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EFFECT OF THE Ru''' TREATMENT ON THE ELECTROCHEMICAL HYDROGEN
EVOLUTION REACTION AT GaAs ELECTRODES

Kohei UOSAKI* and Hideaki KITA
Department of Chemistry, Faculty of Science,
Hokkaido University, Sapporo 060

The electrochemical hydrogen evolution reaction (H.E.R.) both
at n-GaAs and p-GaAs electrodes in dark was accelerated significantly
by the dip treatment in RuCl3 solution but the photocurrents at p-
GaAs decreased by the treatment. These results and impedance
analyses show that the Ru'*" treatment introduces not only catalytic
surface for H.E.R. but also surface states which act as recombination

centers.

Recently, strong attention has been paid to the effect of the deposition of

metall-s) or of the adsorption of metal ions4’5)

on the kinetics of electrochemical
reactions at semiconductor electrodes. The modification of semiconductor surface
by metals which catalyze the hydrogen evolution reaction (H.E.R.) has been reported
to increase the photoconversion efficiency of the photoelectrochemical H.E.R. at
p-type semiconductors significantly.6’7) Bockris et al. correlated the shift of
potential by the metal treatment both at p-Si under illuminations) and at n-Si in
darks) with the exchange current density of H.E.R. at the metals which were used
for the treatment and stressed the importance of the catalytic role of the adsorbed
metals. The energetic information for this treatment is, however, not provided
well and several models have been proposed. In this communication, we investigated
H.E.R. not only at naked and Ru' " treated n-GaAs electrodes in dark but also at
naked and Ru'*" treated p-GaAs electrodes of three different carrier concentrations
under pulsed illumination. Results show that the dark currents due to H.E.R. both
at n- and p-GaAs electrodes increased by the treatment but the photocurrents, i.e.,
the difference between the currents under illumination and those in the dark, at
p-GaAs electrodes decreased, suggesting the introduction of surface states which
act as recombination centers.

The H.E.R. in dark at n-type semiconductors is accompanied with no complica-
tion due to carrier recombination and its study provides us with fundamental in-
formation for the elucidation of the mechanisms of the photoelectrochemical H.E.R.
at p-type semiconductors. The current-potential relation of a thoroughly etched

)

at n-GaAs is rather large but is decreased by the Ru' Y treatmentlo)(---). The

n-GaAs electrode9 in dark is shown in Fig. 1 (——). The overpotential for H.E.R.

large overpotential in dark at n-GaAs which could not be due to surface recombina-
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tion and significant decrease by the
Ru'*? treatment mean that the catalytic

activity of GaAs itself for H.E.R. is
low and enhanced significantly by the

Ru‘t? treatment.ll) Accordingly, the

Ru'"" treatment is expected to increase
the photoconversion efficiency at p-GaAs.
Thus, the current-potential relations of
naked and Ru' '’ treated p-GaAs elec-
trodelz) under pulsed illuminationls)

Although the dark current

were studied.
++

increased significantly by the Ru®
treatment as was the case at n-GaAs, the

photocurrents decreased. The higher the

carrier concentration, the smaller the
photocurrents and at a Ru'*t treated p-
GaAs of 1.09x10%° cm's, only small bumps
were observed in the current-potential
relation by the illumination as shown by

Thus, the Ru'*t treat-
ment accelerates H.E.R. in dark but de-
creases the photocurrent efficiency.
These results suggest that the Ru"**
treatment introduces not only a catal-
ytically active surface for H.E.R. but
also surface states within the energy gap
which act as recombination centers.

To prove the introduction of surface

arrows in Fig. 2.

states, the impedance measurements

were carried out at naked and Ru' '
treated p-GaAs e1ectrodes.l4) The
results were analysed by using an equiv-
alent circuit shown in Fig. 3 which
takes into account the contribution of
surface states. Typical examples of

the plots between the imaginary compo-
nent of the admittance due to surface
states and modulation frequency at naked
and Ru'*" treated p-GaAs are shown in
Fig. 3. The results clearly show that
the Ru' ™"
surface states capacitance quite sig-
15) Actually, the impedance

treatment increases the

nificantly.
of naked p-GaAs can be analysed very
well without considering surface state
components in the equivalent circuit
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Fig. 1. Current-potential relations of

thoroughly etched (——) and Ru+++

treated (---) n-GaAs in 1 M KOH.
5 mV/s.
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Fig. 2,
thoroughly etched (——) and Ru*
ed (---) p-GaAs under pulsed illumina-
tion in 1 M KOH. Arrows point small

bumps. Sweep rate: 5 mV/s.
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and the capacitance thus obtained 0.005
gives good linear Mott-Schottky

plots. Heller proposed the removal
of surface states at n-GaAs by the

Ru'tt treatment16) while Butler and

o
o
S
&
2
e

Ginley reported the introduction of

the states at p-GaP by the same
17)

0.003F Ret A

Bgs / mho-cm-2
0
wn
S
o (o)

treatment. The present results
support the latter. 1In the case of o

(o]
p-InP, the Ru'*" treatment increas- 0-002 o

ed the photoelectrochemical hydro-

gen evolution reaction rate quite °
s e 18) 0.001F o
significantly contrary to the o

present results at p-GaAs and this o

is the first time that the negative 0 | rottaesree
effect of the Ru = treatment on 01 L 10 100 1000 10000
the photoelectrochemical kinetics Frequency / Hz

is reported. One possible reason . .

for the opposite effect of Rttt Fig. 3. Frequency dependence of the imaginary
part of the admittance due to surface states

treatment on the photoelectro- . ) ] ]
analysed by using the equivalent circuit

chemical H.E.R. kinetics at p-InP
and that at p-GaAs could to be as
follows. It is known that GaAs sc ]
RC is the charge transfer resistance, C

and InP represent two different t ss
is the surface state capacitance and Ry is

shown as inset where Ry is the bulk resist-
ance, C is the space charge capacitance,

limiting cases as far as the .
the surface state resistance.

+: naked p-GaAs. o: Ru*™* treated p-GaAs.
-0.9 V vs. Ag/AgCl.

essential aspects of surface and
interface recombination are
concerned.lg) According to the
unified model for interface states

20) surface states are expected to be introduced by a wide variety

by Spicer et al.,
of metal adsorbents near the conduction-band minimum at InP and near midgap at
GaAs, respectively. Since the surface recombination is most effective when the
recombination centers are located at midgap, surface recombination velocity at GaAs
is considered to be faster than that at InP. Thus, the Ru'*" treatment increases
both H.E.R. rate and recombination velocity at p-GaAs but more dominantly the
latter process, resulting in the decrease in the photocurrent and the increase in
the dark current. On the other hand, the increase of the recombination velocity
at p-InP by the Ru*"" treatment is not so significant that the photocurrent in-

creases because of the catalytic activity increase.
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