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ABSTRACT

In a search for improved photocathode materials for fuel-producing photoelectrochemical cells,
quaternary AgxCuixGaylniyS2 (0 < x < 1.0, 0 < y << 1.0) chalcopyrite semiconductors (SCIGS)

were prepared and tested for photochemical hydrogen evolution. The quaternary system, reported
here as the first time for bulk materials, enables enhanced control of the materials electronic and
electrochemical properties compared to the ternary system. The quaternary system allows for
adjustment of the band structures and photocatalytic abilities to a finer degree than is possible in
the AgxCuixGaS2 or AgxCuixInS: ternaries, and several of the quaternary AgxCuixGaylniyS2
compositions are found to show better water splitting capability than the ternaries, even when a
platinum co-catalyst is present in the ternary systems. Our work on quaternary compounds has led
to finding unexpected optoelectric properties in ternary compounds of composition AgxCui1-xGaS:.

Specifically, a “V-shaped” plot of semiconductor composition versus band gap is observed, which



surprisingly is not easily correlated with the observed variation in semiconductor structure. Even
more interesting is the observation that the silver-rich branch of this “V” produces obviously

higher Hz evolution rates than observed with the copper-rich branch.

INTRODUCTION

Photochemical and photoelectrochemical water splitting using semiconductor materials has been
widely studied since Honda and Fujishima’s 1972 report that n-TiO2 photoanodes were capable
of water oxidation.! In the intervening time period, various semiconductor materials have been
reported as powdered photocatalysts for water splitting under light irradiation including oxides,
oxynitrides, chalcogenides and their solid solutions.>® Visible-light-responsive n-type
semiconductor photoanodes have also been prepared to split water.”2° Photocathodes based on p-
type semiconductors such as CuRhO2 and AgRhO> have recently been reported,?!*> however,

significantly fewer examples of these materials are known.

Among the candidates for improved water splitting photocathodes, moderate band gap ternary
chalcopyrites having a I-III-VI2 stoichiometry are a promising class of semiconductors for
photoelectrochemical water splitting applications. These materials have been studied primarily in
a thin film format deposited on cathode surfaces.?* Many I-I1I-VI> materials have light
absorption profiles well-matched to the solar spectrum on the earth, a band gap that straddles the
reduction potential of H" to H2 (Ef = 0.00 V vs. NHE) and the oxidation potential of H20 to O2
(E§ = 1.23 V vs. NHE),?* and reasonable stability in aqueous electrolytes. Specifically, copper-
indium-gallium (CIGS) and silver-indium-gallium (SIGS) chalcogenides are attractive because

of their ideal, tunable light-absorption properties and band edge positions.?® Several studies have



been performed on CIGS- and SIGS-based thin film electrodes investigating their activities in

24,26,27

photochemical or photoelectrochemical hydrogen evolution, as well as application in

photovoltaic cells.?®3°

The ternary CIGS and SIGS systems can be considered the end points of a larger family of
quaternary materials in which the ratio of the Group IB metal cations (i.e. Cu and Ag) is varied.
Recently, several first-principles DFT studies showed potential for further optimization of
photochemical water splitting by CIGS\SIGS quaternary materials through changing the
chemical constituents on both the IB and IIIB metal sites.*!*> These calculations indicated that
the band gap values and band edge positions of the CIGS\SIGS quaternaries change when
varying the composition of metal sites due to variations in the I-VI and III-VI band interactions,
which are primarily responsible for the valence band maximum (VBM) and the conduction band
minimum (CBM), respectively. This reveals an approach to shifting both band edge positions
and modifying the band structures by changing both the Ag to Cu ratio and the Ga to In ratio, in
other words, expanding the currently studied ternary materials to the full family of quaternary
“SCIGS” semiconductors. Within this materials’ “genome”, one can anticipate finding
chalcopyrites with suitable band gap and band edge positions that straddle the water redox
potentials allowing for efficient photochemical water splitting chemistry. Recently AgxCui-

xGao.25In0.75S2 thin film electrodes were prepared over a limited compositional range (0 < x <

0.3),°* however leaving substantial need for further exploration. This goal motivates the present
study of quaternary (Ag,Cu)(Ga,In)S2 semiconductors having the chalcopyrite crystal structure

and a widened compositional range.



For the purposes of this initial investigation, materials were synthesized as powders and
evaluated for water reduction under purely photochemical (i.e. not photoelectrochemical)
conditions. We find this screen as an efficient methodology for vetting a relatively large number
of materials rapidly. And the screen of the (Ag,Cu)(Ga,In)S2 family revealed that some of the
quaternary materials do indeed display photocatalytic properties and stabilities that are superior
to the ternaries. The optimal properties are obtained for quaternary compositions near
Ago.75Cu0.25Gao.25In0.75S2. These materials show photocatalytic hydrogen evolution performance

that is comparable to that of ternaries that are noble-metal-loaded.

EXPERIMENTAL METHODS

Preparation of (Ag,Cu)(Ga,In)S; Semiconductors. Polycrystalline (Ag,Cu)(Ga,In)S:
semiconductors were prepared by the solid-state reaction method. Stoichiometric amounts of Cu
(Alfa Aesar, 99.999% pure), Ag (Alfa Aesar, 99.999% pure), Ga2S3 (Alfa Aesar, 99.999% pure),
and In2S3 (Alfa Aesar, 99.999% pure) were mixed with elemental sulfur (Alfa Aesar, 99.98%,
5% excess, dried at 120 °C overnight before use) and sealed in a quartz ampoule after
evacuation. The mixture of starting materials was heated at 900—1000 °C for 72 h. At the end of
this time period, the furnace was cooled to room temperature at 3 °C per hour. No further

treatment of the samples was found necessary.

Characterization. The prepared polycrystalline semiconductor powders were characterized by
powder X-ray diffraction (XRD) using a Bruker D8 Discover X-ray diffractometer with Cu K
radiation (A = 0.15415 nm). Lattice parameters were determined based on least squares fits to the
powder XRD patterns by using the Topas diffraction suite. Particle morphology was investigated

using an FEI XL30 field-emission gun scanning electron microscope (SEM) equipped with an



Oxford X-Max 20 energy-dispersive X-ray spectroscopy (EDX) running on INCA software.
Diffuse reflectance spectra were collected by a Cary 60001 UV-VIS-NIR spectrometer equipped
with an integrating sphere and were converted from reflectance to absorbance using the Kubelka-
Munk method.** The ultraviolet photoelectron spectroscopy (UPS) measurements were
performed on a ThermoFisher K-Alpha + X-ray photoelectron spectrometer (XPS/UPS) using

the He I (21.2 eV) line.

Photocatalytic Reactions. To achieve high-throughput screening, all photocatalytic reactions
were carried out on a homemade light table to ensure concurrent and uniform irradiation. Every
photocatalytic hydrogen evolution cell consisted of a 15 mL clear borosilicate glass vial sealed
with a polytetrafluoroethylene (PTFE)/silicone septum (Supleco). A weighed amount of
photocatalyst powder (ca. 20 mg) was dispersed in 5 mL aqueous solution containing Na>S

(sodium sulfide nanohydrate, = 98%, 208043 Sigma-Aldrich) and/or Na2SOs3 as sacrificial

electron donors. The photocatalysts were irradiated with 365 nm light from a 3 W light-emitting
diode (LED). The light source intensity and vial-to-light-source distance was held constant for all
samples using a machined aluminum fixture based on the Bernhard design.*> Hydrogen product
analysis was carried out by gas chromatography. A gas tight syringe was used to withdraw 50 uL
of gas from the vial headspace. Samples were analyzed using an SRI 8610C Gas Chromatograph
(GC) with a thermal conductivity detector and a Molsieve column (HAYESEP D) with Ar flow

gas.

In some cases, the particles were coated with platinum particles as a co-catalyst. To this end, Pt

was photo-deposited in-situ from a 8 wt.% concentration of aqueous H2PtCle.*%3”

RESULTS AND DISCUSSION



Preparation and characterization of AgyCui«GayIni,S; (0 < x < 1.0, 0 < y < 1.0).

Figure 1 shows representative powder XRD patterns for the synthesized AgxCuixGaS2 (x =0,
0.2,0.4, 0.6, 0.8 and 1.0) and Ago.sCuo.sGaylniyS2 (y =0, 0.25, 0.5, 0.75 and 1.0) chalcopyrites.
The XRD patterns of other samples are presented in Figure S1-S5. Compared with the previous
preparation of quaternary semiconductor thin films,** we have dramatically widened the
compositional range of the quaternary system, through both x and y of the bulk semiconductor
materials. No secondary phases were observed, indicating the successful formation of quaternary
AgxCui1xGaylni-yS2 solid solutions. The diffraction features can be consistently indexed to a
tetragonal unit cell as shown in Figure 1, based on the unit cell structure shown in Figure 2. The
diffraction peaks shift systematically with different Ag to Cu and Ga to In ratios, reflecting the
variation of lattice parameters due to the differences in ionic radii between Ag” (1.00 A) and Cu*

(0.60 A) or Ga*" (0.47 A) and In** (0.62 A).
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Figure 1. Representative powder X-ray diffraction patterns of (A) AgxCuixGaS: for x =0, 0.2,

0.4, 0.6, 0.8, and 1, and (B) Ago.sCuo.5GaylniyS2 for y =0, 0.25, 0.5, 0.75, and 1.
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Figure 2. The chalcopyrite unit cell of CIGS\SIGS materials, labeled with lattice parameters a
and c. The red spheres represent Ag and Cu, the purple spheres represent Ga and In, and the

yellow spheres represent S.

Table 1 correlates changes in the observed lattice parameters and measured band gaps with
stoichiometry in the quaternary system. Lattice parameters are plotted versus Ag and Ga fraction
for both ternary and quaternary materials in Figure 3. With increasing Ga content, the lattice
parameters a and c for the tetragonal unit cell decrease linearly, consistent with Vegard’s Law.
However, with increasing Ag content, the lattice parameter a increases linearly while the
parameter ¢ varies in a concave bowing fashion for all materials. A similar behavior of lattice
parameters was reported by Matsushita ef al. in the ternary Agi«CuxGaS:z system in 1993.3% We
hypothesize that this consistently observed behavior reflects the fact that the Cu and Ag may
occupy slightly different positions within their S4 coordination polyhedra in the mixed system,
and further that the position offset may be more pronounced along the c-axis than in
perpendicular directions, leading to a nonlinear variation of lattice parameter ¢ but a linear

change of parameter a versus the Ag to Cu ratio.



Table 1. Variation with composition of the Lattice Parameters a and ¢ for the Tetragonal Unit

Cell and the Band gap Eg for AgxCuixGaylniyS2

X y a (A c(A)M E¢(eV) P

0 1 5.360(2) 10.495(7) 2.34
0.2 1 5.414(5) 10.505(7) 2.28
0.5 1 5.531(6) 10.482(3) 2.21

1 1 5.765(5) 10.315(9) 2.50

0 0.5 5.442(6) 10.840(7) 1.74
0.9 0.5 5.776(8) 10.795(7) 1.78
0.2 0.25 5.546(2) 11.041(8) 1.52
0.5 0.25 5.648(5) 11.066(2) 1.56
0.5 0 5.685(5) 11.269(8) 1.37

[a] Lattice parameters were determined based on least squares fits to the powder XRD patterns by
using the Topas diffraction suite. [b] Derived from UV-Vis diffuse reflectance spectroscopy by
extrapolating the linear part of the (av)? versus hv based on the Equation (1) for direct-allowed
transitions, which is discussed later in the paper.
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Figure 3. Correlation of tetragonal lattice parameters (a and c¢) with stoichiometry in the AgxCui-
xGaylniyS2 system. (A) Lattice parameter a versus mole fraction of silver, (B) Lattice parameter ¢
versus mole fraction of silver, (C) Lattice parameter a versus mole fraction of gallium and (D)

Lattice parameter ¢ versus mole fraction of gallium.

Figure 4 shows representative SEM images of AgxCuixGaylniyS2 semiconductor powders. The
EDX elemental analysis was consistent with the initial elemental ratios in the starting materials,
confirming the chemical components of the samples and the successful formation of the solid
solutions. EDX mapping data in Figure 4(C) and (D) confirm the uniform distribution of the
elemental constituents in the solid solutions. In the microstructural images, the sample in Figure

4(A) shows nanostructured edges with well-defined steps while these features are absent in the

10



Figure 4(B) sample. It has been suggested by Jang et al. that such nanostructures may improve
the absorbance of scattered incident photons and the migration of photogenerated electrons.?
This is consistent with our observation in the photocatalytic water reduction experiments

described below.

(A)Ag, Cu  Ga  In S
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Figure 4. Representative scanning electron microscope images of AgxCuixGaylni-yS2: (A) x=0.9,
y=0.5, and (B) x =0.2, y = 1, with the corresponding EDX mapping in (C) and (D) respectively.
(The dark area of the mapping in (C) corresponds to the left corner area in the original SEM image,

where there is a void in the material.)

Figure 5(A) shows the representative diffuse reflectance spectra of Ago.7sCuo.25GaylniyS2 (0 <y
< 1.0) semiconductors. The spectra of other samples are shown in Figure S6-S10. Weak

absorption tails were observed in the spectra of some samples, which are associated with

11



transitions from localized states in the band gap.* The band gap values were derived from UV-
Vis diffuse reflectance spectroscopy by extrapolating the linear part of the (ahv)? versus hv based

on the relation:

ahv = A (hv - Eg)'? (1)

for direct transitions, where A4 is a constant and a is the absorption coefficient (cm™).>*4* They
are visually represented in Figure 5(B)—clearly showing that band gap tuning is achieved by
varying the Ag to Cu and Ga to In ratios. The band gap variation versus Ag fraction for samples
where y is equal to 0.25 is consistent with the results published for AgxCui-xGao.2s5Ino.7sS2 (x =0,
0.1, 0.2, 0.3).>* The variation in the band gap values is visible to the eye, as the color of AgxCui-
xGaylniyS2 powders change from dark green, to yellow, orange, red purple, and finally black

(Figure S11).

While the change in band gap with the Ga:In ratio is relatively linear, as shown in Figure 5(B),
an unexpected nonlinear variation of band gap values versus the Ag:Cu ratio is observed. This
effect is most obvious when the I1IB site is totally populated with Ga, as seen in Figure 6 where
the bandgap is observed to hit a minimum at a Ag:Cu = 0.7 generating a ““V-shaped” plot. This
variation is unexpected in that the structure of the compounds follows Vegard’s rule, but the
band gap behaves in a very not ideal manner in this respect. In all cases, the pure Ag-based
ternaries have larger band gaps than the samples containing Cu. At a fixed Cu to Ag ratio in the
quaternary solid solutions, the band gap shows either a monotonic increase or decrease with Ga
to In ratio. The unusual properties of the Ag-only samples compared to those with a small

amount of Cu present suggests that one of the band energies is dominated by Cu states.
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Figure 5. (A) Representative UV-vis absorbance spectra showing the effect of the Ga:In ratio in
Ago.75Cu0.25GaylniyS2 on the optically observed band gap energy. The absorbance data were
Kubelka-Munk transformed from reflectance raw data; (B) Optical band gap values of AgxCui-
xGaylni1yS2 semiconductors versus chemical composition (both Ag:Cu ratio and Ga:In ratio) as

derived from optical spectra. Band gap values are binned in 0.15 eV groups as shown by the colors.
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Figure 6. Band gap values of AgxCuixGaylni-yS2 semiconductors (y =0, 0.75 and 1) versus Ag:Cu
ratio as derived from the optical spectra. A unique “V” shape was revealed on the band gap

variation of AgxCuixGaSa.

In attempt to further understand the “V”’ shape of the band gap variation with no change in the
average crystal structures, UPS experiments were carried out to estimate the position of the
VBM for the AgxCuixGaS2 semiconductors (see Figure S12). As shown in Figure 7, the trend of
band edge energies generally follows the “V” shape, suggesting a subtle second order electronic
phase change around x = 0.7. The observation is currently under further study. Overall, we find
that the AgxCui-xGaylni-yS2 semiconductor materials have band gaps ranging from 1.3 eV to 2.5
eV. As hypothesized, this is well-matched to the visible solar spectrum—supporting their

potential applicability for photochemical water splitting.
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Figure 7. Band edge energies of AgxCui1xGaS2 semiconductors versus Ag fraction, derived from

UPS spectra along with band gap values from diffuse reflectance measurements.

Photochemical water reduction using ternary Ag,Cu;xGaS; (0 < x < 1.0) powders with

sacrificial electron donors.

Table 2 shows varying reaction conditions of AgxCui-xGaS2 solid solutions for photocatalytic H2
evolution using sulfur-containing electron donors under near-UV (365 nm) light. For non-Pt-
loaded tests over AgxCui1-xGaS2 solid solutions (x =1, 0.9, 0.8, 0.6, 0.4, 0.2 and 0), all Cu-doping
candidates possessed little activity under the experimental conditions employed. AgGaSa,
however, with a Hz evolution rate of 0.08 pmolh g™, showed activity in the presence of Na2SO3
and NaxS as sacrificial electron donors. Unfortunately, this material stopped producing H: after 4
h, suggesting photodegradation of the chalcopyrite. This conclusion was further supported by the

observation of Ag:S in a post-photolysis powder XRD pattern (Figure S13).

To optimize the activity of AgxCui1-xGaSz, a Pt-loading treatment (Table 2 entries 4, 6, and 7)
was investigated for photocatalytic H2 evolution. It has previously been noted in the AgGaS:

system that a Pt co-catalyst serves as active sites for Hz evolution, which not only facilitates H2

15



production, but also increases the stability of AgGaS2.*! In the present experiments, Pt-
deposition was confirmed by XPS and SEM analysis of the post-irradiated Pt-loaded AgGaS»
(Figure S14). Addition of a platinum co-catalyst substantially increased the photocatalytic
activity of AgGaS»; further, the low activity Cu(I)-alloyed candidates were activated when
platinum was introduced into the system. Interestingly, these activated candidates all lie on the
right-hand branch of Figure 6, with high Ag-content, while the left-branch samples, which are
richer in copper, didn’t produce hydrogen even in the case of Pt deposition. This suggests that
the nonlinear variation of photocatalytic properties may be related to the unique “V” shape of the
Ag-content dependent band gap. In other words, the band gap variation induced by doping Cu in
AgGaS: into the left branch of the “V” shape in Figure 6 appears to hinder the photocatalytic
activity. We hypothesize that the conduction band edge potential might shift positive as the Cu
concentration increases, which would thermodynamically hinder the hydrogen evolution of
samples on the left-hand branch of the plot in Figure 6. However, this hypothesis is not
consistent with the results of UPS measurements shown in Figure 7, as similar band edge
positions were acquired for both an H2-producing sample (x = 0.8) and a non-Hz-producing
sample (x = 0.4). Another possible explanation of this observation is that Ag-rich samples may
have more catalytically active surfaces than the Cu-rich ones. This intriguing phenomenon is still
under study, and its origin may lay the foundation of the relationship between the photocatalytic

behavior and the band structures of these materials.

From a practical point of view, the use of platinum as a cocatalyst is not ideal. In addition to
questions of sustainability, the activity of a platinum photocatalyst might change depending on
the exact composition of the electrolyte employed. Thus, we explored the addition of sacrificial

donors (sulfite and sulfide) that could enhance hydrogen evolution in the absence of a platinum
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catalyst.’ The effects on the photocatalytic activity of AgGaS: obtained by varying sulfur-
containing reagent are presented in entries 2, 3 5, 8 and 9 of Table 2. These results support the
use of Naz$ as an electron donor, with a H2 production rate of 0.94 umolh™'g’!, in the absence of
a Pt catalyst, and a H> production rate of 4.77 umolh™'g!, in the presence of platinum. The use of
NazS as an optimized sacrificial electron donor was also supported by Meier et al. in 1984 with

sulfides using for water reduction system.*>#

Table 2. Effects of Reaction and Preparation Condition on Photocatalytic H2 evolution Activities
of AgxCuixGaS: (x =1, 0.9, and 0.8)

Entry  Sample name Reaction Condition!?! Pt-co-catalyst H> evolution rate
loading/ wt%![¢! (umolhg™)
1 AgGaS; NaxS03/ NaxSH none 0.08
2 AgGa$S: Na2S0s!! none 0.25
3 AgGaS NazSt! none 0.94
4 AgGaS Na2S03/ NaxS?! 0.5 1.25
5 AgGa$S: NazSP! 0.5 4.77
6 AgooCuo1GaS2  NaxS0s3/ NaxS[® 0.5 0.59
7 AgosCuo2GaS2  Na2S03/ NaxS[® 0.5 1.17
8 AgooCuo1GaS2  NaxSP! 0.5 4.65
9 AgosCuo2GaS2  NaxSP! 0.5 2.27

[a] A 15mL vial containing ca. 22 mg catalyst and 5 mL 0.25 M Na2S03/0.35 M NazS solution;
light source: 3 W 365 nm LED light; irradiation area, 2.3 cm?. [b] 0.6 M of the electron donor was
used. [c] The catalyst was treated with 0.5 wt% Pt loading by photodeposition of H2PtCle for 30
min, according to the literature method.***” [d] The pH of all electrolytes employed was held
constant at pH = 13.0 for all electrolyte combinations.

Photocatalytical water reduction with quaternary Ag,CuiGayIni,$: 0 < x < 1.0,0 <y

< 1.0) powders.
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Although improved performance of photocatalysis was observed by introducing a platinum co-
catalyst, there is the concern that excess loading of the co-catalysts could decrease the system
photocatalytic activity, due to active site blocking and unwanted charge recombination.’ In
addition to the aforementioned band gap narrowing by adding Cu into AgInS2, co-addition of Ga
and Cu has also been predicted to improve the efficiency of AgInS2 by continuously shifting the
band edge positions of both the VBM and CBM.?!*? On the basis of these theoretical
suggestions, the photocatalytic activities for H2 evolution from (Ag,Cu)(Ga,In)S: are presented
in Table 3. The ratio of Ga/In plays an essential role in improving the photocatalytic activity of
Cu-doped AgGaS:z, which did not produce H2> without the Pt co-catalyst in our tests. In particular,
we note that Ago.75Cu0.25Gao.25Ino.75S2 demonstrates a catalytic performance comparable with that
of Pt-loaded AgxCui1xGaSz (x = 1.0, 0.9 and 0.8) under the same experimental conditions (Table
2 entry 5, 8 and 9). A possible explanation for the improved activity is that the nanostructure

features observed in Figure 4(A) may help incident photon absorption.2%4?

Besides the obviously increased hydrogen evolution rate, Ago.oCuo.1Gaylni-yS2 samples with
relatively high hydrogen evolution rates were confirmed to continue producing Ha after 72 hours
of illumination. This suggests that greatly improved stability can be realized together with high
efficiency for these quaternary semiconductors. The remarkable improvement of stability after
adding a fourth cation into the system may be attributed to an inhibition in the quaternary system
to the photodegradation of the semiconductors, mentioned in the previous section, as no obvious
changes were detected between the pre- and post-photolysis quaternary semiconductor powders.
Regarding practical application, the use of earth-abundant metals is more advantageous
compared with noble-metal Pt. Therefore, the quaternary SCIGS semiconductors described here,

with comparable water reduction efficiency and stability to the noble-metal-loaded ternaries as
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shown in Figure 8, will be of value for further exploration as photoelectrode materials in

photoelectrochemistry (PEC) systems.

Table 3. Photocatalytic Activities of AgxCui1-xGaylniyS2 (x =0.9 and 0.75; y =1, 0.8, 0.75, 0.5,
0.25 and 0.2)[@

Entry Sample name H: evolution rate (umolh'g™)

1 Ago09Cuo.1GaS2 0

2 Ago.9Cu0.1Gao.slno.2S2 1.43
3 Ag0.9Cu0.1Gao 5Ino.sS2 1.49
4 Ago.9Cu0.1Gao.2Ino.sS2 1.20
5 Ago.75Cu0.25Gao.75In0.25S2 2.90
6 Ag0.75Cu0.25Gao.sIno sS2 2.24
7 Ago.75Cu0.25Gao.251n0.75S2 3.15

[a] 0.6 M Na:S solution was used, and other conditions are the same as Table 2.

{ [ With 0.5 wt. % Pt
3.0 | Without Pt

2.0 1
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Figure 8. Hydrogen evolution rate at 4 h of quaternary AgxCuixGaylniyS2 (x =0.9 and 0.75; y =

0.8, 0.75, 0.5 0.25 and 0.2) together with ternary AgooCuo.1GaS2 and Ago.sCuo2GaS: for

comparison. 0.6 M NaxS solution was used, other conditions are the same as Table 2.
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CONCLUSIONS

Quaternary AgxCuixGaylniyS2 (0 < x < 1.0 and 0 < y < 1.0) semiconductor bulk materials

have been prepared by the solid-state reaction method and their properties relevant to their use as
water-spitting electrodes are reported for the first time. XRD spectra confirmed the formation of
the chalcopyrite structure and SEM was employed to characterize the surface morphologies of
the materials. Both the VBM and CBM were variable in the solid solution, and the values of
band gap, measured by diffuse reflectance spectroscopy, were found to range from 1.3 to 2.5 eV.
A unique “V” shape was revealed in the band gap variation of AgxCuixGaS2 and the quaternary
systems versus Ag fraction, which appears to be empirically related to their unexpected nonlinear
behaviors in hydrogen evolution. Photocatalytic water reduction experiments were carried out on
the materials in powder form with sacrificial electron donors, revealing that the quaternary
semiconductor with composition near Ago.75Cu0.25Gao.25Ino.75S2 is able to reach, without noble-
meta-loading, comparable performance to noble-metal-loaded ternary chalcopyrites. This
quaternary material displays relatively high efficiency and high stability compared with the
frequently studied ternary end members (i.e. x = 0 or y = 0) of the AgxCui1-xGaylni-yS2 system,
indicative of the potential of the quaternary system for PEC applications. Further study of the
band structures and photocatalytic behavior of the SCIGS family, with the goal of understanding
the relationship between these two properties is underway in our laboratories. However, at this
point the correlation of bulk electronic structure with photocatalytic activity provides a new
aspect of the semiconductor-electrolyte interface, which can be used to design improved water

splitting photoactive interfaces.
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