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The photo-electrochemical processes on epitaxial films of n-GaAs and polycrystalline films CdSe
after modifying their surface by nano-sized particles of CdS, Zn, Pt, graphene oxide and Nb,Os have
been studied. It revealed that the modification of the electrode causes increase in their
photosensitivity, which comes from reduced rates of surface recombination and photocathode
reactions that take place with the participation of surface electronic states. As cathodes for the
hydrogen production there were used the nano-composites based on multiwalled carbon nanotubes
and reduced graphene oxide. Materials analyzed are rather promising to be used as electrodes for
electrochemical cells in solar hydrogen production.
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Introduction

Development of renewable energy sources modification and  nano-structuring  of

is one of the most challenging scientific and
technical problems of our time. In this respect,
an emphasis is laid on the use of solar energy
by means of semiconductor solar cell
converters. Currently developed are photo-
electrochemical solar energy converters to
accumulate hydrogen without the gas
generation phase [1, 2]. Success in using these
devices is dependent on the technology of
producing low-cost and effective
semiconductor and electro-catalytic materials.
Principal factor in the production of these is
the development of methods of their synthesis,
which ensure high durability and reliability of
solar energy electrochemical converters. An
important aspect of these systems is to
increase the efficiency of photo-conversion.
One of the ways to attain this goal is the

semiconductors to prevent the recombination
of charge carriers and thus enhance their
catalytic properties.

With the advent of the new nanocarbon
material — graphene, a lot of papers have been
published to identify their use as a base
material for anode and cathode in the photo-
electrochemical cells [3-5].

The aim of the work is to examine photo-
electrochemical properties of GaAs and CdSe
composite films with the nanostructured
surface that contain graphene oxide (GO) and
make it possible to determine the applicability
of these films and cathode materials based on

graphene  structures in  the  photo-
electrochemical system for the hydrogen
production.

Experimental results and discussion

We are engaged in studying epitaxial films
of n-GaAs, ~ 1 microns thick, which are
chemically deposited on a single crystal GaAs-
substrate, as well as electrodes on the basis of
polycrystalline CdSe. Composite photo-
electrodes based on photosensitive CdSe film

were obtained by applying an aqueous
dispersion of mechanical CdSe powder in the
polyethylene glycol of CdCl; solution (2 mass %
of CdCly) and 0.19-2.42 mass % of graphene
oxide (by weight of CdSe) on the Ti substrate
with preformed layer of TiO, nanotubes. Note
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that TiO, nanotubes were obtained through the
use of anodic potentiostatic polarization of the
titanium foil in F ions-containing [6, 7]
electrolyte. Photo-electrodes were annealed in
air at 530 ° C for 1 hour to prevent the possible
destruction of the material [6, 8]. The surface
of the electrodes was studied by means of
Auger spectrometer 09-1-OC-10-005, mass
spectrometer IMS4f and electron microscopes
JSM 6700F and JEM-100 CXI]I.

To examine the current-voltage
characteristics, potentiostat-galvanostat P-8S
(Elins, Russia) has been used. The electrode
potential has been measured with respect to
silver chloride reference electrode. Spectral
dependences of photocurrent have been
measured on a quartz cell that included an
MDR-2 mono-chromator, and as a light
source there was used a xenon lamp (DKSSh-
500) with stabilized discharge current. The
xenon lamp with power incident light P = (16
+ 50) mW / cm?was used to illuminate photo-
electrode effect. Values of P have been
established with help of photodiode head
PD300 - UV and the display NOVA 11 (Ophir-
Spiricon). Pulsed nitrogen laser LGI-21 (A =
0.337 micron, P; = 1300 W / cm?, 1; = 15 ns)
has been used to study the relaxation kinetics
of the photo-EMF. The time resolution of the
measurement setup made up 50 ns. As
electrolyte, we used an aqueous solution of
KOH and Na,S containing 1 mol / L of each
component.

The electrodes have been modified by
treatment in the solutions containing Zn®* ions.
The presence of Zn on the surface was
determined through the wuse of mass -
spectrometry and by means of Auger
spectroscopy; Zn concentration on the surface
constituted about ~10™ atoms / cm?. Results of
electron-microscopic analysis showed that at
the resolution of ~ 2 nm which took place
during the experiment, the Zn metal
nanoparticles were not observed; this may
indicate that the nanoparticles have sizes, at
least, 2 nm. It should be noted that similar
conclusions were made by authors of [9], who
carried out studies into the effect of modifying
TiO, electrode by platinum on photo-catalysis;
in this case the nanoparticles were not
observed due to their extremely small size. We

performed deposition of CdS nanoparticles on
GaAs during the formation of CdS colloidal
particles in aqueous solutions. Note that an
average particle diameter changed from 2 nm
to 5 nm depending on the initial concentration
of reagents [10]. For the deposition of Pt
nanoparticles on the surface of the GaAs, there
was used a method of Pt electro-deposition for
chlor-platinic acid solutions under strong light
on the semiconductor in the area of
fundamental  absorption  light.  Average
diameters of Pt particles ~ 10 nm on the
surface coverage were 30-70%.

Nb,Os particles were deposited on the
surface of CdSe by means of photo-
electrochemical method from the solution of
aqueous electrolyte based on poly peroxy
niobium acids. Electrolyte content constituted
Nb,Os-xH,0 - 0.01 mol / L (in terms of pure
Nb,Os); 20 ml / L the solution of 35 mass % of
H,0,. The solution was adjusted to pH = 3 by
sulfuric acid. The electrochemical dissolution
powder of Nb,Os carried out in a pocket_ like
a titanium cathode in the solution of 40 mass %
of H,SO4 and 5 mass % of H,0, at a current
density of 0.5 + 1 A/ cm? [11].

Graphene oxide (GO) and reduced
graphene oxide (RGO) were obtained by
chemical synthesis from multiwalled carbon
nanotubes (MCNT) [12-14]. An outer diameter
of carbon nanotubes was about 10-30 nm; a
specific surface area - 130 m? / g; a bulk
density - 25-30 g / dm® an amount of wall
from 8 to 15. Fig. 1 shows graphene oxide
prepared out of multiwalled carbon nanotubes.

Figure 1. Micrograph of graphene oxide.

When using semiconductor electrodes for
solar energy conversion, in particular, for
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production of hydrogen, it is necessary to
estimate the value of photo-voltage E < -1 V
(with respect to silver chlorine reference
electrode) at which hydrogen can be efficiently
reduced on cathodes [2, 15]. The main
difficulty in the use of relatively narrow-gap
semiconductors to produce hydrogen lies in
small negative value of photo-voltage (Epn)
and recombination processes occurring on the
surface, and as a result, low voltage of photo-
electrochemical cell. Nano-structuring Ti
substrate by TiO, nanotubes contributes to the
gathering of major carriers in this hetero-
structure and leads to an increase of Eyn [6]
thus improving the adhesion of photoactive
coating with a substrate.

Studies into the effect of modifying the
surface of a semiconductor on its surface
charge, which is determined from the photo-
voltage values under illumination [16] and
measurements of voltage-capacitance
characteristics of the Schottky layer [15] made
it possible to establish that the modified TiO,
nanotubes / CdSe / GO - electrode result in
raising potentials of flat bands Eg in the
cathode area by 60 + 100 mV, which, in turn,
leads to rise in photopotential AEy:. A similar
increase in the negative area of Ep after
modifying the surface by Zn was observed by
us in the matter of GaAs electrodes. We found
that the modification of the semiconductor
electrode by Nb,Os raises load parameters of
TiO, nanotubes / CdSe- electrode by 10 + 20%
and reduces relaxation processes arising from
adsorption processes and slowing recom-
bination processes, as well as traps carriers
charge on the electrode surface (Fig. 2).

A reason for improved performance of
the TiO, nanotubes / CdSe / GO - electrode
composite structure is to improve the
separation of electron-hole pairs in the space
charge area (SCR) modified CdSe, which
contacts with the electrolyte, since graphene
structures are electron acceptors [17, 18] and
contribute to an increase in negative charge of
the surface of semiconductor in contact with
CdSe / GO and, as a consequence, leads to an
increase of electric field in the SCR.

3

j» mA/cm

Figure 2. Photocurrent density j dependence on
potential E for modified Nb,Os (1), and for initial
TiO, nanotubes / CdSe- electrode (2).

1M Na,S + 1M NaOH solution.

The light output P=16 mW/cm?.

Changes in the value of flat-band potential
can also be related to an increase in negative
surface charge as a result of the restructuring
of the "slow" surface electron states,
interaction of quantum dots of metals and
semiconductors with semiconductor surfaces,
in particular, GaAs, and cause changes in the
content of the surface oxide layer.

It was found that modification of the
surface semiconductors led to an increase in
quantum vyield of photo-electrochemical
current #; in a wide spectral range (Fig. 3).
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Figure 3. Spectral dependence of the quantum
yield of photo-electrochemical current, #;, in
the solution of 1 mol/L KCI for a GaAs
electrode at the potential E=0.4 V.

1-initial electrode, and modified with Pt (2);
(3); CdS (4).
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Maximum value of #; for the modified GO-
CdSe electrode was 7; =0.65 at a potential of
04 V. A decrease in ;i in the short-
wavelength area of the spectrum is
characterized by the start of GaAs electrode,
on whose surface there were no nanoparticles
(Fig. 3, curve 1) [16]. The largest increase in #;
was observed in the case of CdS (Fig. 3, curve
4) and the least in Pt (Fig. 3, curve 2). The
deposition of Pt nanoparticles  was
accompanied by the increase in #; in the
visible area and the decrease in the ultraviolet
one (Fig. 3, curve 2).

To analyze the obtained results, we applied
to the theory of photo-generated charge carrier
transfer across the semiconductor/electrolyte
interface [15, 16] bearing in mind that the total
photocurrent across the interface consists of
minority-carrier current (hole photocurrent)
and majority-carrier  current  (electronic
photocurrent), while in the course of
interfacial charge transfer through the interface
there were involved surface electronic states.
Note that the rise in the quantum yield of
photocurrent, #;, in the visible area after the
modification of Pt, Zn, CdS and GO (Fig. 3)

surfaces may be accounted for by
intensification of photo-catalytic activity of
nanostructured surface and, hence, the increase
in anodic photocurrent together with the
decrease in the surface recombination velocity
of the holes and, consequently, rise in the hole
photocurrent [16]. At the same time, to explain
the decrease in 7; after deposition of Pt in the
ultraviolet area it is essential to assume that the
cathodic photocurrent contributes to the rise in
the cathodic reaction rate in total photocurrent.
Analysis of experimental data shows that the
modification of the GaAs surface by Pt gives
rise to the cathodic reaction rate (in this case,
the reaction of hydrogen photo evolution).
This is proven by a significant decrease in the
overvoltage of hydrogen evolution on GaAs
after the deposition of Pt nanoparticles on its
surface [19].

It should be noted that the loss of photo-
generated carrier on the recombination after
modification ~ of  semiconductors  also
manifested itself in the rise of characteristic
relaxation time and the increase in photo-
voltage amplitude, which leads to the rise in
photosensitivity electrode.

-1.4 -0.9

-0.4 E,B

Figure 4. Comparative summarized current-voltage characteristics of different photo-anodes in the
solution of 1M KOH + 1M Na,S and cathodes in the solution of 30 % of KOH: CdSe —photo-anode (1);
Pt — cathode (2); cathode from MCNTs with deposited Pt (3); cathode from RGO with deposited Pt (4);
composite photo-anode from CdSe with 1 % of GO. P=16 mW / cm®. Potential sweep rate of 20 mV/s.

Fig. 4 shows the current-voltage
characteristics of photo-anodes and different
cathode materials for the production of
hydrogen. As is seen from Fig. 4, photo- /

anodes obtained provide a hydrogen evolution
on platinum and carbon nano-composites.
Composite photo-anodes from TiO, nanotubes
CdSe with GO have Dbetter load
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characteristics than non-modified films of
CdSe. As a cathode material, we applied nano-
composites based on carbon nanotubes and
RGO with deposited Pt. Note that modified Pt

carbon materials can effectively generate the
hydrogen gas in the system, as well as on the
cathodes based on RGO with essentially
improved electro-catalytic parameters.

Conclusions

It revealed that modification of the surface
of CdSe and GaAs electrodes with
nanoparticles of CdS, Zn, Pt, graphene oxide
and Nb,Os leads to an increase in the negative
surface  charge, reduces the surface
recombination and as a consequence raises the
photo-conversion efficiency. The formation of
TiO; nanotubes on titanium substrate increases
the adhesion of CdSe polycrystalline, and

photo-electrochemical cell for hydrogen
production might be identified as materials
with low hydrogen evolution over-potential
and new nano-composites based on multi-
walled carbon nanotubes and reduced
graphene oxide, which are apparent in the
reaction of hydrogen evolution close to the
platinum metal. Results obtained testify that
the analyzed photo-electrochemical system is

reduces the amount of the cathode dark current. highly promising for solar hydrogen
It found that base materials for the cathode in  production.
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DOTOIJIEKTPOXUMHYECKAA CUCTEMA, OCHOBAHHAA HA
110J1YIIPOBO/THUKOBbIX HAHOMATEPHAJIAX U I'PA®EHOBBIE CTPYKTYPbI
JUIA ITPOU3BO/ICTBA “COJTHEYHOI'O” BO/IOPO/IA

I'.Al.Konébacos, JI.A.Pyceuykuii, H.A.Cnodoodvanwk, M.0./lanunos

Hucmumym obwetl u neopeanuyeckou xumuu um. B.U.Beprnadckoeo
Hayuonanvnoti Akademuu Hayx Yrpaunui,
np. llannaouna 32-34, 03680 Kues 142, Ykpauna; e-mail: g_kolbasov@inbox.ru

Hzyuenvt  ghomoosnexmpoxumuveckue  npoyeccbl  HA  INUMAKCUATbHbIX — naeHkax N-GaAs u
nonukpucmaniuyeckux nienkax CdSe nocire moougpuyuposanusi ux nOGEPXHOCMU HAHOPAZMEPHBIMU
yacmuyamu CdS, Zn, Pt, oxcudom epagpena u NbyOs. Ilokazano, umo mooughuyuposanue 31eKkmpooos
nPUBOOUM K VEEIUYEHUIO UX (DOMOYYECMBUMENbHOCMU, UYMO CEA3AHO C YMEHbUIEHUEM CKOPOCU
HOBEPXHOCMHOU PEKOMOUHAYUU U HOMOKAMOOHOU peakyuu ¢ yuacmuem NOo8epXHOCMHbBIX IJIeKMPOHHBIX
cocmosinuil. Tloxkaszano, umo 6a306biMu MamMepuaIamu Kamood 6 omodIeKmpoXUMULecKoll suetike Os
nOMyUeHUs 6000P00A MO2ym Oblmb KAK U38ECMHbIe MAMEPUANbl C HUSKUM NePeHANPANCEHUEM EblOeNEHUS.
6000p00a, MAK U HAHOKOMNO3UMbL HA OCHOBE YeIEePOOHbIX HAHOMPYOOK U B0CCHMAHOBIEHHO20 OKCUOA
epaghena, xapaxmepucmuku KOMOpwbIX 6 peakyuu 6vloeleHuss 6000pooa OnNu3KU K 3HAYEHUAM HA
naamunoguix memannax. Hcciedoeannvle mamepuanvl nepcnekmuenvl O NPUMEHEeHUs. 6 Kauecmee
AEKMPOO08 INEKMPOXUMUYECKUX NPe0dpa3osameneli COIHEUHOU dHepaul 0l NOAYUEeHUs 6000POOd.
Knrouesvie cnosa: GaAs, CdSe, nanocmpyxmypel, okcuo 2paghena, 60ccmanosnenuviil okcuo 2pagena,
npou3600cme0 “‘CoHeuno2o” 800opooa.

Ilocmynuna 6 pedaxyuro 30.10.2016.
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