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1 Introduction

CO, electroreduction activity and dynamic
structural evolution of in situ reduced nickel-
indium mixed oxidesT

Laura C. Pardo Pérez, *2 Zora Chalkley,®® Robert Wendt, © < Ibbi Y. Ahmet, © ¢
Markus Wollgarten © ¢ and Matthew T. Mayer & *@

In the field of CO; electroreduction (CO,ER), tuning the selectivity among diverse products remains a major
challenge. Mixed metal catalysts offer possible synergetic effects which can be exploited for tuning product
selectivity. We present a simple wet chemical approach to synthesize a range of nickel-indium mixed oxide
(NialngOx) thin films with homogeneous metal distribution. CO, electroreduction results indicate that the
NialngOx mixed oxide thin films can achieve high CO selectivity (>70%) in contrast with the single metal
oxides NiO (H, >90%) and In,O (formate >80%). The relative composition NisglngoOx attained the best
CO selectivity of 71% at moderate cathodic bias of —0.8 Vrye, While a higher cathodic bias (E < —0.9 V)
promoted a decrease of CO in favor of formate. A detailed investigation of the NigglnggOx thin films
following progressive stages of reduction during CO,ER revealed dynamic structural transformations
strongly dependent on applied bias and electrolysis time. For the CO-selective catalyst composition, at
moderate cathodic bias (E < —0.8 V) and short electrolysis times (1 h), the catalyst is composed of
nickel-indium alloy grains embedded in amorphous Ni-In mixed oxide as observed by electron
microscopy. Extending electrolysis time at —0.8 V for 10 h, or increasing the applied reductive bias to
—1.0 V, result in a complete reduction of the residual oxide film into an interconnected array of
multicomponent (In, Ni, Nizln;) nanoparticles which display significantly lower CO selectivity (<50%). Our
results indicate that the persistent amorphous NilnOx oxide/alloy composite material preserved in the
early stages of reduction at —0.8 V plays a key role in CO selectivity. The highly dynamic structure
observed in this catalytic system demonstrates the importance of conducting detailed structural
characterization at various applied potentials to understand the impact of structural changes on the
observed CO,ER selectivity trends; and thus be able to distinguish structural effects from mechanistic
effects triggered by increasing the reductive bias.

as a terminal product that cannot be further reduced, CO has
been demonstrated to be a key intermediate in the formation of

The electrochemical reduction of carbon dioxide (CO,ER) has
gained increasing attention as a sustainable pathway for CO,
reutilization and upcycling into added-value chemicals. As
many as 16 products have been observed and identified during
CO,ER in aqueous media,* such as formate, CO, hydrocarbons,
and alcohols. Tuning the selectivity of CO,ER catalysts remains
a major challenge in the field. The initial 2 e~ reduction of CO,
can yield formate or CO. While formate is commonly accepted
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higher (>2 e7) reduction products such as hydrocarbons and
alcohols.>* The pioneering work on CO,ER activity of different
metal electrodes in aqueous media established an empirical
correlation between the CO binding strength of metals and the
main observed CO,ER product.*® The empirical trends were
further supported in more recent DFT studies concluding that
interfacial CO, and CO binding modes and energetics are key
descriptors determining the CO,ER selectivity.>****

Among single metal surfaces, Cu is unique in exhibiting an
intermediate CO binding strength that favors further reduction
to hydrocarbons or alcohols.»** Other early transition metals
such as Ni bind CO too strongly leading to surface poisoning
and are unable to reduce CO further. On these metal surfaces,
CO,ER is suppressed and instead hydrogen evolution reaction
(HER) is the dominant process in aqueous media.”* On the
other hand, post-transition metals like In exhibit a weak inter-
action with CO, and are known to favor formate
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production.****"” Au and Ag adsorb CO weakly and release it as
the final product.>**

Bimetallic catalysts offer possible synergetic effects among
different metals to yield optimal binding of CO, and the key
intermediate CO and have been demonstrated as a successful
strategy for tuning selectivity in Cu-based catalysts.'*** Such an
approach can be adapted for the modulation of CO binding on
other early transition metals; for instance, the strong CO
binding on Ni can be modulated by combination with a weak
CO,/CO binding surface like In.>"* Nickel-indium composites
were previously reported by He and coworkers* as a potential
bimetallic composition with decreased CO binding energy
capable of producing CO with appreciable selectivity. In that
study, a Ni,sIn,s composite gave a CO faradaic efficiency (FE) of
less than 30%, while a sample with low Ni content Ni,Ingg was
reported to produce 60% CO at —0.7 Vryg. In contrast, In,03
nanocrystals doped with 6 at% Ni were shown to produce
predominantly formate with 93% faradaic efficiency at —0.9
VRHE-

Herein we present a detailed investigation of CO,ER activity
and associated structural changes of oxide-derived Ni-In
composite catalysts. A facile synthetic approach by spin coating
of metal precursors in solution followed by a thermal treatment
at 400 °C in air was employed to produce Ni IngOx mixed oxide
thin films with homogenous distribution of both metals. The
mixed oxide thin films are reduced in situ during CO,ER. The
structural changes induced during reduction are investigated by
electron microscopy, EDS, and XPS. The investigation of various
nickel-indium metal compositions revealed that NigoIng,Ox
delivers the best CO selectivity of 71% at moderate cathodic bias
of —0.8 Vgryg, while the increase of applied cathodic bias to
—1.0 V leads to a change in selectivity towards formate (62%).
The selectivity change from CO to formate is accompanied by
strong structural transformations of the pristine NiyoIng,Ox
mixed oxide. The structural and morphological changes
observed in the composites during in situ reduction and their
correlation with the CO,ER activity will be discussed in detail
below.

2 Experimental methods
2.1 Synthesis

The Ni IngOx mixed oxides were synthesized by a simple wet
chemical method by deposition of a solution of metal precur-
sors, NiCl,-6H,0 (CAS: 7791-20-0) and anhydrous InCl; (CAS:
10025-82-8) in the desired molar Ni:In ratio, in a solvent
mixture composed of dimethyl-ethanolamine (DMAE) and
methanol (MeOH) in a 1 : 3 ratio (by volume). Each metal was
dissolved separately in a single solvent. NiCl,-6H,0 is added to
0.5 mL of DMAE and stirred for 1.5 h until all solid was dis-
solved to yield homogenous green solution. Anhydrous InCl;
was promptly dissolved in 1.5 mL of methanol. The solutions
were then mixed by adding the InCl;/MeOH slowly to the NiCl,/
DMAE solution shortly before film preparation by spin coating.
The obtained solution was deposited onto Si or glassy carbon
substrates (GCS) by spin coating of 25 uL cm ™2 at 2000 rpms for
23 s and 28 s for Si and GCS, respectively, to achieve
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a homogenous thin film coating on the substrate. The wet film
is set by a drying step for 10 s at 100 °C. The film deposition is
followed by a thermal decomposition step by annealing at
400 °C for 30 min to transform the metal precursor solution film
into a mixed oxide thin film. Representative SEM images of the
obtained films are presented in Fig. S1.f

2.1.1. Si and GCS pretreatment. Si wafer substrates were
cut to 1 em” squares. The Si pieces were placed in fresh aqua
regia (1 : 3 ratio by volume of concentrated acids HNO; : HCI)
over three days to induce surface oxidation and improve adhe-
sion of the coating solution. After aqua regia treatment, the Si
substrates were rinsed and sonicated for 10 minutes in fresh
Milli-Q water (resistivity 18.2 MQ cm), followed by rinsing and
sonication twice in fresh ethanol and isopropyl alcohol. Chips
were then blown dry with a N,(g) gun and dried in an oven at
80 °C. Glassy carbon substrates (GCS) are reused. Old films were
removed by placing the GCS in a test tube with a small amount
(~4 mL) of freshly prepared aqua regia overnight to dissolve the
existing film. The clean GCS were then rinsed and sonicated
twice in fresh Milli-Q water twice and polished with 3.0 pym and
0.05 um alumina suspension, rinsing and sonicating in fresh
mQ water in between and after polishing steps to remove
alumina particle residues. The GCS were then blown dry with
a N,(g) gun and dried in an oven at 100 °C.

Synthesis of Ni,In; alloy nanoparticles was carried out by
heat treatment of Ni,sIn,s0x mixed oxide film in forming gas
with 2.4 vol% H, in Ar at 500 °C for 1 h. Note that the precursor
mixed oxide film employed for alloy synthesis is enriched in In
fraction in order to compensate for some In loss observed
during forming gas heat treatment. The formation of the Ni,In;
alloy was verified by GI-XRD measurement on a sample
prepared on a Si substrate (Fig. 7b) and the alloy composition
was further verified by ICP-OES (Table S27).

2.2 CO, electroreduction testing

Electrolysis tests were carried out in a custom two-compartment
cell separated by a Nafion 115 membrane, in CO, saturated
0.1 M KHCO; (pH 6.8) under a constant CO, flow of 20
mL min~". A BioLogic SP-200 potentiostat was used in a three-
electrode configuration with Ag/AgCl in 3 M KCl (Dri-ref. 2 mm
WPI) and Pt mesh as reference and counter electrodes, respec-
tively. All potentials presented through the manuscript are
referenced to the reversible hydrogen electrode (RHE, Egyr =
Engiagcl + 0.211 + 0.0591 x pH). The CO,ER test typically
comprised two steps: (1) a linear sweep voltammetry (LSV) step
from open circuit potential (OCP) to —0.7 V vs. RHE and (2)
a chronoamperometry (CA) step with increasingly reductive
potential between —0.7 V and —1.0 V at 0.1 V intervals holding
each potential for 1 h. Representative behavior is displayed in
Fig. S2.1

The gas products were quantified by in-line gas chromatog-
raphy with a Thermo Scientific TRACE 1310 gas chromatograph
using He as a carrier gas. The gas chromatograph is equipped
with two columns - HayeSepS column (1 mm ID, Restek) and
molecular sieve MS5a column (1 mm ID, Restek) — as well as two
detectors - pulse discharge detector (PDD) and flame ionization

This journal is © The Royal Society of Chemistry 2022
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detector (FID). Representative chromatograms and calibration
curves of different products are presented in Fig. S11.7 The
outlet flow of the headspace in the cathode compartment of the
two-compartment cell was fed into GC through a transfer line
(heated at 60 °C). The product concentration was measured
every 15 minutes for the duration of the CO,ER catalytic test.
The faradaic efficiency (FE) was calculated according to eqn (1),
where [X] is the concentration measure for gas X determined by
gas chromatography, flowrate corresponds to the constant inlet
rate of CO, into the cell (20 mL min~"), z the number of mol of
electrons required to produce 1 mol of gas X, i is the recorded
experimental current, and F is the Faraday constant.

x 100
1)

[X] x flowrate x z x F

Faradaic efficiency% gas X = ;

Liquid products are analyzed post-electrolysis by high
performance liquid chromatography (HPLC), using a Thermo
Scientific Dionex UltiMate 3000 UHPLC instrument equipped
with UV (UltiMate 3000, Dionex) and RI (RefractoMax 520, ERC)
detectors and an autosampler unit. The separation is achieved
with a HyperREZ XP H+ column using 5 mM H,SO,(aq) as
eluent. The electrolyte was sampled at the end of each elec-
trolysis test by taking a 1 mL aliquot. Formate faradaic efficiency
was determined based on the experimentally determined
formate concentration [HCOO™], the total amount of charge
passed (g) and the total volume of electrolyte (Veiectrolyte), as
shown in eqn (2). Representative chromatograms and calibra-
tion curves of formate are presented in Fig. S12.F

[HCOO | x Veeetrolyte X 2 X F
q

Faradaic efficiency%s HCOO™ =

(2)

2.3 Materials characterization

Scanning Electron Microscopy (SEM) and associated energy-
dispersive X-ray spectroscopy (EDS) spectra were collected on
a Zeiss LEO 1530 Gemini SEM system with a ThermoFisher
UltraDry EDS detector. The SEM images were acquired at 3 kV
using the in-lens secondary electron detector and EDS spectra
were collected at an acceleration voltage of 15 kV. Transmission
electron microscopy (TEM), high angle annular dark field
(HAADF), scanning transmission electron microscopy (STEM),
selected area electron diffraction (SAED) and energy-dispersive X-
ray spectroscopy (EDS) micrographs and spectra were collected
on a TEM Zeiss LIBRA 200FE instrument operated at 200 kV
accelerating voltage equipped with a Thermo Scientific Noran
System Six X-ray spectrometer. The thin film samples in as-
synthesized condition or after electrolysis testing were scraped
off the GCS and transferred to carbon coated Cu or SiNx TEM
grids. X-ray photoelectron spectroscopy (XPS) measurements
were carried out in a SPECS PHOIBOS 100 analyzer using
Monochromatic Al K radiation (hv = 1486.74 eV, SPECS FOCUS
500 monochromator). The pass energy was set to 10 eV with step

This journal is © The Royal Society of Chemistry 2022
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size of 0.05 eV. The spectra were fitted in CasaXPS software using
a Shirley background subtraction. The as-synthesized samples
were calibrated with respect to the adventitious carbon C 1s peak
at 285 eV. The XPS analysis of post-electrolysis samples was
conducted on samples first subjected to CO,ER electrolysis tests
inside a O,-free glovebox (O, < 1 ppm) using the typical two-
compartment cell and experimental conditions described in
CO,ER testing details (Section 2.2). The post-electrolysis samples
were washed in de-aerated mQ water, dried, and stored under N,
atmosphere inside the glovebox prior to XPS measurements. In
order to avoid any exposure to air, the samples were transferred
from the glovebox to the XPS vacuum chamber under inert
atmosphere using a transfer arm module. Inductively Coupled
Plasma - Optical Emission Spectrometry (ICP-OES) measure-
ments were conducted in an iCAP 7400 Duo MFC ICP-OES
Analyzer system (Thermo Scientific) in axial Ar (5.0 purity, Air
Liquide) plasma mode. Each sample was digested in 4 mL of
fresh aqua regia overnight to dissolve the Ni-In composite. The
resulting solution was then quantitatively transferred to a 50 mL
volumetric flask and completed to volume for ICP-OES analysis.
Grazing incidence X-ray diffraction (GIXRD) was performed on
a PANalytical X'Pert Pro MPD diffractometer for thin film anal-
ysis, using a Cu Ko, radiation (1 = 1.5418 A), and a Xenon scin-
tillation counter detector with parallel plate collimator. The
diffractograms were collected at an incidence angle of 0.3° with
a step size of 0.006 and collection time of 10 s.

3 Results & discussion
3.1 Effect of In-Ni composition on CO,ER activity

A range of Ni IngOx films were studied. Herein, A and B denote
the nominal Ni and In fraction respectively, as defined by the
composition of the precursor solution used for film coating; Ox
refers to the mixed oxide obtained. The fractions A and B are
expressed as percentage referred to total atomic composition of
Ni and In; Z.e. (A = [Ni/(Ni + In)] x 100). NisIngOx films with Ni
fraction between 10 and 75 at% were synthesized to evaluate the
effect of Ni-In composition on the CO,ER activity. Single metal
oxide thin films of NiO and In,0; were synthesized by an
analogous method for comparison. The synthesis method
yields NipIngOx mixed oxide thin films with homogenous
distribution of both metals and oxygen composed of small
crystallites (with diameter <5 nm) as can be seen in Fig. S1 and
S3.7 The CO,ER activity of the various Ni IngOx samples was
evaluated in CO, saturated 0.1 M KHCO;. The typical test
comprises a reductive LSV followed by electrolysis at constant
potential in the range of —0.7 Vto —1.0 V vs. RHE (Fig. S2) with
quantification of gaseous and liquid products at each tested
potential. Note that all potentials are referred to RHE unless
otherwise specified. The electrocatalysis results are summarized
in Fig. 1, comparing CO,ER product distributions observed
from electrodes with a range of compositions, tested at different
applied potentials. It should be noted that under CO,ER
conditions, the Ni IngOx tend to become reduced in situ due to
the applied reductive bias. Such catalysts are often described as
“oxide-derived” catalysts which we shall refer to as being “in situ
reduced”. Comparing the selectivity trends as a function of
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Fig. 1 Summary of CO,ER activity for different NialngOx mixed oxides tested in CO, saturated 0.1 M KHCOg3 at different applied electrolysis
potentials of —0.7 V (a), —0.8 V (b), —0.9 V (c) and —1.0 V (d). Stacked bars correspond to faradaic efficiencies of H, (grey), CO (red), and formate

(green); the total current density is indicated by black squares.

composition, it is clear that the mixed oxides Ni IngOx exhibit
distinctly different CO,ER activity as compared to their single
metal oxide counterparts NiO and In,O;. Over the potential
range evaluated, in situ reduced NiO produces over 90% H,
faradaic efficiency, while In,0O; exhibits high faradaic efficiency
towards formate >80%. Uniquely, the mixed oxides NiyIngOx
exhibit high selectivity towards CO, particularly at moderate
cathodic bias E = —0.8 V (Fig. 1a and b), reaching maximum
FE¢o of ~71-73% for a nominal Ni fraction between 25 to 40
at%. This points to a synergy between Ni and In under these
conditions. Interestingly, at more cathodic bias E < —0.9 V,
a shift in selectivity to favor HCOO™ is observed.
Nickel-indium composites have been previously reported as
potential CO,ER catalysts. He et al. reported mixed oxides with
composition Nij 5Ing 5 and Nig 55Ing 75 (Ni fraction between 25
to 50 at%) yielding a CO faradaic selectivity of 10 and 25% at
—0.7 V.»* In the present study, similar compositions of Niy-
IngoOx and Ni,sIn,;sOx display a significantly improved CO
selectivity of 71 and 73% at the same potential (Fig. 1a). Inter-
estingly, the best performance in the report by He et al. was
observed for a composite with a low Ni fraction of 2 at%
(Nig.2Ing 9g)** which exhibited a CO faradaic selectivity of 60%

20596 | J Mater. Chem. A, 2022, 10, 20593-20605

at —0.7 V similar to that observed for the Ni;(Ing,Ox catalyst in
the present study (Fig. 1a). However, the Ni;oIng,Ox catalyst
shifts its selectivity to produce predominantly formate with FE
of 79% at higher cathodic bias of —1.0 V (Fig. 1d) in agreement
with the behavior expected for such In-rich composite. Similar
observations have been reported for In,O; nanocrystals doped
with Ni (6 at%) which yield 93% formate FE at —0.9 V. Further
comparison of CO,ER activity with literature reports for nickel-
indium composites and other catalysts based on earth-
abundant elements is presented in Table S7.t

The CO,ER activity of the NiyIngOx samples was also evalu-
ated as product generation rates (partial current densities) as
a function of potential and composition (Fig. 2), the results
show that the mixed oxides NiyIngOx with nominal Ni fraction
between 25 and 50 at% exhibit similar CO rates (—0.4 mA cm ™ ?)
at low cathodic bias (—0.7 V), but the formate rate increases
with nominal In fraction. The CO partial current peaks at
roughly —1.0 to —1.3 mA cm ™2 at —0.9 V and either stabilizes or
declines at more reductive bias, where formate selectivity
becomes favored. On the other hand, formate and H, partial
current densities grow with increasing cathodic bias. The
results indicate that at low cathodic bias (£ > —0.8 V) NijIngOx

This journal is © The Royal Society of Chemistry 2022
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Fig.2 Totaland partial current densities as a function of applied potential for different products during CO,ER activity tests for different NialngOx
mixed oxides tested in CO, saturated 0.1 M KHCOs3 at different applied electrolysis potentials. Note that Fig. 1 and 2 display the same dataset
presented as faradaic efficiencies or partial current densities, respectively.

thin films display improved CO production activity, a behavior
markedly different from the CO,ER activity of monometallic
Ni->* or In-based catalysts.***

3.2 Structural evolution during CO, reduction

The structure and composition of NiIngOx thin films were
investigated by SEM and EDS before and after CO, electrolysis
(Fig. S3a-f; and Table S17). In the as-synthesized condition, the
samples have a smooth homogenous thin film morphology with
an In : Ni ratio slightly lower than the expected nominal content
used in the synthesis. This discrepancy could be attributed to
the sublimation of small amounts of In as InCl;(,) during thin
film annealing in air.*® After a typical CO, electrolysis test
between up to —1.0 V, the Ni-rich thin films (NiO and Nis-
In,50x) exhibit minor morphological changes (Fig. S3g and hf).
For Ni,IngOx thin films with Ni fraction <50 at%, significant
changes in morphology are observed after in situ reduction
during CO,ER electrolysis. In general, the transformation from
smooth homogenous thin film into an array of nanoparticles is
observed (Fig. S3i-1}). For NiyIngOx thin films with (Ni fraction
= 25-50 at%) the in situ formed nanoparticles are inter-
connected in islands with a wide size distribution between 20-

This journal is © The Royal Society of Chemistry 2022

200 nm. For In-rich samples (with Ni fraction =10 at%),
homogenously distributed round particles are formed during
CO,ER testing. Interestingly, all Ni\IngOx thin films display
a decrease in Ni fraction after CO,ER electrolysis, as indicated
by the EDS and ICP-OES (Fig. S3 and Tables S1, S27); these
results point to an electrochemically induced leaching of Ni
during CO,ER electrolysis.

As discussed above, CO,ER activity tests revealed that Ni,-
IngOx thin films with Ni fraction of 25-50 at% display favored
CO selectivity at low bias (E > —0.8 V) while larger bias (E < —0.9
V) favor formate production. In order to investigate the corre-
lation of the selectivity shift with structural changes and Ni
leaching, we conducted a detailed investigation of structural
changes on a sample with a nominal composition Ni,oIngoOx.
Note that the following sections of this study focus on samples
with nominal composition NisoIng,Ox which display superior
CO selectivity and formation rate. NiyIng,Ox films were inves-
tigated at different stages of in situ reduction: namely at —0.8 V,
where the highest FE towards CO for this electrode (71%) was
observed, and —1.0 V, where the highest FE towards formate
(62%) was observed. The results are displayed in Fig. 4.

J. Mater. Chem. A, 2022, 10, 20593-20605 | 20597
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In the as-synthesized condition, the NioIng,Ox thin films
display homogenous coverage of the glassy carbon surface as
seen in the SEM image (Fig. 3a). HAADF-STEM-EDS mapping
reveals a homogenous distribution of Ni and In across the thin
film (Fig. 3g). TEM reveals that the film is composed of small
crystallites with diameter <5 nm. SAED analysis displays a wide
diffraction ring with d between 2.46-2.90 A indicating the
presence of randomly oriented small crystallites (Fig. 3d and
S4+) with lattice spacings typical of NiO d = 2.55 A and In,0; d =
2.53 and 2.92 A. Additionally, narrower diffraction rings at d =
2.14,1.77 and 1.52 A also assigned to NiO or In,O; are observed
(see further detailed SAED analysis in ESI, Table S3+).

After CO,ER testing at —0.8 Vvs. RHE for 1 h, part of the thin
film is preserved decorated with embedded nanoparticles
(diameter <50 nm) as seen by SEM and TEM micrographs
(Fig. 3b and e). SAED reveals numerous bright diffraction spots

Niolng,Ox As synthesized

Ni,,In;Ox

After CO,ER at -0.8 V_1h

View Article Online
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together with the diffuse rings of diffraction observed for the
pristine sample providing further evidence of the formation of
crystalline nanoparticles embedded in persistent amorphous
mixed oxide. SAED analysis indicates that the crystalline parti-
cles display d spacings which could be assigned to metallic In
and Ni, as well as NiyIny alloys matching Niln and NizIn,
particularly (Fig. S41). Note that the overlapping d spacings
among these species hinders unequivocal assignment of pha-
ses. Further details on possible assigned phases are provided in
Table S3.1 HRTEM investigation enables identification and
clustering of the d spacings observed in different areas of the
sample which confirms the presence of small grains of Ni and/
or Nixlny alloys embedded in a disordered matrix likely
composed of residual mixed oxide or small NixIny alloys crys-
tallites, denoted as Ni-NixIny/Nig_xIng,_yOx. Details on
HRTEM analysis, d spacings, and phase assignment are

After CO,ER at-1V_1h

Nizglng,0x

Fig. 3 Scanning (SEM) and transmission (TEM) electron microscopy investigation of NisplngoOx thin film structural evolution during COER at
different applied bias. SEM micrographs of the thin film as-synthesized (a), after CO,ER electrolysis test at —0.8 V (b) and —1.0 V (c). TEM
micrographs of the thin film as-synthesized (d), after CO,ER electrolysis test at —0.8 V (e) and —1.0 V (f); SAED analysis is presented as inset (scale
bar is 5 nm~%). HAADF-STEM-EDS mapping of the thin film as-synthesized (g), after CO,ER electrolysis test at —0.8 V (h) and —1.0 V (i).
Experimental composition as determined by ICP-OES is presented as text inset on the SEM image for each sample.
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provided in Fig. S5 and Table S4.f The HAADF-STEM-EDS
(Fig. 3h) mapping indicates that the amorphous small crystal-
lites and nanoparticles are composed of both In and Ni, though
the nanoparticles appear to be enriched in Ni. The persistence
of Ni-In oxidized species was further investigated by HAADF-
STEM-EDS. A sample NigplngOx was tested for CO,ER at
—0.8 V for 1 h inside an O,-free glovebox. To prevent oxidation
of the catalysts during handling and thereby evaluate the cata-
lysts as close as possible to the in situ conditions, the sample
was then transferred to the TEM under inert atmosphere using
a transfer holder. The results are presented in Fig. S9ct and
indicate the persistence of O content in the sample, providing
further evidence of the persistence of oxidized Ni and In phases.

After CO,ER at a stronger reducing potential of —1.0 Vfor 1 h
(note that the film is sequentially tested at —0.7, —0.8, —0.9 and
—1V for 1 h), the film has completely transformed into an array
of nanoparticles of varied dimensions (10-100 of nm) as seen in
the SEM and TEM micrographs (Fig. 3c and f). SAED reveals an
increase of bright diffraction spots and the disappearance of
diffuse diffraction rings associated with the pristine amorphous
oxide film in comparison with the catalyst tested at —0.8 V for
1 h (Fig. 3b and e). The d spacings observed in SAED analysis are
consistent with the formation of In and NizIn, particles (see
Fig. S4 and Table S31). Correlation of local d spacings identified
by HRTEM (Fig. S67) and HAADF-STEM-EDS (Fig. 3i) mapping
enables us to establish the formation of In-rich particles
composed by In and/or NisIn;, alloy decorated with smaller Ni-
rich crystallites composed of Niln alloy, metallic Ni, and/or
NiO. Further details on HRTEM d spacing assignments are
displayed in Table S5.f Note that the HAADF-STEM-EDS was
conducted on a sample tested on a O,-free glovebox; handled
and transferred to the TEM under inert atmosphere to prevent
oxidation in air. The sample displays no discernible O content
(Fig. S9dt). These results provide further evidence of a complete
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bulk reduction of oxide-derived catalyst under these conditions;
within the detection limits of the EDS.

The bulk composition analyzed by ICP-OES indicates that
the Ni fraction decreases from 44% in the as-synthesized
sample to 38 and 36% at —0.8 V and —1.0 V, respectively
(Table S27). These results indicate that the morphology change
from amorphous thin film to a composite of crystalline nano-
particles composed of metallic In, Ni, or NixIny alloys induced
by the applied reductive bias is accompanied by a minor loss of
Ni. Furthermore, the structural changes lead to a dynamic
roughness of the catalytic surface as evidenced by double layer
capacitance (Cp;) measurements (Fig. 6b and S107). In the as-
synthesized condition NisoIng,Ox the amorphous film displays
a capacitance of 244 uF cm™>. After electrolysis at —0.8 V, the
Ni-NixIny/Nigo_xInego_yOx composite with the highest CO
selectivity is formed and the capacitance increases to 319 uF
cm ™. Further increase of cathodic bias to —1 V leads to the
aggregation of metallic In, Ni, or NixIny alloys grains which
coincides with the decrease of capacitance to 177 pF cm >
These observations indicate that the optimal CO selectivity
observed for the Ni-NiyIny/Niyo_xIng,_yOx composite is favored
by the persistent amorphous oxide and the improved catalyst
roughness.

3.2.1 Surface composition. The surface speciation and
composition were investigated by quasi in situ XPS. The samples
were tested for CO,ER inside a O,-free glovebox in order to
minimize the impact of surface oxidation in air. Directly after
the electrochemical testing, the samples were removed from the
electrolyte, washed in de-aerated Milli-Q water inside the glo-
vebox to remove electrolyte residues, and transferred under
inert atmosphere (N,) to the XPS analysis chamber by means of
a transfer module. The so obtained Ni 2p and In 3d spectra are
shown in Fig. 4a and b. In the as-synthesized condition (i.e.
prior to electrochemical testing), the Nislng,Ox sample

XPS investigation of Ni,,In,,0x

(a) Ni2p
Quasi in situ . .
Exposed to air Ni2* Ni°

Normalized intensity / a.u.

890 séo 8%0 8é0 8&|'>0
Binding Energy / eV

-1.0V-1h

-0.8V_10h | L /L__,/ /\

-0.8V_1h

As synth.

(b) In 3d

In3*  In® In3*  In®
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250 445
Binding Energy /eV
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Fig. 4 XPS spectra for (a) Ni 2p, (b) In 3d core levels for NigglngoOx thin films as-synthesized and after CO,ER electrolysis test at —0.8 V for 1 h,

10 hor —1.0 Vfor1h.
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displays the typical Ni 2p and In 3d spectra of Ni(u) and In(u)
oxides, respectively. After CO,ER electrolysis at —0.8 V or
—1.0 V, peaks of metallic Ni (852.8 eV) and In (443.8 eV) are
observable together with signals of oxidized Ni(u) and In(im)
most likely as oxides or hydroxides. The results indicate the
presence of metallic Ni and In together with persistent oxidized
Ni and In species after CO,ER electrolysis. However, the spon-
taneous formation of surface oxidized species upon bias
removal in the presence of water even in the O,-free environ-
ment of the glovebox cannot be excluded. Note that the Ni 2p
and In 3d spectra of samples exposed to air after electro-
chemical testing in the glovebox (Fig. 4a and b) display
a predominance of oxidized Ni and In species at the surface;
these results demonstrate the efficacy of the quasi in situ
approach in preserving the surface and preventing oxidation
prior to XPS analysis.

Furthermore, a very dynamic surface composition was
observed by XPS (Fig. 6a). In the as-synthesized condition, the
sample displays a surface Ni fraction (referred to total Ni + In

0
02} J
(a).o_4 —J rotaL |
o -0.6
E.08 @-0.8Vge
< -1 4 i A i i Y
Ea2
—-14
1.6
1.8}
u H2 e CO A HCOO & FE total
gl * ¢ T e e e s,
g 8ol o
© 70fe® o @ °
S 6o} o' ee®
& sof ol IR I T SIS
% 40
- 30
O 20} A A A A . A 2 _
S of"ssf g g w m wmsam mo® o EEEEEEE
0 1
0 1 2 5 8 9
time/h

View Article Online

Paper

surface content, [Ni/(Ni + In)] x 100) of 27 at%, a value lower
than the bulk Ni fraction determined by ICP-OES, which indi-
cates an enrichment of In at the oxide thin film surface. After
CO,ER testing up to —0.8 V, the surface Ni fraction decreases to
20 at% in contrast with the 38 at% bulk Ni fraction determined
by ICP-OES. Taken together with the observations of Ni-rich
dense particles embedded in amorphous matrix seen by
STEM-EDS mapping (Fig. 3h), we conclude that the —0.8 V
condition induces Ni depletion from the surface and enrich-
ment in the bulk and increases the relative In fraction at the
surface. Similar segregation of In towards the surface has been
previously observed in Cu-In** and Sn-In.”” Interestingly, after
CO,ER testing up to higher bias (—1.0 V), the surface Ni fraction
is 33 at%, a value closer to the bulk Ni fraction determined by
ICP-OES at this potential (36 at%). These observations agree
with the formation of In-rich larger particles (In and NisIn;)
decorated with Ni-rich smaller crystallites observed by HRTEM
(Fig. S6T) and TEM-EDS mapping (Fig. 3i). The dynamic
changes in metal composition observed at the surface (XPS) and

8 Nior NilIn,
In :

Fig.5 Study of long-term stability of NisglngoOx thin films during CO,ER testing at —0.8 V in CO; sat. 0.1 M KHCOs. (a) CO,ER activity over 10 h
test. (Top) Current density profile vs. time. (Bottom) Faradaic efficiencies for H, (grey squares), CO (red circles), formate (green triangles) as well as
added total (black diamonds). Structural characterization of thin film sample after long electrolysis (10 h) test (b) SEM, (c) STEM-EDS mapping and

(d) TEM-SAED analysis is displayed as inset (scale bar 5 nm™3).
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bulk (ICP-OES) for the Ni,oIng,Ox samples after CO,ER testing
are summarized in Fig. 6a.

3.2.2 Study of long term CO,ER activity. In view of the
dynamic structural transformations observed for the NiyIng,Ox
thin films during CO, electroreduction, the stability was
investigated over a long-term CO,ER measurement. A Nig,-
IngoOx sample was tested at —0.8 V for 10 h in CO, saturated
0.1 M KHCO; (Fig. 5). The current density stabilizes around
~—0.95 mA cm 2, the CO faradaic efficiency FEco decreases
gradually but continuously from 70-80% in the first 2 h to
~50% after 10 h. As discussed earlier, after CO,ER at —0.8 V for
1 h, the catalyst is composed of Ni-rich nanoparticles embedded
in an amorphous material likely composed by residual mixed
oxide and small NixIny crystallites (Fig. 3b, e and h). After 10 h,
SEM and TEM investigation of the catalyst structure (Fig. 5)
reveal further structural changes: at this stage, the catalyst is
composed of a network of interconnected nanoparticles with
diameter <50 nm (Fig. 5b). STEM-EDS mapping indicates the
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presence of both Ni and In within the nanoparticles, with some
regions enriched with In (Fig. 5¢). SAED analysis of d-spacings
indicates the formation of metallic In, Niln and NizIn, alloys
(Table S37). Furthermore, HRTEM analysis confirms formation
predominantly of NizIn, large domains with diameter >20 nm,
see details in Fig. S7 and Table S6.F

The changes in metal composition observed before and after
the extended electrolysis test at —0.8 V are summarized in
Fig. 6a. The bulk Ni fraction determined by ICP-OES decreases
from 38 at% to 33 at% after 1 and 10 h of CO, electrolysis at
—0.8V, respectively, indicating a slow but sustained leaching of
Ni. However, the surface Ni fraction determined by quasi in situ
XPS remains rather constant at around 20% following the 10 h
electrolysis test. This stability indicates that the CO selectivity
loss observed in this experiment is not simply attributable to
changes in the surface Ni fraction (i.e. Ni : In surface ratio) but
rather correlates with the structural changes taking place:
progressive reduction of the residual amorphous oxide to alloy

Dynamic composition and structure of Ni,yIng,Ox catalysts during CO, electrolysis
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Fig. 6 Dynamic composition and structure of NizglngpOx catalysts d

uring CO, electrolysis. (a) Surface and bulk Ni fraction (referred to total

metal Ni + In) observed for in NisglngoOx samples during CO,ER electrolysis, surface composition was investigated by XPS in samples transferred
from the glovebox (filled black squares) and after exposure to air for 24 h (hollow black squares). Bulk composition was investigated by ICP-OES
(red circles) and EDS in SEM (blue triangles). Error bars display the standard deviation in quantification results on at least two samples measured 3

different spots. (b) Correlation of surface roughness (as Cp,, blue squa
evolution of NigglnggOx mixed oxides during CO,ER in 0.1 M KHCOs.
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and aggregation of larger alloy grains leading to a decrease in
roughness as evidenced by decrease of capacitance to 74 pF
cm ™ ? (Fig. 6d and S107). The CO selectivity decrease in favor of
formate and H, occurring during long electrolysis test at —0.8 V
is likely caused by these structural transformations.

It is worth noting that the surface Ni fraction measured on
this sample after exposure to air for 24 h is significantly lower
(~10 at%) than that observed on the sample preserved under
inert atmosphere between electrochemical testing and XPS
analysis (20 at%). Such an effect is likely the result of a segre-
gation of In towards the surface of Ni;In, grains upon oxidation
in air. This observation highlights the importance of mini-
mizing or excluding air exposure before the analysis of the
surface composition, as it leads not only to changes in surface
speciation (i.e. oxidation of the majority of metal surface sites),
but also to changes in the relative metal surface composition.

3.3 Structure-activity correlation

The detailed structural investigation after diverse electro-
chemical testing conditions reveals that the NiyoIng,Ox mixed
oxides act as a pre-catalyst material which undergoes complex
structural transformations during in situ reduction under CO,ER
conditions. The structural changes are strongly dependent on
applied bias and electrolysis time. Our conclusions are summa-
rized in Fig. 6¢ and as follows: At low bias E < —0.8 V during short
electrolysis times (1 h), an early stage of material reduction is
observed in which NixIn, alloy grains are formed embedded in
amorphous Ni-In mixed oxide, denoted NixIny/Niso xIng_yOX,
as observed by SEM/TEM (Fig. 3 and S5¢). It is at this heteroge-
nous NixIny/Nig_xIng,_yOx alloy/oxide composite that the
highest roughness and CO selectivity is observed (71%). Further
increase of reductive bias to —1.0 V (Fig. S6f) or prolonged
electrolysis for 10 h at —0.8 V (Fig. S71) results in complete
reduction of the residual Ni,oIng,Ox film into interconnected
array of In-Ni-NiyxIny, nanoparticles, which display significantly
lower CO selectivity (<50%) at —0.8 V. Two main structural
changes are triggered at high reductive bias (E < —0.9 V) or over
extended electrolysis at —0.8 V: (1) the reduction of the residual
amorphous oxide to alloy and (2) the aggregation of larger metal/
alloy grains leading to a decrease in roughness as evidenced in
the Cp;, measurements (Fig. 6b and S101). The CO selectivity
decrease from 71% to 50% at —0.8 V during 10 h or the increase
in formate selectivity (62%) at —1.0 V could therefore be corre-
lated to these structural transformations. However, the experi-
ments presented so far do not allow us to conclude if the
selectivity changes are only directed by the changes in catalyst
composition/morphology, or if they are governed by a change in
bias-dependent CO,ER activation mechanism as well.

The increase in formate selectivity at higher reductive bias (E
< —0.9 V) is likely to be combined effect of both processes:
structural changes and activation of a favorable formate
pathway in this potential range. Several formate selective CO,ER
electrocatalysts composed of Sn,**?° In">"” as well as bimetallic
compositions such as Cu-Sn**** and Cu-In** reach their best
formate selectivity at medium-high reductive bias ranges (E <
—0.9V).
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In order to distinguish the effects, a sample was tested up to
—1.0 V to ensure material transformation from amorphous
oxide film into In-Ni-NizIn, nanoparticles composite and
subsequently tested again for CO,ER at —0.8 V, the potential at
which CO production is typically favored. The results are dis-
played in Fig. S8.7 The FE¢o observed at —0.8 V for this sample
(46%) is very similar to the FEgo observed on the nanoparticle
network formed after 10 h of electrolysis at —0.8 V (50%). Two
conclusions can be drawn from this experiment. The first is that
the catalyst fully transformed into In-Ni-Ni;In, nanoparticles
composite displays a shift in selectivity from CO (46%) at —0.8 V
to formate (62%) at —1.0 V, indicating that increasing bias does
favor a formate production pathway in this catalytic system,
even if structural changes have already been completed. The
second is that in the early stage of structural transformation
from mixed oxide to In-Ni-NizIn, nanoparticle composite
catalyst, the amorphous materials composed of oxide and small
crystallite NixIny play a key role in the high CO selectivity (70%)
observed during the first hours of catalytic test at —0.8 V (Fig. 5).
To summarize, the CO selectivity loss observed during CO,ER
tests at —0.8 V from 71% (1 h) to 50% (10 h) is associated with
the slow transformation of amorphous oxide/alloy composite
into aggregated In-Ni-Niz;In, nanoparticles composite at this
potential. The increase in formate selectivity at £ < —0.9 V
appears to be triggered, at least partially, to the activation of
favorable formate pathway at this potential.>7?%33

The observation of these highly dynamic structural trans-
formations emphasizes the necessity to investigate catalyst
materials in detail not only before catalytic testing in the as-
synthesized condition, but also during and after CO,ER elec-
trolysis. Such detailed characterization allows evaluation of the
impact of structural changes on the observed CO,ER selectivity
trends while recognizing that often both structure and CO,ER
selectivity are dependent on applied potential and experiment
runtime. In the specific case of the NisoIng,Ox mixed oxide
catalyst in this study, the identification of the residual mixed
oxide film as an important aspect in the observed CO selectivity
provides a catalyst design goal to stabilize the oxidized phases
during catalysis. The CO selectivity of oxidized Ni(u) sites has
already been demonstrated for Ni “single atom” sites on N-
doped carbon materials,>** pointing to a possible common
feature favoring CO selectivity on Ni-based catalysts when
comparing to our results. While in our case the progressive in
situ metallization and loss of oxide is sensitive to potential and
time under steady-state operation, we note that innovative
strategies to stabilize metastable oxidized species - such as
electrochemical pulsing involving periodic surface re-oxidation,
which has been demonstrated for tuning selectivity and
improving stability on copper - could be pursued for mixed-
metal systems such as those shown here toward the goal of
further controlling selectivity and stability.

3.4 Oxide-derived vs. alloy catalyst

To further investigate if the original Ni,Ing,Ox mixed oxide is
necessary to attain high CO selectivity at low bias (E > —0.8 V),
an alloy of similar metal composition, Ni,In;, was synthesized

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Structural characterization of NiyIns alloy synthesized by annealing of mixed oxide film in forming gas at (2.4% H, in Ar) at 500 °C. (a) SEM
micrographs (low magnification image presented as inset) (b) GI-XRD patterns collected on samples deposited on Si wafer; reference XRD
patterns for In,Oz (PDF 00-006-0416), NiO (PDF 01-085-5454) and Ni,Ins alloy (PDF 04-003-1606) are displayed for comparison. (c) CO,ER
activity of NizolngoOx mixed oxide and NiyInz alloy in CO, sat. 0.1 M KHCOs3 at various applied bias between —0.7 Vand —1.0 V vs. RHE. Note that
at each potential, the left components correspond to NisglngoOx mixed oxide (FE: solid-colored bars; total current density: black squares), while
the right components represent Ni,Inz alloy (FE: lighter, patterned bars; total current density: white squares).

by thermal treatment of a mixed oxide thin film under forming
gas atmosphere (see Experimental section for details). This
method yields an array of Ni,In; alloy nanoparticles as seen in
the SEM micrographs and GI-XRD characterization (Fig. 7a and
b). The comparison of CO,ER activity between mixed oxide
Ni,oIngoOx thin film and the Ni,In; alloy nanoparticles is dis-
played in Fig. 7c. The results show that the CO selectivity for
Ni,In; is significantly poorer than for NiyoInegOx mixed oxide
and provide further evidence that the use of the mixed oxide as
a starting material (or pre-catalyst) is essential to the in situ
formation of an oxide-derived Ni-In composite with high CO
selectivity during CO,ER.

These observations, together with residual amorphous
mixed oxide observed for Ni,oIne,Ox sample in its CO-selective
form (CO,ER at —0.8 V for 1 h) by TEM, SAED (Fig. S4, S5t) and
quasi in situ XPS (Fig. 5), indicate that residual amorphous oxide
favors improved CO selectivity. These persistent Ni-In oxides
exhibit poor stability under CO,ER conditions and are slowly
reduced over the course of several hours. It is worth noting,
however, that the metal In-Ni-NixIn, alloy nanoparticles
produced by in situ reduction of the NiyIng,Ox thin film at
—0.8 V(10 h) or —1.0 V (1 h) display significantly better CO,ER
selectivity (CO + formate) over H, in comparison with the Ni,In;
alloy nanoparticles (Fig. 7c). These results indicate an advan-
tage of oxide-derived Ni-In composites over metallic/alloy
materials as has been previously reported for Cu,*** In****
based catalysts, other bimetallic composites,”** and more
recently Ni catalysts.*” In the aforementioned study, the authors
found that the persistence of polarized Ni’" sites in oxide-

This journal is © The Royal Society of Chemistry 2022

derived Ni catalysts weakens *CO binding at the catalyst
surface facilitating its further reduction to hydrocarbons.
Similar effect of weaking of *CO and *H binding has been re-
ported for positively polarized In sites.*® It is likely that for the
Ni,oIngOx mixed oxides presented here, the persistence of
oxidized Ni and In sites at —0.8 V contribute to the weakening of
*CO, facilitating its release as main product.

4 Conclusions

NiIngOx mixed oxide amorphous thin films with homogeneous
metal distribution were successfully synthesized by spin coating
of a solution containing metal chloride precursors in desired
ratios. The CO,ER activity evaluation of in situ reduced NiIngOx
mixed oxides with Ni fraction between 25-50 at% shows favor-
ability towards CO production (FEco > 70%), in strong contrast
with the behavior of the single metal oxides NiO (>90% H,) and
In,0; (FEpormare > 80%). The best performance in terms of
FEco and CO partial current density was found for the Niyo-
IngeOx thin film at —0.8 V with 71% FE¢o and CO partial current
density ~—1.0 mA cm 2. At higher reductive bias of E < —0.9 V,
the selectivity shifts to favor formate. This shift in selectivity is
accompanied by a structural transformation starting from an
amorphous mixed oxide into a composite of interconnected
nanoparticles composed of metallic In, Ni and NixIny alloys
denoted In-Ni-NixIny. The correlation of structural character-
ization after CO, electrolysis at different conditions (potential,
time) with observed CO,ER catalytic activity reveals that the CO
selectivity is favored by the presence of persistent oxidized Ni(1)
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and In(u) species as well as small NixIny alloy crystallites in the
form of amorphous oxide/alloy composite during the early
stages of material transformation at low reductive bias (£ =
—0.8 V). However, this amorphous oxide/alloy composite
material is unstable under operation conditions and transforms
- gradually at —0.8 V (10 h) or more readily at —1.0 V (<1 h) - to
form an In-Ni-NixIny nanoparticle composite displaying lower
CO faradaic efficiency at a low bias of —0.8 V (FEco 50%) and
favored formate selectivity (62%) at —1.0 V. Our experimental
results indicate that the CO selectivity loss from 71% to 50%
during 10 h of electrolysis at a low bias of —0.8 V is associated
with the slow structural transformation of amorphous Niy,-
IngcOx mixed oxide into In-Ni-NixIny nanoparticles composite
at this potential. The increase in formate selectivity at high
reductive bias of E < —0.9 V is likely the result of a more
favorable formate pathway in this potential range, as such an
effect has been observed in other In and Sn based
electrocatalysts.
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