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ARTICLE INFO ABSTRACT

Keywords: The electrocatalytic reduction of CO2 to produce sustainable fuels and chemicals is attracting great attention. Cu-
Copper S‘f]ﬁde based catalysts can lead to the production of a range of different molecules, and interestingly the product
Nanoparticles selectivity strongly depends on the preparation history, although it is not fully understood yet why. We report a
Carbon support . . o .

Sulfidation novel strategy that allowed us to prepare Cu nanoparticle on carbon catalysts with similar morphologies, but

prepared by in-situ reduction of either supported CuS, CuzS or CuO nanoparticles. For the first time the evolution
of the Cu species was followed under CO, and H' reduction conditions using in-situ X-ray absorption spec-
troscopy. Excellent electrochemical contact between the Cu-based nanoparticles, the carbon support and the
carbon-paper substrate was observed, resulting in metallic Cu as the predominant phase under typical electro-
chemical CO reduction conditions. Even covering less than 4% of the Hy producing carbon support with Cu-
sulfide derived nanoparticles allowed to steer the selectivity to a maximum of 12% Faradaic efficiency for the
production of formate. Clear differences between the catalysts derived from CuS, CuzS or CuO nanoparticles were
observed, which was ascribed to the presence of residual sulfur in the catalysts.

CO,, reduction
In situ X-ray absorption spectroscopy

the competing hydrogen evolution reaction.
Copper electrodes are extensively studied and stand out because of

1. Introduction

When using renewable electricity, the electrochemical reduction of
carbon dioxide (CO2) provides a promising route to produce chemicals
and fuels in a sustainable manner. [1,2] The field of so called “solar
fuels” has triggered the interest of many researchers, focusing on the
development and understanding of electrocatalysts that can promote the
electrochemical CO; reduction efficiently and with high selectivity to
the targeted product.

The majority of the electrocatalysts studied for the reduction of CO,
are based on transition metals. [3,4] As already described by Hori et al.
in 1985, the catalytic performance of a catalyst highly depends on the
metal used. [5] Metals such as gold [6,7], silver [8,9] and zinc produce
mainly CO, whereas metals such as platinum, nickel and iron reduce
only small amounts of CO», leading to H; as the main product formed via
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their unique ability to produce hydrocarbons and oxygenates, which is
ascribed to their intermediate binding strength for the CO intermediate.
[1,5,10] Interestingly, Cu can lead to a range of different H" and CO,
reduction products, and much work is done in the field to obtain a better
understanding of the catalytic activity of Cu and the selectivity of Cu
electrodes. For example, the use of oxide-derived Cu electrodes pro-
motes the production of CO and COOH at low overpotentials, even
though the electrodes are operating at potentials where all oxide should
be reduced to metallic copper. [11,12] The exact explanation for the
influence of the origin of the copper electrodes remains under debate, it
might be attributed to the formation of specific surface structures of
these oxide-derived electrodes [1], although also some oxygen remain-
ing in the material might be a factor. [13]
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More recently, several experimental and theoretical studies have
demonstrated that the addition of sulfur modifies the performance of Cu
catalysts. [14-19] Even though copper sulfide is unstable under CO, and
H™ reduction conditions, most studies show that some sulfur remains on
the catalyst after reaction. [14,15,17,18,20,21] Many of these studies
observed an increased selectivity towards formate, that is often attrib-
uted to a change in the binding energy between the sulfur-containing
catalyst and key intermediates in COy reduction, such as *OCHO,
*COOH and CO. [19] Besides an increased production of formate, other
studies indicate an increased production of CO and/or CH4 at low
overpotentials when using sulfur derived Cu electrodes. [20,22] In
addition, Zhuang et al. reported the production of ethanol, propanol and
ethylene at intermediate overpotential (-0.95 V vs. RHE) using CusS--
derived nanoparticles. [21]

Inspired by these studies, in this work we investigated the catalytic
performance and stability of copper sulfide (CuzS) derived nano-
particles supported on carbon for electrochemical CO, reduction. Cop-
per sulfide consists of a family of chemical compounds with the formula
Cuy.4S, where x represents Cu vacancies. [23] Cuy4S can thus exists in a
variety of different compositions and crystal structures, which have
different chemical and physical properties and possibly also different
catalytic performance. Therefore, two Cuy4S catalysts with different
starting compositions were studied, namely covellite (CuS) and chal-
cocite (CuspS).

In thermal catalysts, techniques to prepare well-defined and uni-
formly distributed metal and metal oxide nanoparticles with tunable size
have been well developed. [24] We explored a novel, two-step synthesis
approach, building on known strategies for the preparation of supported
CuO particles [25] followed by a liquid phase sulfidation.
Carbon-supported CuS (CuS@C) or CuyS (CupS@C) nanoparticles were
synthesized by liquid phase sulfidation of carbon-supported CuO
nanoparticles (CuO@C). This gave us a unique set of catalysts with very
similar structural properties, that allowed us to investigate the influence
of their chemical origin and of the presence of sulfur.

2. Experimental methods
2.1. Chemicals

XGnP500® graphene nanoplatelets (GNP) were purchased from XG
Sciences. Copper(II) nitrate hydrate ((CuNOs3); -3 H20, 99 %), HNOs3 (70
%), thioacetamide (TAA, >99.0 %), Nafion® 117 solution, isopropanol
(99.5 %) Potassium bicarbonate (KHCO3, >99 %) and 1-dodecanethiol
(DDT, >98 %) were purchased from Sigma Aldrich. Nafion™Mem-
brane XL was obtained from Ion Power, GmbH and carbon paper (TGP-
H-060) was purchased from Toray.

2.2. Synthesis of carbon supported CuO nanoparticles

Carbon supported CuO (CuO@C) nanoparticles were prepared via
incipient wetness impregnation followed by drying and heat treatment.
[24-27] 1 g of graphite nanoplatelets (GNP500) was dried under vac-
uum at 120 °C for 2 h and subsequently impregnated with an aqueous Cu
(NO3)2-3 H20 solution in 0.1 M HNOs. The volume used for impregna-
tion corresponded to the total pore volume of the support, as determined
with Na-physisorption. A weight loading of 20 wt% Cu was used for all
samples. After impregnation, the sample was left to dry overnight at
room temperature under vacuum. Then the sample was transferred into
a tubular reactor and heat treated at 230 °C for 2 h under a N5 flow (200
mL/min) to decompose the Cu(NOs); into CuO nanoparticles.

2.3. Liquid-phase sulfidation of carbon-supported CuO nanoparticles
To obtain carbon supported CuS (CuS@C) nanoparticles, 400 mg of

carbon supported CuO was dispersed into 40 mL demineralized water in
a 100 mL roundbottom flask and heated to 120 °C. At a temperature of
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90 °C, 10 mL of an aqueous thioacetamide solution was gradually added
to the mixture, using a Cu:S molar ratio of 1:1.1. The mixture was left to
reflux for 2 h at 120 °C. After 2 h, the mixture was left to cool down and
subsequently washed with demineralized water and acetone using vac-
uum filtration. The samples were then dried under vacuum for 2 h.

To obtain carbon supported CusS (CusS@C) nanoparticles, 400 mg of
carbon supported CuO was dispersed in 15 mL 1-dodecanethiol in a 100
mL roundbottom flask and subsequently heated to 200 °C. The mixture
was left to react for 2 h and then cooled down to room temperature. The
sample was washed using toluene and acetone and subsequently dried
under vacuum at room temperature.

2.4. Working electrode preparation

The working electrodes were prepared by spraying the CuO@C,
CuS@C and CuS@C on a carbon paper substrate (Toray TGP-H-060).
Prior to deposition of the catalyst, the carbon paper substrate was
washed in ethanol by sonication for 30 min and subsequently rinsed
with milliQ (MQ) water. Then, a catalyst ink was prepared by mixing 11
mg of carbon supported catalyst, 1120 pL isopropanol, 4470 pL MQ
water and 44.4 pL Nafion solution. The ink was sonicated for 30 min in
an ultrasonic bath to ensure good dispersion of the catalyst powder.
Subsequently the ink was sprayed onto a round carbon paper electrode
with a surface area of 4.9 cm? using an Iwata HP-BP HI Performace Plus
airbrush. A catalyst loading of 0.2 mg/cm? (with 20 wt% Cu) was
intended for all electrodes. The electrodes were dried overnight before
electrochemical testing.

2.5. Characterization of catalyst and electrodes

The GNP500 support was characterized using Nj-physisorption
performed with a Micromeritics TriStar instrument at a temperature of
—196 °C. Prior to the measurements the powder was dried at 300 °C
under Nj-flow for 16 h. The pore diameter was determined using the
Barrett-Joyner-Halenda (BJH) method and the pore volume was deter-
mined at p/po = 0.995.

Transmission electron microscopy (TEM) analysis was performed
using a Thermo Fisher Scientific (formerly FEI) Tecnail2 microscope
operating at 120 kV. The powder samples were suspended in ethanol
and sonicated for 10 min. The suspension was then drop casted on a
carbon coated 200 mesh copper TEM grid. Preparation of the TEM grids
of the used catalyst was done by rubbing a TEM grid over the used
electrode. Prior to this, the used electrodes were extensively rinsed with
MQ water. TEM-EDX measurements were performed with a Thermo
Fisher Scientific (formerly FEI) TalosF200X microscope, operating at
200 keV. For EDX measurements, gold TEM grids were used.

The electrodes before and after reaction were analyzed using scan-
ning electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDX) on a Thermo Fisher Scientific (formerly FEI) XL30SFEG
instrument.

X-ray diffraction (XRD) measurements were done on a Bruker D2
Phaser, equipped with a Co Ka X-ray source with a wavelength of
1.79026 A. The crystallite size of the copper sulfide nanoparticles was
determined from the diffraction peak broadening using the Scherrer
equation. [28]

2.6. Electrochemical measurements

A custom built, H-type electrochemical cell with two compartments
separated by a Nafion membrane (Figure S1) was used for all electro-
chemical measurements. Each compartment of the electrochemical cell
was filled with 11 mL electrolyte (0.5 M KHCO3 or 0.5 M KHCO3+0.5 M
KCl). The anolyte was purged with Argon and the catholyte was purged
with CO5 at 10 mL/min. All electrochemical measurements were per-
formed on an Autolab PGSTAT204 Potentiostat, with a Pt disk as counter
electrode and a Ag/AgCl 3 M KCl reference electrode (Methrom). All
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potentials were converted to the reversible hydrogen electrode (RHE)
potential using the equation:

E (vs. RHE) = E (vs. Ag/AgCl) + 0.209 + 0.059 x pH

The catalyst supported on the carbon paper electrode was placed on a
glassy carbon electrode for extra support and held in place by O-rings,
leaving an electrode area of 3.8 cm? in contact with the electrolyte so-
lution. Prior to all measurements, either CO, or Argon was bubbled
through the solution for 20 min.

Cyclic voltammetry was performed in a 0.5 M KHCOjs electrolyte, a
scanning rate of 10 mV/s and a constant Ar or CO flow of 10 mL/min.
The selectivity of the catalysts was determined using chro-
nopotentiometry at different current densities for 5 h (liquid products)
or 1 h (gaseous products). Gaseous products were analyzed by con-
necting the outlet of the cathode compartment to a Global Analysis
Solutions Microcompact GC 4.0. The GC system was equipped with three
channels: The first channel has a Rt-QBond (10 m*0.32 mm, Agilent)
packed column and a FID detector for the detection of CH4, CoH4 and
CoHg, the second channel has Molecular Sieve 5A (10 m* 0.53 mm,
Restek) packed column that separates small gaseous molecules such as
CO, and CHy. This channel has a FID detector with a methanizer to in-
crease the detection sensitivity of CO. The third channel has a Carboxen
1010 (8m*0.32 mm, Agilent) packed column which separates H, and
CO4 with a TCD. High purity nitrogen (N3; 99.999 %) was used as a
carrier gas.

Liquid phase products were analyzed by analysis of the catholyte
using a Varian HPLC equipped with a refractive index detector (RID) and
a Bio-Rad Aminex HPX-87H column at 60 °C. 1 mM H3SO4 was used as
the eluent with a flow rate of 0.55 mL/min. The retention time of formic
acid was 15 min and the total analysis time was 20 min.

The Faradaic efficiency was calculated as:

_ n. x F x [moles of product x|

Q

In which n, is the number of electrons needed to produce x (product)
from CO5 molecules and F is the Faradaic constant (96 485 s-A/mol).

For gaseous products (x = Hy, CO, CHy4, CoHy4, or CoHg), the moles of
product were determined via:

FE(%) x 100%

Cx X g xp

l duct =
moles of produc RT

in which C, is the volumetric concentration of product x in ppm
extracted from the GC calibration curve, q is the gas flow rate, p is the
pressure, R is the ideal gas constant (8.314 m3.Pa-K1-mol!, T is the
temperature, n, is the number of electrons needed to produce x (prod-
uct) from CO, molecules and F is the Faradaic constant (96 485 s-A/
mol).

For liquid phase products (x = formate), the moles of product formed
was determined via:

CX X Vrarhol) te

moles of product = 7000 x M,

in which C, is the volumetric concentration of product x in ppm
extracted from the HPLC calibration curve, Vcagolyte is the volume of the
catholyte (L) and M,, the molar weight of product x (g/mol).

2.7. XAS measurements

X-ray absorption measurements were performed at the Dutch-
Belgian beamline DUBBLE, 26A at the European Synchrotron Radia-
tion Facility (ESRF) in Grenoble, France. Spectra were recorded at the
Copper K-edge (8978.9 eV). Reference spectra of CuS@C, CusS@C and
Cu foil were recorded in transmission mode. The Athena XAS data
processing software was used for the analysis of data.

For the in-situ XAS measurements, an electrochemical cell made by
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TU Delft was used (Figure S2). [29] All in-situ experiments were per-
formed in fluorescence mode, with an angle of 45° between the
incoming X-rays and the sample. The time to acquire a spectrum was
about 4.5 min and 2-5 scans were recorded at each potential. A
COq-saturated 0.1 M KHCOgs electrolyte was flown through the cell with
a flowrate of 2 mL/min using a peristaltic pump. The CupxS@C elec-
trodes were used as working electrode, a coiled platinum wire as counter
electrode and a Ag/AgCl 3M KCl electrode as reference electrode. A
BioLogic SP-240 potentiostat was used for all in-situ XAS experiments.

3. Results and discussion
3.1. Structural properties of the catalyst and electrodes

Supported CuS and Cu,S catalysts were prepared via a novel, two-
step synthesis route, in which carbon supported CuO nanoparticles
(CuO@C) were converted into carbon supported CuS (CuS@C) or Cu,S
(CuaS@C) nanoparticles. This approach was chosen in order to investi-
gate whether the nanoparticle size of the CuO@C sample could be
maintained in the CuS@C and CusS@C samples. Fig. 1 shows the X-ray
diffractograms of CuO@C, CuS@C, CuS@C and of bare carbon as a
reference. For all four samples, diffraction lines are observed at 30.6°
and 64.1°, which can be ascribed to the crystalline graphite support,
which clearly was not damaged by the treatments. The CutO@C sample
shows additional diffraction lines at 41.5°, 45.3° and 57.0°, which can
be indexed with the monoclinic structure of CuO (PDF-01-070-6831
(ICDD, 2019) [30]). Upon sulfidation using thioacetamide, the diffrac-
tion pattern shows clear diffraction lines at 34.1°, 37.1°, 38.3° and
56.3°, which is consistent with the hexagonal CuS covellite structure
(PDF-00-006-0464 (ICDD, 2019) [30]). The formation of metal sulfides
using TAA has been described before and two different mechanisms are
proposed [31-33]. CuS can be formed in a direct reaction, via the for-
mation and subsequent decomposition of Cu-TAA complexes, or via a
hydrolysis reaction, where the hydrolysis of TAA yields HyS and HjS
subsequently reacts with Cu®" (either dissolved or in CuO nanoparticles)
to form CuS.

Upon sulfidation using 1-dodecanethiol, the reflections at 44.0°,
54.3° and 57.2° demonstrate the presence of hexagonal Cu,S chalcocite
(PDF-00-053-0522 (ICDD, 2019) [30]). The formation of the supported
CuyS nanoparticles from Cu®" and DDT likely proceeded via the

® CuO % CuS W CuS
Carbon (C)

=

S A e i Cuo@C

b '

2

@ * % * %

2 X cus@C
B CuS@C

50 60
26 (degrees)

70 80

Fig. 1. X-ray diffractograms of the bare GNP-500 carbon support (orange) and
of the CuO@C (black), CuS@C (red) and Cu,S@C (blue) nanoparticles on this
carbon support. All samples have a loading of 20 wt% Cu. The symbols above
the diffractograms represent reflections of CuO (black dot), CuS (red asterisk)
and Cu,S (blue square), obtained from the PDF reference cards PDF-01-070-
6831 (ICDD, 2019), PDF-00-006-0464 (ICDD, 2019) and PDF-00-053-0522
(ICDD, 2019), respectively. For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.[29]
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formation of Cu-thiolate complexes, which were subsequently decom-
posed by thermal cleavage of the C-S bond, resulting in Cu-S monomers
for nucleation and growth of CuyS nanoparticles.

For both the CuS@C and CuyS@C, no residual CuO reflections are
observed, hence complete conversion of CuO to either CuS or Cu,S was
achieved. The relative broad peaks in the CuO@C, CuS@C and CuyS@C
samples prove the presence of nanocrystallites and the absence of
macrocrystalline material. The Scherrer equation was used to determine
the crystallite size of the particles, resulting in crystallite sizes of 13, 14
and 12 nm for the CuO@C, CuS@C and CuyS@C samples, respectively.

Fig. 2 shows the transmission electron microscopy (TEM) images of
the supported nanoparticles and the corresponding particle size histo-
grams. Both the CuO@C and the CusS@C samples show spherical par-
ticles with a particle size of 9 + 3 nm for CuO and 17 + 1 nm for CuyS.
The supported CuS nanoparticles have a larger size of 25 + 13 nm, with a
few particles larger than 30 nm (Figure S3) and a platelet-like
morphology (Fig. 2b). The CuO@C nanoparticles can thus be success-
fully converted to nanoparticles of either CuS@C or CupsS@C. However,
especially for CuS@C significant particle growth is observed upon sul-
fidation. The increase in particle size upon sulfidation is likely caused by
(partial) dissolution of the CuO@C nanoparticles caused by the high
temperatures used during sulfidation (120 °C for CuS@C and 200 °C
CuyS@C). The dissolved Cu?* jons can react with either TAA or DDT and
redeposit as CuS or CuyS, respectively, via the mechanisms described
above.

The working electrodes CuO@C, CuS@C or CupS@C were prepared
by spraying an ink containing the catalyst powder onto carbon paper
substrates. Fig. 3 shows representative scanning electron microscopy
(SEM) images of the bare carbon paper substrate and of the CuyS@C
nanoparticles sprayed onto the carbon paper substrate, illustrating the
distribution over and adherence of the CuaS@C to the carbon paper
substrate. CuS@C was also well distributed over the carbon paper
(Figure S4).

3.2. Electrochemical characterization of the catalyst under eCO2R
reaction conditions

Fig. 4 shows the cyclic voltammograms of CuS@C and CuS@C in a
0.5 M KHCOgs electrolyte (pH = 7.1) under argon flow, obtained with a
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Carbon paper
+ CuS@C

Carbon paper|¥

Fig. 3. SEM images of the carbon paper substrate a) without any catalyst and b)
with Cu,S@C deposited on the carbon fibers by spraying.

scan rate of 10 mV/sec. For each sample, the first 5 cycles are shown. For
CuS@C (Fig. 4a), two reduction peaks are observed in the first cathodic
scan at potentials of around -0.1 V and -0.5 V, with onsets around -0.0 V
and -0.4 V vs. RHE, respectively. Figure S5 shows the Pourbaix diagram
of an aqueous Cu-S system at 25 °C with Cu and S concentrations of 1 M.
The diagram shows that under these conditions, CuS is not thermody-
namically stable at potentials more negative than -0.4 V vs. SHE (0.0 V
vs. RHE) in aqueous solutions at pH 7, and can be reduced, via several
copper rich Cuy«S phases, to metallic Cu. Relating this to the reduction
peaks observed in the voltammogram of CuS@C, the first reduction peak
can be attributed to a reduction of the CuS nanoparticles to more copper-
rich copper sulfide phases, such as djurleite(Cu; 94S) or chalcocite
(CuyS). The second reduction peak can then be attributed to the
reduction of the remaining Cuy4S phase to metallic Cu.

The CupS@C sample (Fig. 4b) also shows a reduction peak around
-0.5 V vs. RHE, with an onset around -0.4 V vs. RHE, which corresponds
to a reduction of the Cuy4S nanoparticles to metallic Cu. In addition, a
reduction peak is observed around a potential of -0.4 V, with an onset at
-0.2 V. This reduction likely originates from a reduction of a more
copper deficient Cuy4S phase or some CuO, which was formed during
the storage of the electrode in air prior to the measurements. Figure S6
shows the voltammogram of the CuO@C sample, showing two reduction
peaks with onsets above 0 V vs. RHE and around -0.2 V vs. RHE in the
first cathodic scan. These reduction peaks correspond to the ready
reduction of CuO to CuyO and subsequently metallic Cu. [34]

The CVs thus show that CuS@C and CuyS@C are reduced to metallic

cuo@C
9+3nm *_,20
c
>3
310
0 0

0 5 10 15 20
Particle size (nm)

25 30 0o 5 10

Particle size (nm)

CuS@C 20 Cu,S@C
25£13nm - 17 £1nm
010
0

15 20 25 30 0 5 10 15 20 25 30
Particle size (nm)

Fig. 2. TEM images of a) CuO@C, b) CuS@C and c) Cu,S@C nanoparticles and corresponding particle size histograms, indicating an average particle size of 9 + 3

nm, 25 + 13 nm and 17 + 1 nm, respectively.
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Fig. 4. Voltammograms of a) CuS@C and b) Cu,S@C in a Ar-saturated 0.5 M
KHCOj3 solution (pH = 7.1). A scan rate of 10 mV/s was used for all mea-
surements. The reduction of the Cu-based nanoparticles is clearly visible in the
first cathodic scan.

Cu when scanning to potentials more negative than -0.4 V vs. RHE.
However, no oxidation peaks are observed in the anodic cycles of the
CVs (Fig. 4a,b), indicating the reduced phases do not oxidize back to the
original CuS or Cu,S phase in this potential range. During reduction, the
sulfur will likely react with protons from solution to form SH™ (aq) and
HaS(g). [15] The gaseous HyS will escape from the cell, explaining the
irreversibility of the reduction of CuS and Cu,S.

X-ray absorption spectroscopy (XAS) was employed to probe the
copper phases under operando reaction conditions. In-situ techniques
are invaluable as the characterization of catalysts after reaction is
challenging due to the limited amount of catalyst used in reactions. In
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addition, the catalyst is often highly susceptible to changes when a po-
tential is no longer applied, and the catalyst is removed from the elec-
trolyte solution (e.g. oxidation). XAS is a very suitable technique for in-
situ studies of electrocatalysts, as X-rays can easily penetrate through air
and water due to their high energy. [35-37]

Fig. 5 shows the ex-situ XAS spectra of the CuS@C and CuyS@C
samples (dotted lines) and the in-situ XAS spectra of these samples (solid
lines). The conditions under which the samples were measured are
different. The ex-situ spectra were recorded on pellets of the as-
synthesized powder samples. In contrast, the in-situ spectra shown in
Fig. 5a are of the CuS@C and CuyS@C powders, deposited on the carbon
paper substrate, in contact with a CO; saturated 0.1 M KHCOj electro-
lyte (pH = 6.8), without applying a potential. However, for both CuS@C
and CupS@C, the in-situ spectrum shows the same features as the cor-
responding sample measured under ex-situ conditions. This demon-
strates that the CuS@C and CuS@C were stable upon deposition of the
catalyst powder on the carbon paper substrate and subsequent contact
with the CO5 saturated electrolyte, and hence validates the in-situ
measurements.

Subsequently, the CuS@C and Cup,S@C samples were analyzed under
CO, and H' reduction conditions. Fig. 6a shows the in-situ XAS spectra
of the CuS@C sample upon applying negative potentials of -0.9 V, -1.2 V
and 1.6 V vs. RHE. Additional spectra of the sample at potentials of -0.05
V,-0.25V and -0.6 V vs. RHE are shown in Figure S7. Up to a potential of
-0.6 V, no clear changes are observed in the XAS spectra when compared
to the spectrum of the ex situ CuS@C sample (Figure S7). Upon applying
potentials more negative than -0.9 V vs. RHE, the spectra show clear
changes, features start to appear at energies of 9025 eV and 9070 eV.
When going to more negative potentials, such as -1.2 V and -1.6 V vs.
RHE, these features become even more pronounced. As is shown by the
ex-situ XAS pattern of the Cu foil, the peaks at 9025 eV and 9070 eV are
characteristic for metallic Cu. Although it is difficult to distinguish if the
reduction occurs via any intermediate copper-rich Cug «S phases, the in-
situ XAS data thus clearly show the reduction of the CuS nanoparticles to
metallic Cu under reaction conditions.

Fig. 6b shows the in-situ XAS spectra of the CuyS@C sample under
reaction conditions. Whereas for the CuS@C sample at -0.9 V vs. RHE
the spectrum only showed minor changes compared to the as-prepared
CuS@C spectrum, the spectrum of the Cup,S@C sample at -0.9 V
already clearly resembles the metallic Cu reference. This indicates a
ready reduction of the CuyS nanoparticles to metallic Cu.

This technique thus allowed us to elucidate the chemical phase of the
catalyst under electrochemical CO; reduction conditions. For both
samples, the potential at which a reduction to Cu is observed by XAS
(-0.9 V) is more negative than the potential of -0.5 V vs. RHE at which
the reduction peak was observed in the CVs (Fig. 4b,c). This is likely
caused by the different experimental conditions used in the two exper-
iments, such as the different cell geometries (see Figure S1, S2) leading
to differences in ohmic resistance. In addition, an electrolyte

b 8900 QOIOO 91|00 92|00 93|OO
2 |CuS@C in-situ,
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Fig. 5. a) Normalized XAS spectra of a) Cus@C and b) Cu,S@C, comparing an ex-situ measurement (dotted lines) with that of the sample as electrode in the

electrochemical cell, without applying a potential (solid lines).
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concentration of 0.1 M KHCO3 was used during the in-situ XAS experi- Table 1
able

ments, as compared to a concentration of 0.5 M KHCOg3 and the resulting
lower conductivity and pH is expected to shift the reduction to slightly
more negative potentials. Therefore additional CV measurements were
performed in the XAS cell. The reduction peaks of the reduction of the
CuS@C and CupS@C sample to metallic Cu are clearly visible at -0.63 V
vs. RHE for both samples (supporting information, Figure S8). When
comparing these values to the position of the reduction peaks in the H-
type cell (supporting information, Table S1), we see that the reduction
peak of the reduction of Cuy4S to metallic Cu is indeed shifted to more
negative potentials when using the XAS cell.

Most importantly, XAS is a bulk technique and from the fact that the
spectra at potentials more negative than -0.9 V correspond to metallic
Cu, with very little or none of the original ex-situ spectrum remaining, it
can be concluded that the vast majority of the nanoparticles is electro-
chemically active, and in good electrochemical contact with the carbon
support and carbon-paper substrate as well as with the electrolyte so-
lution. This is the first time that the chemical phases of CuS@C- and
CuyS@C-derived catalysts were followed in-situ under CO, and H™
reduction conditions, giving valuable insight in the active catalyst phase
and on the electrochemical contact between the nanoparticles and
support material.

3.3. Electrochemical CO5 reduction

The product selectivity of the CuS@C and CusS@C derived catalysts
in electrochemical CO5 reduction were compared to that of the CuO@C
derived catalyst. For all three catalysts, the main CO, reduction product
formed was formate. Table 1 shows the amount of formate produced for
all three catalysts and a carbon reference and two sulfidized carbon
reference, treated with either TAA or DDT, obtained from chro-
nopotentiometry (CP) for 5 h in a 0.5 M KCl + 0.5 M KHCOs electrolyte
saturated with CO5 at current densities of -1.5, -3.0 and -4.5 mA/cm?.
Corresponding bar charts are shown in Figure S9. Here, the KCI was
added as supporting electrolyte to increase the conductivity of the
electrolyte and minimize ohmic resistances. Figure S10 shows the po-
tentials over time obtained during the 5 h CP experiments.

When a current density of -1.5 mA/cm? was applied, formate was
produced with yields of 9, 13 and 3 pmol/hr for the CuS@C-, CuS@C-
and CuO@C-derived catalysts, respectively. As the the CuO@C-derived
catalyst showed a similar production of formate (3 pmol/hr) to the bare
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The amount of formate produced and Faradaic efficiency of formate during CO4
reduction using CuO@C, CuS@C and Cu,S@C, a carbon reference and two
sulfidized carbon references, treated with either TAA or DDT, at different cur-
rents applied. The data is obtained by CP for 5 h with currents of -1.5, -3 and -4.5
mA/cm?, performed in a 0.5 M KCI +0.5 M KHCOj electrolyte saturated with
CO, (pH 7.5). The average potentials over 5 h of CP are also shown (with
standard deviation).

Applied current Sample Formate Faradaic Resulting
density (mA/ Production Efficiency Potential (V
cngeometr;cal) (pmol/hr) Formate (%) vs. RHE)
CuS@C 9 8 —0.77 £0.02
CuS@C 13 12 —0.78 +0.02
15 CuO@C 3 3 —0.66 + 0.04
C 3 3 —0.82 £ 0.02
C-TAA 1 1 —0.93 +0.01
C-DDT 5 4 —0.96 + 0.05
CuS@C 14 7 —0.90 £ 0.08
Cu,S@C 21 10 —0.76 +0.01
_3 CuO@C 16 8 —0.88 +0.10
C 4 2 —0.96 £ 0.01
C-TAA 3 1 —1.13+0.06
C-DDT 4 2 —1.00 + 0.02
CuS@C 11 3 —1.05+0.05
Cu,S@C 12 4 —0.87 +0.03
_45 CuO@C 19 6 —0.91 +0.02
C 6 2 —1.65+0.03
C-TAA 4 1 —1.20 £0.07
C-DDT 4 1 —1.06 +0.03

carbon support and the two sulfidized carbon supports (3 pmol/hr, 1
pmol/hr and 5 pmol/hr for C, C-TAA and C-DDT, respectively), the
production of formate on this catalyst is considerably less. The pro-
duction of formate on the CuS@C- and CuyS@-derived catalysts is
however significantly higher, showing that the production of formate is
clearly promoted on the sulfide derived catalysts when compared to the
oxide derived catalyst and the carbon support. In addition, more formate
is produced by the CupS@C-derived catalyst than by the CuS@C-derived
catalyst. This indicates that, even though both CuS@C and CuyS@C
reduce to metallic Cu under reaction conditions, there is a difference
between the two Cu-sulfide derived catalysts depending on whether they
originate from CuS@C or CupS@C. When applying more negative po-
tentials, the formate production also on the oxide-derived catalyst
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increases, making the differences less pronounced, although in all cases
the CupS@C-derived catalyst produces more formate than the CuS@C-
derived catalyst.

Besides formate, only small amounts of CO were produced with
Faradaic efficiencies between 0-1.3 % (Table S2, Figure S11). The dif-
ferences between the measured CO concentrations on the different cat-
alysts were close to the experimental error. No other CO; reduction
products were found in the liquid or gaseous phase and hence the rest of
the current led to the production of Hy. The production of Hy readily
occurred on the bare carbon reference sample. In fact, the loading with
Cu-based nanoparticles corresponds to a surface coverage of less than
4% of the carbon support (see Support Information for calculations). It is
hence amazing that CO, reduction products with Faradaic efficiencies
ranging from 3 to 12% can be obtained with such a low coverage of the
carbon surface, which so readily produced H; instead. This means that
the Cu-based nanoparticles clearly introduce a strong preference for CO»
rather than H' reduction.

The enhanced selectivity for formate on the sulfide derived catalysts
at current densities of -1.5 mA/cm? is consistent with previous studies
and can be explained by the different pathways possible for CO,
reduction. [14,15,17,18] Norskov et al. proposed that the reduction of
CO, to HCOO- occurs via a *OCHO intermediate, which is further
reduced to formate (HCOO-). [38] On the other hand, other studies
suggest the formation of formate occurs via a direct reaction of phys-
isorbed CO, with adsorbed H'. [18,39] In both mechanisms, CO and
further reduced products are formed via a so-called CO pathway, in
which CO, is reduced to *COOH, which can be further reduced to *CO,
which in turn can desorb or be further reduced to various hydrocarbons
and alcohols. Although no distinction can be made between the two
mechanism to form formate, the increased selectivity for formate
observed for the sulfide derived catalysts at a current densities of -1.5
mA/cm? suggests that the HCOO- pathway is favored over the CO
pathway. Which pathway is preferred highly depends on the binding
strength of important intermediates such as CO on the catalyst, sug-
gesting that the binding affinity for the CO; reduction intermediates is
different on the sulfide-derived catalysts than on the oxide-derived
catalyst. Nevertheless, elucidation of the exact role of sulfur on the
CO,, reduction mechanism will require additional studies.
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3.4. Structure of catalyst after reaction

The increased formation of formate on CuyS@C-derived catalyst
when compared to CuS@C-derived catalyst suggests a difference in the
chemical composition between the two. Hence, additional character-
ization of the catalysts after reaction was performed. After being used in
the CO5 and H™ reduction for 5 h at -3 mA/cm? in 0.5 M KCl + 0.5 M
KHCOs3, the CuO@C-, CuS@C- and CupS@C-derived catalysts were
analyzed to see if any changes occurred upon reaction. Fig. 7 shows TEM
images of the CuO@C-, CuS@C- and CuyS@C-derived catalysts after
being employed in the CO, reduction reaction. For CutO@C, the particle
size increased from 9 + 3 nm to 33 + 14 nm. For the CuS@C-derived
catalyst, no significant change in particle size is observed, whereas for
the CupS@C-derived catalyst, the particle size decreased from 17 + 1 nm
to 6 + 2 nm upon reaction. Upon reaction, the CutO@C- and CuS@C-
derived catalysts thus have a fairly similar particle size distribution,
while the Cu,S@C-derived catalyst has smaller and more monodisperse
particles. This difference in particle size could play a role in the different
catalytic behavior discussed in section 3.3..._[40,41] The larger size of
the CuS@C-derived catalyst when compared to the CusS@C-derived
catalyst can possibly explain the lower selectivity to formate for the
CuS@C-derived catalyst, as the larger CuS-derived particles have a
lower electrochemically active surface area.

In addition, TEM-EDX measurements were performed to analyze the
presence of sulfur in the catalysts after reaction. The measurements
showed remaining sulfur in the samples after reaction, where copper to
sulfur ratios of 3:1 and 6:1 were found for the CuS@C- and Cu,S@C-
derived catalyst, respectively (Table S3). This was much higher than the
sulfur content detected in the CuO@C sample, with a Cu:S ratio of 32:1.
This sample was used as a reference for the base sulfur content, as the
Nafion binder used in the electrode preparation contains some sulfur as
well. A small amount of sulfur, as well as K and Cl, (Figure S13) can also
be ascribed to incomplete removal of the electrolyte. Although precise
quantification is thus not straight-forward, it is clear that sulfur content
is higher for the CuS@C derived catalyst than for CusS@C-derived
catalyst, which can be explained by the higher initial sulfur content of
CuS@C, and for both sulfide derived catalysts much higher than for the
oxide derived catalyst. Also the difference in sulfur content likely in-
fluences the product selectivities observed for the two sulfide-derived
catalysts.

cuo@c cus@c & Cus@c
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Fig. 7. TEM figures of the a) CuO@C-, b) CuS@C-, and ¢) Cu,S@C-derived catalysts after 5 h of CO, and H" reduction at -3 mA/cm? in 0.5 M KCl +0.5 M KHCOs.
The lower panels show corresponding particle size histograms. For CuO@C, a few particles larger than 50 nm were also observed (Figure S12).
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4. Conclusions

In summary, carbon-supported, Cuy,S derived nanoparticles were
studied for electrochemical COy reduction in aqueous media. First,
CuS@C and CupS@C nanoparticles were successfully prepared via a
liquid phase sulfidation of CuO@C nanoparticles. Subsequently the
catalysts were deposited on carbon paper electrode substrates. Upon
electrochemical CO, reduction, CuS@C and CuyS@C nanoparticles un-
dergo a reduction to metallic Cu, as was verified by both CV and in-situ
XAS experiments. EDX measurements showed that some residual sulfur
is left in both catalysts. The selectivity of the CuS@C- and CuyS@C-
derived catalysts was tested and compared to that of a CuO@C-derived
catalyst. On all three catalysts, formate was produced as the main CO,
reduction product, next to Hy mainly produced by the carbon support. At
low current densities, the selectivity towards the production of formate
was enhanced for the CuS@C- and CuS@C-derived catalysts when
compared to the CuO@C derived catalyst. It is remarkable that with less
than 4% carbon surface coverage, a maximum of 12% Faradaic effi-
ciency overall selectivity to formate was achieved, showing the effec-
tiveness of Cu-sulfide derived catalysts to steer the selectivity to formate.
In addition, the two Cu-sulfide derived catalysts showed clear differ-
ences in formate production, indicating the initial Cu-sulfide phase in-
fluences the product selectivity.
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