Sustalnable

Chemistryz Engineering

Subscriber access provided by INDIAN INST OF TECH KHARAGPUR

Electroreduction of carbon dioxide into selective hydrocarbon at low
overpotential using isomorphic atomic substitution in copper oxide

Subramanian Nellaiappan, Ritesh Kumar, C. Shivakumara, Silvia Irusta, Jordan A. Hachtel,
Juan Carlos Idrobo, Abhishek K. Singh, Chandra Sekhar Tiwary, and Sudhanshu Sharma

ACS Sustainable Chem. Eng., Just Accepted Manuscript « DOI: 10.1021/
acssuschemeng.9b05087 « Publication Date (Web): 22 Nov 2019

Downloaded from pubs.acs.org on November 27, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 33

oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

Electroreduction of Carbon Dioxide into Selective
Hydrocarbon at Low Overpotential Using Isomorphic
Atomic Substitution in Copper Oxide

Subramanian Nellaiappan, Ritesh Kumar®, C. Shivakumara?, Silvia Irusta’, Jordan
A. Hachtel”, Juan-Carlos IdroboY, Abhishek K. Singh¢, Chandra Sekhar TiwaryY,
Sudhanshu Sharmaf*

"Department of Chemistry, Indian Institute of Technology Gandhinagar, Palaj, Gandhinagar
382355, Gujarat, India

tMaterials Research center, Indian Institute of Science, Bangalore-560012, India

iSolid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560012, India
SDepartment of Chemical Engineering, Nanoscience Institute of Aragon (INA), University of
Zaragoza, 50018 Zaragoza, Spain

Y Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee,
USA

¥YMetallurgical and Materials Engineering, Indian Institute of Technology, Kharagpur, India

*Corresponding Author E-mail: ssharma@iitgn.ac.in (S.S), chandra.tiwary@metal.iitkgp.ac.in
(C.S.T), abhishek@iisc.ac.in (A.K.S)

1

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

ABSTRACT

The conversion of carbon dioxide into selective hydrocarbons is vital for green energy
generation. Due to the chemical instability and lower activity, environmentally stable transition
metal oxides (e.g. CuO) are unpopular for CO, electroreduction catalysis. Here, we demonstrate
substitution of Cu with isomorphic atom i.e. Ni in the CuO and utilize it for improving the
hydrocarbon selectivity by 4 times as compared to pristine CuO. Hydrocarbon formation is
achieved at the lowest possible applied potential (-0.2 V RHE). This gives the overpotential of
about 0.37 V for methane and 0.28 V for ethylene, the lowest ever reported. Employing the ionic
interaction between Ni and Cu, this catalyst suppresses the hydrogen evolution reaction (HER) to
improve the hydrocarbon selectivity prominently. It is observed that current normalized by the
BET surface area gives 15 to 20 times enhancement in the case of Ni substituted CuO compared
to undoped CuO. The in situ experiments indicate that Ni doped CuO prefers CO pathways
compared to formate resulting into high hydrocarbon selectivity. The experimental observation is
further supported by DFT studies, which reveals that Ni-doped CuO catalyst has higher limiting
potential for CO, electro-reduction to CH4 due to the stabilization of CH,O intermediate on
Cug.9375Nig 06250 surface rather than the CHO intermediate, in comparison to the pristine CuO

surface.

KEYWORDS: redox-active catalyst, isomorphic atomic substitution, nickel-substituted copper

oxide, CO; electroreduction, FTIR and DFT studies.
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INTRODUCTION

Conversion of CO, in to value added products is beneficial for both environment and
energy.!”> Alongside thermocatalytic’ and photochemical*>, electrochemical conversion of CO,
has attracted much interest due to its efficient production of a variety of gaseous and liquid
products under ambient temperature and pressure.? 7 Among these numerous products, C;- and
C,-hydrocarbons (CH4 and C,H,) are exceptionally attractive but remains elusive due to their
high energy densities. In particular, ethylene is highly valuable as it is a key material for
manufacturing of polyethylene.® There are many challenges associated with the electrochemical
reduction of CO, such as large overpotential and unavoidable competition with hydrogen
evolution reactions (HER) in aqueous environment.’
Considerable effort has been devoted to develop new catalyst, which can promote CO,
electroreduction activity with high efficiency and selectivity while suppressing the competing
HER. Several heterogeneous catalysts have been developed to improve the electrocatalytic
activity by modifying the bulk surface to nanostructures focusing on Cu,!%13 Ni,'4 Au,’5 Ag,'¢
Sn,!7 In,'® Pd!®. Out of these, Cu is unique as being the only material to convert CO, into
hydrocarbons with high faradaic efficiency!'®-!3 but it has high overpotential, wide product
distribution and undesired hydrogen evolution reaction. To overcome these challenges, alloying
Cu with other metals?*?* and several nano-structured metal oxides?2® and derived-metal
oxides?*3! and supported-metal oxides’’3* have been employed as precursors and/or
electrocatalysts for enhanced electrochemical reduction of CO, in to desired products. The
reasons behind the catalytic activities of these oxides are optimum binding energy of reaction

intermediates®>-?%, multiple valences metal,>*-3! and synergetic effect.32-34
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It is well-known that replacing a small fraction of the isomorphic cations in a host metal oxide
with a different cations (doping) can change the electrochemical performance of the metal oxide
catalyst due to its synergetic effect.>>3¢ Adopting the similar substitutional chemistry, we
developed a new electrocatalyst by substitution of isomorphic Nickel (Ni** cation; as dopant) on
copper (II) oxide (CuO as host) using solution combustion method. Nickel and Copper in their
metallic state have highly similar over potentials for CO, electroreduction therefore, it is
expected that synergy between the two in the ionic state can tune the electrocatalytic activity. By
exploiting the efficient ionic interaction between Cu and Ni, we effectively enhance both CO,
electroreduction and the hydrocarbon selectivity. This is a new strategy and has not been
explored previously.

EXPERIMENTAL SECTION

Synthesis

Solution combustion method has been widely known for preparing the doped metal oxides and
simple metal oxides because of its rapidness and large yield of the final product with high
crystallinity. In a typical preparation of Ni-doped CuO (Cu;4NiO; x= 0.05 and 0.1), 2.57 g
(x=0.05) or 2.72 g (x=0.1) of oxalyldihydrazide (ODH) was dissolved in hot deionized water.
This is followed by the addition of 5.0 g of Cu(NO;),-3H,0 (99.9% purity) and 0.32 g (x=0.05)
or 0.67 g (x=0.1) of Ni(NOs3),-6H,0 (99.9% purity) to make a clear solution. For CuO, 2.44 g of
ODH and 5.0 g of Cu(NO3),-3H,0 was used. For NiO, 2.03 g ODH and 5.0 g of Ni(NOs3),-6H,0
was used. Further, the solution was stirred using glass rod and evaporated by heating at 70°C
until we get a homogeneous solution. The as-prepared clear solution was placed in a muffle
furnace preheated at 400°C for 20 min. Then, the dish was cooled and powder was collected in

crucible, which was kept for calcination at 500 °C for 10 h (Figure 1a). For NiO-deposited-CuO
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(NiO/CuO) 200 mg of as-prepared CuO and 73.5 mg NiNO;.6H,O (equivalent to 10% Ni in
CugNig;0) are dispersed in 10 ml Millipore water followed by sonication for 30 mins. Further,
2 mL of 1.0 M KOH was added drop wise until precipitation starts followed by leaving it for 1
hr. The precipitate was washed thoroughly with water, filtered and dried at 80°C. A final
calcination step was carried out at 350°C for 10 hour to convert nickel hydroxide into nickel
oxide. Likewise, Ni-deposited-CuO (Ni/CuO) was synthesized by chemical reduction method.
Briefly, 200 mg of as-prepared CuO with 73.5 mg NiNO;.6H,O (equivalent to 10% Ni in
Cug9Niy;0) was dispersed in 10 mL Millipore water. 1 mL of 99% hydrazine hydrate solution
was then added drop wise to reduce nickel nitrate into nickel metal. The obtained compound was
washed, filtered and kept for drying at 80°C for 4 hrs.
Instrumentation

Combustion synthesized Ni-doped-CuO (Cug¢Nip 0, and CuggsNigosO) and CuO have
characterized by powder X-ray diffraction (XRD), Rietveld refinement, BET surface area
measurement, field emission scanning electron microscopy (FESEM-EDS), high resolution
transmission electron microscopy (HRTEM-EDS), and X-ray photoelectron spectroscopy (XPS).
Powder XRD was carried out using Bruker D8 Discover diffractometer (Germany) in the range
of 20 —80° to the crystal phases. The Rietveld refinement was done using the FullProf-fp2k
program varying 17 parameters simultaneously such as overall scale factor and background
parameter. BET was carried out in Micrometrics 3Flex. Samples were degassed under vacuum at
150°C before the analysis. High resolution scanning electron microscopy was performed by
using JEOL (JSM7600F) with energy dispersive spectroscopy (Oxford, Model INCA Energy 250
EDS). The high resolution transmission electron micrographs were acquired using an FEI Titan

Themis (s) transmission electron microscope. The XPS was performed with Axis Ultra DLD
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(Kratos Analytical Limited). The spectra were obtained by using the mono-chromatized AlKa
source (1486.6 eV) run at 15 kV and 10 mA. For the individual peak regions, pass energy of 20
eV was used. Survey spectrum was measured at 160 eV pass energy. Analysis of the peaks was
performed with the Casa XPS software, using a weighted sum of Lorentzian and Gaussian
components curves after Shirley background subtraction. The binding energies were referenced
to the internal C (1s) (284.9 eV) standard.
Electrochemical studies and product analysis
Electrochemical studies were performed using the conventional three-electrode system at
CHI660E electrochemical workstation. All solutions were prepared using double-distilled water.
Working electrode was made by mixing 100 mg of prepared catalyst and 200 puL of 5% Nafion
solution as binder. After that 300 uL of isopropanol was added to it to make thin slurry followed
by deposition on a glassy carbon working electrode (GCE). Geometric area of the electrode was
0.071 cm?. Platinum wire was used as the counter electrode, and Ag/AgCl (saturated KCI)
electrode was used as the reference electrode and 0.5M NaHCO; was used as supporting
electrolyte. The estimated uncompensated resistance in the cell is 134.1 ohm. The conversion of
potential to RHE was calculated by using the equation: E (RHE) = E (Ag/AgClI) + (0.196 + 0.059
pH). Electroreduction of CO, measurements were carried out using the CO, saturated 0.5 M
NaHCOj; (pH= 6.8) electrolyte, i.e., after CO, purging for 30 minutes under room temperature.
An air-tight electrochemical cell was used for the gaseous product formation and
analysis. For quantification of gaseous products, a gas-tight syringe (Hamilton, 1000uL) was
used to transfer the evolved gases into a gas chromatograph (GC; CIC Baroda). Haysep-A
column was used for separation and a Flame Ionization Detector (FID) for detection of CO and

hydrocarbons. Thermal Conductivity Detector (TCD) for H, detection. A standard gas mixture
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was used for calibrating the GC. For liquid products, Gas chromatograph (Agilent 7890) was
used.

The faradaic efficiency (FE %) is calculated based on the equation (1):

x F x

FE% =—— )

>< 100 - (1

where, n is the number of electron transferred in the faradaic process; F is Faraday constant,
96485 C/mol; N is the amount of the generated product in this process; Q is the total charge
passed through the whole reaction.

In situ FTIR under gaseous environment

DRIFTS experiments were performed with CuO and CuygNip;O (mixture of KBr) under
different gaseous composition and at different temperatures using a Thermo Scientific
NICOLET-iS50 FTIR spectroscope. The DRIFTS cell (Pike Technologies, USA) with an
environmental chamber was used to record the IR spectra. The cell was first purged with ultra-
high purity nitrogen (UHP N;). All the experiments were carried out a fixed flow rate of 20 ml
min’!, which is controlled by mass flow controller. The catalysts were first heated from room
temperature to 200°C and then cooled to room temperature in UHP N,. FTIR spectra were then
recorded at different temperatures in the presence of different gases. A spectrum of powdered
KBr recorded in UHP N, at room temperature and 100°C which served as the background at
room temperature and higher temperatures.

Computational Methodology

Density functional theory (DFT) was used for theoretical calculations, implemented in the
Vienna ab initio simulation (VASP) package.’” Dudarev’s approach was utilized for treating the
localized nature of electrons in the d orbitals of transition metal oxides.’® The Electron-ion
interactions were described using all-electron projector augmented wave pseudopotentials, and
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Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA)*® was used to
approximate electronic exchange and correlations. The Brillouin zone was sampled using a
10x12x8 and 5x4x1 Monkhorst-Pack k-grid for the bulk and slab calculations, respectively. All
structures were relaxed using a conjugate gradient scheme until the energies and each component
of the forces converged to 10-° eV and 0.01 eV A-!, respectively. The (111) surface of CuO was
generated from their optimized bulk structures using Virtual Nano Lab version 2016.2. The
structure of Cug9375Nig 06250 random alloy was generated from CuO (111) surface using the
Alloy Theoretic Automated Toolkit (ATAT) code.*® The structure had 4 layers of atoms with the
bottom three layers frozen, and allowing only the topmost layer to relax, in order to mimic the
bulk behaviour. For both Cu and Ni atoms, the values of U (Hubbard parameter) and J (on-site
Coulomb interaction) were taken to be 7.5 and 1, respectively. The vibrational frequencies were
calculated by employing density functional perturbation theory (DFPT).
RESULTS AND DISCUSSION
Characterizations

Figure 1(b) showed the comparative powder X-ray diffraction patterns of Cuy¢Nig;O,
Cug9sNigpsO, CuO and NiO. Intense and sharp peaks suggesting that the obtained
electrocatalysts are crystalline. In the case of CuggsNigosO, no additional significant peak
corresponding to Ni metal or NiO is observed confirming the substitution of Ni in host CuO and
forming solid solution. XRD of Cugy¢Nip;O shows two additional new peaks related to NiO,
indicating a phase like NiO/Cu;_4NiO forms. Presence of some metallic Ni can also not be ruled
out which may be present in low concentration with size in nano range, not detectable in the
XRD. XRD of Ni/CuO and NiO/CuO can be seen in Figure S1(a) in supporting information.

Both Ni/CuO and NiO/CuO show peaks related to Ni metal and nickel oxide and these are
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considered as the supported catalysts. Rietveld refinement is carried out to estimate the
correctness of the phase and change in the lattice parameter/volume after the doping. Figure
S1(b-d) displayed the observed, calculated and difference plot for Cug9Nij 0, Cug9sNigosO and
CuO, respectively. Rietveld refined plot of Cug9sNij 05O shows closeness between calculated and
observed pattern. All the parameters estimated after Reitveld refinements are shown in
Supporting Table S1. Considerable decrease in the lattice parameter of CuO after the Ni doping
is observed. This agrees with the smaller size of Ni*" ion than Cu?* ion. As a result of decrease in
the lattice parameter, there is a decrease in the total lattice volume confirming the bulk doping of
Ni?*in CuO host. Lattice shrinking will also have contribution from lattice strain and defects also
which will prevent to validate Vegard’s law. Surface areas of all the samples are measured by
BET method and the surface are values are 0.58 m?/g, 0.74 m?/g and 1.7 m?/g for Cuy 9s5Nig 050,

CuyoNig 0, CuO respectively. The surface area for both NiO/CuO and Ni/CuO is 5.0 m?/g.

Surface morphology and composition of Cuy¢Nig;Ois studied using FE-SEM and HR-
TEM with EDS mapping. The FE-SEM along with EDS elemental mapping images of
CugoNip O (Figure 1(c-g)), which confirms the presence of Ni over CuO host. In addition, the
dark field TEM image (Figure 2a) and high resolution scanning transmission electron
microscopy (STEM) image (Figure 2(b,c)) indicates the cluster nature of CuyoNip;O. Electron
energy-loss spectra (EELS) are acquired from three individual nanoparticles (indicated in Figure
2(c)) that show prominent signals from both the Ni and Cu M-Edges at 68 eV and 74 eV
respectively (Figure 2(d)). The composition of the large cluster shown in Figure 2(b) is
established through EEL-spectrum imaging, where spectra are acquired at each position in the
region of interest. The spatial distributions of the Ni and Cu are shown in Figure 2(e) and 2(f)

respectively, with the overlay of the two signals plotted in Figure 2(g). The spectrum imaging
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confirms the purity of the catalyst, being composed mostly of Cu with small fractions of Ni.
High resolution planar TEM image of CuyoNip;O show uniform arrangements of atoms and
well-defined lattice fringes with its Fourier transform in the inset (Figure 2(h)) confirming the
crystallinity with an inter-planar distance of 0.2 nm and (102) planes. We do observe other
binding state of Cu and Ni, which can be attributed to Surface Ni/Cu atoms, vacancy and defects
present in samples. Such Ni and Cu atoms may also contribute in chemical reactions as a minor
contributor. The above composition studies confirm the presence of Ni, Cu and Ni-substituted-

Cu homogeneous regions of Cuy9Nig ;O.

(a) Synthesis of Nickel(ll)-substituted Copper (1) oxide catalyst and CO, catalysis:

I. Precursors:
Cu(NO3)5. 3H,0 *

NiNO3)z.6H;0 % o — Calcination -
FuetODH (¥ @400°C, 20 mins ’_ _,,,-| @500°C, 10 hrs .
--------- > wemneene g
. ‘ .- ;

Cuy,
High crystalline
Metal oxide dry
powder metal oxide

Ii. Precursors:
Cu(NO3);. 3H,0
Fuel: ODH

- { i .
(b) ——— & 3 E (e) Ni
[ | G-
3 Cug g5Nig 050
L
=
2
= (002) (111)
= CuO

(110)

(200) i
(111) ©20) * NiO
Jl (311)
1 1

30 40 50 60 70
20 ()

Figure 1. Schematic representation for the synthesis of Ni-substituted-CuO and pure host CuO
catalysts using solution combustion method (a), comparative XRD patterns of CugyoNig;0,
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Cuyg95Nig 95O, CuO and NiO catalysts (b), FE-SEM image of CuggNij;O (c) along with EDS
elemental mapping for Cu Ka (d), Ni Ka (e), O Ka (f) and its overlay (g) images.

oNOYTULT D WN =
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40 Figure 2. HR-TEM image of Cug9Niy ;O (a) along with STEM image (b, c¢), EELS signals (d),
41 EDS elemental mapping for Cu M-edge (e), Ni M-edge (f), overlay (g) and high resolution
planar image with its Fourier transform in the inset (h). Comparative high resolution XPS Cu(2p)
44 and Ni(2p) spectra of Cug9sNig ¢sO (1) and Cug9Nig ;O (j) catalysts.

Further, core XPS spectra of Cu(2p) and Ni(2p) in CuggsNigosO and CugygNij ;0 is shown in
50 Figure 2(i,j). In both cases, the doublet of Cu(2p) showed two peaks with the binding energies at
52 933.3 and 953.4 eV are due to Cu (2p;3») and Cu (2p;) of CuO, respectively.*4> Relatively

higher binding energy peaks at 941.3 and 943.6 eV are shake up satellite peaks for Cu (2p;/,) and
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peak at 961.8 eV is the shakeup satellite peak for Cu (2p;). Likewise, the binding energies of
Ni(2p), after deconvolution, is found as the doublet of Ni (2ps3,) at 852.9, 854.5 eV and of Ni
(2p1) at 870.8, 872.7 eV. Strong shake-up satellite peaks at 860.4 and 878.6 eV, respectively
also appear as expected.*!*> The broad peaks at 854.5 and 872.7 eV along with shoulder peaks at
852.9 and 870.8 eV are the unique features of NiO (related to Ni** state) and characteristic of
bulk nickel oxide.*!*? All these peaks collectively confirms the presence of free NiO on the
surface. Further, both Cu and Ni are solely in +2 oxidation state in both the catalysts.
Electrochemical studies

Initially, continuous cyclic voltammetry (CV) behavior of undoped (CuO and NiO), Ni-
substituted-CuO (Cug9s5NigosO and CuyoNip;O) and Ni metal and NiO-deposited-CuO (Ni/CuO
and NiO/CuO) drop-casted on glassy carbon electrode is studied in NaHCO; (0.5 M). Scan rate is
kept at 40 mVs'! for all the studies. This study is carried out to understand the basic
electrochemical properties of the materials. In order to avoid the oxygen evolution and hydrogen
evolution reactions, we restricted our working potential window from -0.8 V to 0.4 V vs.
Ag/AgCl. In Figure 3(a), CV of CuO showed a diffused redox peak with enhanced anodic (i,,)
and cathodic (i,c) current compared to glassy carbon electrode. Oxidation and reduction peak of
Cu?'/Cu® appears with the equilibrium potential (EV?) of 144 £ 2 mV with a peak-to-peak
separation (AE,) of 197 mV, measured from the last CV cycle. A characteristic pre-wave is also
observed at -0.07 V due to the oxidation of Cu® to Cu!* (Cu,0).3? The surface excess values (I),
i.e., number of moles of active sites available on the electrode surface, is 0.45 nmol cm™ (Figure
S2(a)), using the equation: /= Q/nFA.* Here, Q is the charge obtained for the redox peak, n is
the number of electrons involved, F is the faradaic constant and A is the area of the electrode.

Likewise, the Cug9sNig ¢sO showed similar redox features with EV2= 137 + 2 mV and AE, = 184
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mV values (Figure 3b) and the calculated I” value is 0.66 nmol cm? (Figure S2(b)). In
comparison, CV of Cuy9Nij ;O showed prominent redox peak at 0.051 and -0.192 volts. The
enhancement in the anodic and cathodic current is due to Cu?*/Cu® redox reaction coupled with
substituted Ni?>*/Ni° (Figure 3c). Corresponding E'2 and AE, values are 124 + 2 mV and 147 mV
with surface excess value (1) of 1.17 nmol cm™ (Figure S2(c)). It is noteworthy that the current
values of 1,, and 1,. and surface excess I" value of CuggNiy ;O is higher than Cug9sNig 5O, with
slight shifts (~13 = 2 mV) in the peak potentials. This indicates more number of available active
sites in the former due to higher Ni substitution. Comparatively, undoped CuO shows broad and
less intense peaks with peak voltages shifted by ~20 mV. Since XRD has shown the presence of
separated NiO phase (Figure 1b), CV of NiO alone and NiO deposited CuO (NiO/CuO) are
studied in the similar potential range as control experiments. No redox feature is observed on
NiO (Figure 3d), confirming that NiO phase is not a redox catalyst in the studied potential range.
In case of NiO/CuO (Figure S2(d)), CV looks similar to CuO(Figure 3c) demonstrating no effect
of NiO addition. CV for Ni metal supported CuO (Ni/CuO) is also performed as a control
experiment (Figure S2(e)). This is carried out to rule out the presence of any undetected metallic
nickel which may be present in the substituted compounds. In the CV, the redox features and the
overall response is quite close to CuO with diminished peak intensity. These experiments clearly
indicate the redox electrochemistry is only due to the interaction between substituted Ni>* species

and Cu?" and not from the separated Ni/NiO or NiO/CuO phase.
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Figure 3. Continuous CV responses of CuO (a) CuggsNigosO (b), CugoNip ;O (¢) and NiO (d)
coated GCE along with bare GCE at a scan rate of 40 mV s! in 0.5 M NaHCO; electrolyte

solution.

Further, the redox behavior and electron transfer properties of Cug9Nip ;0O and Cug95Nig 50, and

CuO is studied by varying the scan rates from 10 to 150 mVs! (Figure S3) and potential ranges

between -0.8V< 0 < 0.8V (Figure S4). While increasing scan rates (v), the respective i,, and i,

currents at corresponding redox peaks, are increased significantly with slight shift in E, and
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changes in AE, for all three electrocatalysts (Figure S3(a-c)). Presumably, the potential shifts
may be due to the sluggish electron transfer kinetics due to semiconducting nature of the
materials. A linear plot of peak current (i,) versus square root of the scan rate (v'’?) is drawn for
CugoNip ;O (Figure S3(d)), CuggsNigosO (Figure S3(e)) and CuO (Figure S3(f)), respectively.
The nature of this linearity is directly related to the sufficiently good conductivity of Cug¢Nijp ;O
in the studied scan rates.

In addition, the influence of potential window on electrochemical behaviors, the CV of
Cug9Nig 10, CuggsNigosO and CuO electrodes is recorded under various potential ranges (E= -
0.8V< 0 < 0.8V) at a scan rate of 40 mVs! (Figure S4). In the potential range of -0.4 to +0.4V,
the CV of CuyoNip;O (Figure S4(a)) and CuggsNigosO (Figure S4(b)) show similar redox
features as seen earlier. Once the potential window increased to -0.6 to +0.6V, the current values
of 1,, and 1y increased for both CugoNip ;0 and Cug9sNip sO. Wider potential window allows the
redox reaction to occur more profoundly causing the current to increase. This increase in current
is more significant in for Cug¢Nip ;0. At more positive side (0 to +0.8V), bubbling can be seen in
both electrodes due to oxygen evolution reaction (OER). In negative direction from 0 to -0.8V,
featureless CV response with considerable reduction current at -0.8V is seen. Once the range is
extended to -0.9V and -1V, a bubbling can be observed due to hydrogen evolution reaction
(HER) in both the electrodes. Similar explanation holds true for CuO also however; the current
densities are significantly lower that the Ni doped systems (Figure S4(c)). Following from the
results, the potential range is fixed from -0.8 to +0.4V vs. Ag/AgCl, in order to avoid OER/HER
electrochemical reactions.

Electrocatalytic CO, reduction
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To examine the catalytic activity of all the prepared electrodes for CO, electroreduction, CV
experiments were carried out in the N, (blank) and CO, saturated (purging for 30 mins) 0.5 M
NaHCO;s electrolyte at 20 mV s™!. All the CVs are carried out in the potential range of 0.0 to -0.8
V vs. Ag/AgCl. Comparative CV responses of CuO (Figure 4a), CugosNigosO (Figure 4b)
CugoNig 0 (Figure 4c), and are shown in CO, and N, saturated solutions. Blank GCE response
is also given with all the catalysts for comparison. In presence of CO,, a broad cathodic response
due to the electroreduction of CO, starts at an onset potential of about -0.54 V on CuO (Figure
4a). In Cuy95Nig 050, the cathodic current in CO, saturated electrolytes is 0.18 mA which is about
9 times higher than the N, saturated electrolyte (Figure 4b). Similarly, in Cug¢Nig 0, cathodic
response with an onset voltage of -0.35 Vis attained (Figure 4c). Onset voltage is about 20 mV
lower than undoped CuO demonstrating the catalytic effect of Ni>* in CuQ. Cathodic current at -
0.8 V is 2.9 mA in CO, saturated solution. This is about 14 times higher than N, saturated
solution confirming the high activity of CuyoNip;O0 for CO, electroreduction. Current density
after normalizing the surface area gives about 20 times higher activity in the case of Cug¢Nijp ;0
compared to CuO. Similar enhancement is about 15 times in the case of Cug9sNigosO compared
to CuO. Interestingly, pure NiO is non-catalytic towards CO, electroreduction and show almost
no change in current in CO, saturated electrolyte compared to N, saturated electrolyte (Figure
S5(a)). In order to ascertain that the catalysis is truly due to the substituted Ni** and Cu?*
interaction, CV experiment with NiO supported CuO (NiO/CuO) and Ni metal supported CuO
(Ni/CuQ) are also carried out (Figure S5(b) and (c)). The CO, electroreduction current with
NiO/CuO is 0.125 mA at -0.8 V. It is 0.06 mA with Ni/CuO catalyst. Current values over
supported catalysts are much lower than the Ni substituted catalysts (CugosNiposO and

CuyoNig0). These observations indicate that synergetic ionic interaction between Cu?" and Ni**
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is indeed is the major contributor for the observed enhanced activity. NiO/CuO and Ni/CuO are

on the other hand, minor contributor. Further, the estimated BET surface area of CugosNig 5O

and CugyNiy ;O are about 5 times lower than CuO, therefore, the high activity of the doped

compounds is truly due to ionically substituted Ni in CuO. All the current values as a result of

CO, electroreduction are normalized and compared with respect to BET surface areas (Table

S2). Cleary, doped compounds are remarkably higher active than CuO, Ni/CuO and NiO/CuO

further highlighting the importance of the ionic interaction for superior activity.
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Figure 4. Electroreduction CV response of CuO (a), Cu.95Nig 50 (b) and Cug¢Nig ;0 (c) in CO,
saturated (for 30 mins) 0.5 M NaHCO; electrolyte solutionsat a scan rate 20 mVs'l.
Chronoamperometric responses of CuO, CuggsNigosO and CugyoNig;O, at a fixed potential of -
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0.8 V vs. Ag/AgCl (i.e., -0.2 V RHE) for 1000 seconds (d) in CO, saturated 0.5 M NaHCO;
electrolyte solution. Bar diagram (with errors) for the faradaic efficiencies of their respective
carbonaceous species (e) and hydrogen (f) gaseous products detected in gas chromatography.
Steady state current responses for all the three catalysts in CO, saturated electrolyte at -
0.8V vs. Ag/AgCl (-0.2 V RHE), is shown in Figure 4(d). Initially the current decreased
gradually up to 400 s and attained steady state with a current value of 5.6 mA and 4.8 mA for
Cug9Nip ;O and CuggsNigosO, respectively. This indicates that both the catalysts are stable and
Cug9Nig ;O has higher electroreduction activity for CO,. In contrast, the CuO initially showed a
characteristic decrease followed by increase in current depicting an oxidation behavior. Steady
state is not attained even after 1000 seconds due to the instability of the CuO. In addition, CV is
carried out after this chronoamperometric experiment for CuyoNip ;O and CuO (Figure S6). It is
observed that the redox behavior of CuggNig ;O is preserved whereas it is diminished in CuO.
This highlights the Ni?" substitution in CuO on one-hand increases the activity and on the other-
hand imparts the stability.
In order to analyze the products formed after CO, reduction, the evolved gases were collected by
an air-lock syringe and the products were subjected to gas chromatography. The major gaseous
products on all there electrocatalysts are CO, CHy, C;H4 and H,. The liquid sample was also
collected and subjected to GC equipped with liquid detection capability. Exclusively, ethanol
was detected. Since most of the copper based electrocatalysts have been pronounced for the
formation of CH; and C,H,; with H, as the side product, it is interesting to note that Ni
substitution in CuO suppresses the hydrogen production significantly. This is also depicted in
terms of percent Faradaic efficiencies (FE %) for majorly gaseous products as shown in Figure
4(e,f). FE % of CO is same (1.0 %), for all the three catalysts as the copper based catalysts do not
favor CO formation.3? Comparatively, the formation of CH; and C,H, predominantly occurs on
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Cug9Niy ;O with FE % up to 29.4 % and 12.8 %, respectively (Figure 4e).The same was 20.2 %
and 8.7 % for CuggsNijsO. On CuO, the FE% for CH4 and C,H4 is 3 and 4 times lower than
CugNig 0. Inferior hydrocarbon FE % with CuO is due to the undesired HER and possibly a
different mechanism. The FE % for ethanol was 15.3% on Cug9Ni, ;O giving the total faradaic
efficiency 83.7%. FE % for hydrogen on Cug¢sNig¢sO and CugoNip ;0 is 25.4 % and 28.7 %,
much lower than CuO (35.9 %) as in Figure 4f. Thus, the presence of Ni in CuO host enhances
the formation of hydrocarbons while suppressing the hydrogen production.

Comparative electrocatalytic performance of the CuyoNip;O catalyst with literature is
available in Table S3 (supporting information). From the table it is also clear that hydrocarbon
efficiency of the doped catalyst is comparable or better at much lower applied potential. Total FE
% 1s 58 to 68 % for both the Ni substituted catalysts as only the gaseous products are analyzed.
Very importantly, both Cug¢sNig 5O and CugogNig ;0O are able to generate hydrocarbons at -0.2 V
(RHE) which is so far the lowest. In terms of overpotential, this is about 370 mV for methane
and 280 mV for ethylene. To the best of our knowledge, this is the lowest overpotential ever
reported. From Table S3, the lowest potential is -1.1 V (RHE) for methane and ethylene
production. This is higher by 0.9 V than Cug¢sNig 5O and Cug¢Nip O, a very significant gain in
voltage. The materials used in this study are highly crystalline bulk materials. Clearly, apart from
ionic interaction, crystallinity is possibly another important factor which reduces the overvoltage
for this reaction.

The stability of CuyoNig ;O catalyst is studied by depositing it onto FTO electrode and
subjected to post-XRD and XPS after chronoamperometry in CO, saturated solution for 1000 sec
(Figure S7 & S8). It is observed that apart from FTO peaks, Cug9Nij 0 peaks are retained before

and after CO; electrocatalysis confirming the stability of the bulk structure of CugNij ;0O catalyst
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(Figure S7). The XPS also confirms the stability of the Cuj¢Nig ;0O catalyst surface as shown in
Figure S8. XPS of as prepared catalysts is also given for comparison. It is worth noticing that
there is no change in the XPS spectra before and after the chronoamperometry. Both copper and
nickel show same oxidations state before and after the experiments proving the stability of
CugoNig O catalysts.

In order to access the stability under a more rigorous reductive treatment, CuO and
CugoNip ;O were subjected to chronoamperometry at -0.8 V for 2 hours. The CV after this
treatment is shown in Figure S9. The behavior in both the material confirms the formation of
metallic copper**. This behavior confirms that the catalysts are unstable under long reductive
treatment.

It is speculated that improvement in hydrocarbon selectivity along with the HER
suppression is due to modification in the mechanism which is investigated by in situ FTIR and
DFT studies. Mechanistic investigation for the CO, electroreduction pathways over CuO and
CugoNip ;O is executed using DRIFT in situ FTIR experiment (Figure 5). The schematic
representation of DRIFT cell is displayed in Figure 5a. As the copper based materials are known
for converting CO, to hydrocarbons both thermally and electrochemically, it is assumed that
thermal reduction of CO, with gaseous hydrogen is similar to electrochemical reduction of CO,.
Firstly, the interaction of H, over CuO and CugoNij ;0 is investigated in the range of 2400 to
3200 cm! (Figure 5b). IR spectra of both as prepared sample show no indication of any band in
the flow of nitrogen at room temperature. On passing H,, the DRIFT spectra of Cug¢Nig;O,
showed weak bands in the range of 2800 -3000 cm™! at 50°C. This band is due to the formation of
formate on the surface by utilizing the atmospheric CO,.* The similar band on CuO is

considerably higher than Cuy¢Nip;O under the same conditions. Same band at 100°C show
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increase in the intensity on both the catalyst but intensity is still higher on CuO. At 200°C,
intensity of formate diminishes significantly over Cug¢Nij ;O but not much change is observed in
the case of CuO. Temperature higher than 300°C causes complete disappearance of formate band
on both the catalysts (Figure S10). To be precise, formate band disappears at 400°C on
CugoNig ;O and at 500°C on CuO.

These experimental observations suggest that formate bands are more stable and
prominent on CuO surface than CugNij ;0. Once Ni is substituted in CuO matrix, formate band
are less stable and less prominent. Similar observation can also be drawn when the mixture of H,
and CO, (1:1) is reacted on the catalyst’s surface (Figure 5c). In this case also, over all intensity
of formate band is less prominent on Cug9Nij ;O compared to CuO. Intensity differences in the
formate can be prominently observed at 100, 200 and 300°C.

In the light of above observations, one can confirm that Ni substitution in CuO affects the
catalyst’s ability to stabilize formate (Figure 5d). This demonstrates the mechanistic differences
between the two catalysts in which CuO shows the dominant formate pathway compared to
Cug9Nip ;0. Dominance of formate pathway with the generation of H, can be correlated well in
the light of quantum mechanical calculations carried out by Cheng et. al.*¢ This study reveals two
pathways in copper based materials; one is dominatingly forming formate and other forming CO.
The pathway leading to CO eventually leads to hydrocarbon formation while more formate leads
to more hydrogen. This correlates well with the FTIR studies establishing that that Ni
substitution in CuO shows less contribution from formate pathway resulting in less hydrogen
formation and due to this more hydrocarbons. CuO on the other hand shows more contribution

from formate pathway resulting into fewer hydrocarbons and more hydrogen generation.
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Further, Density functional theory (DFT) was used for theoretical calculations (Figure 6),
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(d) Intermediate formation
(v = 2800 - 3000 cmr1)

Figure 5. Schematic representation of DRIFT-FTIR spectroscopy (a), DRIFT spectra recorded in
IR ranges (2400 to 3200 cm) on passing H, (b) and CO,+H, UHP gases (c) over KBr mixed
Cug9Niy ;O and CuO catalysts at different temperatures from 50 to 200°C. Possible intermediates
formed on pure copper oxide (CuO) and Nickel doped copper oxide catalysts (d).

implemented in the CO, electroreduction pathways on CuO and Cug¢Nip;O model catalysts
(Figure S11-13). The optimized lattice parameters of bulk monoclinic CuO (space group — C2/c)
were found to be: a=4.37,b=3.86, and ¢ = 3.92 A (Figure S11,12), in excellent agreement with
previous reports.*’8 The (111) facet of CuO was chosen for calculations, as it has been found to

be the most stable facet of CuO with lowest surface energy.*’ It contained 128 (64 Cu and 64 O)
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atoms. The Ni-doped structure contained 60 Cu and 4 Ni atoms, so the stoichiometry of alloy
turned out to be Cug 9375Nig 06250 (Figure S13). Only one composition of Ni-doping was taken, as
it is enough to observe the qualitative effect of change in the catalytic activity upon alloying.

The carbon dioxide electro-reduction to methane formation involves 7 intermediates (8-
electron transfer process)*. The (111) surface of CuO contains 4 types of active sites —
coordinatively saturated Cu (Cucsa), coordinatively unsaturated Cu (Cucys), surface O (Ogyp),
and subsurface O (Ogyr)*’ (Figure S11(a)). The *COOH, *CO and *CHO intermediates which
adsorb through C were relaxed on Ogyr sites, while those that bind through O (i.e., *CH,O,
*CH;0, *0O, and *OH) were relaxed on Cucys sites (Figure S14), since Cucys and Ogyr are more
active than their corresponding saturated sites.*” For the case of (111) surface of
Cug.9375Nig 06250, we only relaxed these intermediates in the vicinity of Ni atom as shown in
Figure S15 to determine the effect of Ni doping. The intermediate adsorption energies (E24T
were calculated for these completely relaxed structures using the equations (S1-S7). From these
intermediate adsorption energies, Gibb’s free energies of adsorption (G*) were calculated
according to the expression>->!:

G* = ERIT + AZPE —TAS — eU 2)
where AZPE, AS, e, and Uare the difference in zero-point energies and vibrational entropies
between reactants and products, number of electrons transferred, and applied potential. The value

of temperature (T) has been taken to be 300 K. The values of E?{T, ZPE, and TS for reference

molecules and intermediates are tabulated in Tables S4-S6.
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The free energy diagrams for electroreduction of CO, to CH4 on CuO and Cugg375Nig 06250
catalyst surfaces are plotted in Figures 6(a) and S16, respectively, following the approach taken
in previous reports.’*>! The potential determining step (PDS) for this reaction is conversion of
*CHO to *CH,O on both pristine and doped catalyst surfaces, with Cug375Nig 06250 exhibiting
lower barrier for this step (0.82 eV) than the CuO catalyst (1.15 eV). Therefore, limiting
potential (Up), which is numerically equal to negative of the barrier of PDS*, values for CuO

and Cug375Nig 06250 catalysts come out to be -1.15 and -0.82 V, respectively. If the value of Up
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is higher, the overall reaction becomes exergonic (i.e., downhill in free energy) at a lower
external potential. Hence, the efficiency of CO, electroreduction to methane will be higher for
Cuy.9375Nig 06250 as compared to the pristine CuO catalyst, in agreement with the experiments.
The lower barrier for PDS observed in the case of Cugg375Nig 6250 can be explained from
adsorption energies of *CHO and *CH,O intermediates on the two catalysts as shown in Tables
S5 and S6. The *CHO intermediate is more destabilized on the surface of Cug9375Nig 06250, While
there is stabilization for the case of *CH,0 intermediate on its surface. The increased catalytic
activity on the Ni-doped CuO can also be rationalized on the basis of change in electronic
properties of CuO upon alloying. For this purpose, the partial density of states (PDOS) has been
plotted for both surfaces in Figure 6(b,c). Pristine CuO surface is a small band gap
semiconductor with the valence band states mostly contributed by O, and the conduction band
states mostly contributed by Cu. The system becomes conducting upon doping with Ni, therefore
finite states present at the Fermi level is responsible for the increased activity of Ni-doped CuO
system, due to better interaction with the adsorbates.>?

CONCLUSION

In summary, we have synthesized Ni-substituted-CuO (Cu;4Ni,O; x= 0.05 and 0.1) and CuO
catalysts by solution combustion method. Collective characterizations such as XRD, FESEM-
EDS, HRTEM-STEM, EELS, EDS and XPS conclude the bulk substitution of Ni?* in CuO host.
Electrochemical studies of Cug9Nig O, Cug.95NigosO show remarkable redox active behavior and
superior electrocatalytic activity compared to CuO signifying the importance of substitution of
ionic nickel. It is worth noticing that CuggNij ;0 and CugsNijsO electrocatalytic activity than
Ni metal and NiO supported CuO. This proves that ionic interaction between Ni*" and Cu?" is

vital for the high activity. Ni or NiO supported CuO lacks this interaction therefore do not

25

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

display high activity. Steady state chronoamperometry at a fixed potential of -0.8V og/agc1 (i€, -
0.2 Vgyg) in CO, saturated electrolyte also revels high activity and stability of nickel doped
catalysts (CugoNig O, CuggsNigsO). Remarkable improvement is noticed in the selectivity or
faradaic efficiency of hydrocarbons. The FE % of H, onCuy¢Nig;O, CugogsNigosO was
suppressed effectively compared to CuO. The observed hydrocarbon efficiency is achieved at
lowest possible over voltage. A voltage gain of about 0.9 V is achieved compared to the best
reported catalysts. Simultaneously, the hydrocarbon selectivity is markedly improved. The FE %
of CH4 and C,H4 1s 29.4 % and 12.8 % on Cuy9Nij ;O which is about 3 and 4 times higher than
CuO. These improvements are attributed to the mechanistic difference between substituted and
unsubstituted catalysts. Mechanistic studies by the in sitru DRIFT infer that Cug9Nij ;0 has fewer
propensities towards formate intermediate compared to CuO. This leads to high hydrocarbon
selectivity and lesser hydrogen formation. The free energy diagrams computed using DFT
confirms that the Ni-doped CuO electrocatalyst is thermodynamically more active than pristine

CuO, owing to its lower theoretical overpotential.
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