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ABSTRACT: Copper(I)-based catalysts, such as Cu,S,
are considered to be very promising materials for
photocatalytic CO, reduction. A common synthesis route
for Cu,S via cation exchange from CdS nanocrystals
requires Cu(I) precursors, organic solvents, and neutral
atmosphere, but these conditions are not compatible with
in situ applications in photocatalysis. Here we propose a
novel cation exchange reaction that takes advantage of the
reducing potential of photoexcited electrons in the
conduction band of CdS and proceeds with Cu(Il)
precursors in an aqueous environment and under aerobic
conditions. We show that the synthesized Cu,S photo-
catalyst can be efficiently used for the reduction of CO, to
carbon monoxide and methane, achieving formation rates
of 3.02 and 0.13 pmol h™' g7', respectively, and
suppressing competing water reduction. The process
opens new pathways for the preparation of new efficient
photocatalysts from readily available nanostructured
templates.

F ossil fuels play a pivotal role in the energy supply and
production, meeting more than 80% of the global demand.
Nonetheless, the use of this finite and exhaustible source is
invariably linked with carbon dioxide emission. One sustainable
approach to mitigate the effects of the emission is to close the
carbon cycle by producing fuels, e.g., methane, again from CO,,
where the energy required to drive the uphill CO, reduction
reaction would come from solar irradiation.! In addition, this
approach ensures convenient storage capability of the harvested
solar energy.

The heterostructures composed of colloidal semiconductor
nanocrystals and metal or metal oxide co-catalysts have attracted
a lot of attention in the field of photocatalytic CO, reduction,
owing to the advances in their fabrication and favorable
optoelectronic and catalytic properties.” Although CO, is a
highly stable molecule and its reduction is a complex multi-
electron- multiproton- transfer process, copper-based catalysts
are considered the most promising candidates for achieving good
conversion efficiency. This is due to their strongly reducing
conduction band and selectivity toward CO, rather than
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competing water reduction.” Copper(I) sulfide, Cu,S, a narrow
(1.2 eV) indirect band gap p-type semiconductor is of particular
interest because it can act as both light absorber and co-catalyst”
and has been shown to reduce CO,.” The band gap width can be
tuned upward by introducing copper vacancies. This leads to
nonstoichiometric direct band gap Cu,_,S, which additionally
exhibits plasmonic resonance in the near-infrared (NIR)
region.”” This direct synthesis of Cu,S with controlled
nanometric properties is, however, not easily achieved and
usually takes place in organic solvents® or requires controlled
atmosphere and Cu(I) precursors.’

An alternative approach to fabricate ionic nanocrystals such as
Cu,S is to use the cation exchange technique that, starting from a
well-defined structure of one material, leads to the desired
material by substituting the initial cationic sublattice w1th a
different one by keeping the initial geometrical structure.'® It is
then possible to take advantage of the controlled geometrical
properties of nanocrystals such as CdS that are synthesized via
hot-injection techniques and use them as scaffolds for new
materials. This technique has been used to create Cu,S
nanostructures from CdS."" Unfortunately, the standard
procedure has several limitations that are not compatible with
in situ preparation of a photocatalytic material, such as the
necessity to be performed in a controlled atmosphere and in
organic solvents.

Here we present a novel cation exchange method in which we
harness the reducing potential of photoexcited electrons in the
conduction band of CdS nanocrystals to fabricate copper-
deficient Cu,_,S nanorods (NRs) from CdS using Cu®"
precursors (cf. Scheme 1). In contrast to other cation exchange
methods, this photoinduced process can proceed under aerobic

Scheme 1. Light-Induced Cation Exchange Leading to
Photocatalytic CO2 Reduction into CO and CH,
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Figure 1. (a) Absorbance (left axis) and PL (right axis) spectra of CdS NRs in aqueous solution, excitation wavelength 420 nm, arbitrary units. Inset in
(a) shows a TEM image of the CdS NRs. Absorbance in the (b) UV—vis and (c) IR regions of CdS NRs during the cation exchange with Cu cations at

various illumination times, arbitrary units.

conditions, yet preserves the shape of the original crystals and
enables complete conversion of CdS to copper sulfide. We
further demonstrate that the as-prepared Cu,S NRs can be used
in situ as an efficient photocatalyst for reducing CO, to carbon
monoxide and methane with excellent selectivity over hydrogen
production.

Results and Discussion. The CdS NRs were synthesized
according to a previously published procedure'” and were
subsequently transferred into an aqueous environment using L-
cysteine as a stabilizing ligand. Their absorption spectrum
exhibited a distinct excitonic peak at 463 nm with sharp
absorption onset (Figure la). The band-edge photolumines-
cence (PL) peak was located around 480 nm. On the basis of the
analysis of TEM images (e.g., Figure 1a inset), the NRs were on
average 30 nm in length and S nm in width.

The cation exchange from divalent Cd** cations to
monovalent Cu” cations was performed by illuminating under
air a dispersion of CdS NRs in water with a 447 nm laser in the
presence of Cu(Il) precursor (CuCl,) and triethanolamine
(TEOA) as a hole scavenger. Further details are provided in the
Supporting Information (SI). Over the course of the illumination
we observed that the excitonic peaks of CdS became broader and
gradually disappeared altogether after 21 h (cf. Figure 1b). At the
same time, the absorption in the range 500—800 nm was
increased in comparison with the original CdS dispersion.
Meanwhile, in the NIR region (Figure 1c) a broad peak arose
around 1200 nm that could be identified as a plasmonic
resonance characteristic of nonstoichiometric copper sulfide
Cu,_,S nanostructures.”>

In order to further characterize the evolution of the system
high-resolution TEM and high-angle annular dark-field
(HAADF) STEM images were acquired at 0.5, 2.5, and 25 h of
illumination. At the early stage (Figure 2a), the CdS wurtzite
structure of the NRs was still clearly visible. After 2.5 h, this
crystal structure could be identified only in few selected areas,
although the shape of the NR was fully preserved (cf. Figures 2b
and S1). At this intermediate stage the binary CdS and Cu,S
phases coexist, separated mostly by interfaces perpendicular to
the long axis of the NR (Figures S2 and S3). This is in agreement
with earlier reports on CdS-Cu,S system.'' The images and
elemental mapping (Figure S4) show that the Cu,S domains
grow at the expense of CdS domains. The CdS domains were not
observed anymore after 25 h of illumination (cf. Figure 2c),
indicating a complete cation exchange. The electron diffraction
patterns (Figure SS) and the most prominent lattice planes in
HR-TEM images (Figure S6) are consistent with the high-
chalcocite phase of copper sulfide.

ZObO 4[;(—)0 8000 9000
Energy (eV)

Figure 2. (a) HR-TEM images of CdS NRs after 0.5 h of light-induced
cation exchange with Cu. HAADF STEM images of CdS NRs after (b)
2.5 and (c) 25 h of light-induced cation exchange with Cu. The orange
box in (b) shows a NR region having wurtzite-type stacking with a layer
distance of 0.34 nm that can be identified with CdS. (d) EDX
measurements on CdS NRs at different stages of cation exchange.

The confirmation that these changes in the crystallographic
structure correspond indeed to changes in composition due to
the cation exchange process was obtained by energy dispersive X-
ray (EDX) spectroscopy (Figures 2d and S2). After 30 min of
illumination, the ratio of Cd:S was 1:1, as expected for a sample
composed mainly of CdS (Table S1). At this early stage, the ratio
Cu:S was 1:6, indicating only minor inclusion of copper. After 21
h, the proportions more than reversed. The ratio Cd:S decreased
to 1:6, confirming the depletion of cadmium from the NRs,
whereas the ratio of Cu to S rose to almost 2:1 (1.82:1). The
implied formation of nearly stoichiometric Cu,S is in good
agreement with plasmonic features observed in the NIR
absorption spectrum (cf. Figure 1c).

The changes in the NR composition during the cation
exchange were further analyzed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, see Figure S7). The
results corroborate our findings, showing that during the process
the amount of Cd decreased in the NRs but increased in the
solution, while the opposite trends were observed for Cu.

The sample which had been illuminated for 24 h was also
analyzed by X-ray photoelectron spectroscopy (XPS) before and
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after argon sputtering. The latter process has an effect of
removing the outer nanometer-thick layer of the material. While
the amount of Cu was nearly the same before and after
sputtering, the amount of Cd decreased significantly after
sputtering (Figure S8). This confirms that only traces of Cd were
located inside of the NRs at the end of the illumination.

The control experiments performed in the dark for over 75 h
showed no changes to the absorption spectrum of the CdS NRs
(Figure S9). Clearly, without the incident photon flux, the Cu**
ions cannot be incorporated into the CdS lattice to induce the
changes observed under 447 nm laser illumination. This laser
wavelength was chosen to ensure strong absorption by the CdS
NRs. Upon absorption of a photon with such energy, i.e., above
the band gap, an electron is excited to the conduction band. CdS
is well-known to possess a strongly reducing conduction band
(band edge potential at pH 7 equals —0.85 V versus NHE),"*
capable of, e.g,, reducing water to hydrogen. The standard redox
potential of the couple Cu**/Cu* is even lower (+0.15 V) than of
H'/H,, therefore we propose that the photogenerated electrons
in CdS reduce Cu®* to Cu* before the latter cations exchange
with Cd** in the CdS nanocrystal. Accordingly, this process is not
dependent on the shape of the nanocrystal involved and only
relies on the alignment of its conduction band. This is a similar
process to deposition of Pt or Ni clusters on CdS by reduction of
their respective cations by photoexcited electrons.'*™'° It could
be argued that the substantial energy gain of incorporating Cu*
into the lattice' prevents further reduction of Cu* to Cu(0). The
exchange reaction typically requires Cu® precursors and a
protective atmosphere to prevent oxidation.'' The reducing
environment provided by photoexcited CdS in the reported
herein procedure makes these limitations unnecessary.

Moreover, under blue-light illumination, the CdS NRs would
be expected, even without co-catalysts, to photocatalytically
reduce water to hydrogen with low but measurable efficiency.
Interestingly, we have not observed any H, generation in the
presence of Cu precursors, suggesting that the photogenerated
electrons are indeed not used in this way. At the same time, the
charge recombination is limited by the collection of the
photogenerated hole by the scavenger (TEOA or Na,SO5). It
appears therefore that in the reported photoinduced cation
exchange process, the CdS NRs serve not only as a scaffold for
the formation of Cu,S NRs but also as a photoactivated reducing
agent for Cu®* cations. In the intermediate stages of the cation
exchange, both semiconductors, CdS and Cu,S, coexist and form
a type II band alignment. Photon absorption by either of them
enables the exchange reaction because the electron photoexcited
in Cu,S is expected to transfer to CdS and still be available for
reducing Cu*".

The decoration of semiconductor nanocrystals with noble
metal (e.g., Pt) co-catalyst nanoparticles (NPs) is a common
approach in photocatalytic systems partially because the NPs act
as sinks for photo§enerated electrons and thereby improve the
charge separation. 7 In this context, we decorated the CdS NRs
with Pt NPs by two methods: a selective growth at the tips'”'® or
a random placement of multiple NPs on the NR surface by
photodeposition.'® The resulting heterostructures are shown in
Figure S10a,b, respectively. For the decorated NRs the cation
exchange process led to analogous products to the bare CdS rods
(cf. Figures 3a and S2—S6). This is because the energy alignment
(Figure 3b) would lead to a similar charge-transfer mechanism,
with Pt NPs able to accumulate electrons and facilitate charge
separation.
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Figure 3. (a) HAADF STEM image of CdS NRs randomly decorated
with Pt after 21 h of light-induced cation exchange with Cu. (b)
Schematic of the energy band alignment in the studied system.

The as-prepared Cu,S—Pt nanostructures were tested in in situ
photocatalytic CO, reduction experiments. Na,CO; was used as
carbon source, and Na,SO; was used as a hole scavenger. The
carbon-free scavenger was chosen in order to make sure that the
putative CO, reduction products do not originate from the
decomposition of the scavenger. The whole process, from the
cation exchange to the CO, reduction, was performed in special
quartz cuvettes equipped with a side neck with a screw cap and a
septum to enable collection of the headspace for analysis in a GC-
MS setup (Figure S11). The cuvettes were flushed with helium
for compatibility with the instrument. The reduction of O, can
compete with the Cu®" reduction, thus in its absence the cation
exchange was slightly faster (Figure S12). A more detailed
description of the photocatalytic experiments is given in the SI

Carbon monoxide (CO) evolution was observed for 90 h from
the system decorated with Pt on tips during the 30 mW cm™>
illumination with a 447 nm blue laser with a formation rate R =
31.04 nmol h™' ¢! (Figure 4a). Interestingly, these measure-

3 b

—a— Pt tips

60} —v— Ptrandom

a
3
IS
(=
g i Cu,S/Pttips Pttips
] ) lexchange a— 40+ )
B
s 1k 1 20 Pt random
(@] q —o— Pt tips
5] CdS/Pt tu:s Cu,S  wioPt
Ot R el -] ogv— vV ) ) ]
0 20 40 60 80 0 20 40 60 80 100
Time (h) Time (h)

Figure 4. CO evolution from CdS-Cu,S NRs after illumination with (a)
a 447 nm laser or (b) a broad spectrum Xe lamp.

ments showed an activation time for CO production of 24 h that
perfectly matches with the time required for the completion of
the cation exchange that was identified to be around 25 h. During
the exchange the photogenerated electrons are used for reducing
Cu** instead of CO,. Indeed, excess Cu®* slows down the
reaction (Figure S13). In addition, the Cu,S phase is needed to
reduce CO,, since a control experiment performed without the
presence of Cu precursors (with or without Pt NPs) did not
show any evolution of CO, reduction products. Interestingly,
both the bare CdS NRs and the NRs with randomly
photodeposited Pt NPs did not lead to any gas evolution. The
latter result likely stems from a faster recombination rate in these
structures due to a less effective charge separation.'’

Under broad-spectrum illumination with a Xe lamp with a
cutoff water filter for the IR wavelengths the CO formation rates
were significantly higher, 39.48 nmol h™" g' for the NRs
randomly decorated with Pt and 3.02 gmol h™" g™" for the tip-
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decorated NRs, respectively (Figure 4b). The cation exchange is
much faster in this case (cf. Figure S14 and Tables S1 vs S2),
which leads to a shorter activation time. While the illumination
was stronger, this underlines the impact of the broad absorption
of the visible light by Cu,S. Methane evolution was also observed
using Xe lamp illumination for the tip-decorated sample, albeit
with much smaller formation rate 0.13 ymol h™" g™ than what
was measured for CO (cf. Figure S15). This reflects the much
more complex 8-electron pathway to generation of CH, from
CO,, in comparison with a far simpler 2-electron process for
co.’

We have not detected any H, evolution from the sample at any
stage of the illumination by either source. This might appear
surprising at first because the CdS-Pt system is a known good
photocatalyst for H, production.'”"” The noted selectivity
toward CO, reduction, associated with Cu-based catalysts, likely
arises from the formation of a thin copper-based shell around the
Pt NPs which inhibits the reduction of H', as indicated by the
HAADF-STEM analysis (Figure S16) . A similar effect was
demonstrated previously by Zhai et al. for TiO, particles
decorated with Pt/Cu,O core/shell NPs.'” The overgrowth of
the Pt NPs with a thin shell can also be inferred from the XPS
measurements which show an increase of Pt concentration after
removing of the surface layers of the photocatalyst by ion
sputtering (Figure S17).

The control experiments using band-pass filters to select only
the wavelengths longer than 570 nm, which still show CO and
CH, production, prove that the CO, reduction should not be
attributed to the original CdS NRs but instead to the produced
Cu,S NRs (see Figure S18). Only traces of products detected in
further experiments without a carbon source confirm that CO
and CH, indeed originate from the reduction of CO, (see Figure
S19).

In summary, we report a novel light-induced cation exchange
for the formation of Cu,S NRs from CdS NRs, although its
general character renders it applicable also to other nanostruc-
tures. Owing to the reducing character of the photoexcited
electron in CdS conduction band, the reaction can be performed
in aqueous medium without protective atmosphere and can use
Cu®* in solution as copper ion source. The nonrestrictive
conditions of the process are perfectly compatible with the solar
fuel generating photocatalytic reactions and open possible new
pathways for preparation of other ionic photocatalysts. We have
demonstrated that the formed copper sulfide NRs can be used as
an efficient catalyst for CO, reduction to CO and CH, under
broad visible light illumination with high selectivity with respect
to water reduction.
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