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An impedance study of the p-RuS,/aqueous electrolyte interface confirms the existence of a Fermi
level pinning of the semiconductor. The mechanisms of the band shift and of the interaction with
a redox couple are illustrated. The photopotential is limited by the moderate quality of the barrier
which allows forward currents flowing through the interface.

The effect of the interface modification by means of a metal deposition on the semiconductor
surface has been investigated. An improvement in the catalysis with respect to both photoassisted
hydrogen evolution and oxygen dark reduction was found. Evidence for an insertion of hydrogen

into p-RusS, is also presented.

1. Introduction

RuS, (E, = 1.3eV) is an interesting material due
to the possible catalytic properties of ruthenium-
containing compounds. n-Type RuS, crystals
recently investigated [1-8] showed a remarkable
chemical stability [9, 10]. In particular they are
resistant to all common chemical etchings and
are stable during strong oxygen evolution.

p-Type RuS, has been grown [11] to test the
stability of the crystals under hydrogen evolu-
tion and to check the catalytic properties of this
material toward oxygen reduction. The photo-
electrochemical investigation on these crystals
revealed an anomalous behaviour of the p-RuS,/
aqueous electrolyte interface [11]. Moreover,
the presence of forward currents indicated a
moderate quality of the Schottky barrier, despite
sensible photopotential values (up to 0.45V)
recorded at high levels of illumination. Further
investigation on these aspects is reported in the
present paper.

Metal deposition on the semiconductor sur-
face was also performed. The aim was to improve
catalysis toward photoassisted hydrogen evolu-
tion according to previous results on different
materials [12—15]. In the case of p-RuS, crystals,
however, special interest arises from the good
stability of the material under highly reductive
operating conditions [11, 16].

Oxygen reduction occurs on RuS, crystals
both in acidic and basic solutions with slow
kinetics [11]. The behaviour of the modified elec-
trodes in this regard is also briefly discussed.

2. Experimental details

RuS, crystals were grown in molten bismuth
[9, 10]. To obtain a p-type conductivity, RuAs,
and FeS, were added as dopants before the
crystal growth. The preparation procedure is
described in detail elsewhere [10, 11]. Crystals
were mounted on Vespel holders and sealed with
an epoxy resin (Scotchcast 3M XR 5241) leaving
only one surface in contact with the solution
(typical surface area of about 1 mm?). Electrical
back contacts were ensured by means of a plati-
num drop.

The experimental set-up consisted of a poten-
tiostat-sweep generator (BANK, POS 73), a lock-
in amplifier (PAR, Mod. 124A or 5206) and a
X~Y—t recorder. The impedance measurements
were performed using the lock-in technique: an
a.c. signal, having 10mV peak-to-peak ampli-
tude and different frequencies (see below), modu-
lated the electrode potential. The out-of- phase
component of the a.c. current was calibrated by
means of a decade capacitor (Hewlett—Packard
4440B), the in-phase component by means of a
resistance box (Monacor RD-1000).
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For the light modulated induced electron res-
onance {LMIER) measurements [17] an induct-
ance, L = 280mH, was added in series with
the cell and, for any electrode potential, forced
photocurrent oscillations were induced by illumi-
nating the electrode with a chopped white light.
The light source was a 250-W W-Hal lamp
(Oriel) and the photocurrent oscillations were
monitored using an oscilloscope. The frequency
of the chopper (PAR 9479) was varied until
electrical resonance was achieved in the RLC
circuit.

A standard three-electrode cell was used with
platinum as the counterelectrode and a mercu-
rous sulphate electrode (MSE) as a reference.
Solutions were made using analytical-grade
reagents and triply distilled water. Experiments
were carried out at room temperature and
without bubbling gas through the electrolyte
unless specified.

The deposition of metals on p-RuS, was car-
ried out with illumination of the semiconductor
surface in aqueous solutions containing 107> M
RuCl;, RhCl; - xH,0 or PtCl, in 3M HCL In
the last case a continuously stirred suspension
was obtained, due to the very slight solubility of
the salt. During deposition the electrode poten-
tial was scanned at 100mVs™', first between
—0.5 and — 0.2V (MSE) for some minutes and
then between — 1.1 and — 0.6V (MSE) for 1h.
During the deposition the dark currents increased.
The electrodes were then etched in concentrated
HCI until the dark current was reduced, and
were then rinsed with distilled water. Finally,
cyclic voltammetry was carried out in 0.5M
H,SO, solution under illumination beiween
—0.65 and 0.5V (MSE) for some hours. This
procedure gave good results and stability of the
metal deposit, at least for the case of platinum
(see Results section).

The analysis of the surfaces was performed
by means of a scanning electron microscope
(Cambridge Instruments).

3. Results and discussion
3.1. Capacitance measurements

An earlier study performed on the p-RuS,/
aqueous electrolyte interface {11] has shown that

the band edges of the semiconductor are shifted
with the redox level of the electrolyte. This is in
agreement with analogous findings on n-type
crystals grown in molten bismuth [9], and was
attributed to the presence on the semiconductor
surface of a high number of surface states. To
detect the energy position of the semiconductor
bands capacitance measurements were performed
in the dark in aqueous solutions containing
different redox couples. The results of these
measurements were complicated by the moder-
ate blocking character of the barrier, which
allows remarkable dark current to cross the
interface. Moreover, the crystal surface gener-
ally presented quite irregular features and the
quality of the investigated crystals was not uni-
form. Due to all these facts the results varied
from crystal to crystal. Nevertheless, the system-
atic investigation of many crystals under differ-
ent experimental conditions allowed the detection
of some features which are common to all the
cases examined.

Going from anodic to cathodic electrode
potentials the capacitance curve presents no
monotonic parts until the proximity of the redox
potential of the solution is reached. In this
region a monotonic decrease of the capacitance
was recorded at all the investigated frequencies
(100 Hz to 2kHz). The value of the capacity, C,
of the system decreased with increase of the
frequency. In the absence of additional redox
couples the monotonic part was observed in the
region of hydrogen evolution.

The equivalent electrical circuit of the elec-
trochemical cell can be schematized with two
capacities in series: that of the semiconductor
space charge region, C., and that of the
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Fig. 1. Electrical equivalent circuits of the crystalline semi-
conductor—<lectrolyte junction, (a) in the absence and (b)
in the presence of faradic dark current, and (c) in the
presence of a variable series resistance.
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Helmholtiz layer, Cy (Fig. 1a). The former of T ! '

these is a function of the applied potential. If the p

band edges of the semiconductor are fixed, the 10 b -

usual Mott-Schottky approximation [18, 19]
holds in the frequency range in which surface
states are ‘switched off". The second capacitance
is a constant: a typical value assumed for aqueous
solutions is 20 uF cm 2 [20]. In the present case,
due to the faradic currents crossing the interface,
a faradic resistence in parallel to the capacities
must be added as in Fig. 1b[21, 22]. In this case
it is necessary to calculate the parallel capaci-
tance of the circuit given by
1

= sin &

S = 27z M

where fis the frequency, 0 is the phase angle and
Z the complex impedance of the system

Z = X +iY @)

In the present case, however, the imaginary part
of the impedance was always much higher than
the real part. This led to corrections of the order
of the experimental error (< 3%) and they were
generally neglected.

The Mott-Schottky plots calculated for all
solutions showed a straight-line behaviour only
in a region of the monotonic part of the capaci-
tance curve. The width of this linear region was
normally 150-300mV depending on the elec-
trode and, to a certain extent, also on the sol-
ution. In particular, it was observed that with
electrodes allowing lower faradaic currents the
linear region was wider. Moreover, a very strong
frequency dispersion was observed, as shown in
Fig. 2, in which C~? versus U plots are shown
at different frequencies. Nevertheless, all these
straight lines converged to about the same point
on the x-axis for all crystals, regardless of their
quality. For example, in 1 N H,SO, solution it
was possible to estimate an apparent {lat band
potential value of .97 + 0.06 V (MSE). Anal-
ogous behaviour was recorded in the presence of
additional redox couples, but the linear Mott—
Schottky plots, and hence the apparent flat band
potentials, V3P, were shifted according to the
redox potential of the solution (see below). The
reproducibility of the V&P values was often
better in the presence of a redox couple.

Frequency dispersion in the capacity measure-
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Fig. 2. Mott-Schottky plots at different frequencies for a
p-RusS, electrode in 0.5M H, SO, solution. O, f = 2kHz; O,
f = 1kHz a, f = 300Hz.

ments has often been observed in the literature
[21]. Possible causes are:

(a) contribution of the bulk of the electrode or
of the back contact to the overall impedance;

(b) non-uniform a.c. current distribution due
to irregularity of the electrode surface;

(c) partial contribution of surface states to the
capacitance response.
All these causes could contribute to the observed
frequency dispersion in the present case (for
example, the electrode surface often presented
remarkably high roughness). However, for the
investigated p-RuS, crystals the frequency dis-
persion is quite high (see Fig. 2). For this reason
the possible influence of relaxation phenomena
caused by polar double-layer constituents [23]
leading to a much slower frequency dependence
was discarded as a principal cause. On the con-
trary, it was shown [24] that the presence of
surface states having a continuous energy dis-
tribution in the forbidden gap of the semicon-
ductor can cause a linear relationship between
C?andf.

The dependence of the Mott-Schottky curves
and of V&F on the pH of the solution, in the
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Fig. 3. Dependence of the Mott—
Schottky linesonpH atf = 1kHz
in aqueous solutions containing
no additional redox couples. O,
pH = 0;a,pH = 3; v,pH = 6;
<, pH = 10; O, pH = 14. The
| shift of the apparent flat band

-10
U / V (MSE)

absence of any additional redox couple, is shown
in Fig. 3. The apparent flat band potential is
shifted about 60 mV per unit of pH. This fact is
related more to the shift of hydrogen evolution
in the dark than to an ionic adsorption or to an
acid-base equilibrium with an oxide layer. It is
worth noting that the Mott—Schottky lines at
different pHs are not parallel. Typically, the
variation of the slopes is within a factor of two:
in Fig. 3 the values range between about 2.5 and
5uF2cm*V~'. The slope of the Mott—Schottky
lines for the same electrode was also found to be
slightly dependent on the redox couple present
in solution at pH = 0. This behaviour was also

-05 potential with pH is represented
in the inset.

observed for n-type RuS, crystals (see Fig. 6 in
[9]), and together with the previous considera-
tions (see Figs 2, 3) indicates that the recorded
slopes do not reflect the properties of the space
charge region (i.e. the concentration of free car-
riers). Nevertheless, as already observed in many
cases in the literature [21, 23], a Mott—Schottky-
like relationship between the capacity of the
system and the electrode potential holds, giving
an indication of the position of the band edges.
Again, a proportionality between C ?and V can
be valid under less restrictive conditions than
those of the ideal case [25].

By changing the redox species in solution at

]

Fig. 4. Mott-Schottky plots recorded at
pH = 0 and f = 1kHz in the presence of
different redox species. 0, 0.4M Ce** (or
Ce** /Ce*); A, 0.5M Fe** [Fe?t; v, 0.IM
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Ru**; O, 0.5M Cu?**. For comparison, the
curve obtained without additional redox
couples (&) is also reported.
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pH = 0 the Mott—Schottky straight lines are
displaced more than 2V according to the redox
level of the electrolyte (Fig. 4). Moreover, a
difference was noted in many cases between
solutions containing both forms of the redox
couple and those containing only oxidized species.
The results shown in Fig. 4 are in agreement
with the reported shift of the photocurrent onset
with the redox potential of the electrolyte {11]. It
is confirmed that such a shift occurs in the dark
due to a Fermi level pinning by surface states.

3.2. Photoelectrochemical behaviour

An attempt was made to correlate the apparent
flat band potential extrapolated from the
Mott—Schottky plots to the potential of photo-
current onset. Some results are summarized in
Table 1, in which the potential at which the
cathodic dark current begins is also given. In
Table 1 it is possible to distinguish between the
last three cases and the others. In the last three
solutions the redox level is well determined due
to the presence of both forms of the redox
couple (for solutions with added Ce** ions rel-
evant quantities of Ce** are always present
because of the very oxidative character of these
ions), or to the solubility product of one form of
the couple. Under these circumstances V5P in
the dark is nearly coincident with the onset of
photocurrent. This finding can be explained
according to the scheme shown in Fig. 5. Apply-
ing an anodic potential a forward anodic dark
current is observed (see curve b of Fig. 6), caused
by the hopping of holes from the valence band
through the barrier. A negative change in the

clectrode potential causes an upward shift of the
band edges due to the filling of surface states
(Fig. 5a). Under illumination a cathodic photo-
current begins when the redox level of the sol-
ution, E,, is lower than the quasi-Fermi level of
the electrons, *Eg, (Fig. 5b), i.e. in the domain
of the anodic dark current, as experimentally
observed. The shift of the bands in the dark
continues, and at U = E,_, the sign of the dark
current 18 reversed (compare Figs 5 and 6). In
this region of potential the position of the band
edges becomes fixed due to an interaction bet-
ween surface states and the redox couple [26, 27].
The band bending now increases according to
the imposed variations of potential, and the sur-
face states remain in equilibrium with the solu-
tion (Fig. 5d). From this point a Mott-Schottky
straight line is recorded. The difference between
this point and the apparent flat band potential is
given approximately by the barrier height, and is
nearly equal to the photopotential recorded at
high illumination levels. For this reason V3P =
I/onset'

In the presence of the oxidized form of the
couple only, the kinetic interaction between sur-
face states and the redox couple is less effective.
The shift of the bands continues for some hun-
dreds of mV until some quantity of the reduced
species is formed in the dark (see Table 1). This
shift is reflected by the different shape of the
dark cathodic current curves a and ¢ in com-
parison to curve b of Fig. 6 (the anodic currents
are obviously suppressed in the absence of hole
acceptors).

As for the small linearity range of the Mott—

Schottky plots, it was observed that:

Table 1. Characteristic voltages for p-RusS, in different electrolytes. V., is the potential at which cathodic dark current begins,

V.

onset

sulphate or chloride salts) to the base solution at pH = 0

is the photocurrent onset potential. With the exception of the first two, the solutions were obtained by adding the ions (as

Solution V. (V vs MSE) Voot (V vs MSE) VaP (V vs MSE) [VEP| — [V, (V)
H,S0,, 0.5M ~0.38 —~0.35 ~—10 ~+0.65
KOH, 1M —~1.55 —1.1 ~—185 ~+0.75
Fe’*, 0.5-4M +0.15 +0.55 +0.20 —~0.35
Re*t, 0.1M +0.2 +0.55 +0.31 —0.24
Cu’*, 0.5M —0.25 +0.16 +0.12 —0.04
Fe'* [Fe*t, 0.5M 0 +0.55 +0.56 +0.01
Ce*t, 0.4M° +0.8 ~ 4125 +12 ~ —0.05

*0r Ce** /Ce’* solution.
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a)

c)

b)

d)

Fig. 5. Mechanisms of dark and photocurrent for p-RuS, in contact with an aqueous electrolyte at different electrode

polarizations. For explanation see text,

(a) by lowering the concentration of oxidized
species the linear region was decreased; at low con-
centrations the capacitance curve was deformed
and tended to become flat (any influence of the
Gouy layer is excluded due to the presence of
Imoll™! of H* ions);

(b) by stirring the solution the linear region of
the Mott-Schottky plots was enlarged;

(c) on recently grown crystals which allow
lower dark currents, the linearity of the Mott—
Schottky plots is extended over more than 0.5V
(see Fig. 7). Moreover, these crystals showed the
same behaviour reported in Fig. 4 and a lower
frequency dispersion.

All these facts seem to indicate an influence of

the diffusion of the oxidized species in solution
reacting at the surface. When going towards
negative potentials, cathodic currents increase
until the concentration of the reacting species
at the electrode surface is diffusion-limited.
This fact can be taken into account by means of
a series resistance varying with the potential
(Fig. 1c). An analysis of the dependence of the
imaginary part on the real part of the equivalent
impedance is shown in Fig. 8. At less negative
potentials the results are consistent with the
scheme of Fig. 1a, whilst at more negative poten-
tials they indicate the equivalent circuit shown in
Fig. 1¢ [28]. However, a contribution of the bulk
of the electrode to the series resistance cannot be

T I T
50 |- ~
<
=
0 — —
= b)
-50 |- 7 ‘ -
Fig. 6. Dark current as a function of the elec-
| . | | trode potential for a p-RuS, electrode in dif-
10 05 0 05 ferent solutions. (a) 0.5M H,S0,; (b) 0.5M
H,S0, + 0.5M FeSO, + 0.25M Fe,(80,):;
Ug 7/ VI(MSE) (¢) 0.5M H,S80, + 0.25M Fe,(SO,);.
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excluded. An influence of the diffusion phenom-
enon on the recorded Mott-Schottky plots has
been found also for n-RuS, [9]. The physical
reason may be the fact that the presence of the
couple at the electrode surface is necessary to
neutralize kinetically the surface states and
hence to stabilize the position of the semicon-
ductor band edges.

To check whether the measured capacities
reflect the variations in the band bending of the
semiconductor a LMIER measurement was per-
formed [17, 29]. With this method, photocurrent
transients, which depend on the capacitance of
the semiconductor space charge region, are
influenced by means of an external inductance
(see Experimental section). Varying the fre-
quency of the chopped light a resonance is
achieved in the RLC circuit. It is possible to
demonstrate that the resonance frequency, f,, is
inversely proportional to the square root of the
capacity [17, 29]. Indeed, a straight line was
observed in the f2 versus Ug plot (Fig. 7). The
agreement between the V&P values detected with
the two different methods is evident.

An interesting experimental finding is the
linear dependence of the open circuit potential,
AV,,, on the light intensity (Fig. 9). The same
result was found in solutions containing Cu®* or
Fe(CN);~ ions under white light, and also for
n-type crystals under monochromatic irradia-
tion in the presence of different redox couples
[10].

This behaviour can be qualitatively explained

as follows. In the presence of a forward dark
current the total current under illumination is
the difference between the photocurrent and the
forward current. At the open circuit potential
[30, 31],

3
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Fig. 8. Imaginary part versus real part of the electrode
impedance at different frequencies for the electrode of Fig. 7.
(a) Uy = — 0.1V (MSE); (b) Uz = —0.6V (MSE).
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For a hopping mechanism through traps lying
inside the band gap it is possible to suppose [32],
at least near the open circuit potential, that

KAV @)

i =
where K is a proportionality constant and AV
the voltage drop inside the semiconductor space
charge layer (see also Fig. 6). In contrast, the
potential dependence of the photocurrent has
been experimentally found to be very weak in
this potential region. This could be caused by
the shift of the bands and/or by a high surface
recombination rate. Recalling that in the con-
sidered range i, is proportional to the light
intensity [11}, the result of Fig. 9 is explained.

3.3. Surface modification

Deposition of platinum particles on the surface

2Wem™?) for p-RuS, in 0.5M H,S0, +
0.5M Fe,(80,), solution.

of p-RuS, semiconductors was carried out by
electrochemical deposition from an electrolytic
solution containing a platinum salt (see Experi-
mental section for details). A partial coverage of
the surface was obtained, as revealed by the
SEM pictures of Fig. 10a and b. The platinum
particles (bright areas) are not homogeneously
distributed over the surface: large areas of
uncovered surface are present, together with
zones in which a high concentration of platinum
is deposited, especially in coincidence with
defects or irregularities of the surface (Fig. 10a).
Moreover, the platinum particles appear to be
rather small in size (Fig. 10b). From the inspec-
tion of the overall surface, and from a semi-
quantitative analysis, the degree of surface
coverage was estimated to be lower than 20%.

From an electrical point of view the semicon-
ductor—electrolyte junction is in parallel with a

Fig. 10. (a) SEM micrograph of a p-RuS, crystal after electrochemical deposition of platinum (bright area). (b) Enlarged view

of a platinum-rich area.
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Fig. 11. Hydrogen evolution photocurrent versus electrode
potential in 0.5 M H, SO, under strong white light irradiation
for the electrode of Fig. 10, before (a) and after (b, ¢)
successive platinum electrodepositions and subsequent
potential sweeps (d; see Experimental section).

semiconductor—metal-electrolyte junction. The
voltage drop across the interface is determined
by the lowest of the two barriers.

An effect on the photoassisted evolution of
hydrogen was observed after this modification.
Fig. 11 shows the variation of the photocurrent
curve for hydrogen evolution in 0.5 M H, SO, for
the same eclectrode, before and after electro-
deposition of platinum. The dark current (not
considered in Fig. 11) increases by a factor of
about two between curves a and d of Fig. 11, and
is much lower than the photocurrent. It is inter-
esting to note also the positive shift of the onset
potential for hydrogen photoevolution. The cal-
culated energy conversion for the incident light
is, however, very low (less than 1%). Neverthe-
less, the result confirms that it is possible to
improve the catalytic properties of the present
system with this method.

Electrodeposition of rhodium and ruthenium
was also carried out on the surface using the
same procedure. In comparing the results, the
fact that different crystals were used must be
taken into account. Nevertheless, the effective-
ness in improving the catalysis decreases in the
order: platinum > rhodium > ruthenium (for
ruthenium the photocurrent curve is displaced by
about 100mV). Moreover, with rhodium and
ruthenium the dark current was more enhanced
(perhaps due to a higher coverage of the sur-
face). Therefore, it appears that the effect of the

metal is a catalytic one, according to the results
obtained on p-InP [15]. In the case of a p-type
semiconductor, an increase of the Schottky
barrier due to a semiconductor—metal contact
should be inversely proportional to the work
function of the metal. On the contrary, for
p-RuS, the shift of the onset potential for hydro-
gen photoevolution seems to be related to the
logarithm of the exchange current density for
hydrogen dark evolution on the metal, i 4 [33].

This is confirmed by the oxygen reduction
behaviour shown by the same crystal of Fig. 11.
A noticeable increase in the rate of oxygen
reduction on the electrode was found after plati-
num deposition. A comparison with an electrode
without platinum on the surface is shown in
Fig. 12 for the case of NaOH solution (the elec-
trodes area is different in both cases). Limiting
current is reached at a potential 450—500mV
more negative than the standard potential of the
reaction (showed by an arrow in Fig. 12). The
increase in the reduction kinetics is evident: for
curve 1 of Fig. 12 the limiting current, i, , is never
reached until hydrogen evolution begins. The i;
values are obviously influenced by the bubbling
rate, which causes stirring of the solution. For
comparison, the behaviour of a platinum elec-
trode was studied in the same conditions. The
diffusion-limited current is reached at nearly the

current / a.u.

oy

| 1 1

-10 -05 0

Ug / VIMSE]

Fig. 12. Full lines: cyclic voltammetries performed on p-
RusS, crystals in 1M NaOH solution under oxygen atmos-
phere. Curve 1 refers to a crystal without platinum coverage;
curve 2 is relative to the crystal of Fig. 10. Dashed curve is
the voltammetry under nitrogen atmosphere corresponding
to curve 2. Sweep rate, 100mVs~'.
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same potential. The magnitude of i is equal in
both cases if the apparent area of the electrodes
are considered (in the case of the RuS, crystal,
however, a roughness factor of 2.5 was calcu-
lated). This value is in agreement with those
reported in the literature [34, 35]. Moreover, no
effect of the semiconductor illumination on the
potential at which limiting current is reached
was found. This confirms that the effect of plati-
num on p-RuS, is mainly to improve the dark
catalysis.

In sulphuric acid solutions the limiting current
is reached at much higher overvoltages, not far
from the hydrogen evolution starting potential.

Finally it is remarkable that in the case of
platinum electrodeposition good stability was
observed after many measurements. This holds
also for hydrogen evolution, indicating an
acceptable cohesive interaction between metallic
catalyst and semiconductor.

4. Evidence for hydrogen insertion

The flatband measurements have revealed a
remarkable anomaly occurring in connection
with proton reduction leading to hydrogen evol-
ution. The photopotentials amounting up to
450 mV (positive sign) observed with p-RuS, in
presence of different redox systems can only be
explained when the flatband potential of the
clectrode is situated at a potential more positive
than the redox potential of the electrolyte. This
means that the negative bending of the energy
bands necessary for the generation of cathodic
dark- and photocurrents will increase towards
more negative electrode potentials. In agreement
with this concept, the onset of dark currents
arising from the reduction of redox species such
as Cu**, Fe**, Ru’* and Ce** is observed at a
potential negative from the flatband potential.
The onset of photocurrents is seen to occur
somewhat positive from the flatband potentials
in the dark. Since positive photopotentials are
observed it has to be assumed that illumination
changes the flatband position of the electrode.
Its behaviour is therefore still understandable.
In the case of proton or water reduction, how-
ever, both dark and photocurrents are starting
at potentials significantly more positive than the
apparent flatband potential (0.2-0.3 and 0.65—

0.75V, respectively). In addition, the photopoten-
tial observed is quite small and can, together
with the redox potential-dependent shift of the
flatband potential, not be fitted into the system-
atic behaviour of other redox couples. Since
cathodic dark and photocurrents starting posi-
tive to the ‘flatband potential’ are inconsistent
with photoelectrochemical theory, a different
phenomenon has to be taken into account.

A reasonable approach to this problem is to
assume insertion of hydrogen into p-RuS,. Like
many other noble metals and metal oxides [37, 38]
ruthenium and RuQ, are known to insert hydro-
gen. Layer-type transition metal sulphide form
insertion compounds of the type H,MeS,
(Me = transition metal) [38]. MoS,, for example,
forms an insertion compound with x = 0.3.
Recently, evidence has also been given for
hydrogen insertion into WSe, [39]. Also, a tran-
sition metal sulphide with pyrite structure, FeS,,
has been shown to incorporate and transport
hydrogen [40]. RuS, itself is presently under
study with respect to its ability to incorporate
hydrogen [41]. It is therefore reasonable to attri-
bute the abnormal apparent flatband behaviour
observed with p-RuS, in presence of proton
reduction to hydrogen insertion.

Let it be assumed that hydrogen insertion
proceeds according to the reaction

H* + e — (H)i ()

Applying equilibrium thermodynamics the poten-
tial difference arising at the inserted electrode—
electrolyte interface can be calculated by

gy

RT
Vo + —In

vV =
Foooagy,

(6)
when ¢ = activity.

It is justified to assume that insertion will
proceed up to a saturation of the interface with
inserted hydrogen which is equivalent to a con-
stant activity. If this is considered, the formula
for the potential drop in the interface reads

V = V;— 0.059 pH (7

This corresponds to the observed pH-dependent
shift of the apparent flatband potential. It can be
concluded that proton insertion is compensating
and preventing a significant energy band bend-
ing until the interface is saturated with inserted
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hydrogen. Only then, i.e. at more negative poten-
tials than the real flatband potential, the energy
band bending can increase with increasingly
negative electrode potential.

5. Conclusions

Crystals of p-RuS, grown in molten bismuth
show quite unusual photoelectrochemical behav-
iour. The behaviour of the crystals is greatly
influenced by the high number of surface states
on the semiconductor surface. The presence of
these surface states gives rise to a strong shift
in the position of the bands. The shift occurs in
the dark until the redox level of the electrolyte
is reached. The capacity measurements reported
here and previous photoelectrochemical measure-
ments [11] support this hypothesis and indicate
further complications due to hydrogen insertion.

Another important aspect of the photoelectro-
chemistry of this compound is the moderate
blocking character of the Schottky barrier due
to impurities lying in the forbidden gap. This
fact, together with the variation of the position
of the band edges, caused a metallic-like behav-
iour of the semiconductor in the dark. However,
the shape of the dark characteristics reflects a
rectifying property of the junction.

The presence of leakage currents crossing the
barrier and the band shift are reflected in a
photovoltage versus light intensity relationship
which is linear up to illumination levels of some
hundreds of mW cm 2.

The question arises whether the impurities
inside the band gap allowing the occurrence of
forward dark currents and the surface states
have the same physical origin or not. In the
former case surface states should be caused by
foreign atoms emerging at the surface. At
present no experimental evidence exists. it is
known, however, than n-type crystals grown
with this procedure incorporate some quantity
of bismuth [9]. Also, for p-RuS,, ESCA measure-
ments revealed the presence of about 4% of
bismuth on the surface and inside the crystal [36].
This explains the dark conductivity of the bar-
rier, but the origin of the photoelectrochemical
behaviour of the crystals is not yet proved.

Deposition of metals onto the surface of
p-RuS, crystals has been shown to improve the

performance of the material for photo-assisted
hydrogen evolution and dark oxygen reduction.
For the hydrogen reaction platinum is the most
effective of the metals investigated. The improve-
ment is quite notable in the case of oxygen
reduction in basic solution. Hence interest could
arise in this kind of surface modification for
practical purposes.

The mechanism of the catalytic effect of the
metal particles on the semiconductor surface, its
characteristics, limitations and durability are
still unknown and can be an interesting topic for
future investigation.
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