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ABSTRACT: Photoelectrochemical (PEC) CO, reduction has
received considerable attention given the inherent sustainability
and simplicity of directly converting solar energy into carbon-
based chemical fuels. However, complex photocathode
architectures with protecting layers and cocatalysts are typically
needed for selective and stable operation. We report herein that
bare Culn,;Ga,,S, photocathodes can drive the PEC CO,
reduction with a benchmarking 1 Sun photocurrent density of
over 2 mA/cm? (at —2 V vs Fc'/Fc) and a product selectivity of
up to 87% for CO (CO/all products) production while also
displaying long-term stability for syngas production (over 44
h). Importantly, spectroelectrochemical analysis using PEC
impedance spectroscopy (PEIS) and intensity-modulated
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photocurrent spectroscopy (IMPS) complements PEC data to reveal that tailoring the proton donor ability of the electrolyte
is crucial for enhancing the performance, selectivity, and durability of the photocathode. When a moderate amount of protons
is present, the density of photogenerated charges accumulated at the interface drops significantly, suggesting a faster charge
transfer process. However, with a high concentration of proton donors, the H, evolution reaction is preferred.

lucidating the interplay between the chemical environ-
E ment, interfacial carrier dynamics, and catalysis is

crucial to understand and optimize the chemical
conversion at semiconductor-liquid junctions (SCL]Js). Photo-
electrochemical (PEC) CO, reduction has been drawing
increasing attention with the prospects of manufacturing a
wide range of platform chemicals, such as CO, formic acid, or
methane, among others, using CO, as feedstock and sunlight
to power the entire process. ~ Recent advances in the field
have relied on the incorporation of cocatalysts on the
semiconductor surface.*”® Here, semiconductor pnictides,
metal oxides, and chalcogenides operate as light absorbers,
transferring the highly reducing photogenerated electrons to
cocatalysts wherein the electrochemical CO, reduction
reaction (CO,RR) takes place via a specific pathway to select
the reduction product. Metalorganic complexes and enzymes
have shown high product selectivity and remarkably low
overpotentials.7_9 However, their relative high cost, the need
for specific grafting steps to anchor the cocatalyst, and the
concerns about the long-term stability at high current
densities—especially for biocatalysts—raises doubts about
their practicality for large-scale industrial application. Alter-
natively, inorganic cocatalysts such as transition and post-
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transition metals —and more recently metal oxides and
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chalcogenides—have been demonstrated to activate the PEC
CO,RR toward specific products.>'* Given that the structure
and composition of these catalysts resemble that of state-of-
the-art semiconductors, it is reasonable to argue that PEC CO,
conversion could directly occur at SCLJs provided that the
reactive interface mimics the characteristics of such catalytic
phases.

Although scarce, a few examples of the PEC CO,RR
occurring at SCLJs have been reported."> For instance, Gu et
al. reported a Faradaic efficiency of ca. 9% for PEC CO,-to-
formate conversion using Mg-doped CuFeO, photocathodes.'®
The authors concluded that, despite the presence of metallic
copper on the surface, which could contribute to the catalysis,
the native oxide presumably governed the CO,-to-formate
conversion. Similarly, chalcogenides such as CuGaS, or
Cu,ZnSnS, can drive the photoreduction of CO, yielding
CO."”"® While these preliminary studies imply the reactivity of
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Figure 1. Current-voltage characteristic under intermittent AM 1.5G illumination of CIGS photocathodes measured in Ar- or CO,-saturated
(a) ACN, (b) M-ACN, and (c) AM, with 0.1 M Bu,NPF; as the supporting electrolyte. The scan rate was 20 mV/s toward more negative
potentials. (d) Comparison of Faradaic efficiency recorded at —1.86 V vs Fc'/Fc in three different electrolytes. The error bars originated

from measurements of three different samples.

the direct SCL], they still display relatively poor selectivity and
current density (i.e., with 1 Sun photocurrent densities <1 mA
cm™?). Therefore, gathering new insights on the reaction
pathway and the kinetics of the PEC CO,RR directly occurring
at the semiconductor’s surface holds the key to advance a new
generation of cocatalyst-free photocathodes with improved
performance. With this purpose, here, we present a
comprehensive analysis of the PEC reactivity of a bare
semiconductor photocathode as a function of the proton
donor ability of the solvent to unravel the reaction mechanism
while applying an assortment of spectroelectrochemical tools
to characterize the electronic and kinetic features of the
interface during the photoelectrosynthetic reaction.

Pristine Culng;Gay,S, (CIGS) was chosen as model
material leveraging our previous demonstration of PEC water
reduction'””” and its elemental composition, which matches
that of reported catalytic centers for CO, reduction.'”">*" A
description of the fabrication of the CIGS photocathodes as
well as a complete characterization of (i) the morphology by
means of scanning electron microscopy (SEM, Figure S3) and
atomic force microscopy (AFM, Figure S4), (ii) the elemental
composition by using energy-dispersive X-ray spectroscopy
(EDX, Figure SS), and (iii) the crystal structure by X-ray
diffraction (XRD) and Raman microscope (Figure S6) can be
found in the Supporting Information. The PEC activity of the
bare CIGS photocathodes was evaluated by means of linear
sweep voltammetry (LSV), under intermittent simulated AM
1.5G illumination (1 Sun) in either Ar- or CO,-saturated 0.1
M Bu,NPF, solution (Figure 1). Note that anhydrous
acetonitrile (ACN), 1 M CH;0H in ACN (M-ACN), and
anhydrous methanol (AM) were tested as solvents. In all cases,
the PEC response improves with the CO, purging, although to
a different extent depending on the solvent. Higher photo-
current density and more positive photocurrent onset were
recorded, suggesting that the CO, was photoelectrochemically
reduced. It is worth noting that while in the case of ACN the
improvement was apparent (Figure 1a), the incorporation of
small amounts of methanol led to a drastic enhancement of the
performance (Figure 1b). Indeed, the photocurrent density
increased from 0.54 mA cm ™2 (Ar) up to 2.18 mA cm™> (CO,)
at —2 'V vs Fc"/Fc, while the turn-on voltage shifted around
400 mV toward more positive potentials. However, when AM
was replaced as solvent, the changes recorded with CO, were
modest, mostly evidenced by a slight shift in the photocurrent
onset rather than in the magnitude of the photocurrent (Figure
1c). Note that incident photon-to-current efficiency (IPCE)
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measurements were performed to confirm that the photo-
current recorded by LSV matches the integrated photocurrent
considering the standard AM 1.5G spectrum (Figure S7).
Likewise, differences in the solubility of CO, were also
considered as an origin for the changes in the photocurrent
delivered. Since the solubility of CO, in AM (0.16 M) is lower
than in ACN (0.27 M), no significant changes in the
concentration of CO, in M-ACN are expected. We note the
presence of dark current, ascribed to the HER and/or the
CO,RR occurring at the exposed substrate (sulfurized Mo) or
to corrosion (in the case of Ar-purged ACN). A slightly larger
dark current in AM suggests the larger contribution of the
HER in that case.

To assess the selectivity of the PEC process, the gases
produced (H, and CO) under illumination and at —1.86 V vs
Fc"/Fc were quantified as a function of the solvent
composition by means of gas chromatography (Figure S2).
We note that methanol is commonly used as a hole scavenger
in photocatalytic transformations, giving rise to H, as a
byproduct. Thus, control experiments were performed to
confirm that the measured H, originates from the cathodic
reaction instead of from the methanol oxidation (Figure S8,
Table S1). Then, looking at the gas evolution results (Figure
1d) and based on the observed production of CO and H,, CO,
reduction was favored in ACN and M-ACN, whereas the
reduction of protons dominated in AM. In fact, the Faradaic
efficiency (FE) for the CO,-to-CO conversion increased from
509 + 4.0% (ACN) to up to 68.6 + 2.8% (M-ACN,
corresponding to a partial-photocurrent density for CO,-to-
CO conversion, jcoz— co of L4 mA cm™?) when methanol was

added but dropped to 32.1 + 4.0% in AM. Interestingly, these
results not only confirm that PEC CO, reduction can actively
occur at the SCLJ but more importantly suggest that the
selectivity and efficiency can be controlled by adjusting the
proton availability. This latter observation is consistent with
reports of (dark) electrochemical CO, reduction, which has
proven to be highly sensitive to electrolyte composition.”**
Generally speaking, the CO,-to-CO conversion begins with the
reductive (one-electron transfer) adsorption of CO, onto the
catalytic surface in the form of a CO3~ anion radicals.”>*° In
the presence of an aprotic solvent, this intermediate interacts
with another CO, molecule and accepts a second electron to
release CO and carbonate. In the presence of a proton donor,
however, protonation of the anion radical occurs followed by
dehydroxylation and a second electron transfer to release
CO.” In dark electrocatalysis, this modification of the reaction
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pathway induces changes in the CO,-to-CO activity primarily
ascribed to the additional stabilization that the protonation
brings to the adsorbed intermediate.”” With this in mind, we
speculate that the protonation of the intermediate on the SCLJ]
will not only decrease the photocathodic overpotential but also
accelerate the rate of the reaction, since the reductive
adsorption of CO, is generally accepted to be the rate-
determining step. While the improved jcoz— co and onset

potential for CO,-to-CO conversion in M-ACN are well
rationalized in these terms, the deactivation of CO, reduction
in favor of the HER in AM requires another explanation.
Bearing in mind that bare CIGS photocathodes have been
shown to drive the HER in aqueous electrolyte (without
CO,)" and that the catalytic sites involved in the CO,
reduction are likely the same as those driving the
HER,"”'”*® we hypothesize that, in the presence of a large
proton donor concentration, most of the catalytic sites will be
saturated with protons, leaving a small percentage of sites
available for the CO, reduction to take place. It is worth noting
that in AM the gaseous product is syngas with a H,:CO ratio
of 2:1, which is a desirable composition to feed industrial
processes.”” To validate that CO originates from CO,
reduction instead of other sources such as degradation of the
organic solvent, control experiments have been performed in
N,-saturated electrolytes under PEC conditions. As shown in
the GC traces in Figure S9, no sign of CO is observed in the
absence of CO,, indicating that CO is produced by CO,
reduction.

Careful investigation of the relative production of CO and
H, reveals that, especially in ACN, the partial currents for H,
and CO do not account for the entire photocurrent density
recorded experimentally. Indeed, about 47% of the photo-
current is not identified in ACN. Since no other gaseous (gas
chromatography) or liquid ("H NMR) products were detected,
it is plausible that part of the photocurrent is due to corrosion.
This motivates the further investigation of the durability of the
CIGS photocathodes. Operating under continuous CO,
photoreduction conditions, the photocurrent density versus
time behavior was evaluated in each solvent condition by
means of chronoamperometry. As shown in Figure 2a, in ACN,
the photocurrent density recorded at —1.86 V vs Fc'/Fc
dropped about 57% of its initial value after 2000 s. Given the
mismatch between the detected products and the recorded
photocurrent, photocorrosion is most likely responsible for the
deterioration of the performance. The addition of a proton
donor in M-ACN significantly lengthens the stability (Figure
2b), maintaining about 90% of the photocurrent density after
2000 s and 70% after 4000 s. We hypothesize that the
accelerated degradation at longer times of operation arises
from the evaporative loss of methanol during CO, purging.
However, additional experiments would be needed to verify
this. Surprisingly, in AM, the stability is greatly enhanced
(Figure 2c), virtually showing no degradation of the perform-
ance after 44 h of continuous operation. The correlation
between the stability and the proton availability could be
explained considering the kinetic competition existing between
the photocorrosion phenomena and the electron transfer at the
interface. In a protic solvent like AM, the fast HER depletes
photogenerated electrons accumulated at the interface, while
the CO,-to-CO conversion in a proton-rich environment will
proceed preferentially via the aforementioned protonation of
the intermediate—accelerating the transformation. Thus,
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Figure 2. Stability tests via the chronoamperometry of CIGS
photocathodes for photoelectrochemical CO, reduction in CO,-
saturated (a) ACN, (b) M-ACN, and (c) AM, with 0.1 M Bu,NPF
as the supporting electrolyte.

photocorrosion is outcompeted by both the HER and CO,
reduction reaction. In contrast, in an aprotic environment such
as ACN, the relative slowdown of the reductive adsorption of
CO, could allow the photocorrosion processes to take place at
a considerable rate. Obviously, in the presence of M-ACN, it is
reasonable to consider that both protonated and non-
protonated intermediates will coexist at the surface evolving
to CO via different mechanisms, while photocorrosion
processes will contribute to the photocurrent to a lesser extent.

Following the improved selectivity toward CO in M-ACN,
we next explored the influence of the applied potential on the
product distribution. Figure 3a displays the FE for CO and H,
production as a function of the applied potential from —1.46 V
up to —1.86 V vs Fc*/Fc. Interestingly, at the most positive
applied bias, H, is preferentially formed. This could be
accounted for by the higher overpotential for CO, reduction.
At more negative applied potentials, the FE for H, production
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Figure 3. (a) Faradaic efficiency and (b) CO selectivity in M-ACN.
The error bars originated from measurements of three different
samples.

remains stable at around 10%, while the FE for CO increases
up to 68.6%, which is among the highest reported for a pristine
photocathode (Table S2). However, the fact that the FE for H,
and CO does not account for the total current density,
especially at more positive potentials, could, again, be justified
by the presence of photocorrosion processes. In fact, the more
positive the applied potential, the lower (on an energy scale)
the quasi-Fermi level of the photogenerated electrons. This
reduces the driving force for electron transfer and favors
photocorrosion. To better illustrate the relative production of
CO, Figure 3b displays the percentage of CO produced with
respect all the products. As shown, the relative selectivity
toward CO increases rapidly from about 25% at —1.46 V to
87% saturating from —1.76 V vs Fc*/Fc onward. Interestingly,
the switching of the product distribution occurs in a very
narrow potential window, that is, between —1.46 and —1.56 V
vs Fct/Fc. This suggests that within this range the threshold
potential to trigger the CO,-to-CO conversion has been
surpassed, thus affording CO as the main product.

To gain a deeper understanding on how the proton
availability impacts the electronic structure of the SCL]J,
CIGS photocathodes were characterized by electrochemical
impedance spectroscopy (EIS). A Mott—Schottky (MS) plot
(Figure 4a) was constructed based on the capacitance values
extracted from EIS measurements performed in the dark in M-
ACN (Figure S10) and suggests that the flat band potential
(Vﬂ,) is located at about —0.5 V vs Fc*/Fc, which is consistent
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Figure 4. (a) Energetic distribution of density of surface states
(DOSS, open circle) with corresponding Gaussian fit (solid line)
in different electrolytes and MS plot (olive open circle) with linear
regression (olive line) in M-ACN. The black vertical line indicates
the reversible potential of the CO,/CO redox couple in ACN.>
(b) Pseudo-first-order rate constants for charge transfer k,,, and
surface recombination k,, as a function of applied potential in M-
ACN.

1648

with the Vj, estimated from the Butler plot (Figure S11). This
is in stark contrast to the steep onset of photocurrent that
occurs at a significantly more negative applied potential, i.e.,
not until —1.3 V vs Fc*/Fc (Figure 1b). Such sluggish
photocurrent development has been previously attributed to
the occurrence of Fermi level pinning (FLP) caused by surface
trap states.’” Based on the Vi, and the band gap (estimated to
be ca. 2.0 eV from the onset of the IPCE spectrum), a tentative
energy diagram of the CIGS including relative position with
respect the CO,/CO redox potential was constructed, to
confirm that photogenerated electrons are reducing enough to
drive the PEC CO, reduction (Figure S12). Next, EIS was
performed under illumination in both ACN and M-ACN.
Figure 4a shows the density of surface states (DOSS) as a
function of the applied potential. The DOSS was estimated
from the Nyquist plots as described in the Supporting
Information. Qualitatively, it is clear that the magnitude of
the DOSS signal decreases with the addition of methanol.
Using a Gaussian fit allows estimation of the total density of
surface states (Nj;), which decreased from 4.7 X 10" to 2.1 X
10" cm ™. Bearing in mind that the DOSS is a proxy for the
concentration of charges accumulated at the CIGS surface,"’
these results suggest that, under operation, the buildup of
electrons at the SCLJ decreased by half with the addition of
methanol. This is not unreasonable, since methanol is expected
to accelerate the adsorption of the CO,, speeding up the CO,-
to-CO conversion and ultimately stabilizing a lower surface
electron concentration in steady-state conditions. Note that, in
both solvents, the DOSS lies in the potential window from
—0.9 up to —1.6 V vs Fc'/Fc, overlapping with the region
where the photocurrent displays only a minor increase. This is
a common feature of PEC systems applied for catalytic
conversions, such as water reduction and oxidation, wherein
surface charging (and the formation of the reaction
intermediates) precedes the desired PEC conversion.'”*'
Intensity-modulated photocurrent spectroscopy (IMPS) was
next utilized to interrogate the charge carrier dynamics at the
SCLJ during CO, conversion. So far, only two reports have
implemented IMPS to characterize CO, reduction (i.e., on
TiO,/CdS photocatalysts and CuBi,O, photocathodes).****
While in these previous studies IMPS was merely used to
extract a time constant, here, we expand this tool to determine
the rate constants for charge transfer (k,,,) and recombination
(k) as a function of the applied potential in M-ACN (Figure
4b). A complete description of the model used to extract the
pseudo-first-order rate constants and the corresponding
Nyquist plots (Figure S13) as well as the charge transfer
efficiency (Figure S14) can be found in the Supporting
Information. As observed, the variation of k,,. with the applied
potential displays two distinct slopes with a crossover potential
at —1.5 V vs Fc*/Fc. At more positive applied potentials, the
small variation of k,, could be attributed to the existence of
FLP in this region. For instance, the presence of surface traps
in this potential window would cause the applied potential to
drop at the Helmholtz layer, i.e., charging the interface, rather
than at the space charge region, therefore 1eavin§ the band
bending that controls k,, virtually unchanged.”> At more
negative potentials, however, k,,. rapidly drops with the applied
potential, which is characteristic of a band-edge pinning (BEP)
regime wherein the applied potential drops at the space charge
region leading to steady increase of the band bending. The ki,
vs. the applied potential plot also displays two distinct regimes
bounded by the crossover potential. Moving toward negative
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potentials, k., steadily increases until reaching a plateau. The
increase of ky,, with applied potential is a sign of FLP, whereas
BEP dominates if k;,, remains unchanged. In fact, in the FLP
regime, the charging of the interface will shift the conduction
and valence band edges causing the activation energy of the
reaction (and thus k,,,) to change with the applied potential.*>
Alternatively, in the BEP regime, the conduction band will not
change with the applied potential, and hence, k;,,, will remain
unaltered. These results provide compelling evidence of the
existence of surface energy traps that extend about 1000 mV
from the Vj; within the band gap causing the FLP. Note that
the turn-on voltage, that is, the voltage at which the
photocurrent starts to steadily increase with the applied
potential, is close to the crossover potential (Figure 1b). This
supports the observation that the photocurrent remains small
at potentials more positive than the crossover point. In fact,
recent studies on PEC water reduction using CIGS photo-
cathodes revealed the existence of FLP, which appeared to be
caused by energy traps that extended about 600 mV into the
band gap from the valence band edge."” It is likely that these
energy traps, induced by surface vacancies of In and Ga, are
responsible for the FLP observed during the PEC CO,
reduction.

Finally, we can use the IMPS data to compare the relative
magnitudes of the rate constants for the HER (in aqueous
electrolytew) and the CO,-to-CO conversion. We note that
although the rate constants obtained by IMPS are phenom-
enological, a qualitative comparison could be drawn given that
the electrodes and experimental parameters are maintained and
only the solvent and the reaction are altered. As expected,
ky.n(CO,) is about 1 order of magnitude lower than
k,..(HER), which is consistent with the lower overpotential
of the HER and the much larger availability of protons in water
than CO, in the M-ACN. This result also supports the
assumption that the stability in AM likely originates from the
faster depletion of surface photogenerated electrons.

In conclusion, bare CIGS photocathodes, without overlayers
or cocatalysts, have demonstrated PEC CO, reduction to CO
at 1 Sun photocurrent densities commensurate with state-of-
the-art PEC CO,RR systems using cocatalysts (Figure S1S).
Importantly, the performance is largely influenced by the
electrolyte proton availability as shown by examining three
representative solvents, namely an aprotic solvent with (M-
ACN) and without (ACN) a proton donor and a protic solvent
(AM). Adding a proton donor not only increased the partial
photocurrent for CO as well as the selectivity but also reduced
photocorrosion. However, in AM, the HER dominated over
the CO, reduction, likely due to the large excess of protons
compared to CO, molecules available and the fact that both
compete for the same adsorption sites. Supported by PEIS
data, which showed a significant drop in surface state
concentration in M-ACN compared to ACN, it was suggested
that the presence of protons activates an alternative reaction
pathway (proceeding via a stabilized intermediate) to afford an
accelerated charge transfer. The characterization of the charge
carrier dynamics by IMPS revealed the occurrence of FLP in a
wide potential range extending about 1 V into the band gap
from the valence band edge, which significantly limits the turn-
on voltage. Moreover, the relative rate constant for CO,
reduction in M-ACN remains 1 order of magnitude below
that of the HER in aqueous electrolytes. Overall, these findings
support the feasibility of direct SCLJs to drive the PEC CO,

1649

reduction, although further studies are needed to suppress the
FLP and the competing HER reaction.
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