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Abstract

The quest for solar-driven conversion of carbon dioxide to chemicals and fuels hinges upon the
identification of an efficient, durable, and selective photocathode. Chalcogenide p-type semiconductors
exemplified by chalcopyrite Cu(In,Ga)Se, (CIGS) have been effectively deployed as photocathodes.
However, selectivity toward CO; reduction and durability of the commonly used CdS adlayer remain
primary challenges. Here we demonstrate that for the wide band gap CuGasSes chalcopyrite absorber
these challenges are well addressed by an organic coating generated in situ from an N,N'-(1,4-phenylene)
bispyridinium ditriflate salt in the electrolyte. The molecular additive provides a 30-fold increase in
selectivity toward CO;R products compared to the unmodified system and lowers Cd corrosion at least
10-fold. This dual-functionality highlights the promise of hybrid solid-state-molecular photocathodes for
enabling durable and efficient solar fuels systems.

Main Text

The chalcopyrite family of semiconductors, exemplified by Cu(In,Ga)Se; (CIGS), is one of the most
important for thin films photovoltaic applications,® with >23% solar energy conversion efficiency
demonstrated in the lab and >19% efficiency as a solar module.? While the standard CIGS absorbers have
been studied as photocathodes in photoelectrochemical (PEC) water splitting applications,3™ to increase
the photovoltage a CdS layer is usually deposited to form a p-n heterojunction with the CIGS. However,
due to the instability of the CdS during PEC catalysis,®’ the surface is typically protected with a metal oxide
(e.g. TiO, or ZnO) and activated with a hydrogen evolution reaction (HER) catalyst. Additionally, the 1.2-
1.3 eV band gap of the most common CIGS absorber, CulngsGagsSe,, is lower than ideal for most
photoelectrochemical architectures. More recently, the wider band gap CuGaSe,, 2! Cu(In,Ga)(S,Se),, 113
and (Ag,Cu)GaSe,'*** chalcopyrite photocathodes have shown promise for PEC water splitting. Recent
work has also expanded the use of CIGS-based photocathodes to CO, reduction (CO,R).16-%°

Among chalcopyrite absorbers, one promising CO,R photocathode is CuGasSes, an ordered-
vacancy compound derived from CuGaSe,,?° due to its wider bandgap of 1.8 eV and suitable conduction
band alignment for HER and CO,R.?! CuGasSes with ZnS or CdS adlayers and platinum co-catalysts have
reached photocurrent densities of 8-9 mA cm2 at an applied bias of 0 V vs RHE,?2?3 and pretreated in Cd?*
solution with a Mg.Zn;-,O capping layer demonstrates close to 1 V of photovoltage vs RHE.?* In terms of
stability, a bare CuGasSes photocathode demonstrated 17 days of continuous water splitting operation,?®
and a WOs-protected CuGasSes photocathode with a Pt catalyst layer sustained solar hydrogen evolution
for 6 weeks.?® These reports demonstrate the photoelectrochemical stability of CuGasSes, and durable
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surface modification of this material is one avenue to realize highly efficient and long-lasting fuel-forming
PEC cells.

The performance of semiconductor photoelectrodes have long been modified using organic
surface coatings of electrically conducting polymers to provide corrosion protection, passivate surface
recombination sites, alter band edge positions by introducing dipoles at the surface, and accelerate
interfacial charge separation.®”?72® Notably, conducting polypyrrole coatings on CdS photoanodes have
been shown to channel photogenerated holes to metal catalysts embedded in the polymer matrix, while
preventing Cd leaching.®” Additionally, using methyl viologen as a protective conducting overlayer
enhanced charge separation between Cu,ZnSnS, photocathodes with inorganic buffer layers (CdS, CdSe,
or ZnSe), which favorably shifts the flat band potential and improves electron transfer rates across the
interface.?

An open question is whether non-conductive molecular films can improve selectivity of CO2R
photocathodes while also addressing the stability issues of the CdS coating. In prior work, two N-
substituted pyridinium-derived molecular additives, N,N’-ethylene-phenanthrolinium dibromide (Add. 1)
and N,N’-(1,4-phenylene) bispyridinium ditriflate (Add. 2), have been used with Cu and/or Ag electrodes
for electrochemical CO3R. Upon in situ reduction and dimerization/oligomerization of the 1-electron
reduced additive into a non-conductive layer on the electrode surface (Scheme 1), the metal
electrocatalyst exhibits a significant decrease in activity towards hydrogen evolution in favor of CO;
reduction.3%3* Mechanisms proposed to account for the change in selectivity by these and other non-
conductive organic films include slow diffusion of proton carriers to the electrode, lower H,O and
increased CO; concentration within the films, nanostructuring of the electrode, and interactions of
intermediates of CO, reduction on the electrode with the film.30-36
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Scheme 1: Electrochemical dimerization of pyridinium-based molecular additives, a) Add. 1 and b) Add. 2, results
in an insoluble, non-conductive film on electrode surfaces.

In this letter, we show that an organic coating derived from Add. 1 or Add. 2 improves both CO,R
selectivity and durability of a CdS-coated CuGasSes photocathode. Cd corrosion and concomitant
restructuring of the surface coating, as well as a H,-rich product stream, are identified as primary
shortcomings of additive-free photocathodes. Coatings formed during photoelectrochemisty in the
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presence of either additive address these issues, while the conformal coating formed in the presence of
Add. 2 offers the best performance, with more than 10-fold decrease in Cd corrosion and 30-fold increase
in CO:H,.

Exploration of this new class of hybrid molecular-inorganic photocathodes was facilitated by the
high throughput analytical electrochemistry (HT-ANEC, Figure 1a) screening system reported previously,3’
adapted in the present work to include front-side illumination for accelerated screening of CO.R
photocathodes (Figure 1b). Initial experiments conducted on a high throughput instrument
(electrochemical mass spectrometry: ECMS)32 revealed that CuGasSes with a CdS coating exhibits higher
photocurrent, diminished dark current, and lower FE for H, than the bare CuGasSes surface (Figure S1).
The observation of negligible dark current in these initial experiments down to -0.4 V vs RHE informed the
choice of subsequent operating potentials between 0.2 and -0.4 V vs RHE, such that the only current
measured under illumination can be assumed to be photocurrent. Continued catalyst optimization on the
HT-ANEC system (Figure 1a) involved varying the illumination source, spanning from 2.1 eV (617 nm) to
3.2 eV (385 nm) at zero applied bias (Figure S2). While the 3.2 eV illumination showed higher FE toward
CO, the desire to use visible illumination for solar fuels applications and the consistency in product
distribution at all lower photon energies led to the choice of 2.7 eV (455 nm) illumination for further
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Figure 1: a) The HT-ANEC system with front-side electrode illumination includes an electrochemical reactor with
fiber-coupled LED illumination, CuGasSes/CdS working electrode (WE), Ag/AgCl reference electrode (WE), and
bipolar membrane-separated chamber with a Pt counter electrode (CE). Electrolyte is recirculated through the
reactor and a cell with 1 atm CO; headspace where the reactant CO; as well as reaction products are equilibrated
with the headspace. After electrolysis, gas and liquid aliquots are robotically sampled for product analysis. b) The
multi-layer structure of the photocathode is illustrated, where the additive layer is generated in situ where
applicable. c) Representative photoelectrocatalysis experiments at 0 V vs RHE both with and without molecular
additive. Each photocurrent signal is averaged and compared to partial current densities of H, and CO from post-
electrochemical product analysis to determine Faradaic efficiencies. The Cd concentration in electrolyte from a
post-electrolysis aliquot is also shown for each experiment.
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Even upon incorporation of molecular films, CO and H, were the only products observed in this
study, making the relative partial current densities toward these products the primary results for each
photoelectrolysis experiment (representative data shown in Figure 1c). Over the course of each 10 min
photoelectrolysis experiment, an initial peak in photocurrent was typically observed followed by a decay
to a steady-state photocurrent. We quantify the average product distribution and corrosion through
characterization of the headspace and electrolyte upon conclusion of each photoelectrolysis experiment,
producing results such as those indicated in the inset of Figure 1c. Inductively coupled plasma mass
spectrometry (ICP-MS) was performed on post-reaction electrolytes to quantify the corrosion of Cd from
the electrode into solution. X-ray fluorescence (XRF) measurements on the electrode surface were
performed to confirm the changes in elemental molar loadings of the electrode (see Table S1).
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Figure 2: Summary of 32 photoelectrocatalysis experiments. For the indicated range of applied electrochemical
potential, the three conditions of no additive, Add. 1, and Add. 2 form clusters indicated by shaded regions, where
each additive offers improved CO;R selectivity at the expense of lowered photocurrent. The point for a given
electrolysis experiment indicates the median photocurrent density with error bars extending from the minimum to
maximum photocurrent density during the 10 min photoelectrolysis. The label for each cluster shows the range of
Cd concentration in electrolyte observed for each condition.

The experiments performed can be delineated using the CO:H, product ratio and the average
photocurrent density from each photoelectrolysis experiment (Figure 2). The maximum and minimum of
the photocurrent density is shown as vertical error bars. As expected, changing the applied bias resulted
in variation in the photocurrent and product ratio; however, these variations are relatively small
compared to those observed when including a molecular additive in the electrolyte. With no additive,
CO:H; remained below 1 for all experiments. Electrodes modified with Add. 1 routinely produced CO:H,
in excess of 1, and electrodes modified with Add. 2 modified achieved CO:H, in excess of 30. As a result,
these electrolysis experiments are cleanly clustered into three distinct groups, with each cluster labeled
by the additive as well as the range of observed concentration of Cd in the electrolyte. Notably, the
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presence of Add. 2 lowers Cd levels in the electrolyte from 31-45 ppb observed in the absence of a
molecular additive to below the noise level of 4 ppb. A range of concentrations of Add. 1 were evaluated
to assess any impact on product selectivity (see Table S1), and the concentration was found to be less
important than the presence and choice of additive.
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Figure 3: a) Aggregation of the experiments in Figure 2 for the no-additive and Add. 2 conditions, showing that the
presence of the additive provides high selectivity toward CO. The error bars for both FE and J at -0.4 V and 0 V vs
RHE represent the standard deviation of the respective measurements over the several photoelectrocatalysis
experiments shown in Figure 2. The shift of the green data points from the labeled potentials is to group them with
the barplot at the same conditions (with or without Add. 2) and does not indicate that the potential is shifted. b)
Validation of the high throughput screening results with 10 mM Add. 2 using a traditional H-cell at 0 V vs RHE with
periodic headspace measurements. c) Continued operation of the H-cell with the same electrode at the same
potential but starting with additive-free electrolyte. The continued high CO selectivity and photocurrent
demonstrate that the organic coating formed from the initial operation persists and remains effective at suppressing
HER in favor of CO,R to CO. The error bars in b) and c) represent the uncertainty of product quantification by the
analytical instruments, and the photocurrent density (green) in these panels correspond to the right axis.

The potential-dependent selectivity and activity of CuGasSes/CdS with and without the Add. 2
additive demonstrate how the organic film causes an increase in selectivity for CO vs. H, by more than 30-
fold at the expense of a 2 to 4-fold reduction in photocurrent (Figure 3a). While suppression of HER
appears to be a primary contributor to the decrease in photocurrent (Figure S3), the additives may also
attenuate the intensity of the incident light and contribute to the observed lower photocurrent. The
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partial current density for CO at 0 V vs RHE increases with Add. 1 and even more so with Add. 2 compared
to the no-additive baseline, which may be due to retention of the Cd coating that facilitates carrier
extraction from CuGasSes as discussed further below. In dark electrolysis experiments with cathodic
current densities between 0.5 and 15 mA cm?, the total FE of measured products can routinely be as low
as 80% due to imperfect product extraction from the headspace from the HT-ANEC system.3” As shown in
Figure 3a, measurements at -0.2 and -0.4 V vs RHE both with and without additive result in total FE near
80%. At higher potentials, lower total FE is observed, although this may be due to the lower photocurrent
densities causing lower product concentrations and thus increased systematic error in FE quantification.
These results can neither confirm nor deny the presence of photoelectrochemical reactions beyond the
HER and CO,R. Possible side reactions include Cd corrosion and electrodeposition of the molecular
additive, and a more quantitative evaluation of FE will be pursued in future work.

To validate the primary result of the high throughput screening, a pair of CuGasSes/CdS electrodes
were tested in a traditional H-cell using 10 mM of Add. 2 and 0 V vs RHE. One experiment involved isotopic
labelling in which the cell was operated with a sealed headspace of 3CO, for 2 hours, after which
photoelectrochemical operation was paused and the headspace was changed to flowing 3CO,. After
acquiring a background mass spectroscopy (MS) signal, photoelectrochemistry was resumed, resulting in
the subsequent detection of 3CO in the headspace (Figure S4) and thereby confirming
photoelectrochemical reduction of 33CO; to 3CO. The second experiment focused on stability and involved
a total of 4.5 h of photoelectrolysis at 0 V vs RHE. The first 1.2 hours were conducted in the presence of
10 mM of Add. 2, followed by 3.3 hours with additive-free electrolyte to ascertain whether stable
photocurrent and product distribution could be obtained with the already-deposited molecular coating.
The photocurrent and product distribution are shown in Figure 3, which has large uncertainty for FE of CO
due to the detection mechanism on this instrument. The results confirm that the high selectivity toward
CO in the presence of the additive is maintained upon replacement with fresh electrolyte. While higher
cathodic photocurrent is initially observed, the subsequent steady-state photocurrent is comparable to
that observed with additive present in the electrolyte. Furthermore, ICP-MS characterization of the
additive-free electrolyte after 3.3 hours of operation did not show any Cd in solution (Table S1). These
results collectively show that Add. 2 may be applied as a final step of electrode synthesis, resulting in an
electrode that may be operated with no requirement on additive presence in the electrolyte, although
the stability and possible regeneration requirements for device-scale operation remains under
investigation.

Characterization of the post-catalysis electrode surfaces lends insight into the mechanism by
which catalyst performance is enhanced. Tunneling electron microscopy (TEM) with energy dispersive
spectroscopy (EDS) mapping was performed to compare the ca. 50 nm CdS capping layer of the as-
synthesized electrode with electrodes tested by HT-ANEC at 0 V vs RHE with no additive, 0.1 mM Add. 1,
and 10 mM Add. 2 (Figure 4a, S7). Images and compositions of the electrode surfaces post-catalysis show
that without an organic coating, the CdS layer is greatly depleted of sulfur in favor of oxygen. These
observations are consistent with an electrochemical reaction that results in partial corrosion and
coarsening of the adlayer, which is evident in top-down SEM and TEM images with a larger field of view
that show a nanocube morphology (Figure S5a and S5c). The same phenomena are observed with Add. 1
but to a lesser extent, which combined with our observation of variable Cd leaching concentrations (Figure
2, Table S1) suggest that this additive only partially protects the Cd-based layer. With Add. 2, the Cd-based
coating remains compact, with a 30 nm sulfur-containing layer near the interface with the CuGasSes
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absorber that is not observed in the other samples (Figure 4a, S7). This remaining CdS-like layer is key to
preserving the photoactivity of CuGasSesand other chalcogenide absorbers.?
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Figure 4: a) Cross section TEM measurements of the Cd-based layer and its interface to the CuGasSes absorber
layer for as-synthesized electrodes and electrodes operated at 0 V vs RHE in the HT-ANEC system with no additive
and with each of the molecular additives. The overlay composition plot in each image shows the measured depth
profile of Cd, S, and O concentrations from EDS line-scan imaging (see Figure S7 for additional composition data),
and an arrow points to the retention of S due to the presence of Add. 2. Note that the lack of additives seen on
TEM images is due to their low contrast to the capping agent used for preparing TEM samples. b) Cross section
SEM images of an as-synthesized CuGasSes/CdS electrode and the electrode with organic coating after the
conclusion of the Figure 3c experiment. The coating appears conformal with approximately 200 nm thickness (see
Figure S4 for more information). c) XPS characterization of the 5 conditions from a) and b) for the near-surface
compositions. Other detected species can be found in Figure S6b. Note that the H-cell data in b) and c) were
acquired on the electrode after both the 1.2 h operation with and the 3.3 h operation without Add. 2.

To understand the role of Add. 2in protecting the CuGasSes photoabsorber and preserving the
CdS layer, scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS)
measurements were performed. Analysis of the film created by Add. 2 by cross-sectional SEM revealed
that after 4.5-hours of operation, a near 200 nm conformal coating is observed with some larger features
(Figure 4b and Figure S5). This result is commensurate with the reported thicknesses of electrodeposited
films derived from analogous pyridinium salt precursors on copper and silver electrodes and is on average
thicker than the ~30 nm film afforded by Add. 1.313* The Add. 2 coating results in lower coarsening and
improved retention of the CdS layer than in the other experiments, which we attribute to improved
protection from its high conformality and greater thickness. XPS near-surface characterization supports
the findings that the Cd and S in the as-synthesized electrode are observed to a lesser extent after
operation with no additive due to corrosion and oxidation of the CdS layer (Figure 4c, S8). The Cd signal is
increasingly suppressed with Add. 1 and Add. 2 as the molecular coatings attenuate the signals from the
Cd-based layers observed in Figure 4a. While the relative impact on product selectivity and corrosion
mitigation between the two additives is commensurate with the observed differences in the morphology
of the generated coatings, the chemical mechanism for the absolute and relative performance
enhancements will be investigated in future work.
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Given the importance of CdS in passivation of surface defects for improved carrier extraction
efficiency,?* the ability of Add. 2 to inhibit coarsening in the Cd-based layer, and thereby maintain sulfur
in CdS at the CuGasSes absorber interface, is an important observation. Furthermore, due to the lack of
Cu, Ga, or Se leaching and the persistence of a compact Cd-based layer in the presence of either additive,
we believe these results will generalize to light absorbers beyond CuGasSes. Given that CdS is an effective
contact material for CIGS chalcopyrite and the multitude of other absorber chemistries,3%% these
additives, especially Add. 2, may more generally improve the stability of the Cd-based coating while
substantially suppressing HER in favor of CO3R. Differences in photovoltage provided by different absorber
layers will likely alter the applied bias required to obtain the equivalent (unquantified) surface potential
of the electrodes in the present work. The observation of CO,R with high selectivity at a bias of 0.2 V vs
RHE demonstrates that the turn-on potential for CO,R photoelectrocatalysis is even higher, making these
photocathodes competitive with state-of-the-art photocathodes, such as the Pt-TiO,/GaN/n*-p-Si
photocathodes with turn-on potentials near 0.47 V vs RHE*, and nanoporous Au thin films on Si
photoelectrodes with turn-on potentials >0.2 V vs RHE.*? To close, molecular additives such as those
described herein are attractive for the continued improvement of turn-on potential, durability, and CO;R
selectivity, which are all critical to realize photoelectrochemical generation of solar fuels.

Supporting Information

Methodologies for using the high throughput experimentation systems used herein. Molecular additive
synthesis and characterization. Further description of durability testing. Combinatorial experiments for
selecting electrode, illumination, and potential range; additional SEM, TEM, and XPS characterization of
electrodes; table of all electrolysis and corrosion results.
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