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Kinetic analysis of photoelectrochemical hydrogen evolution
over p-type silicon in acidic aqueous solutions of electrolytes
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The kinetics of photoelectrochemical hydrogen evolution at p-Si single erystals in acidic
agueous solutions of electrolytes under pulse photoexcitation was studied. Despite a low
stability of the silicon surface under the experimental conditions, a distinet imterrelation
between the characteristic time of intertacial charge transter and stationary current was found.
The determination of the characteristic transter tisme does not need the detailed elaboration of
generation-recombination processes in the semiconductor. The steady-state current density
was shown to be determined both for the dark curreni and photocurrent by the surface charge

density.
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Photostimulated clectrolysis of water at semicon-
ducting electrodes 15 o promising way for direct solar
energy conversion to chemical energy.t.2 The efficiency
of’ photoelectrochemiscal conversion depends to a great
extent on the dynamics of charge transter through the
semiconductor/electrolyte interface and generation-re-
combination processes in the semiconductor.

The use of n- and p-type sthicon crystals as
photoelectrodes has been considered.34 However, the
behavior of silicon in aqueous solutions of electrolytes
varies because of its oxidation, dissolution, and satura-
tion with hydrogen.3 Various modification methods are
used to overcome the instability of the sihcon surface
and enhance its catalvtic activity.$:7 Standard steady-
state measurements are insufficient to understand the
processes that occur on the silicon surtace and are
related to interfacia)l charge transter. Kinctic studies
have shown that the cfficiency of the silicon photocath-
ode in aqueous solutions is affected by the high density
of the charged surface states® and the relationship of the
kinetic parameters of charge transfer to the insertion of
hvdrogen® and illumination intensity.'?

The kinetics of hydrogen evolution on the irradiated
silicon surface is based on a linear approximation, 1,12
in which the surface processes of charge transfer and
recombination of charge carriers are considered as reac-
tions of pseudo-first order. The factors indicated above
and a noticeable steady-state current (/.e.. the conditions
are far from the real conditions for the work of the
photocathode of a photoelectrochemical converter) were
ignored.

In this work, we obtained new experimental data,
which allowed us 1o propose a4 more general approach 10
the description of the kinctics of hydrogen evolution
over the illuminated silicon surface in acidic agueous
sotutions of electrolvtes.

Experimental

Experiments were carried out by a three-electrode scheme
under potentiostatic condifions in an electrochemical cell with
an optical window containing a sermiconducting cathode. plati-
num counterelectrode, and saturated calomel reference elec-
trode (SCE). All potentials were measured relative to the refer-
ence electrode. The semiconducting electrodes with a working
surface of 0.03—0.15 c¢m?, were made from single crystal
p-silicon plates (specific resistance 0.2 Ohm m) 0.4 mm thick.
The back ohmic contacts of these electrodes, prepared from
indium/gallium alloy or thermally sputtered sluminum, were
separated from electrolyte solution by epoxide resin. The cell
was filled with 0.5 Af H,SO,, through which high-purity argon
was passed to remove dissolved O,. Before measurements, the
working surface of the electrodes was etched in a mixture of
acids HNO3+ HF+ACOH (1 © 3 1 2 v/v/v) and washed with
bidistilled water. All experiments were carried out at ~20 °C.
The complex measuring system provided potentiostating, detec-
tion, accumulation, averaging of pulse signals and steady-state
currents, monitoring of the radiation intensity, and primary
processing of the results. The total time of increase in the
transient parameter of the measuring system potentiostat —pulse
amplifier of photocurrent did not exceed 3+ 107% 5. An electri-
cally controlled light emitting diode assembly (x = 0.9 umj was
used as a source of steady-state and pulse (with a front
<5-107° s) radiation. The maximum intensity of the steady-
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state ilumination was L, = 13 Wm™% The duration of
rectangular pulses of the probing radiation was varied within
T = 0.3-300 ms: the frequency of pulse repetivon was
J= 14 Hz. The parameters of the photocathode response to
the probing light (photoresponse), wiz.. the mitial amplitude j,
and the characteristic time t (for achievement of stationur)"
amplitude), were determined by numerical exponential ex-
trapolation of the signals. To increase the accuracy of measure-
ments, the photoresponse wis detected in a nme nter-
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Fig. 1. The plots of SCE potentiai vs: a. stationary current J,;
b. differential efficiency of photoconversion jij;: and ¢, eitective
time of photoresponse decay @ /, dark regime and 2, regime of
steadyv-state illumination with £ = 0.3 £,

0

val 3—35-foid longer than the characteristic time of the
photoresponse decay.

Before measurements, the working electrode was subjected to
cathodic treatment with a negative charge of 107 —10° Cm™
under steady-state illumination (L = 0.5~ L. cathodic bias
£ = |1 V). which stabilized the voltammetric and kinetic
parameters of the system”-19 o ensure reproducible results.

Typical experimental plots of the stationary current /) vs the
cathodic btas £ both in the dark regime (/e.. without steady-
state illumination of the photocathode) and under irradiation
with an intenstty of ca. 0.3 of the maximum intensity used in
the work are presented in Fig. 1, a. Similar plots of the
differential efficiency of photoconversion j7/j; and characteristic
time < tor the same regimies are shown in Fig. |, # and c.

Results and Discussion

The essence of the used experimental approach is the
probing of the silicon/electrolyte interface (at different
electrode potentials and steady-state itlumination levels)
by rectangular low-intensity photopulses under potentio-
static conditions. An imponant feature of the detected
transient parameters of the photoresponse!! in the sys-
tem under study is the previously mentioned exponential
decay of the pulse photocurrent to its stationary level.
This effect is independent ot the experimental condi-
tions (viz.,, in the dark or under steady-state illumina-
tion) when a low amplitude of the probing photopuise is
maintained. ! The obtained!? semicircles on the com-
plex plane of the photocurrent components with sinusoi-
dal modulation of the illumination of the silicon elec-
trode confirm this conclusion. This important experi-
mental fact, indicating only one limiting step of a
complicated charge transfer from the semiconductor to
the electrolvte solution, allows a simple kinetic analysis
of the system to be performed.

For a high density of the charged surface states of
silicon in an aqueous electrolyte solution, it 1S reason-
able to assume that it is precisely the establishment of a
steady-state concentration of the surface charge which
mainly determines the kinetics of charge transfer through
the semiconductor—electrolyte interface.

The balance equation for the absolute value of the
surface charge density @ can be written in the form

dQjdr = e W~ J. (h

where J is the current density of charge transfer through
the interfacial laver, ¢ is the cbarge of an electron, and
W is the density of the total generation-recombination
electron current irom the semiconductor onto its surface
stipulated by both thermal processes of generation-re-
combination and photogeneration under the external IR
ilumination of the p-Si etectrode. Thus, for the current
in the external circuit (calculated per unit surface ot the
electrode), we obtain

I=J+dQ/dr=e- W. (M

As follows from the general physical concepis. if only
one characteristic time of the transient parameter is
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present, the generation-recombination current (W) de-
pends on the current density (L) of the IR radiation. the
drop of the electric Tield potential in the semiconduc-
tor—electrolvte interfacial layer (Helmholtz lavery AU,
and the semiconductor potential U, relative 10 the back
side of the p-Si electrode. Since the sum Al + U is
equal (with o constant accuracy) to the measured poten-
tial £ of the calomel electrode refative to the back side
of the p-St electrode (potentiostatic regime). and the
potential drop of the interface is related to the surface
charge density (), the generation-recombination current
W is determined by £ L, and . In addition, let us
accepl that the charge transfer current through the inter-
facial layer J is unambiguously related to the potential
drop of this tayer and. hence. depends only on the
surface charge density Q. In this case, it Is convement 1o
use £, L, and J as variables. Q and W can be considered
as the corresponding functions of them, and the balance
correlation (1) can be written in the comprehensive form

dQ(N/dr = e« WIE, L. J) ~ J.

In the stationary regime, the current in the external
circuit is equal to that of the transfer through the
interfacial layer J, which is calculated from the correla-
tion

e WLE L Jy = J,. i3

where Jo = J(£, L).
In the potentiostanic regime (£ = const), a weak

stepwise change 1n the IR steady-state ©lluminaton of

SL <001 Ly, increases the charge transfer current by
J = aJ. In this case. lincarized equation (2) has the form

4 40 _
dr dJ l/e/q.': 0o
2 CW i
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or in brief form,

oo (didn = it - ) )
with the initial condition ¢+ = 0. j = 0. Here 1, is the
effective time of charge transfer through the interfacial
layer

= dQJO/dS

and j; and jr are parameters of Eg. (4) that depend on
Eand L

ji= esz,e.;"[—uwF../.,J»,__,\l,',,.,‘ 15a)

-1
!

= /I,iLl—p-:_'[W(E,L,J)EJ:J(E./)J (3b)
[ & ~

and represent the initial and final (stationary) photo-
response, respectively. The solution of Eq. (4) has the
form

J =gl = expt=riol.

where the charactenistic time (1) of the establishment of
equilibrium in the system is proportional to the effective
time of charge transfer through the interfacial layer (<)

= it (6)
Correspondingly, for the current pulse (/) in the exter-
nal circuit we have

=y (.

It follows from this that at the initial instant 1 = 0. j = 0,
and /=0, and in equilibrium ¢ =0, =/ = jz

When the steady-state correlation (3) s differenti-
ated with respect to L

TeW
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and £q. (5b) is used for the amplitude j. we obtain an
evident relationship between j; and the stationary cur-
rent Jg

= el st

or
L
Jo= Jsr +(1/8L)- JUP E=canst daL t7)
0

where J,7 is the stationary current in the dark regime at
the same potential £ as that tor the amplitude jr in the
intergrand expression. '

We performed a series of experiments in which the
potential £ was maintained unchanged and the density
of the steady-state illumination intensity L was smoothly
varied, which made it possible to calculate sufficiently
exactly, using the experimental data, the integral incre-
ment of the final photoresponse amplitude in relative
units

I
Iy = [ (P g=const L
)

in Eq. (7). The amplitude of the probing photopulse AL
rematned upchanged in all experimental series. As can
be seen in Fig. 2. the experimental data thus processed
in the coordinates (7, J; — J,7) lie on one straight line
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Fig. 2. The plots of the integral increment of the final
photoresponse amplitude /; vy the current density increment
J. = J.7 upon steady-state illuminaion for differenmt SCE poten-
tals ~E/NHLO (N, 090D, 0.8{D. 0.7 (H, and 0.6 (5.

regardless of the potential. This experimentally confirms.,
in particular, that the system reaches, in fact, the steady-
state level within the detection time.

ft follows trom Egq. (6) that the effective ume of
charge transter through the interfacial layer ¢, (under the
assumption that 1, is a function only of the stationary
current J, rather than of two independent parameters £
and L) is calculated through the ¢xpenimentally deter-
mined values. The plot of the thus calculated effective
time of charge transter through the interfacial layer vs
the steady-state current in semioganithmic coordinates
15 presented in Fig. 3. The points corresponding to the
dark regime, the regime of weak IR illumination
(L < 0.1 L), and the regime of intense IR tllumina-
tion (0.1 < L/Lga s 1) are specially marked on this
curve. Despite the pre-stabilization of the electrode, in
prolonged experiments (several h) the voltammetric char-
acteristics and the relationships of the characteristic ime
of the photoresponse pulse decay and ratios of 1ts initial
and final amplitudes to the cathodic bias are strongly
shifted along the potential scale. Nevertheless, a distinct
interrelation between t; and J; is observed because,
according to our concepts, 1o find the effective time of
charge transfer through the interfacial layer from the
experimental data, the generation-recombination pro-
cesses, which are most likely a reason for the instability
of the electrode, should not be considered in detail.

The increment of the surface charge density AQ
(relative to the charge corresponding to zero cufrent) as
a function of the stationary current density J, can easily
be calculated from Fig. 3. We arrange all points in the
plot in order of increasing current J; and perform the
summation over them, which is equivalent, with a suffi-
cient accuracy, to integration over J,. Because of many
experimental points and their statistical scatter, we 0b-
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Fig. 3. The plots of the charcteristic time of charge transfer 1
vs the steady-state current J, at different IR radiation levels: /.
dark regime; 2. illumination with L < 0.1-L,,: and J. high
levels of illumination.

tain a plot (points in Fig. 4) extrapolated by the ¢x-
pression
J, =y fexp(a Qi 0y = expth - AQr 0.

where the parameter b depends on the approximation
conditions (whether the points corresponding to the
higher currents are priority or initial points with respect
to Jy) and lies in the interval 0-—0.2. The solid linc in
Fig. 4 corresponds to » = 0. The formal interpolation
function can be considered as the result of averaging on
the electrode surface of the more appropriate (in the
kinetic sense) corretation

AQ/C m~*
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Fig. 4. The increment of the surface charge AQ as a function of
the steady-state current J,. The interpolation plot at 6 = 0 15
shown oy the solid curve.
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Jo= dy" - (AQ On) - explas aQ7 Q)

over the dimensionless parameter ¢ in the limits (b, 1).

Taking into account the relationship between the
increment of the surface charge density and the potential
drop of the interfacial laver. we may write

AQ/Qy = 1C-alY Qy =« fle- A/ kD

where « is the so-called transfer coefficient. 7 Hence.
the ratio of the effecuve interfacial layer capacity 1o the
charge transfer coefficient can be found from the pre-
sented experimental data

Cla = (e- Ok

In our experiments, for different silicon samples and
regimes of pre-treatment of the elecirode surfuce, this
value varied from 0.08 to 0.3 Fm™2.

Thus, we proposed and experimentally substantiated
a stmple kinetic mode!l of charge transfer through an
interfacial siticon layer—acidic solution of an electro-
lvte. This system exhibited a distinct relation between
the transfer time and the steadv-state current density,
and the latter regardiess of its nature {dark current or
phatocurrent) is an exponenntal function of the surface
charge density.
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