' Aalto University

Suominen, M.; Mantymaki, M.; Mattinen, M.; Sainio, J.; Putkonen, M.; Kallio, T.

Electrochemical reduction of carbon dioxide to formate in a flow cell on CuS_ grown by atomic
layer deposition X

Published in:
Materials Today Sustainability

DOI:
10.1016/j.mtsust.2023.100575

Published: 01/12/2023

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:

Suominen, M., Mantymaki, M., Mattinen, M., Sainio, J., Putkonen, M., & Kallio, T. (2023). Electrochemical
reduction of carbon dioxide to formate in a flow cell on CuS grown by atomic layer deposition. Materials Today
Sustainability, 24, Article 100575. https://doi.org/10.1016/j.Mtsust.2023.100575

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1016/j.mtsust.2023.100575
https://doi.org/10.1016/j.mtsust.2023.100575

Materials Today Sustainability 24 (2023) 100575

ELSEVIER

Contents lists available at ScienceDirect
Materials Today Sustainability

journal homepage: www.journals.elsevier.com/materials-today-sustainability

Mot Sty

" materialstoday

Check for

Electrochemical reduction of carbon dioxide to formate in a flow cell on  Spdies

CuSy grown by atomic layer deposition

M. Suominen® , M. Mantymaki ”, M. Mattinen ", J. Sainio ¢, M. Putkonen ", T. Kallio ™"

@ Department of Chemistry and Materials Science, School of Chemical Engineering, Aalto University, P.O. Box 16100, FI-00076, Espoo, Finland

b Department of Chemistry, University of Helsinki, P.O. Box 55, FI-00014, Helsinki, Finland

¢ Department of Applied Physics, School of Science, Aalto University, P.O. Box 15100, FI-00076, Espoo, Finland

ARTICLE INFO ABSTRACT

Keywords::

Copper sulfide

ALD

Electrochemical CO, reduction
Temperature effects

Electrolyte concentration effects

Transition metal chalcogenides (TMCs) are promising pre-catalysts for tuning the selectivity of electrochemical
carbon dioxide (COz) reduction (CO2R). Atomic layer deposition (ALD) enables well-controlled growth of thin
TMC films on various gas diffusion electrodes. Herein, we have studied the CO2R performance of ALD-grown
copper sulfide (CuSy) in a flow cell. The effects of electrode configuration, electrolyte concentration, tempera-
ture, and electrolysis time were carefully studied, combined with pre- and post-electrolysis physico-chemical

analyses of the films. The unique selectivity of sulfur-doped Cu towards formate was retained with Faradaic
efficiencies between 40 and 60%, but slow selectivity changes were observed over time. Major loss of sulfur was
encountered during the initial 5-min reduction period, and after that, progressive formation of nanoparticles
could be observed. Comparisons to ALD-grown Cu thin film and CuSy-modified Cu foam electrodes verified the
importance of sulfur and suggested that other electrocatalyst films could be easily realized with ALD.

1. Introduction

Low-temperature electrochemical reduction of carbon dioxide (COy
(CO2R) is one of the Power-to-X concepts aiming to mitigate the high
level of anthropogenic greenhouse gases while providing a means to
store surplus energy from intermittent renewable energy sources. To
electrochemically alter the stable CO, molecule, the help of active,
stable, and selective catalysts is required. Here, Cu is of special interest
[11, as it turns CO3 into multiple products [2]. To improve the selectivity
of Cu towards favoring, for example, ethylene (CoHy4), oxide derivati-
zation has been adapted [3]. The underlying mechanism is under heavy
debate, but it is agreed that the oxidized Cu acts as a pre-catalyst: under
reductive potentials, the oxidized Cu is unavoidably reduced to metallic
Cu, causing a myriad of structural changes [4-9] that are speculated to
lead to changes in selectivity, overpotential, and/or activity. In the same
fashion, transition metal chalcogenides (TMCs) can be considered
pre-catalysts. The potential of TMCs in hydrogen and oxygen evolution
and oxygen reduction reactions has been studied, but these types of
pre-catalysts have received less attention in CO2R [10]. TMCs or doping
with other heteroatoms than oxygen could have different effects on the
product selectivity of CO2R; thus, these modifications are also
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interesting research topics. Here we consider mainly sulfur modifica-
tions, which have been shown to be beneficial for formate formation.
Electrochemical production of formate is closer to being economically
feasible than production of CoHy [11].

The effects of sulfur in CO2R were initially probed in the late 90’s
when it was discovered that metal electrodes of Fe, Ni, Pd, Cu, and Zn,
either treated with NayS or cycled in electrolytes containing NasS,
changed their selectivity upon electrochemical reduction of CO5 [12].
On Cu electrodes, especially, the formation of CH4 was suppressed while
the formation of ethylene, ethanol, formate, and hydrogen all increased.
Two decades later, the effects sulfur doping of Cu has on CO2R started to
interest researchers more, and varying effects have been reported since.
One study claims improvement in CH4 formation when Ni foam is
applied as a support for CuS nanosheets [13]. A comparison was made to
a material that had a completely different morphology: a nanowire
structure resulted in lower methane selectivity compared to CuS on Ni
foam. This suggests that the improved CH4 selectivity may have been
due to ideal active sites being exposed in the nanosheet array rather than
sulfur having a pivotal role in selectivity [13]. Most reports on sulfur
doping or CuSy materials state that selectivity towards formate is
astonishingly improved at the lower overpotentials [14-21], competing
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with the most selective Sn and Bi catalysts. Sn and Bi are known for the
very negative potentials required to reach almost 100% formate selec-
tivities [22], while Pd can reach >90% formate selectivities at the lowest
overpotentials reported for formate generation but is notoriously
quickly deactivated [23]. The potential to replace Sn, Bi, and Pd cata-
lysts with an abundant and cheaper copper metal while also lowering
the required overpotential towards formate formation provides clear
motivation to further develop CuSyx catalysts and study the changes
behind the COy reduction mechanisms. Unfortunately, most of the
studies agree that sulfur leaches out of CuSy during CO2R [16]. Yet,
remarkable stability for formate production has been reported [14,19],
which should again encourage more studies into these types of deriva-
tization and how the materials could be stabilized. Sulfur has shown
promise in combination with other metals such as Mo [24,25], Ag [26],
Sn [27,28], and In Ref. [29].

Additionally, almost all the studies on formate production on CuSy
catalysts thus far have applied a conventional electrochemical “H-cell”.
We have very recently shown that a change in selectivity can take place
on a Co-based supported molecular catalyst upon changing from an H-
cell to a flow cell environment [30], which is why it is important to
showcase the properties of sulfur-doped Cu catalysts under flow condi-
tions that better mimic larger-scale electrolysis conditions. The effects of
electrolyte concentration and temperature have also remained unex-
plored for sulfur-doped Cu catalysts.

Atomic layer deposition (ALD) is a simple, controllable route for
forming thin film materials on complex and high surface area substrates.
It has found major industrial applications in the modern semi-conductor
industry. In addition, its power and possibilities are identified in
emerging application areas, including the energy storage sector. We
have recently demonstrated the effects of ALD thin films in Li-ion bat-
teries [31], and its efficiency in different sections of the electrocatalysis
field has been reviewed on a few occasions [32,33]. For CO, utilization,
mainly applications of ALD in photocatalytic or photo-electrocatalytic
reduction reactions are demonstrated with semiconductors such as
TiO4 [34,35]. A few examples of low-temperature electrochemical COy
reduction are also known: thin layers of SnO, have been deposited on
CuO nanowires to yield mainly CO [36], ALD-made TiO5 has been used
to stabilize a molecular catalyst on the surface of an electrode for syngas
formation [37], AloO3 coating on specific Cu facets has been applied to
enhance ethylene formation [38], ALD-deposited TiO, on MoS; has been
shown to produce ethanol [39], ALD has been used to create core-shell
and alloy particles of Pt and Pd to enhance formate formation [40], and
thin layers of sulfur-doped Sn were applied on Au nanoneedles via an
ALD process and showed improved performance towards formate pro-
duction [28]. To the best of our knowledge, ALD-synthesized CuSx-based
CO2R catalysts have not been explored, although they have been
investigated for other applications [41-43].

Herein, we demonstrate the electrocatalytic CO4 reduction on copper
sulfide thin films (CuSy) grown by ALD directly on gas diffusion elec-
trodes, eliminating additional spraying steps that lead to material losses.
It is shown that the formate selectivity of the catalyst is retained in the
flow cell under varying electrolyte and temperature conditions. Sulfur
leaches out already during the initial 5 min of reduction, but changes in
selectivity towards that of Cu take place within several hours. The
morphology of the catalyst also changes drastically over time from a
continuous thin film into cubic nanoparticles that are likely metallic Cu
under reductive potential, but under ex situ post-mortem studies, they
are revealed as oxides or hydroxides of Cu. CuSx thin films were
compared to ALD-modified Cu foam electrodes and an ALD-grown Cu
thin film on a gas diffusion electrode to ensure that sulfur presence is the
source of formate selectivity.

2. Experimental section

More experimental details (material storage conditions, pre-
treatment protocols, and product quantification details) can be found
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in the supplementary information.
2.1. Electrode preparation

For CuSx synthesis, a thin layer of ozone-modified single-walled
carbon nanotubes (SWCNT-O3) was applied to the gas diffusion layer
(GDL-CT, FuelCellsEtc) by paint brush (Badger 100G) to provide
nucleation points for the CuSyx film growth as well as to improve the
conductivity of the catalyst layer. For this purpose, SWCNTs (OCSiAl,
TUBALL™, <1% metal impurities) were treated with ozone for 40 min
to yield oxygen-functionalized nanotubes (SWCNT-O3) for increased
reactivity. An ink with 2 mg of SWCNT-O3 in 3 mL of 2-propanol
(Honeywell, >99.9% HPLC grade) was prepared by 15 min sonication
in an ultrasound bath followed by vigorous stirring for 2-3 days. To gain
different nanotube loadings on the GDL, different amounts of the ink
were painted on an area of 2 cm x 2 cm using a template. Since the
loadings were very low, the actual loading of the nanotubes on the GDLs
could not be determined by weighing the electrodes before and after
painting. Therefore, the loadings given here are nominal since small
amounts of ink are inevitably lost during the painting (walls of the
brush, template), resulting in the actual loading being slightly lower.

All thin films were deposited using a commercial, hot-wall, crossflow
ALD reactor (F120, ASM Microchemistry). Nitrogen (99.999%, Linde)
was used as the carrier and purge gas, and the reactor pressure during
deposition was below 10 mbar.

Al,03 adhesion and protective layers were deposited using 10 cycles
of trimethyl aluminum (TMA, Volatec Oy) and deionized water. Both
precursors were evaporated from external vessels held at room tem-
perature and delivered to the reactor by vacuum draw using needle and
solenoid valves.

Copper acetylacetonate (Cu(acac), Sigma Aldrich) and copper bis
(2,2,6,6-tetramethyl-3,5-heptanedionate) (Cu(thd)z, Volatec Oy) were
used as the copper precursors for CuyS and CusS films, respectively [44].
[45] [46]. Both precursors were evaporated in open glass boats inside
the reactor. Cu(acac),; was evaporated at 135 °C, and the Cu,S films
were deposited at 160 °C. Cu(thd), was evaporated at 115 °C, and the
CusS films were deposited at 130 °C. H,S (99.5 %, Linde) was used as the
sulfur source. The flow rate of HyS was set to 14 scem under continuous
flow using a mass flow meter and a needle valve. H,S was pulsed into the
reactor using an external solenoid valve. The H5S bottle was stored in a
ventilated gas cabinet, and the HyS lines were designed to be compatible
with HjS using VCR metal and ethylenepropylenediene (EPDM) polymer
seals. The reactor exhaust was bubbled through an aqueous Cu(NO3)s
solution to remove HyS downstream of the vacuum pump.

As a reference, metallic Cu films were deposited using the ALD
process developed by Vayrynen et al. [47]. Copper bis
(dimethylamino-2-propoxide) (Cu(dmap),, synthesized in-house using
a metathesis reaction between potassium dimethylamino-2-propoxide
and CuCl, [48] and by isolating the product directly from the reaction
mixture by sublimation), and tert-butyl hydrazine (TBH, EpiValence)
were used as precursors. Cu(dmap), was evaporated inside the ALD
reactor at 65 °C, and TBH was held at room temperature and delivered
into the reactor by vacuum draw from an external source with a needle
valve. The copper films were deposited at 120 °C.

2.2. Electrochemical experiments and product analysis

All CO2R experiments were performed in an in-house-built flow cell
(Fig. S1) comprised of three compartments: the gas compartment
separated from the cathode compartment by the GDL containing the
catalyst material, and the cathode and anode compartments separated
by a pre-treated Nafion 115 membrane (Ion Power). Gases were bubbled
into the cathode compartment at 23 mL/min from behind the GDL and
directed to detection in the Agilent 990 u-GC device through the cath-
olyte reservoir. Catholyte and anolyte were circulated in the cell at 23
mL/min using a peristaltic pump (Watson Marlow). Leak-free Ag/AgCl
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(LF-1.0-100, Innovative Instruments Inc.) acted as the reference elec-
trode in the cathode compartment, while Ir mixed metal oxide (Ir MMO,
ElectroCell) was applied as the counter electrode in the anode
compartment. The potential of the reference electrode was periodically
checked against a reversible hydrogen electrode (RHE) (Gaskatel). The
active area of the working electrode was 4 cm?. For temperature control,
the cell and all the external tubing’s were insulated, and the temperature
of the cell was controlled by controlling the temperature of the elec-
trolyte reservoirs by a water bath. To validate the temperatures inside
the cell, the temperature of the water bath and anolyte were measured
by standard thermometers, while a thermocouple was used to measure
the temperature inside the anolyte compartment of the cell.

Before CO, reduction, a potential of —1.6 V (vs. Ag/AgCl) was
applied for 5 min as pre-treatment. CO, reduction was then performed
by chronoamperometry (CA). Before and after CA, the uncompensated
resistance was determined by measuring electrochemical impedance
spectroscopy (EIS) from 20 kHz to 1 Hz at 10 mV amplitude (uncom-
pensated resistance was determined at 1 kHz and used for iR correction),
and a cyclic voltammogram (CV) was recorded between —0.5 V and
—1.6 V (vs. Ag/AgCl). The reported current densities (J) are geometric
current densities, and the potentials are reported as iR corrected unless
otherwise denoted.

Gaseous products were monitored online (headspace chromatog-
raphy) using the Agilent 990 p-GC equipped with a MoleSieve 5A col-
umn for the separation and quantification of natural gases (Hp, CO) and
a PoraPlot U column for hydrocarbons (CHy4, CO2). Ar was used as carrier
gas in the first column, and He in the second column. Liquid products
(the only one detected was formate) were determined by HPLC (Waters
2690) after bulk electrolysis was finished. Both catholyte and anolyte
were analyzed to determine a possible crossover of liquid products. The
products were separated using 5 mM HySO4 as eluent in an Aminex HPX-
87H column (pH = 1-3, t = 65 °C) and detected with a refractive index
detector (Waters 2414).

2.3. Material characterizations

The morphologies of the materials were studied using both scanning
electron microscopy (SEM) and transmission electron microscopy (TEM)
techniques. SEM images were recorded using the Tescan Mira3, equip-
ped with an energy-dispersive X-ray detector (EDS), and the TEM images
using the JEOL JEM-2800 high-throughput instrument. Raman spectra
were recorded on a Horiba Jobin-Yvon/Park Systems LabRAM HR UV-
NIR instrument equipped with a 633 nm laser and a Charge Coupled
Device (CCD) detector. The crystallinity of the ALD films was studied by
grazing incidence X-ray diffraction (GIXRD) measurements using a
PANalytical X'Pert Pro MPD X-ray diffractometer. Measurements were
done both on witness Si wafer pieces (incident angle 1°) and the gas
diffusion electrodes (incident angle 4°) using Cu Ka radiation (A = 1.54
}o\). The GDL was measured before and after electrochemical CO-
reduction. X-ray photoelectron spectroscopy (XPS) was carried out with
a Kratos Axis Ultra spectrometer with monochromated Al K,-radiation, a
pass energy of 20 eV, an X-ray power of 75 W, and an analysis area of
approximately 700 pm x 300 pm. The binding energy scale was based on
instrument calibration, and no additional binding energy correction was
applied to the data. The elemental composition was determined from
peak areas of high-resolution core-level spectra after Shirley background
subtraction using equipment-specific sensitivity factors.

3. Results and discussion
3.1. Electrode optimization

Initially, two different ALD processes based on Cu(acac)s + HaS [46]
and Cu(thd)y + HoS [44,45], were evaluated since different chalco-

genide phases are expected. The thickness of the films were varied from
5 nm to 20 nm by controlling the number of ALD cycles. A GDL with
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0.08 mg/cm? of SWCNT-Oj3 acted as a substrate in these initial trials.
Successful growth of CuSy on the GDLs could be verified by the
appearance of a gray-colored area on the GDL, as shown in Fig. S2. From
SEM images (Fig. S6), it is clear that the thickness of the nanotube
bundles became larger after ALD than what was before the reaction, and
some material is also interconnecting the tubular structures, indicating
the growth of a material on the nanotubes. Imaging from various sec-
tions of the electrode verified the even nature of the formed film. The
crystal phases of the formed films were verified through XRD on films
grown on witness Si wafer pieces and showing different CuSy phases: the
Cu(acac)y + HjS process resulted most likely mainly in the chalcocite
phase (CupS), while the Cu(thd)z + HyS process resulted most likely
mainly in the covellite phase (CuS) (Fig. S3), although indefinite
exclusion or inclusion of other co-existing phases is not possible due to
the broad nature of the reflections. Naturally, there is also a possibility
for different CuSy crystallization behaviors on the GDL substrate. Later
XRD experiments on GDL supports (Fig. 5), however, indicate that the
phase is similar to the one observed on Si.

CO2R was performed in 0.1 M KHCO3(aq) at an applied potential of
—0.89 V (vs. RHE) for 3 h on each film. The result showed almost equally
low selectivity to formate on all samples (Fig. S4), which is contrary to a
suggestion that the chalcogenide phase would have an influence on the
selectivity [49] or that the phases on the GDLs were not so different from
each other after all. However, slightly improved formate selectivity was
observed for the film deposited with the Cu(acac), + H3S process with a
thickness of approximately 10 nm. Visually, the CuSy films deposited by
the Cu(acac)y + HaS process were more uniform than the corresponding
films synthesized with the Cu(thd); + H2S process. Therefore, 10
nm-thick films deposited by the Cu(acac), + HaS process with 820 ALD
cycles were chosen for detailed investigations. All the following elec-
trodes were prepared with the abovementioned process, unless other-
wise denoted.

Already during initial CO2R tests, it was observed that adhesion of
the material to the substrate was poor, evidenced by the uneven
greenish-orange coloration of the electrodes after CA. Therefore, it was
decided to explore the effects of both adhesion and protective layers of
ALD-grown Al;O3 to observe which configuration would prove most
effective (Fig. S5). CO2R in 0.1 M KHCO3(aq) at an applied potential of
—0.79 V (vs. RHE) again shows low selectivity to formate and mostly Ho
evolution for all the studied electrodes. None of the tested ~4 nm-thick
alumina adhesion and protective layer configurations appeared to affect
selectivity, but the activity was substantially lowered, indicating that
too-thick layers of Al;0O3 will likely affect the conductivity in an unde-
sired manner. Thus, for further tests, only one layer of Al,O3 was applied
to the SWCNT-O3 substrate, and the thickness of this alumina adhesion
layer between the SWCNT-O3 and CuS was decreased to roughly 1 nm
(10 TMA + H30 cycles). A protective layer was deemed unnecessary, as
one adhesion layer seemed to improve the adhesion issues. A more
important observation was made on the relationship between formate
selectivity and the amount of SWCNT-O3 on the electrode, as the CuSy
catalyst on the GDL substrate without CNTs shows clearly increased
selectivity towards formate formation. Therefore, the following opti-
mization concerned finding the ideal loading of the nanotubes on the
GDL support.

The nanotube loading was varied between 0.0, 0.02, 0.03, and the
original loading of 0.08 mg/cm?. By optimizing the nanotube loading, as
high as 60% faradaic efficiency (FE) towards formate was reached at a
potential of —0.76 V (vs. RHE) (Fig. 1). As can be seen, both 0.02 and
0.03 mg/cm? loadings of SWCNT-O3 on the GDL yield the highest
formate selectivity and total current densities. It is to be noted here that
CO4 reduction using either a pristine GDL support or GDL support with
0.03 mg/cm? loading of SWCNT-Os only resulted in the production of Hy
at very low current densities. By observing the morphology of the
electrodes with SEM (Fig. S6), it is obvious that the uniformity of carbon
nanotubes is better when 0.03 mg/cm? is loaded in comparison to 0.02
mg/cm?, where some of the activated carbon of the GDL is visible while



M. Suominen et al.

EEEIFE, FEycoo

—O0-Jy, —B=Jyeoo ——Jdror i
1001
8o{ | P 1°
: . o
2 |9 P s
o 91 B A A >4 E
40 4 e I e
: = ;
é/ ™ et 1-2
20 A
0 T T T T ‘.} 0
0.00 0.02 0.04 0.06 0.08

CNT loading / mg cm™

Fig. 1. The effect of SWCNT-O3 loading on CO2R activity and selectivity at ca.
—0.76 V (iR corrected potential vs. RHE). SWCNT-O3; single-walled carbon nanotubes;

CO2R: CO; reduction; RHE: reversible hydrogen electrode.

the first loading gives full coverage of nanotubes. Thus, the optimized
catalyst electrodes for further CO2R studies contained 0.03 mg/cm?
SWCNT-Og, a thin (approximately 1 nm) Al,O3 adhesion layer, and an
approximately 10 nm layer of CusS.

3.2. Studying the effects of CO2R conditions

After optimizing the electrode configuration for formate selectivity,
the focus of the study was to test different CO; electrolysis conditions for
these materials, including the effects of electrolyte concentration and
temperature. Both the nature of the cation and the anion, as well as their
concentrations, have been shown to affect CO2R [50]. Although
increasing bicarbonate concentration may not always be favorable in
terms of FE, the increase in current density with increasing concentra-
tion may result in beneficial settings [50-53], and therefore it is
important to find optimum conditions for each catalyst and cell
configuration. The electrolyte concentration was studied first. As
observed in Fig. 2a, formate selectivity increases while Hy selectivity
decreases when going to more negative potentials in a 0.1 M KHCOs(aq)
solution. In 0.5 M and 1.0 M electrolyte solutions, the FE towards
formate increases steadily until, at the most negative potential applied,
it decreases. The FE towards formate decreases very slightly when the
concentration of the electrolyte is raised. The decrease is not, however,
as dramatic as has been reported on Sn, for example [50]. An additional
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product also appears as small amounts of CO are formed in the most
negative potentials applied when using 0.5 M and 1.0 M KHCO3(aq)
electrolyte solutions. In terms of total current density (Fig. 2b), a steady
increase is observed as the electrolyte concentration increases, as is
expected due to the increase in conductivity [50]. The partial current
densities of Ho and formate are like each other in 0.1 M and 0.5 M so-
lutions, while Hj partial current density is much higher than formate
partial current density in 1.0 M KHCO3(aq) (Fig. 2¢). On all the studied
samples, the current density over the 60 min measurement period ap-
pears quite stable in all applied potentials, with a slight tendency to
increase over time in the most negative potentials in the more concen-
trated electrolytes (Fig. S7). Based on these observations, 0.5 M
KHCOs(aq) was chosen for further testing with varying cell
temperatures.

Increasing temperature usually has myriad effects on the properties
of the solution phase, and for example, Hy evolution may become more
favorable at slightly elevated temperatures [30]. CO; electrolysis was
therefore studied at slightly elevated temperatures (30 and 40 °C) to
study the effects on these materials. Selectivity between the products
was not greatly changed at elevated temperatures (Fig. 3a), while total
current densities steadily increased with increasing temperature
(Fig. 3b). Partial current densities of Hy and formate increased in
magnitude such that their ratio to each other remained the same
throughout the studied temperature range (Fig. 3c). When applying the
more negative potentials at slightly elevated temperatures, the current
density appears to increase during the 60-min measurement time
(Fig. S8). This can be due to several causes: changes in the materials over
time and changes in the wettability of the electrode itself over time are
the most plausible suspects [30]. As is later shown, the morphology of
the films does change, which can partially explain the current density
increase over time. CO as an additional product starts to appear again in
the more negative potentials at all the studied temperatures.

The changes in selectivity under the more reducing conditions are
likely mostly explained by the Pourbaix diagram of CuSy [16] (gradual
leaching of sulfur from the structure in the form of HS™ [15]), but the
changes observed in morphology cannot be totally excluded. The elec-
trodes were thoroughly characterized before and after CO4 electrolysis
experiments. As already mentioned, the studied ALD processes resulted
in the uniform CuSyx coating on carbon nanotubes, as observed by the
increased diameter of nanotube bundles (SEM images in Fig. S6). The
chemical composition of the electrodes was semi-quantitatively probed
with EDS (Table S1) showing that before CO5 reduction, the atomic
percentage of sulfur present on the samples was similar from electrode
to electrode, indicating good reproducibility of our approach. Cu-to-S
ratio and XRD studies indicated the formation of CupS (Fig. S3). XRD
analysis was performed on the films formed on the GDLs as well, and the
diffractograms in Fig. 5c indicate the expected phase. Although the
peaks are broad, their intensity is low, and the diffraction patterns of
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CO2R: COZ reduction; FE: faradaic efficiency.

different phases of CuSy are quite close to each other (See, for example,
diffraction patterns for Cu;S4 roxbyite, ICDD PDF 00-023-0958, and for
Cus;S16 djurleite, ICDD PDF 00-034-0660).

XPS was also used to study the CuSy sample before and after CO2R.
Atomic concentrations and additional spectra are provided in the Sup-
porting Information (Table S3 and Fig. S9). Copper, sulfur, carbon, and
oxygen were found on the surface before CO2R. The Cu 2p spectrum in
Fig. 4a shows main peaks at roughly 932.2 eV (2p3/2) and 952.1 eV (2p;,
2), and the sulfur 2p spectrum (Fig. 4c) shows a 2p3,5 peak at binding
energy 161.5 eV. These findings are consistent with the expected pres-
ence of copper sulfide [54]. Identification of the type of sulfide (CuS or
CuyS) is not straightforward. Additional information can be obtained
from the Cu LMM Auger region (Fig. 4b) which shows a peak at kinetic
energy 917.7 eV. From this, the Auger parameter (Cu 2p3,» binding
energy + Cu LMM kinetic energy) is calculated to be 1849.9 eV, which
would indicate the presence of CuyS [54,55]. Although CuyS and CuS
have similar S 2ps/» binding energies, CuS should show two doublets
(separated by only 0.6 eV) corresponding to mono- and disulfide ar-
rangements in the lattice [56,57]. In our case, only one doublet is
resolved. Thus, the S 2p spectrum also points towards CusS.

The Cu/S ratio of 1.63, calculated from the atomic concentrations in
Table S3, was slightly lower than expected. This can be at least in part
explained by the presence of other chemical states than sulfides. The Cu
2ps3,2 region shows a small shoulder peak at roughly 934 eV and satellite
peaks between 938 and 947 eV, which can be assigned to Cu(II) species,
of which at least Cu(OH)5 and CuO would be possible [54]. Based on the
O 1s spectrum in Fig. 4d, Cu(OH), is more probable since it should be
observed around 531.2 eV, whereas CuO would exhibit a peak below
530 eV [58]. However, a large portion of the oxygen is related to

carbon-oxygen bonding (Fig. S9 and Table S3), seen in the C 1s spectra
roughly between 286 and 290 eV, making the interpretation more
difficult. The presence of some metallic copper and/or Cu0 cannot be
completely ruled out either since they exhibit quite similar Cu 2p
binding energies as CuyS [54]. Regarding sulfur, the 2p region shows the
presence of some sulfite/sulfate with a 2ps,, peak at roughly 168 eV
[55]. In addition, the presence of small amounts of monosulfide cannot
be ruled out.

Raman spectra were also recorded (Fig. 5 and S10), but clear in-
dications of Cu,S before CO2R could not be observed. The Raman
spectra show the expected vibrations for SWCNTs (Figs. S10a-b): radial
breathing modes (RBM) between 100 and 300 cm’l, carbon lattice
defect-related D-peak at 1350 cm ! and graphitic lattice-related G-peak
at 1590 cm ™! [59]. CuS,-related peaks are expected to appear around
260 cm ™! (Cu-S vibrational mode) and 470 cm ! (S-S stretching mode)
[60]. Unfortunately, the RBM range of the nanotubes overlaps with the
first CuSx-related peak, which is also expected to be very weak [60] and
cannot therefore be detected. In the Raman spectrum (Fig. 5a), there is
no single strong peak around 470 cm™! but rather two weaker and
broader signals detected at 440 and 490 cm ™. Either one of these could
be assigned to S-S stretching vibrations, but they also match the Raman
fingerprint for Cu(OH); well [61,62]. Another weak signal at around
295 cm™! can corresponded to Cu?t oxide-related peaks or to the hy-
droxide [61,62]. A previous study on CuSy materials has also given rise
to similar oxide-related vibrations for the sulfur-modified materials, but
ascribed the vibration around 295 cm ™! to the Cu-S stretching vibra-
tions and concluded that it is in line with the presence of monosulfide
(S%7) [15]. All other analysis methods indicate CupS in our case,
although we cannot altogether exclude or verify the possibility of mixed
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phases. As already mentioned, the XPS also detected oxidized copper
species on the surface of the electrode. In the Raman spectra taken from
the substrates, the 295, 440, and 495 cm ™! features are missing and only
detected signals can be attributed to the carbon nanotubes
(Figs. S10c-d).

The morphologies of the materials on the electrodes are completely
changed after CO; electrolysis, where we can clearly observe the
appearance of large nanoparticles on the GDLs in Fig. 6, independent of
the electrolysis conditions. The distribution of the particles is quite even
along the whole electrode, with some areas of more abundant agglom-
eration observed. The shape of the nanoparticles appears to be mainly
cubic, and their size is quite large, which was later confirmed by TEM
analysis (Fig. S12). EDS analysis shows that almost all the sulfur has
been lost during CO; electrolysis (Table S1), and XPS results back up this
finding (Fig. S9c and Table S3). After CO2R, the amounts of both copper
and sulfur are largely reduced, with only a trace amount of sulfur left
(Cu/S ratio ~20). Some potassium and fluorine are also found on the
surface (see Table S3). The first one originates from residues of the used
electrolyte salt, while the latter is due to the polytetrafluoroethylene
(PTFE) in the GDL becoming exposed after material reorganization
during CO2R. The Cu 2p spectrum in Fig. 4a shows clear changes, with a
well-separated 2ps,» peak at 934.6 eV accompanied by increased sat-
ellite peak intensity in the binding energy range of 938-947 eV. The Cu
LMM Auger peak is also shifted to 916.6 eV. Based on the binding energy
and Auger peak shift, we assign this peak to Cu(OH)y [54]. The O 1s
spectrum in Fig. 4d shows a single peak at 531.6 eV, which also points
more towards Cu(OH), than oxides. The Cu 2p3,, peak around 932.2 eV
is still observed, but since the sulfide peak in the S 2p spectrum (Fig. 4c)
is not visible anymore, this could be due to either metallic Cu or CuzO.
Raman (Fig. 5b) and XRD (Fig. 5¢) both confirm that the phase of the Cu
is mainly oxide after the reduction reaction. It is important to note here
that the phase is likely Cu under the reductive potentials during CO2R,
and the formation of oxides is just the result of exposure to ambient
conditions to make the postmortem analyses.

By studying the materials subjected to different times of CO2R with

EDS (see Table S1), we could confirm that the loss of sulfur takes place
already after 5 min under reductive potentials. The role of sulfur in this
pre-catalyst and its effects on selectivity are thus very interesting topics.
Previous studies have shown that a very small amount of sulfur in the
structure would be enough to cause improved formate selectivity [16],
but the mechanism is under debate, as will be shortly discussed in
Section 3.5. The Cu-containing phases can be detected in situ during
CO2R by applying, for example, Raman simultaneously with applied
potentials [15], but since we could not detect CuSy-related peaks in the
Raman spectra of pristine electrodes, we deemed such measurements
unlikely to give valuable additional information on the material at this
stage.

3.3. The effects of longer electrolysis times

The stability of the materials was studied under optimized conditions
(0.5 M KHCO3(aq) and 40 °C) under several time intervals: 5 min
reduction, or a so-called pre-treatment period, 4 h, 7h, and 7h + 7 h at
an applied potential of —0.89 V (vs. RHE). The CA curve forthe7h + 7 h
sample and selectivity results at 4, 7, and 14 h are shown in Fig. 7. It is
evident that during the initial 7 h of electrolysis, the current density
continuously increases, and all the studied electrodes behave in a similar
manner. As discussed previously, it could be an indication of continuous
changes in the material and/or electrode wetting behavior. A gradual
current density increase for sulfur-modified Cu electrocatalysts has also
been reported previously without an explanation for the phenomenon
[16]. Upon emptying the cell, refilling it, and continuing the electrolysis
for further 7 h, a much lower but stable current is obtained. In terms of
selectivity, after 4 h, formate and Hy are the main components. At 7 h,
trace amounts of CO begin to appear, and the CO selectivity further
improves over the following 7 h. Formate selectivity would not appear to
be greatly affected in the applied time frame.

What happens to the material during the initial 4-7 h? SEM images
were recorded for the electrodes subjected to varying electrolysis times
(Fig. S11). From 5 min to 4 h and further to 7 h, the size of the

Fig. 6. SEM images (25.0 kx magnification) of the electrodes after CO2R in different KHCO3 concentrations (a—c) and temperatures (b, d-e). (a) 0.1 M KHCO3(aq),
21 °C; (b) 0.5 M KHCO3(aq), 21 °C; (c) 1.0 M KHCO3(aq), 21 °C; (d) 0.5 M KHCO3(aq), 30 °C; and (e) 0.5 M KHCO3(aq), 40 °C. SEM: scanning electron microscopy;

CO2R: CO, reduction.
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nanoparticles seems to grow, and the amount of the nanoparticles seems
to increase as well, according to SEM imaging. After 5 min, there is
clearly some agglomeration of the material taking place, but nano-
particles are not clear from the SEM images yet. After 4 h of electrolysis,
bigger nanoparticles start to appear, and after 7 h, mostly big nano-
particles (>100 nm) are observed, which appear not to grow further but
mainly agglomerate more during the following 7 h of electrolysis. To
gain insights into particle sizes and particle size distribution, TEM
analysis was performed on the 4, 7, and 14 h samples by scratching some
of the material from the electrodes (Fig. S12). Unfortunately, an un-
equivocal particle size analysis could not be made since the method of
sample preparation removed large amounts of the activated carbon from
the GDL itself, thus making statistically relevant analysis difficult. The
particles are clearly mainly large (>50 nm) cubic particles, with smaller
(approximately 5-7 nm) round nanoparticles attached to the bundles of
the carbon nanotubes. We also hypothesized that the leaching of the
sulfur from the material would progress over time, causing changes in
selectivity, but as is evident in Table S1, sulfur can be considered lost
only after 5 min of electroreduction, and errors in the method are too big
to draw conclusions on progressive sulfur leaching.

3.4. ALD grown CuSy on Cu foam and ALD grown Cu thin film

To further elucidate the effects of sulfur doping and to have com-
parison materials, two different processes were also performed on Cu
foam electrodes. In the first process, similar CuSx layers were grown on
the Cu foams as had been grown on the GDL substrates, with two
different pulse lengths (normal and longer). The longer pulse length was
applied since the normal length seemed inadequate to form an even film
on the foam. In the second process, only exposure to the HaS gas under
vacuum at varying temperatures (160 and 250 °C) was performed. As
can be seen from the pictures taken of the electrodes (Fig. S13), the ones
with ALD-grown CuSy layers show a dark greenish color that was
initially uneven but leveled after a few days of processing, while the
electrode with HyS exposure at 160 °C appears unchanged, and the
electrode with H,S exposure at 250 °C shows some darkening. The SEM
analysis did not reveal structural damages to the processed foams in
comparison to pristine Cu foam (Fig. S14), while the EDS analysis in-
dicates that the foams with CuSy growth have a slightly higher sulfur
content than those only exposed to HyS (Table S2). Raman spectra
before CO; electrolysis (Fig. S16) revealed similar features already
observed on the GDL electrodes: peaks that can be attributed to the
oxides of Cu. When growing CuSx on the Cu foams, mainly signals
related to CuO [62] are detected, while H,S exposure would appear to
lead to the formation of both CuO and CuyO [61,62], according to
Raman results.

CO;, reduction was performed in the previously optimized condition
(0.5 M KHCOs at 40 °C), and results are presented in Figs. 8 and S15.
From the FE’s in Fig. 8, it is clear that all the Cu foam samples show high
H, selectivity. Some previous works have also reported suppression in
hydrogen evolution as a result of sulfur doping [15], but our results do
not indicate such behavior but quite the opposite. In comparison to the
CuSx materials on the GDL supports, the selectivity towards formate on
all Cu-foam electrodes was poorer. The foams also exhibit much lower
current densities (Fig. S15). When comparing the Cu foam samples with
each other, small changes in selectivity can be observed: FEs towards
formate and CO are almost the same on all the applied potentials on
pristine Cu foam, and CO is detected in all the applied potentials.
Additionally, trace amounts of CH4 were detected in all the applied
potentials for the pristine Cu foam sample. This trend follows quite well
previous reports published about CO2R on Cu [63]. FE's towards
formate are higher than those towards CO on all sulfur-treated Cu foam
electrodes, and CO only appears to emerge in the more negative applied
potentials. FE towards formate is not much increased in comparison to
pristine Cu foam in the more positive applied potentials, but in the more
negative potentials, a clear increase can be observed. CO formation is
clearly suppressed, which is in agreement with literature speculations on
the changes in reaction mechanisms [16]. The selectivity does not seem
to depend on the temperature of the H,S exposure, as both foams show
very similar selectivities. The longer pulse length, however, would
appear to slightly improve the formate selectivity and decrease Hj
evolution on the ALD-CuSy-modified foams. The CuSy modification also
suppresses CO formation more in comparison to HyS exposure, as is
evident already from the FEs but more clearly from the partial current
densities towards CO (Fig. S15c). After CO2R, all the electrodes exhibit
Raman vibrations attributable to CupO (Fig. S16), a roughened surface
morphology (Fig. S14), and a complete loss of sulfur (Table S2).

Additionally, thin Cu films were grown by ALD [47] on the GDL
support to ensure that sulfur plays a key role instead of the applied
synthesis method or support. The SEM shows evenly distributed parti-
cles of Cu on the nanotubes (Fig. S18a), and the film was verified to be
Cu by XRD (Fig. S19). CO; electrolysis at 40 °C with 0.5 M KHCOs(aq)
yields Hj as the main product with lower and equal FEs towards formate
and CO (Fig. S17). This result is very similar to the pristine Cu foam,
showing that ALD can produce thin films of active Cu catalysts and that
the formate selectivity of the CuSy thin films is not simply a result of the
ALD process. For Cu, it has been reported that increasing the CO2R
temperature favors Hy evolution [64], as does increasing the concen-
tration of the bicarbonate salt [51-53]. Our results agree with previous
observations: upon changing into room temperature 0.1 M KHCOs(aq),
the selectivity towards CO2R products over Hjy increased, although
overall activity was lower than at higher temperatures and electrolyte
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concentrations. The ALD-Cu film remarkably retained its morphology
during a total of 3 h of CO2R with very minor changes observable
(Fig. S18b), and the coverage of the film on the electrode remained good
when comparing pictures from before and after CO2R (Fig. S18). As Cu
is the only material capable of producing further reduced products such
as ethylene and ethanol, an ALD-synthesized Cu thin film may be an
interesting material for further examinations and optimizations.

3.5. Discussion on the role of sulfur

In comparison to the results from previous literature reports gath-
ered in Table S4 and to the results of the comparison materials applied
here, the ALD-grown CuSy thin films studied in flow cells retain the
unique change in selectivity from CO + formate + Hj to formate + Hy at
the lower overpotentials under varying electrolysis conditions. In a
similar fashion as for the oxide derivatization, the role of sulfur is not
clear. The aim of this discussion is not to directly suggest a mechanism
since it would require complementary in situ spectroelectrochemical
experiments as well as additional reduction reaction studies such as CO
reduction, but rather to gather current knowledge and aim to rationalize
the results obtained thus far.

Possible pathways from CO5 to formic acid through electrochemical
reduction are presented in Scheme S1. As mentioned, it is assumed that
selectivity, activity, and overpotential are tightly associated with the
binding of the intermediates [1]. Thermodynamically, the most plau-
sible route from CO5 to formic acid (HCOOH) on the formate selective
catalysts is the formate intermediate (HCOO*) pathway [65]. The
formate intermediate route is usually depicted as leading to only
formate formation, whereas the carboxyl intermediate route can lead to
other products such as CO. The route towards formate on Cu, however,
could also be the reaction between physisorbed CO» and adsorbed H*
[66].

An in situ Raman inspection has suggested that sulfur doping sup-
presses the carboxyl intermediate route, leading to improved formate
formation through the formate intermediate route [15]. For Sn, it has
been calculated through DFT calculations that the incorporation of small
amounts of sulfur would thermodynamically favor the formation of
HCOO* intermediate [28]. Another piece of in situ spectroelec-
trochemical evidence suggests, however, that sulfur leads to stronger
binding of the CO* intermediate on sulfur-doped Cu, which poisons the
surface but would allow adsorbed H* to react with CO5 and form
formate [67]. Sub-surface sulfur was speculated as the origin for
changing the binding of CO* [67], quite similarly to how sub-surface
oxygen has been speculated to change the binding of intermediates on
oxygen-derivatized Cu [8]. Water activation has been speculated with
other metal-sulfur combinations as well [29]. On the other hand, there is

also evidence of long-range interactions between S and CO on Cu(100),
which suggests a weakening of the bond strength of CO adsorbates [68].
Reduction of possible intermediates has been used as a technique to
reveal possible routes from CO to different reduced products on Cu
[69]. When comparing CO, reduction to CO reduction on sulfur-doped
copper, CO reduction mainly resulted in Hy evolution, while CO2R
showed high formate selectivity [15]. Theoretically, it has been shown
that chalcogen adatoms suppress the formation of CO by either tethering
CO-, or transferring a hydride [70]. It is clear from our results as well that
CO formation is suppressed, but some changes occurring on the elec-
trocatalyst over time result in CO being formed again. Without detailed
in situ spectroelectrochemical analysis of the fresh and used materials, it
is difficult to speculate the reason behind this change.

One advantage of oxygen-derived Cu is said to be its favorable effects
on increasing the surface roughness, leading to sites that ideally bind the
intermediates to Cy, products. A study into CugN-derived catalysts
suggests roughness is a good descriptor for selectivity changes towards
Co, products [71]. Unlike for oxide-derived Cu materials, ideally
exposed surface sites for formate formation have not really been
considered as the cause of the selectivity changes on sulfur-derived Cu
electrocatalysts, and most reports specifically mention that mere
changes in surface roughness cannot lead to the observed changes, but
sulfur must play a pivotal role. The selectivity of different Cu facets
towards formate has been shown to change in the order Cu(110) > Cu
(111) > Cu(100) [63]. On Sn, the existence of undercoordinated sites
due to the removal of sulfur from Sn has been hypothesized as a reason
for the improvements in formate formation [28]. Sulfur vacancies on Cu
have been speculated to lead to improvements in Cg products, which
would be consistent with the binding of CO* becoming stronger to allow
further reduction steps to take place [72].

4. Conclusions

We have successfully deposited CuSx thin films by ALD directly on
modified and unmodified gas diffusion electrodes by using Cu(acac)s +
H,S and Cu(thd)y + HsS processes. We also showed that CuSx materials
are mainly selective in electrochemically reducing CO; to formate in
flow cell configurations and under varying electrolysis conditions.
Increasing the KHCO3 concentration resulted in a slight decrease in
formate selectivity, while an increase in temperature did not affect the
selectivity dramatically. The chemical composition of the thin films
changed drastically, such that most of the sulfur was lost after only 5 min
of reduction, while the changes in morphology of the thin films took
place over a time frame of several hours. Measurements carried out with
the reference Cu foam electrodes and Cu thin films deposited by ALD
verified that sulfur plays a significant role in affecting the selectivity of
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Cu, but the exact mechanism still remains a mystery. Most of the liter-
ature suggests that the binding of the CO* intermediate becomes
stronger, thus poisoning these sites and suppressing the carboxylate
route to CO and further reduced products. At the same time, H* sites
would not be blocked, allowing them to react with CO; to form formate.
To reveal the exact reaction mechanisms of these ALD CuSy materials,
thorough in situ characterizations combining several techniques and
different sources of COy (gas or dissolved in electrolyte) should be
conducted.
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