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Heavy metal-free CulnS, quantum dots (QDs) were employed as a
photosensitizer on a NiO photocathode to drive an immobilized
molecular Re catalyst for photoelectrochemical CO, reduction for
the first time. A photocurrent of 25 pA cm~2 at —0.87 V vs. NHE was
obtained, providing a faradaic efficiency of 32% for CO production.

Dye-sensitized solar fuel devices (DSSFDs)'™* have recently
become an attractive and challenging research topic due to
their advantage of low-cost solar fuel production. A typical
DSSFD® consists of a photoanode and a photocathode based
on nano-porous electrodes with large band gap n-type and
p-type semiconductors, respectively, decorated with photo-
sensitizers and molecular catalysts. Using large band gap
semiconductors electrodes can effectively extract charges from
an excited photosensitizer to form a reduced/oxidized photo-
sensitizer which normally has a longer lifetime than its excited
state, thus facilitating catalyst reduction/oxidation. The dye-
sensitized photocathode is where reduction reactions such
proton reduction and CO, reduction take place. Development
of the photocathode is therefore important for the overall
performance and fuel products of a DSSFD.

CO, reduction is an attractive process, as it in principle can
produce highly valuable carbon-based fuels and use of these
fuels does not break the balance of CO, in the atmosphere. Few
works have been done on dye-sensitized photocathodes for
light driven CO, reduction.®*® Armstrong and co-workers’
reported an organic dye P1 sensitized NiO photocathode using
an enzyme (carbon monoxide dehydrogenase I) as a catalyst to
realize light driven CO, reduction into CO. Since the molecular
Re bipyridine catalyst is easy to synthesize, shows good
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selectivity of CO product and can also be operated in the
presence of O,, scientists have been attempting to use the Re
catalyst on dye sensitized photocathodes. However, CO,
reduction potentials of the Re catalysts are normally located
ca. —1.0 V vs. NHE, which requires photosensitizers having a
more negative potential in order to drive the reduction of the Re
catalyst. In 2014, Inoue and co-workers® reported a porphyrin-
Re catalyst covalently linked system on a NiO photocathode show-
ing light driven CO, reduction. Subsequently, both Meyer’s'*'"'*
and Ishitani’'s®>>'>'® teams showed the possibilities to use Ru
complexes to drive the Re catalyst through different arrangements
such as supramolecular, covalent linkage and cross-linkage on NiO-
or CuGuO,’-based photocathodes. As the photosensitizer is one of
the key components in the photocathodes exhibiting light harvest-
ing and charge generation/transfer, seeking other suitable photo-
sensitizers to drive CO, reduction catalysts is therefore desirable.

Quantum dots (QDs) have large absorption coefficients,
bandgap and band position tunability,'® and rich surface
properties.'”” CdSe QD sensitized NiO photocathodes'®'® have
shown superior performance to molecular dye-based systems>®>°
for light driven proton reduction in the presence of a molecular
catalyst. Inspired by this background, we were motivated to build
up a QD-based photocathode for CO, reduction. Considering the
toxicity issue, we chose a heavy metal-free CulnS, QD as the
photosensitizer to sensitize a NiO photocathode (see Fig. 1).
CulnS, QDs have been used as photosensitizers in a few hybrid
photocatalytic systems for both proton and CO, reduction with
high activity,””° indicating that CuInS, QDs are a type of good
photosensitizers in photocatalytic systems. Moreover, we have
recently proved that the Re catalyst can be ultrafast reduced by
CulnS, QDs and produce CO in a dispersed system.>' Eventually,
the heavy-metal free CulnS, QD sensitized NiO photocathode
for the first time showed CO, reduction reactivity after being
co-immobilized using a Re catalyst.

The water soluble colloidal CuInS, QDs were directly synthe-
sized from an aqueous solution, with moderate modification of a
reported method.*” Briefly, instead of employing r-glutathione
(GSH) as a capping ligand in the original synthesis protocol, we
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Fig. 1 Configuration of a PEC cell for CO, reduction based on the NiO
photocathode co-grafted with the CulnS, QDs and the Re catalyst, and
illustration of electron injection and hole transfer in the photocathode.

utilized i-cysteine for our QDs. Since r-cysteine has a smaller
molecular size than GSH, the prepared QDs can penetrate the
NiO mesoporous film more easily. More importantly, using GSH as
the capping ligand made the QD aqueous solution destroy the
mesoporous NiO substrate; however, the reason for this phenom-
enon is not clear at this moment, probably due to some unex-
pected reactions occurring between NiO and GSH. Replacement of
GSH with r-cysteine can completely avoid this problem. From the
X-ray diffraction (XRD) pattern (Fig. S1B, ESIt), one can conclude
that our as-synthesized CulnS, QDs can be indexed into the
chalcopyrite phase or the zinc blende phase of CulnS,. Consider-
ing that the synthesized CulnS, QDs in this work were off-
stoichiometric, the structure of the QDs was therefore zinc blende
phase.>>** From the high-resolution transmission electron micro-
scopy (HRTEM) image (Fig. S1A, ESIt), we can find that the size of
the QDs was around 4 nm, and the lattice can be indexed to the
(111) facet of zinc blende CulnS,. The absorption onset of the
obtained QDs was 700 nm (Fig. S1C, ESIt) with a weak shoulder
around 550 nm, and the corresponding bandgap was determined
to be 2.45 eV (Fig. S2, ESI}).

The as-synthesized CulnS, QDs were then immobilized on a
mesoporous NiO electrode (thickness of 1 um, Fig. S3, ESI{) by
immersing the electrode in a QD stock solution under an
ambient environment. Benefiting from the carboxylic acid unit
in the cysteine ligand, our water soluble CulnS, QDs can easily
attach onto the NiO electrode, and the color of the electrode
turned yellowish after being sensitized by QDs, as demon-
strated in Fig. 2. Simultaneously, we can also see that the
absorption feature of the CulnS, QD sensitized NiO electrode
(NiO/QDs) resembled that of QDs in solution, implying that
there was no obvious change or aggregation of QDs after they
were grafted onto the NiO electrode. Moreover, the absorbance
of our QD sensitized electrode (after subtracting the bare NiO
background) reached 0.4 at 400 nm, which was comparable
with that of a dye-sensitized NiO photocathode.**?® It is
commonly believed that poor deposition of colloidal QDs on
a NiO substrate greatly limits the performance of the QD
sensitized NiO photocathode.'®?® The calculated concentration
of the colloidal CulnS, QDs in our NiO/QDs electrode was
around 6.7 mM (see calculation details in Table S1, ESIY),
which was almost double the concentration of CdSe QDs
prepared by the OPAR method from the reported work with
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Fig. 2 (A) Absorption spectra of NiO photocathodes immobilized with

CulnS, QDs (NiO/QDs), Re catalyst (NiO/Re), and both QDs and Re catalyst
(NiO/QDs/Re) (absorption of the NiO substrate has been subtracted),
respectively. Inset: Image of the corresponding photocathodes. (B) FTIR
spectra of NiO/QD/Re and NiO/Re electrodes, as well as pure CulnS, QDs
and the Re catalyst.

excellent performance in hydrogen evolution."® The high load-
ing concentration of the CuInS, QDs indicates that the size and
surface properties of our QDs were favorable for them to
immobilize onto the NiO electrode, and our modified synthetic
approach might provide a feasible way to obtain colloidal
CulnS, QDs which are suitable for sensitizing mesoporous
NiO photocathodes. For immobilizing a catalyst onto the
electrodes, the QD sensitized NiO photoelectrodes were further
immersed in the Re catalyst (the molecular structure shown in
Fig. 1 and Fig. S5, ESIt) solution. Thanks to the phosphonic
acid groups, the Re catalyst can also efficiently assemble on the
QD sensitized NiO electrode. With the Re catalyst, the absorption
of the photocathode around 400 nm (NiO/QDs/Re) obviously
increased, owing to the intensive absorption of the Re catalyst in
that region. The differential absorption spectrum between the
NiO/QDs/Re electrode and the NiO/QDs electrode (green dotted
line in Fig. 2) clearly matches the absorption spectrum of a pure Re
catalyst in ethanol (Fig. S4, ESIt). Fig. 2B shows the Fourier-
transform infrared (FTIR) spectra of samples scraped off from
the electrodes, together with those of a pure Re catalyst and QDs.
Both the samples from NiO/Re and NiO/QDs/Re electrodes exhibit
absorption peaks at 1890, 1921 and 2022 cm™ ', which are con-
sistent with the pure Re catalyst, and can be assigned to the vco
stretches from the catalyst molecule.*"*”*® These results suggest
that the Re catalyst has been successfully immobilized onto the
QD sensitized NiO electrodes. By comparison of the UV-vis absorp-
tion spectra of the Re ethanol solution before and after immobiliz-
ing the NiO/QD electrode, the concentration of the Re catalyst on
the NiO/QDs/Re electrode was estimated to be 8.2 nmol ecm ™2
SEM images (Fig. 3) show that the NiO electrode became rougher
after being co-sensitized by the QDs and the Re catalyst, as
compared with the blank NiO electrode (Fig. S3, ESIt). From the
HRTEM image of the sensitized electrode (Fig. 3B), we can find
both the lattices from NiO(111) and CulnS,(111) QDs. Mapping of
elements in the electrode shows that CulnS, QDs and Re catalyst
were uniformly dispersed inside the electrode.

The proposed working principle of the photocathode for
CO, reduction is illustrated in Fig. 1. The valence band (VB) of
NiO is normally reported to be 0.5 V vs. NHE (hereafter all
potential values are reported vs. NHE).>® According to the size
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Fig. 3 SEM image (A) of the NiO/QD/Re electrode, with corresponding
EDX element mapping analysis in a selected SEM cross section range on
the electrode (C). (B) HRTEM image of the sample scratched from the
photocathode.
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(4 nm) and Cu/In ratio (3/20) of the as-synthesized CulnS, QDs,
the conduction band (CB) of the QDs is estimated to be located
at —1.3 V, and the VB is about 1.05 V*°. Thermodynamically, the
CulnS, QDs can inject holes into the VB of NiO under illumina-
tion. Fig. S6 (ESIt) shows that when the QD sensitized NiO
electrode was included in a three-electrode system with penta-
aminechlorocobalt(m) chloride as a sacrificial electron acceptor, a
photocurrent of up to 400 pA cm™ > was obtained, while no obvious
photocurrent was observed from the bare NiO electrode. The high
photocurrent indicates that holes from the excited CuInS, QDs can
indeed transfer to the NiO electrode and the electrons can be
captured by the electron acceptor. Simultaneously, the CB of the
CulnS, QDs is more negative compared to the first reductive
potential of the Re catalyst,® implying that the photo-induced
electron transfer from the CulnS, QDs to the Re catalyst is also
thermodynamically feasible. As shown in Fig. S7 (ESIf), the
fluorescence of the CulnS, QDs was quenched gradually upon
addition of the Re catalyst in the QD solution, suggesting that
there is electron transfer from the CulnS, QDs to the Re catalyst.
Our previous results also confirmed that there is an ultrafast
electron transfer from the CulnS, QDs to the Re catalyst even
when the CB of QDs was slightly more negative compared to the
reduction potential of the Re catalyst.>' Based on these results, we
suggest that the transfer of photo-generated electrons from the
QDs to the Re catalyst for CO, reduction on the NiO electrode is
energetically possible.

The CulnS, QD and Re-catalyst co-grafted NiO photocathode
was then employed in a three-electrode PEC system to evaluate
its performance in photoelectrochemical CO, reduction. As
shown in Fig. 4A, there was no obvious photocurrent observed
from a blank NiO electrode, indicating that the NiO electrode
cannot perform CO, reduction on its own. When the NiO
electrode was sensitized by the CulnS, QDs (NiO/QDs), a
photocurrent of ca. 10 pA cm ™ > was generated, which decreased
gradually when the applied bias was increased. The rapid
response of the photocurrent to the chopped light suggests
that the electron-hole pairs in CulnS, QDs could efficiently
separate under illumination; however, gradually decreased
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Fig. 4 Linear sweep voltammetry (LSV) plots of a NiO photocathode
based on different samples under chopped light irradiation (A). Without
any specification, the measurements were conducted in a CO, atmo-
sphere. (B) Chopped-light chronoamperograms of the photocathodes at
an applied bias of —0.87 V vs. NHE.

photocurrent implies that direct electron transfer from QDs
to CO, is inefficient, inducing substantial recombination of
electrons and holes in the NiO electrode. Only negligible
photocurrent could be measured from the Re catalyst grafted
NiO electrode without QDs (NiO/Re), owing to slight visible
absorption of the Re catalyst. When the QD sensitized electrode
was immobilized with the Re catalyst (NiO/QDs/Re, red traces
in Fig. 4), a significant enhancement of photocurrent was
obtained, and the photocurrent increased when a more nega-
tive bias potential was applied. The improved photocurrent in
the presence of both QDs and catalyst on the electrode strongly
implies that there is electron transfer from the QDs to the Re
catalyst and the system works for CO, reduction as well. There-
fore, charge recombination in the photocathode is significantly
suppressed, and the photocurrent is enhanced. For compari-
son, the NiO/QD/Re electrode was also evaluated in the
presence of argon instead of CO,. As indicated by the grey
curve in Fig. 4, the generated photocurrent was much smaller
than that of the same electrode with CO, in the system. This
phenomenon confirms that the electrons generated in QDs can
indeed go to CO, through the Re catalyst, and then realizes the
whole photocatalytic reaction. Compared to the DSSFD systems
for CO, reduction, our CulnS, QDs sensitized system has
shown comparable photocurrent (Table S2, ESIt), implying that
CulnS, QDs can be a desirable photosensitizer for photoelectro-
chemical CO, reduction with molecular catalysts. The long-
term stability of the co-grafted photocathode was evaluated by
subjecting it to irradiation up to 100 min, and the result is
shown in Fig. S8A (ESI{). Though the photocurrent was rather
stable during the first 300 s (Fig. 4B), the current decreased
gradually upon illumination. Eventually, only CO product was
detected in the system under 100 min of illumination with a
faradaic efficiency (FE) of 32% for CO, reduction. No hydrogen
was detected. The low FE could be caused by the undetectable
CO in the electrolyte or other side reactions such as reduction
of residual O,. Notably, no CO could be detected in the same
system with Ar (NiO/QDs/Re-Ar, Fig. S8B, ESIt), indicating that
the detected CO in the PEC system with CO, (NiO/QDs/Re-CO5)
must come from the reduction of CO,, rather than decomposi-
tion of the Re catalyst. Moreover, the turnover number
(TON, defined as the number of moles of CO that a mole of

This journal is © The Royal Society of Chemistry 2019
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catalyst converts) of the system was 11, which further confirms
that the detected CO should not result from decomposition of
the Re catalyst.

In summary, heavy metal-free CulnS, QDs as a photo-
sensitizer and a Re molecular catalyst have been successfully
employed to co-sensitize a NiO photocathode for CO, reduction
for the first time. UV-vis absorption spectra and SEM images
prove that our CulnS, QDs synthesized by a modified reported
method can be easily immobilized onto the NiO mesoporous
substrate and provide a high loading efficiency. The prepared
photocathode was able to photoelectrochemically reduce CO,
into CO with a FE of 32%. The performance of the QD photo-
cathode could be improved by optimizing the configuration of
the electrode, for example, by introduction of an Al,03;-ALD
layer in the interfaces to further suppress the charge recombi-
nation in the device as well as to prevent desorption of the QDs
and the catalyst.”> More effort will be devoted to further
improvement of the photocurrent stability and enhancement
of FE in the following work.
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