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ABSTRACT: Photoelectrochemical catalysts are often plagued
by ineffective interfacial charge-transfer or nonideal optical
conversion properties. To overcome this challenge,
strategically pairing a catalytically inactive, optically proficient
semiconductor with a selective electrocatalyst—coined
“catalytic mismatching”—is suggested. Here, chalcopyrite
semiconductor CulnSez is paired with the electrocatalyst NizAl
to selectively reduce COz. This catalytically mismatched system
produces methanol at a Faradaic efficiency 25 times greater
than that achieved using the purely electrochemical Ni3zAl
system while reducing the operating potential requirement by
600 mV. These results suggest that catalytic mismatching is a
promising tactic to achieve reaction selectivity in synergistic
photoelectrochemical CO2 reduction systems.

The semiconductor-electrolyte junction offers the opportunity
to directly convert optical energy to electrical energy while
simultaneously electrocatalyzing a molecular transformation.
However, apart from formative work on binary oxide
systems,12 finding a material that is efficient at both optical
conversion (i.e, at wavelengths of utility for solar
photochemistry) and carrying out the selective electrochemical
transformation of interest has proven challenging. This goal is
further complicated by the fact that most photoelectrochemical
interfaces undergo deleterious photodecomposition under
illumination, leading to dissolution of the semiconductor
material.3-6

Design of an operational semiconductor-electrolyte interface is
further limited by the fact that an ideal interface only produces
electrons at one potential, which is governed by the conduction
band edge energy.7-9 Thus, the classic electrochemical method
for introducing reaction selectivity when using a metal
electrode, adjusting the operating potential, is not available.
While one can consider electrode materials that produce
electrons at other potentials, through generation of hot
electrons or introduction of electrochemically active surfaces
states, for example, these approaches tend to lead to enhanced
electron-hole recombination and, accordingly, low charge
transfer efficiencies.7-9

To circumvent this conundrum we consider a strategy that
utilizes a semiconductor that is efficient at the requiste
optically induced charge separation processes, but is inept at
interfacial charge transfer.

An efficient and selective electrocatalyst is then added to the
surface of the semiconductor. In other words, without the
added electrocatalyst, the semiconductor-electrolyte interface
could be described as “ideally noncatalytic.” In this scheme, the
semiconductor surface must be incapable of facilitating
electrochemical reactions, since any direct semiconductor-
based processes will lead to a lack of selectivity for the
chemistry of interest. We coin this concept “catalytic
mismatch,” which is dependent upon strategic selection of the
semiconductor component. By analogy, the semiconductor in
such a catalytically mismatched system can be compared to the
solid support material used in traditional electrocatalysis. Solid
supports are selected based on their high conductivity matched
with chemical non-reactivityio; in a catalytically mismatched
system, the semiconductor is a functional solid support whose
non-reactivity is paired with prime optical energy conversion
capabilities. While the addition of an interfacial electrocatalyst
to the surface of a photoelectrode is fairly routine, the selection
of a semiconductor that is completely non-electrocatalytic
provides the novel aspect of the proposal put forth here.

Support for this concept comes from a recent publication from
our research group reporting on photocatalytic Hz evolution
using the chalcopyrite semiconductor series
AgxCuixGaylni-ySz.11 In that case, Cu-rich systems were shown
to be inherently noncatalytic for Hz evolution, in direct contrast
to the Ag-rich analogs. Upon addition of Pt, a well-known H2
evolution electrocatalyst, to the surface of the Cu-rich samples,
a photocatalytic Hz evolution pathway was activated. No effect
was observed when Pt was added to the already-active Ag-rich
species. Here, we provide the formative case study of catalytic
mismatching used to achieve a product-selective, CO2-reducing
photoelectrode, featuring an inherently noncatalytic
semiconductor, p-type CulnSez, paired with the electrocatalyst
NizAl.12

CulnSez has a direct bandgap of 0.92 eV.. We previously studied
CulnSez as a photocathode for water reduction; in these
experiments, CulnSez proved to be kinetically sluggish and
prone to photoinduced reductive decomposition under certain
environmental conditions.13 However, the optical formation of
electron-hole pairs was an efficient process (i.e, > 90%
Faradaic efficiency) at energies just slightly larger than the
band gap energy.i13 Now we consider the electrochemically
more-challenging reaction of CO2 reduction at this interface.
While the conduction band edge of the material is energetically
well-situated for this process,i4 the reaction dynamics are
expected to make generation of carbon-containing products



insignificant. To convert this electrode interface into an
electrochemically interesting material, we have supplied the
semiconductor surface with NizAl and TiOz, modifying agents
which suppress photodecomposition and turn on CO2
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Figure 1. Fabrication of the CulnSez/Ni3Al+TiO2 electrode configuration. (A) CulnSez pellet preparation involved sputtering a layer
of Au on one side and painting an aqueous slurry of NizAl+TiOz on the other. (B) The pellet was connected via the back Au contact to
a Cu wire and threaded through a glass casing; the composite electrode was sealed with insulating epoxy. (C) The resulting electrodes

exhibited average geometric surface areas of 0.25 cmaz.

achieved using the purely electrochemical Ni3Al system,i2
while simultaneously lowering the operating potential
requirement by 600 mV when compared to the same catalyst
applied to a glassy carbon surface.

Preliminary electrochemical testing performed using bare
CulnSe2 electrodes resulted in semiconductor degradation,
regardless of electrolyte pH.13 As noted in previous studies, this
behavior is characteristic of Cu reduction (i.e., from the
semiconductor, Cu+ to Cuo).13,15 Addition of a TiOz surface layer,
a known protective agent,16,17 failed to prevent corrosion due
to introduction of a Schottky barrier. More information on
preliminary electrode preparation trials can be found in
Supporting Text S1. We note here in passing that Yuan et al.
claims to have observed that the related p-type chalcopyrite
CulnS2 photoelectrochemically reduces COz in the presence of
dissolved pyridine1s19; however, these studies lacked a critical
13C0O2 labeling experiment and could not be reproduced in our
laboratory.

Since initial results suggested that CulnSez was incapable of
facilitating CO2 reduction on its own, supporting our initial
hypothesis, it served as an ideal semiconductor material with
which to pair an active COz-reducing electrocatalyst, thereby
testing the concept of catalytic mismatching. Given its ability to
generate highly reduced products from COz2,12 the intermetallic
Ni3Al was selected as the electrocatalyst. Alternative literature
systems that combine photoabsorbers and COz-reducing
electrocatalysts have been limited to photo- or
photoelectrochemical generation of formate or CO, two-
electron-reduced species, as the dominant products and,
critically, have not been designed specifically based on the
principle of catalytic mismatching.20-22

To achieve a uniform layer of Ni3Al on the semiconductor
surface, the intermetallic powder was mixed with an equal
quantity of TiO2 (by volume) in water and coated onto the
electrode, as illustrated in Figure 1. Materials characterization

was conducted on the final CulnSe2/Ni3Al+TiO2 composite to
further support the validity of the established electrode
fabrication method.
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Figure 2. Materials characterization of CulnSez/Ni3Al+TiOz2.
(A) XRD pattern of the as-synthesized composite pellet.
Reference peaks correspond to PDF patterns as follows:
CulnSe2 (00-063-0126, indexed in red); NizAl (01-071-5883,
indexed in blue); anatase TiO2 (01-070-6826). (B) SEM before
electrochemical experimentation, confirming both surface
homogeneity and morphological stability. Based on analysis of
the pellet cross-section (inset), the thickness of the NizAl+TiO2
layer is 2-3 pm.

X-ray diffraction (XRD; Figure 2A) performed on the as-
fabricated electrode confirmed the presence of CulnSez, NizAl,



and TiOz, with CulnSez appropriately dominating the bulk
composition. As seen in the scanning electron microscopy
(SEM) image in Figure 2B, the intermetallic and TiO2 were
uniformly distributed across the surface of the electrode. This
coating exhibited a thickness of ~2-3 um, thereby providing
substantial coverage of the semiconductor surface. Further
material characterization was performed using energy-
dispersive X-ray spectroscopy (EDX) and X-ray photoelectron
spectroscopy (XPS) (Figures S1, S2).

To assess the photoelectrochemical COz reduction activity of
the CulnSe2/Ni3Al+TiO2 composite electrode, linear sweep
voltammetry (LSV) was performed. As shown in Figure 3A,
current enhancement occurred around -0.4 V vs. Ag/AgCl
under CO2z saturation compared to Ar, suggesting the onset of
COz reduction. The presence of a photocurrent was also
revealed using chopped-light LSVs obtained in a COz-saturated
environment (Figure 3B). This confirmed that the incidentlight
successfully penetrated beyond the 2-3 pm layer of NizAl+TiOz,
in agreement with the absorbance measurements and
subsequent absorption depth calculations previously
performed.i3
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Figure 3. LSV characterization of CulnSez/Ni3Al+TiOz. (A)
Following confirmation of ohmic contact (inset), LSVs obtained
under illumination and either Ar (red) or COz (blue) saturation
suggest that the onset of CO2 reduction occurs around -0.4 V vs.
Ag/AgCl. (B) The COz-saturated, chopped-light LSV (where
dark current is subtracted to portray differential current
density) and standard LSVs collected under dark and light
conditions (inset) indicate that a photocurrent is present
despite the uniform metal catalyst coating on the surface. Data
were collected using 0.1 M KHCO3 electrolyte (pH 7), 25 mV/s
scan rate,and a 150 W Xe arc lamp at 200 mW/cmz using an IR
filter.

This result is further supported by LSVs obtained separately
under light and dark conditions (Figure 3B, inset), which

show a noticeable difference in current density. Based on the i-
V curve, the flat band potential of this composite electrode is
near —0.1 V vs. Ag/AgCl, consistent with the limiting potential
found in open-circuit photovoltage measurements.

Methanol was the primary CO2 reduction product achieved, as
confirmed using a mixture of 13C02/12CO2 starting material
(Figure S3) and analyzing the appearance of 13C methanol using
1H-nmr. Integration of the nmr data indicates a ratio of 70:30
13C to 12C in the product - a ratio consistent with the ratio of
13C02/12C02 employed, and unambiguously demonstrating that
the observed methanol derives from CO2. Subsequently, control
experiments were undertaken to ensure thatall components of
the composite photoelectrode are required to achieve
methanol production. Indeed, photoelectrolyses conducted
using only TiOz or NizAl+TiO2 (i.e., without CulnSez2) resulted in
the generation of only H2 and trace amounts of formate.
Following this confirmation, preliminary testing with the
complete CulnSez2/Ni3Al+TiOz electrode revealed that stable
current densities around -0.1 mA/cmz2 could be achieved at -
1.0 Vvs. Ag/AgCl during a 16-h period (Figure 4A). During this
time, CO2 reduction competed with Hz evolution—a frequent
challengezs—and CO was not evident in the gas-phase (Figure
S4). These results confirmed charge and mass balance, so
subsequent photoelectrolysis experiments were conducted
under a constant flow of COz (i.e., not sampling the gas phase).

A 0.0+

Current Density (mNcmz)

0 2 4 6 8 10 12 14 16
Time (h)

w

M Methanol

]
(8]

(]
(=]

-
[aw]

w

Faradaic Efficiency (%)
o
| L 111 | L1 11 | 1111 | 1111 | 1111 | 1111

i I O e .

-0.6 -0.8 -1.0 -1.2 -14

Potential (V vs. Ag/AgCl)

o

Figure 4. Performance of the CulnSe2/NizAl+TiO2 composite
electrode during bulk photoelectrolysis. (A) At -1.0 V vs.
Ag/AgCl, stable photoelectrochemical current could be



achieved for nearly 16 h, resulting in no physical degradation
of the electrode (inset). The initial decrease in currentatt =0
h is attributed to the reduction of surface oxides. (B) Faradaic
efficiencies for photoelectrochemical CO2 reduction to
methanol are reported at various operating potentials, where a
maximum value of 25 + 3% was recorded at -0.8 V vs. Ag/AgCl.
Experiments were conducted in 0.1 M KHCO3 (pH 7) using a
150 W Xe arc lamp at 200 mW/cmao.

Remaining bulk photoelectrolysis experiments were
performed using 0.1 M KHCO3 electrolyte, a 200 mW/cmz light
source, and operating potentials ranging from -0.6 to -1.4 V vs.
Ag/AgCl. The results of these experiments are shown in Figure
4B, which plots the Faradaic efficiencies for methanol achieved
using this composite electrode. At most operating potentials,
methanol Faradaic efficiencies ranged from 2-6%. However,
the CO2 reduction activity of this system is highly potential-
dependent, signifying a reintroduction of potential-based
control compared to the expected behavior of an ideal
semiconductor-electrolyte system. This is evidenced by a
maximum Faradaic efficiency of 25% achieved at -0.8 V vs.
Ag/AgCl, representing nearly five times higher methanol
production than the second highest Faradaic efficiency. To the
best of our knowledge, this is the first example of combining a
chalcopyrite material with an electrocatalyst to generate
methanol in photoelectrochemical CO2 reduction.

Our initial report of the entirely electrochemical NizAl/glassy
carbon electrocatalyst indicated that Faradaic efficiencies for
methanol peaked at 1.0% using an operating potential of -1.38
Vvs. Ag/AgCl, and small quantities of formate were produced.12
The CulnSez/Niz3Al+TiOz composite electrode studied here also
generated trace amounts of formate. The absence of CO, which,
in the glassy carbon study, was recorded at ~30% Faradaic
efficiency and observed to be an intermediate en route to
products like methanol, may have been generated and
efficiently converted to methanol at the CulnSez/NizAl+TiO2
surface. In fact, use of a CO feedstock in the composite
photoelectrochemical system in place of COz did yield
methanol, albeit at a lower Faradaic efficiency (i.e., ~10% when
operating at -0.8 V vs. Ag/AgCl). Nonetheless, the methanol
Faradaic efficiencies achieved photoelectrochemically using
CulnSe2/Ni3Al+TiO2 exceed those achieved by the
electrochemical NizAl analog at all potentials studied. However,
it should be noted that a significant dark current was observed
in this study, as seen in Figure S5. Under this condition, it is
likely that the NizAl within the CulnSe2/Ni3Al+TiO2 composite
behaves strictly as an electrocatalyst, whose slow electron
transfer kinetics (i.e., low current density compared to the
previously reported NisAl/glassy carbon electrochemical
system) favor generation of the one-carbon product methanol
as opposed to the other liquid-phase, multi-carbon products
achieved by NisAl/glassy carbon. Efforts to understand the
source of this dark current, as well as the nature of the catalytic
layer and the catalyst-semiconductor interface, are the focus of
ongoing studies. In any case, post-electrolysis materials
characterization revealed that the composite electrode
remained intact following photoelectrochemical
experimentation (Figures S6-S9).

The CulnSe2/Ni3Al+TiO2 composite electrode presented in this
work represents the formative case study of catalytic
mismatching by combining a CIGS photoabsorber with a CO2-
reducing catalyst to achieve photoelectrochemical reduction of
COz2 to methanol, with Faradaic efficiencies reaching up to 25%.
In doing so, this system affirms the utility of a novel

photoelectrode design strategy—combining a catalytically
inactive yet optically proficient semiconductor with a known
electrocatalyst—in facilitating selective CO2 reduction.
Nonetheless, opportunities for improving CO2 reduction
efficiency exist, creating a springboard for future research into
this photoelectrocatalytic system and others that could be
designed using a similar strategy. In fact, the results of this
study leave much room for exploring additional combinations
of CIGS photoabsorbers, as well as other electrochemically
unreactive semiconductors, with heterogeneous
electrocatalysts to unlock new photoelectrochemical CO:2
reduction activity, though alternative catalytic processes
should also be possible. As such, the composite
CulnSe2/Ni3Al+TiO2 system motivates the use and exemplifies
the importance of catalytic mismatching as a strategy for future
photoelectrochemical design.
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