (10)
F2 87’0 (9r1
=—|=) (== 11
B=-3 (ao)n<an)g {4
F (97'1
B | — 12
C (23] (69),, ( )
and
rg =0 + v (13)
rp=1v — Uy — 205 (14)

The structure of metallic deposits on graphite is
usually in the form of microcrystals or clusters [30].
For dispersed palladium, the possibility of hydrogen
absorption by metal microcrystals should be taken
into account [31, 32]. Therefore, along with Reactions
1-3, consideration should also be given to two
additional reactions, namely absorption of hydrogen

MH, 4 = MHg, Vg kg k_y (15)

0 2 4 6 8 10
Z' 1 Qem?

Fig. 8. Nyquist plots for the hydrogen evolution reaction of the Pt/C/
LaPO, electrode in 1M solution of KOH at 25 °C. Points are exper-
imental data obtained for various overvoltages: n = —189mV (V/),
—208mV (O) and —245mV ([J); lines are calculated.

o 87/2 87'2

Fig. 9. Nyquist plots for the hydrogen evolution reaction of the Pd/C/
LaPOy electrodes in a 1 M solution of KOH at 25 °C. Points are exper-
imental data obtained for various overvoltages: n = —~270mV (V),
=360 mV (O) and —443 mV ([7]); lines are calculated.

and a recombination of absorbed hydrogen

2MHabS = H2 + 2M Vs, ks (16)

The reaction rates may be described by
Vg4 = k49 — k_4X (17)
Vs = kSXz (18)

where X is the tridimensional occupation coeflicient.
Under steady-state conditions

oy do
Fla:?'l:’l]l—’vz—’l];;:o (19)
o, dX
—F—E:I’z:m—ZUS:O (20)

where o, is the charge corresponding to maximum
tridimensional absorption of hydrogen. From
Equations 17, 18 and 20, X can be expressed as

—k_g+ 1/ (K, + 8k4ks0) o
X= 4ks (21)

and from Equations 13, 17 and 19

kle—axﬂ? + k“ze(l_O‘Z)ﬁ’ +k 4 X

o= kiema/m 4 k_ell—adfn o koe—eafn 4k _,e(l~@)/n 4 ,
(22)
In the absence of the absorption reaction

(k4 = k_4 = 0), Equation 21 is simplified to the form
developed earlier {33].

To find an equation describing the faradaic admit-
tance, a Taylor series expansion should be solved for
the current, Ai, Ar; and Ar,

a=r| () (3),
n

87'1) (671) (8}’1)
Ary=(5-] An+|{=] A0+ (=) AX
: (377 2,X 7 oo nX ox n,0

(24)

(23)

(25)

where the symbol A of the parameter p is described as
Ap = pe’* and other parameters have their usual
meaning.
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The following equations are derived from Equations
19, 20, 24 and 25: Pt/C Rh/C
0 —
) sa(m) % < Teeeso
i F (377)0,)(77 + (Z’X)n,eX (26) 5 M%ﬁﬁa\
o1 . _F (on Too-1 Amg, 4 Rh/C
=5 ( 9 ) x e fng QC@%@@
i < Pt/C A%
ory -2 4
:_ F (W)Xe 2 s,
X=— 5 27 = LTI
5
- 81’0 ~ 87’0 ~ : Cc
=F||— — |8 28 -4
=G e S
The faradaic admittance is equal to § 5
Y =i/ij (29)
-6 T T T T ¥

From the above considerations, the faradaic admit-
tance of the system is theoretically characterized by
three time constants. It should be noted that the
systems studied in the present investigation were
characterized by a single time constant, since just
one semicircle was observed on the Nyquist plots
(Figs 7-9). Thus, for the frequency range under con-
sideration, Reactions 15 and 16 cannot apply so that
Equations 9-13 (simplified) may be used. However,
the steady-state surface and bulk coverage parameters
for hydrogen adsorption may be different from those
obtaining in the absence of absorption. In the con-
siderations presented below, the influence of hydrogen
absorption has been neglected. For all electrodes
investigated, the results could be described assuming
a simpler model where the faradaic impedance equals
the charge-transfer resistance (R, = 1/4).

In all the cases, the model of Brug et al. [34] for the
electrode process occurring on solid electrodes was
used. According to this model, the total impedance
Z; may be written

; 1
Z =Ry +—

el

(30)
where the electrode admittance Y is described by
(31)

and the parameter T is related to the average capaci-
tance per true microscopic surface area (Cy):

T=CSH(R'+A4)%

Y= Y;+ (w)*T =4+

NPT
jw—I—C+ (iw)

(32)

This model predicts a rotation of a semicircle with
respect to the real axis by the angle ¢.

T T T
-0.40-0.35-0.30 -0.25 -0.20-0.15-0.10 -0.05 0.00
niv

Fig. 10. Dependence of logj (in Acm™?) and log 4 (in O 'em™?)
against overpotential for Rh/C and Pt/C electrodes in 1M KOH
at 25°C; symbols—experimental, lines—calculated (continuous lines:
log 4, dashed lines: log 7): (@) graphite, (A) Pt/C, (O) Rh/C.

The experimental data were fitted to the model
described by Equation 30 using different statistical
weights. Calculations were performed using a modi-
fied complex nonlinear least squares (CNLS) fitting
program written by Macdonald [35]. It was found
that the best fit between the data and calculated values
was obtained for weights proportional to the calcu-
lated functions, as suggested by Macdonald. The
choice of the model and other weighting modes was
described earlier [36].

The parameters log A and log j are plotted against
the HER overvoltage for Rh/C and Pt/C electrodes
in Fig. 10 which also gives the logj against # curve
for a carbon electrode free of deposited metal.

The data of Fig. 10 were analyzed to determine the
electrode process. The first step was to consider the
Volmer—Heyrovsky (V—H) mechanism. Further, the
parameters j, 4, T and 6 were then determined by
envisaging the Volmer—Heyrovsky—Tafel (V-H-T)
and Volmer-Tafel (V-T) pathways. The standard
deviation of the fit (¢°) and the average relative stan-
dard deviation of the parameters (PD,,) as defined by

1 N
PDav:NE Ok
k

where oy, is the standard deviation of parameter k£ and
N the number of adjustable parameters, were used to

(33)

Table 6. Rate constants for the HER on Rh/C, Pt/C and Pd|C electrodes

Electrode materials ky k_y ks o a
/mem 287! em 257! Mem 257!

Rh/C 1.9+£03x 107 62:405%x107° 1.1£0.1 x 1077 0.5 0.2240.03

(2.1£0.)wt%

Pt/C 1.1£0.1x1078 41+£01x107% 32+13x1077 0.3140.01 0.5

(2.54£0.1)wt %

Pd/C 8.6+0.4x107° 40+03x 107! 1.74+21x 107 0.23 £ 0.01 0.3

(02+£0.1)wt%
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Fig. 11. Dependence of the double-layer capacitance of the Pd/C,
Pt/C and Rh/C electrodes on overvoltage in 1M KOH at 25°C.

distinguish the mechanism for which the best fits of
the experimental data are obtained. For Rh/C, Pt/C
and Pd/C electrodes, the best fits were obtained with
the Volmer—Heyrovsky mechanism; the corresponding
kinetic parameters are summarized in Table 6. The
rate constant k; obtained for the Rh/C electrodes is
almost 3000 times higher than k; for the rhodium
powder electrode [36]. The limiting rate constant of
the HER decreases from ~ 107" Mmcm™2s™! for Rh/C
to ~ 10" mem 257! for Pd/C electrodes which is in
agreement with the electrocatalytic activity deduced
from Tafel curves (Tables 4, 5).

In Fig. 11, the double-layer capacitance is expressed
versus the hydrogen overvoltage for Rh/C, Pt/C and
Pd/C electrodes and the highest Cy values noticed,
at any overpotential, are for Pd/C electrodes. Assum-
ing the capacitance of the graphite electrode is

1.0
0.8 Pt/C
A
POROBANA AR 0000
e o
0.6 4 O
- Pd/C Rn/C
0.44 4
0.2
0.0 T T T T T
-0.5 -0.4 -0.3 -0.2 -0.1 0.0
n/v

Fig. 12. Dependence of ¢ determined for Pt/C, Pd/C and Rh/C elec-
trodes on overvoltage in 1 M KOH at 25°C.

~ 20 uFem™ [37], the estimated surface roughness
factor is ~ 250 for Pt/C and Rh/C electrodes but
varies from ~ 650 to ~ 1200 for Pd/C electrodes.
The dependence of the angle ¢ on n (Fig. 12) suggests
a higher porosity for the Pd/C electrodes. Although
the relationship between the fractal dimension (D)
and ¢ is still controversial [38, 39], a lower ¢ is gener-
ally postulated for a larger surface roughness factor.
For Pd/C electrodes, the low electrocatalytic activity
noticed despite the high roughness factor is possibly
induced by the high solubility of hydrogen in palladium
microcrystals [31].

4. Conclusions

A new method of obtaining highly dispersed electro-
catalytic materials has been successfully developed
by vacuum deposition of catalytic metals on electro-
mechanically suspended graphite powder. Structural
investigation provides evidence of the uniform disper-
sion of metal on graphite particle surfaces. Electrodes
with good mechanical strength and chemical stability
are obtained by binding powder particles with an
inorganic polymer of LaPO,. In 1M KOH solution
at 25°C, the electrocatalytic activity for the HER is
improved by the presence of a metal (or alloy) on pure
graphite particles. For the Rh/C (2.1wt%), Pt/C
(2.5wt %) and Pd/C (0.2 wt %) electrodes, a.c. measure-
ments show that the HER proceeds via the Volmer—
Heyrovsky mechanism, and Rh/C (2.1 wt %) electrodes
having the highest electrocatalytic activity.
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