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Semiconductor Electrodes. 27. The p- and n-GaAs-
N,N'-Dimethy1-4,4'-Bipyridinium System.
Enhancement of Hydrogen Evolution on p-GaAs

and Stabilization of n-GaAs Electrodes.
Fu-Ren F. Fan, Benjamin Reichman and Allen J. Bard

3 Department of Chemistry
The University of Texas at Austin

Austin, Texas 78712

(ABSTRACT)
The photoelectrochemical (PEC) behavior of N,N'-dimethy1-4,4'-
bipyridinium (methyl viologen, MV2+) at p- and n-type GaAs electrodes in

2+ at irradiated p-GaAs

aqueous solutions was studied. The reduction of MV
occurs at potentials 450 mV less negative than those found at a Pt electrode.
The catalyzed reaction of the photogenerated vt with water to produce hydrogen
by irradiation of p-GaAs was demonstrated and the use of the MV-system as an
intermediate in the photoassisted generation of hydrogen at semiconductors

with high hydrogen overpotentiaﬁs suggested. The photooxidation of MVT at

n-GaAs occurred at potentials 0.8 V less positive to those where the oxida-

tion takes place at Pt. PEC cells of the form n-GaAs or p-GaAs/MV2+,MVt/M
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INTRODUCTION

Attempts to promote the photodecomposition of water at semiconductor

electrodes are based on the reduction of protons to hydrogen at p-type and
the oxidation of water to oxygen at n-type materials. In the design of such
systems difficulties arise from instability of the semiconductor electrodes
themselves under irradiation and low rates of hydrogen or oxygen evolution
at the semiconductor surfaces. The large band gap n-type semiconductors which
are stable and provide the needed overpotential for oxygen evolution, e.g.,
T1'02 1 or SrTiO3 2, do not utilize solar energy very efficiently. The use of
p-type materials in such cells has been less studied. Generally the effi-
ciencies of p-type materials are low and they are apparently poor photocathodes
for hydrogen evolution.3
We recently discussed the behavior of p-GaAs in aqueous solutions containing
a number of redox couples and showed that stable operation of photoelectrochemical
(PEC) cells for the conversion of radiant to electrical energy was possib]e.4
A number of studies have described the production of hydrogen by reaction of

the radical cation of N,N'-dimethyl-4,4'-bipyridinium (also known as methyl

2+) )_5

viologen, MV

+ +
my2*

In such systems the radical cation, va, is generated by reaction with a suitable
Sa)

with protons in the presence of a suitable catalyst (e.g., Pt02

reductant in the presence of light. Since this reductant (e.g., triethanolamine
is irreversibly decomposed, such processes may not involve net storage of radiant

energy (i.e.. they may be photocatalytic rather than photosynthetice). However

they do demonstrate the applicability of the MVT/catalyst system for hydrogen
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generation. The photoreduction of MV2+ at p-GaAs would provide the MV¥ without
the need of a consumable reductant and thus provide a path to hydrogen evolution
at the semiconductor. The process is illustrated in Fig. 1. A similar strategy
utilizing p-Si has recently also been suggested by Wrighton and co-workers.7
We report here the photogeneration of hydrogen at p-GaAs with such a system.

A second aspect of the research discussed here pertains to stabilization
of n-GaAs and PEC cells based on this material. Stabilization of n-GaAs with
respect to photoanodic decomposition has been accomplished either by the addition
of a suitable redox couple (e.g., Sez'/Seg', Tez'/Teg') to aqueous so]utions,8
or by the use of aprotic media, such as acetonitrile, as the solution phase.
This stabilization is based on the relative energetics and kinetics of the

semiconductor decomposition reaction with respect to the capture of photo-

generated holes by the reduced form of the solution coup]e.9 We demonstrate

in this paper that the MV2+/MVT couple can play the role of such a stabilizing
redox system for n-GaAs in aqueous solutions and that regenerative (photovoltaic)

PEC cells showing stable performance can be devised.

EXPERIMENTAL

The single crystal p-GaAs, obtained from Atomergic Chemicals, had an acceptor

concentration of 3 x 1018 cm'3. The ohmic contact was made by electroplating Au

on the polished rear side of the single crystal. The crystal was then mounted

4 The single crystal n-GaAs (Atomergic Chemicals) had

a donor concentration of about 2 x 10]8 cm'3. The ohmic contact was made by

as previously described.

electroplating In and Au successively and then heating at 400°C under H2

4 Both GaAs

for 2 hours. The crystal was then mounted as described for p-GaAs.
electrodes were etched for 10-15 sec prior to the experiments in concentrated

H 504:30% H202:H20 (3:1:1) followed by 6 M HC1 for 10-15 sec. The MVC]2 used

2




was from K & K Rare and Fine Chemicals and solutions were prepared with

triply distilled water.

The potentiostatic electrochemical measurements were done with a PAR Model
173 potentiostat using a saturated calomel electrode (sce) reference electrode
and a platinum coil or gold foil as a counter electrode. Nitrogen was passed
through the solution before the experiments and above the solutions during the
experiments. The voltages and currents of two-electrode photocells were measured with
a Keithley Model 179 TRMS Digital Multimeter. In the experiments where hydrogen
gas was collected, the counter electrode chamber was separated from the p-GaAs
chamber by a medium porosity sintered-glass disk to prevent oxidation of the
MVt at the counter electrode. In the two-electrode regenerative photocells,
either a gold foil (area, 40 cmz) or a mercury pool (area, 10 cm2) was used
as a counter electrode. These electrodes were also used to generate MV‘-L
coulometrically before the regenerative photocell measurements.

A 450 W Xe lamp or a 1.6 mW He-Ne laser was used as the light source for
the electrochemical measurements. Neutral density filters were used to vary
the intensity of the light. A 1.6 kW Xe lamp was used for the hydrogen collec-
tion experiment. The light was water filtered to eliminate heating because of
the near IR light; and further filtered by 420 nm cut-off filter to eliminate
any UV irradiation of the solution.

In the experiments where hydrogen gas was collected, the electrochemical
cell was a conventional three electrode cell (with the counter electrode separated
from the main compartment) which was carefully sealed with high vacuum grease
(Apizon N), and connected to a graduated buret containing Hg. The system was

checked for leaks prior to the experiments, by pressurizing with hydrogen from an

external tank and checking for any decrease of pressure. N2 was then bubbled

through the solution while the cell was open to atmosphere. The cell was then
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closed and the height of the mercury in the buret marked. Hydrogen generation
could be observed by the decrease of the mercury level in the buret. After
these experiments, the gas was collected into an evacuated tube which was
connected to the system, and was analyzed by gas chromatography (Aerograph-
Varian Autoprep Model A-700, 13X Linde Molecular Sieve 40-60 mesh column with

thermal conductivity detector).

RESULTS AND DISCUSSION

Electrochemical behavior ofAQ:GaAs/MV2+. The cyclic voltammetric behavior
2+

of MV"" at p-GaAs and Pt electrodes is shown in Fig. 2. Consider first the 1

behavior of a Pt electrode in a solution of 1 M KC1 at pH 2.5 with and without
2+ (

0.074 M MV as chloride salt) (curves d,e,f). In the absence of MV2+ a small

wave, presumably hydrogen evolution, occurs at ~-0.35 V vs. SCE, with the back-
ground current hydrogen evolution occurring at -1.0 V. In the presence of

2 2+

MV +, the reversible reduction of MV

to MV* occurs with Epc = -0.66 V vs.
sce (curve d), with the peak for the irreversible reduction to MV at -1.03 V
(curve e) found on scanning to more negative potentials. The unusual be-
havior on reversal following the MVt reduction is probably caused by a

10 The cyclic voltammogram

surface effect and has been observed previously.
at an irradiated p-GaAs electrode in the absence of MV2+ (curve a) shows only
a very small cathodic current, probably connected with a very low rate of
hydrogen evolution. Upon addition of MV2+ to the solution, a large increase
in the photocurrent in the cathodic region is observed (curve b). This photo-

2+

current can clearly be attributed to the reduction of MV-  to the purple Mvt,

as can be observed by the blue-purple color streaming from the electrode surface,

according to the reaction




met v e” & mt (1)

The anodic current due to the oxidation of the MV' back to

the original MV2+ occurs on scan reversal both in the dark and in the light,
but in the 1ight the oxidation occurs at somewhat less positive potentials.
In the dark only a very small current connected with the reduction of MV2+
is observed at p-GaAs (curve c). As is clear from a comparison of curves b

and d, the reduction of MV2+ occurs at p-GaAs at potentials significantly posi-
tive of the reversible MV2+/MV)-r potential at Pt. The photoreduction at p-GaAs
starts at about -0.2 V vs. sce (and peaks at ~-0.5 V) so that an "underpotential"
of about 0.45 V is achieved. Moreover, the direct photoreduction of Mv2+ on
p-GaAs occurs at potentials which are positive of those where hydrogen evolution
is observed on Pt, and indeed somewhat positive of the reversible hydrogen
electrode potential at this pH, -0.39 V vs sce. A comparison of the peak cur-
rents on Pt and illuminated p-GaAs shows that the limiting current densities

for MV2+ reduction are essentially equal thus demonstrating that the rate of

2+ to the electrode surface.

reduction at p-GaAs is limited by mass transfer of MV
When the p-GaAs electrode was held at potentials where MV2+ can be reduced
and exposed to light, a large current was observed initially but it decayed
rapidly to a small steady-state current, This steady-state current
was larger, when the solutionwas stirred. This decrease in the current can be
attributed to several sources: (a) the onset of a back-reaction associated
with the oxidation of the MVf at the semiconductor electrode back to the MV2+;
(b) absorption of light by the colored va generated at the electrode surface;

2+

(c) depletion of MV®" at the electrode surface.

Photoassisted hydrogen evolution. As mentioned above, it is known that

Mv¥ can reduce water to produce hydrogen in the presence of a suitable hetero-

geneous catalyst:

st S G 0




2+

platinized Pt02
>d

mvt + H0 MV

- + OH™ + MH, (2)

The photoreduction of water directly at p-type semiconductor electrodes
is slow and inefficient (e.g., Fig. 2a), because these materials have high
hydrogen overpotentials. However, the generation of MV’-L at irradiated p-GaAs
at potentials positive of the reversible hydrogen evolution potential suggested
that by using a suitable heterogeneous catalyst in the solution, bulk generation
of hydrogen at p-GaAs, with mvt as a mediator, should be possible. In this

2+, so that there is no net consumption

process the Myt is oxidized back to MV
of the methyl viologen species, and some suitable oxidation process occurs at
the counter electrode. To carry out this scheme we assembled a cell to collect
and measure the evolved hydrogen gas. The solution was 1 M KC1 containing
0.074 _l‘iMVC]2 with 20 mg of platinized A1203 powder (10 weight % of Pt) added

to v25 ml of solution as catalyst. The solution was stirred continuously during

the experiments. With the p-GaAs (area, 0.3 cm2) exposed to the 1.6 kW Xe

lamp and held at a bias potential of -0.6 V vs. sce, irradiation was continued
for 3 days during which time 0.5 cm3 of H2 gas (1 atm., 25°C) was collected and
clearly identified by gas chromatography. In identical experiments conducted §

with solutions not containing MVC]Z, only traces of hydrogen (~0.002 cm3, 1 atm., %

25°C) were found. In the experiments made with solutions containing MVC]Z, the |
initial current (8 mA/cmz) at -0.6 V, dropped quickly to a steady state current

of ~0.5 mA (1.5 mA/cmZ) and remained constant at this level (within + 10%).

During this 3 day illumination, the p-GaAs electrode was biased at -0.6 V for

only totally about 1.5 days and it was disconnected from the potentiostat for

the other 1.5 days during which time no current flowed through the cell. Moreover,

after the prolonged experiments, the cyclic voltammograms both on the irradiated

p-GaAs and on the Pt disk were essentially the same as those taken before the
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experiment. This shows that (a) the concentration of MV2+ doesn't change during
2+

the extended irradiation and the photogenerated va is oxidized back to the MV
while reducing the water, without any side reactions; and (b) the p-GaAs is
stable during this process for at least 3 days under illumination. Although it
was clear from these experiments that a great enhancement in the hydrogen evolu-
tion rate at p-GaAs is achieved by using the MV2+ system, we couldn't obtain
quantitative results which describe the real maximum efficiency for hydrogen

production with this sytem. This is mainly attributable to the relative ineffi- j

ciency of the catalyst we used, Pt/A1203, for the reaction of MV' with water.
Thus, after about 30 min. from the start of the irradiation of the p-GaAs, the
solution began to turn blue-purple and the intensity of the solution color
gradually increased. This demonstrated that the rate of generation of Myt
(~1.5 mA/cmz) was higher than the rate of reduction of water by MVf. This accu- !
mulation of MV? in the solution decreased the efficiency, because it absorbed
some of the Tight and also enhanced the back reaction (i.e., surface recombina-
tion). When the concentration of MVT became high, the photocurrent decreased,
and the circuit had to be disconnected until the blue color dissipated and the
steady state current returned to the original value. A better efficiency for

hydrogen production could probably be achieved with the catalysts recommended

e]sewhere.5a Even under these unoptimized condition:s, however, the enhancement

in the rate of production of H2 compared to solutions not containing MVCI2 was

striking. For solutions not containing MVC12, the steady state photocurrent at
-0.6 V was only ~0.01 mA (~0.03 mA/cmZ) and only traces of H2 were collected for
the same periods of irradiation. Attempts were also made to generate MVT in a
two electrode system without using an external electrical supply. This should

be possible with a counter electrode with a redox potential negative of that

where photoreduction of MV2+ occurs. With a Cu wire as a counter electrode,
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we could construct a PEC cell in which a current flowed during irradiation of
the p-GaAs in a direction consistent with the p-GaAs being the photocathode

M2t

reduction) and the Cu the anode. However, the short-circuit photocurrent
in this cell was only 1.5 pA and the open-circuit photovoltage only 50 mV,

since the potential of the unpoised Cu electrode was probably mainly contributed
by the Cu/Cu2+ or Cu/Cu+ couples rather than by the more negative Cu/Cuzo or
Cu/Cu0 couples at pH 3.

2+

Electrochemical behavior of n-GaAs/MV The standard potential of the

MVZ’L/MVJ-r couple as determined on platinum is at a value consistent with stabili-
zation of an n-GaAs electrode. While excellent stability and good efficiencies
have been demonstrated with n-GaAs in selenide-containing e1ectro1ytes,8b’8c
alternate solution redox couples for this and other semiconductor electrodes are
also of interest. The oxidation of MV® at an n-GaAs electrode under irradiation

is shown in Fig. 3. In this experiment the solution contained 70 mM__MV2+ and

4.5 mlﬂ_MVJ-r (generated by coulometric reduction of MV2+ on large area gold foil
electrode) and the photoanodic current for MV oxidation started at about -1.5V
vs. SCE, which is about 0.8 V negative of the reversible MV2+/MV‘r potential. The
photodecomposition of the n-GaAs occurs at about -0.5 V vs. sce in this solution.

A regenerative photovoltaic cell based on an n-GaAs photoanode, a Au or Hg

cathode and a solution of 0.07 M MVC1,, 0.005 M MVC] and 1 M KC1 was constructed
and showed stable operation for at least 2 hours. Au and Hg cathodes were selected
over Pt because of their higher hydrogen overpotentials. These electrodes are as
reversible as Pt for MV2+/MVT. The open-circuit photovoltage was 0.4 V

and short-circuit photocurrent was 0.21 mA (i.e., 1.3 mA/cm2 of n-GaAs

electrode) in a stirred solution under irradiation with the full power of the

450 W Xe lamp. The short-circuit photocurrent and the open-circuit photovoltage
of the cell depended strongly, however, on the light intensity as shown in Fig. 4.
The photocurrent-photovoltage characteristic of this cell, as shown in Fig. 5,
yields a fill factor of 0.21. Although the photocell was stable in the MV2+/MVf

solution. this redox couple has several disadvantages. First. the deep color of

5 e A A B B A e St 8 e



10

solutions containing MvY absorb visible light strongly, so that either low con-
centrations of MV must be employed, with ensuing mass transport limited currents

at the n-type semiconductor, or thin layer photocells must be constructed.
Moreover, with high concentrations of va, some instability of the solution

10b probably because of the occurrence of the disproportionation

became apparent,
reaction:

2wt = v e (3)
producing a small amount of the neutral amine species which is known to be
unstable in aqueous so]ution.]0 Minimization of this side reaction also re-

quires Tower concentrations of MV in the photocell.

Photovoltaic cells based on p-GaAs/MV2+. Regenerative photocells based

on the MV2+/MVf couple, p-GaAs as the photocathode and Hg as an anode were

also investigated. As shown in Fig. 5, the fill factor of a p-GaAs/1.0 M KCI,
73 mM MV2+, 0.5 mM MVT/Hg PEC cell is about 0.4. A Hg electrode was used here
to prevent the Pt-catalyzed oxidation of va. The 1ight intensity dependence
of the open-circuit photovoltage and the short-circuit photocurrent of the cell
is shown in Fig. 6. The quantum efficiency at 632.8 nm was about 13% without
correcting the solution absorption. The power efficiency of this cell at this
wavelength under 1light intensity 50 mW/cm2 is estimated to be about 0.5%.

While these efficiencies are rather low, they only represent initial values with
no attempts at optimizing cell design. They could clearly be increased signifi-

cantly by decreasing the optical path length through the solution to the p-GaAs

from the value (about 0.5 cm), used in this test cell.

CONCLUSIONS

The results reported here for p-GaAs, along with those of Wrighton et. al.
on p-S1‘,7 with the methyl viologen system, suggest that this redox couple could
provide a useful intermediate to the production of hydrogen with semiconductor

electrodes. Since these small band gap materials will not provide holes with

sufficiently positive potentials to oxidize water, the intermediate oxidized

el et i i
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form produced at the counter electrode will have to be reduced in a second
PEC cell, with oxygen evolution at the counter electrode. This "dual photocell"

6,11 11 this

approach to water photodecomposition has been discussed elsewhere.
context it is important to find a suitable counter electrode reaction with the
p-GaAs/MV2+ system to allow efficient operation without external bias. This
couple also may prove useful in PEC photovoltaic cells with n-type semiconduc-
tors, although the intense color of the mv? species and the possibility of slow

decomposition via disproportionation are disadvantages.
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FIGURE CAPTIONS

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

1
2

Representation of hydrogen generation scheme.
Cyclic voltammograms at Pt and p-GaAs at 0.1 V/sec in solutions of

1 M KCl, pH 2.5. (a) p-GaAs, irradiated; (b) p-GaAs, irradiated,

with 0.074 M_MV2+; (c) as (b) in the dark; (d)(e) Pt with 0.074 M MV

(f) Pt with 1 M KC1 (pH 2.5).

Photo-oxidation of MVT at irradiated n-GaAs (450 W Xe lamp). Solution

2+

contained 0.07 M MV™" and 5 mM_MVT, and scan rate was 0.1 V/sec.

Open circuit photovoltage and short-circuit photocurrent as function
of light intensity (450 W Xe lamp) for PEC cell n-GaAs/0.07 ﬂ_MV2+,
5 mM MV, 1 M KC1/Au, with stirred solution.

Performance characteristics of GaAs/MV PEC cells. (a) p-GaAs/73 mM

; 2 smmwt,m

Mvet, 0.5 mM MY, 1 M KC1/Hgs (b) n-GaAs/69 mM MV
KC1/Au. Solutions were stirred.
Open circuit photovoltage and short circuit photocurrent as function

of light intensity (He-Ne laser, 1.6 mW, 632.8 nm) for photocell of

Fig. 6(a).
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