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ABSTRACT: The composition effect of carbon supported Ni,M,_, (M = Bi, Pd, and Anode 11— Cathode
Au) nanomaterials toward glycerol electrooxidation (GEOR) was evaluated in alkaline T |_||—|1

media. Nirich catalysts with different atomic ratios (M atomic ratio <20%) were 8 :

synthesized by the heatless coreduction method and characterized by various x: : : H, co
physicochemical and electrochemical techniques. All structures of the NiM,_,/C ~ 0 0

catalysts were composed of a rich phase of Ni(OH),, as evidenced by TDA-TGA and Formate : :

XPS. Among the different nanomaterials, the NiyoAuy,/C catalyst provided the lowest : : OR

onset potential (+0.12 V vs Hg/HgO) and the highest peak current density. In situ e O

infrared spectroscopy experiments combined with electrochemical measurements .1 / : : & \
exhibited the formation of formate for all catalysts, thus indicating the breakage of C— Glycerol : : n Co,
C bonds of glycerol. GEOR led to 100% selectivity for formate after 1 h electrolysis and : 3

100% conversion of glyc‘erol after 24 h at +1.55 V Furthermore, when these inexpensi\{e NiM, /C " Pt/C Ag
catalysts were tested in tandem with cathodic CO, electroreduction, the anodic
NiyoAuy,/C catalyst displayed the highest partial current density for CO and the lowest onset potential.

KEYWORDS: Ni-based catalysts, glycerol, electrolysis, selectivity, CO, electroreduction

1. INTRODUCTION glycerol electrolysis (U’ = 0.003 V, n = 14 for the complete
oxidation of glycerol into CO,) compared to water electrolysis
(U° oy = +1.229 V, n = 2), where n is the number of electrons
generated per molecule oxidized.” However, the main
limitation in using glycerol as a hydrogen source is the slow
kinetics of its oxidation reaction. For this purpose, alkaline
media was favored over acidic media, leading to faster
electrochemical kinetics and allowing using free or low loaded
Pt-group metal catalysts for both reactions: glycerol electro-
oxidation at the anode and H, evolution at the cathode.'’™"*
Another interesting approach is the coelectrolysis of glycerol
and CO, as a pathway to value-added chemicals. Currently,
CO, electroreduction processes are comprised of the anodic
oxygen evolution reaction (OER) coupled to the cathodic CO,
reduction. Thermodynamic analysis indicates that OER
requires ~90% of the electricity consumption because of
high anodic potential (cell voltage of ~—1.6 V) on the Pt black
electrode."” However, altering the anodic OER to the glycerol

Continuous efforts have been devoted to developing efficient
electrochemical conversion technologies to generate energy
and/or value-added products from oxygenated biomass such as
glucose, furfural, xylose, and glycerol.'~* Particularly, glycerol
(byproduct of biodiesel production) is one of the top 12
platform compounds and has great potential to be transformed
into more economical products such as glyceric, tartronic,
lactic, and formic acids.’ Among various technologies being
studied for glycerol valorization, electrochemical technologies
are more promising due to straightforward operation, are
environmentally friendly, and require low operating temper-
atures and pressures.” Furthermore, the electrocatalytic
oxidation processes of glycerol on the anode of either a fuel
or electrolysis cell is tunable by means of electrode potential,
surface crystallinity, electrocatalyst composition, i.e, nano-
particles with defined morphologies and core—shell structures,
and utilization of different support materials.” Controlling
these parameters could lead to a lower oxidation onset

. EBAPPLIED
potential and a higher product selectivity at high conversion, Received:  June 3, 2020 &
and in return a cheaper process is achieved. Accepted:  August 3, 2020 i

Thermodynamic data indicate that the use of glycerol as Published: August 3, 2020

//;\
anodic reactant in an electrolysis cell could be more %

energetically interesting than water electrolysis for hydrogen
production.” This is due to lower theoretical cell voltage for
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electro-oxidation reaction (GEOR) results in lowering the CO,
electroreduction cell voltage by ~—0.85 V with 37-53%
reduction in electricity requirements, thus improving its
feasibility.

Regardless of the significant advances made during the past
two decades in the fuel cell and electrolysis cell technology, the
anodic current performance for glycerol electro-reforming is
not yet close to attaining the widespread commercialization
targets based on the United States Department of Energy
(DOE)."*"> Currently, many efforts have been devoted to
developing non-Pt group metal catalysts to minimize the cost
and enhance the performance of electrochemical technologies.
Among various electrode materials, nickel (Ni) is considered as
one of the most promising nonprecious electrocatalytic
material and has been utilized in several electrochemical
applications such as alkaline batteries, sensors, alcohol
oxidation, and fuel cells."®~*' This attraction is due to nickel’s
low preparation cost, long-term stability, resistance to CO
poisoning, and high surface oxidation performance by the
formation of high valence oxyhydroxide species (f-NiOOH) in
an alkaline medium.”*”*° Nonetheless, the poor electrical
conduction of these Ni** species and agglomeration of small Ni
nanoparticles (NPs) seriously limit their catalytic perform-
ance.”® To overcome these issues, Ni NPs can be immobilized
and dispersed on a two-dimensional solid support, typically
high specific surface area electron conductive carbon
materials.”” The electrocatalytic performance of the resulting
nanocomposites can be enhanced significantly due to high
conductive matrices, fast electron transfer kinetics, and high
surface area with abundant active sites.”*”>"

In this context, developing and finding highly stable and
active electrocatalysts is of great significance for promoting
GEOR in the electrolysis cells operating at low temperature.
Other promising approaches for Ni catalysts have been
suggested, such as compositing or alloying with other catalytic
elements. The modifying effect of noble metals by nickel can
provide a lot of information for understanding catalytic kinetics
for GEOR and designing more stable and active catalysts. For
instance, Au/Ni on polystyrene spheres’’ and Pt,Ni,/C and
PdgNi,/C materials’® led to higher catalytic activity and
stability in comparison to the monometallic ones. This
enhancement can be ascribed to electronic and geometric
modifications.* Ni, an oxophilic metal like ruthenium (Ru),
possesses the unique capability of generating efficient OH, 4, at
lower overpotential and thus facilitates oxidative desorption of
the intermediates,”* corresponding to the so-called bifunc-
tional mechanism of electrocatalysis.”> Therefore, the tran-
sition metal (Ni) served as a promoter and was able to reduce
the precious metal amounts without significantly affecting the
catalytic performance. However, only few studies have been
devoted to the electro-oxidation of biomass-derived glycerol
using Ni-rich alloyed catalysts, the topic of this study.

Here we demonstrate carbon supported Ni,M;_, (M = Bi,
Pd, and Au) nanoparticles (NPs) with different atomic ratios
prepared using the straightforward sodium borohydride
(NaBH,) coreduction method. Addition of small quantities
of second metal (<20 at. %) had a positive effect on catalytic
performance with a lower onset potential and long durability
up to 24 h. Detailed analyses of product distribution revealed
that Ni,M,_,/C catalysts own high capacities to cleave the C—
C bond of glycerol, generating 100% selectivity toward formate
with 100% conversion of glycerol at +1.55 V. Lastly,
coelectrolysis of CO, and the glycerol process were introduced,
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showing that the NijgAu,,;/C catalyst attained the highest
partial current density for CO of ~6.0 mA cm™> and lowest
onset cell voltage of —1.0 V. To our knowledge, no work has
been reported in the literature on coelectrolysis of glycerol and
CO, using Ni-rich anode catalysts for such a process.

2. EXPERIMENTAL SECTION

2.1. Prepartation of Ni,M,_, (M Pd, Au, and Bi)
Nanoparticles. All carbon supported Ni, Ni,Pd,_, (atomic ratio x
= 0.95, 0.90, 0.80), Ni,Au,_,, and NiBi,_, (atomic ratio x = 0.98,
0.95, 0.90) NPs were prepared by the sodium borohydride (NaBH,)
coreduction method at room temperature from metal chloride salt
without any capping agent. The detailed procedure of this method
was reported elsewhere for unsupported Ni.*® After 30 min of metal
reduction, a given amount of carbon powder (Vulcan XC72, Cabot
Corp.) was introduced to the solution to attain 30 wt % of metal
loading. The colloidal mixture was filtered and rinsed three times with
acetone. The catalytic residue was dried in an oven at 313 K for 15 h.

2.2. Physicochemical Characterizations. All detailed proce-
dures of different physicochemical techniques (XRD, TEM, SAED,
HAADF, EDS, and EELS) have been reported earlier in our previous
publication.”” Thermogravimetric analyses (TGA/DTA, TA Instru-
ments model SDT Q 600 apparatus) were performed to determine
the metal loadings. The catalyst powders were gradually heated in
alumina crucible from 25 to 1050 °C with an air flow of 100 mL
min~! and a heating rate of 10 K min~'. An empty alumina crucible
was used as reference. XPS spectra were collected by using a Kratos
Axis ULTRA X-ray photoelectron spectrometer with monochromatic
Al Ka excitation. The binding energy (BE) scale was assigned by
adjusting the C 1s peak at 284.6 eV.

2.3. Electrochemical Measurements. The electrochemical
setup composed of a conventional three-electrode thermostated cell
fitted with a mercury/mercury oxide (Hg/HgO) reference electrode
as well as a glassy carbon (GC) disk (0.071 cm?) and a glassy carbon
plate (4 cm® surface area) which acted as a working electrode and a
counter electrode, respectively. The linear sweep voltammetry (LSV)
and cyclic voltammetry (CV) measurements were performed using a
Voltalab PGZ402 potentiostat (Radiometer Analytical) in a N,-
purged 1.0 M KOH (99.99%, Sigma-Aldrich) and 0.1 M glycerol
(99.98%, Sigma-Aldrich) electrolyte at 293 K. Prior to electro-
chemical measurements, a catalytic ink was prepared as follows: 17.7
mg of Ni,M,_,/C (M = Pd, Au, and Bi) materials was added to
aqueous suspension of 2.117 mL of ultrapure water (Milli-Q
Millipore, 182 MQ cm at 293 K), 0.674 mL of isopropanol
(CHROMASOLV LC-MS, Fluka Analytical), and 354 uL of
commercial solution of Nafion (S wt % in aliphatic alcohols, Sigma-
Aldrich). The prepared ink was homogenized for 2 min, and 3 uL was
deposited onto the glassy carbon disk.

2.4. In Situ Fourier Transform Infrared Spectroscopy (FTIRS)
Measurements. In-situ FTIRS measurements were performed on a
Bruker IFS 66v/S FTIR spectrometer with a reflected beam at a 65°
incident angle on the electrode surface. The chamber was under
vacuum to eliminate the CO, and atmospheric water interferences
from the beam path. The detector was HgCdTe type, cooled
beforehand by liquid nitrogen. All the measurements were performed
in a special tailored spectroelectrochemical cell fitted with a CaF,
prism at the bottom. The spectrum was acquired by averaging 512
interferograms with 4 cm™" resolution. Sample spectra were recorded
every 50 s during LSV performed in a 0.1 or 1.0 M KOH and 0.1 M
glycerol solution from —0.900 to +0.775 V vs Hg/HgO at a scan rate
of 1 mV 57", Data were processed as follows:"*

RE - RE,ref
Ry (1)

where Rg is the reflectivity recorded at the electrode potential E
during the positive potential scan and Ry is the reflectivity used as
reference recorded at —0.900 V vs Hg/HgO. Negative- and positive-

,ref
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Figure 1. (a) XRD pattern of Ni/C, (b) TGA/DTA measurements of Ni/C (metal loading: 30 wt %) in temperature range 25—1050 °C, (c) TEM

image, and (d) amorphous SAED patterns of Ni/C.

going bands represent respectively the increase and decrease of
species at the electrode surface.

2.5. Continuous Electrolysis Measurements. Continuous
electrolysis tests were performed at 293 K with a 1.0 M KOH and
0.1 M glycerol aqueous solution in a 25 cm? electrolysis cell. The
anode and the cathode were composed of 2 mg,,..; cm™* of carbon
supported Ni-based catalysts Ni,M,_,/C (M = Pd, Au, and Bi) and
Pt/C, respectively, and the Nafion (as binder) loading of the
electrode was 0.8 mg cm™ in deionized water and isopropanol. Both
compartments were separated by a simple filter paper (Whatman) and
mechanically compressed in the cell.

A DC power supply (E3614A from Agilent) and digital
multimeters (34405A from Agilent) were used to applied and
measure the cell voltage and to record the current crossing the cell,
respectively. A 30 mL solution (1.0 M KOH + 0.1 M glycerol) was
fed continuously on both compartments at 30 mL min~". The current
was recorded for 24 h at two different cell voltages of +1.30 and +1.55
V.

An HPLC (Varian Prostar) equipped with a column (Transgenomc
ICSep ICE-COREGEL 107H) was utilized to analyze the products at
each hour for 6 h with the UV detector set at 4 = 210 nm. The
chromatography was performed with a 7 mM H,SO, aqueous
solution with 0.6 mL min~" flow rate. The last solutions at 24 h were
neutralized by HC], freeze-dried, and put in deuterium oxide (D,O,
99.9% purity, Sigma-Aldrich) for analysis in 'H NMR (Bruker
Ultrashield 400 plus with a Bruker B-ACS 60 automatic sample
changer and a Bruker AD-XT pump).

2.6. Electrode Preparation for Coelectrolysis of CO, and
Glycerol. Commercially available silver (<100 nm, Sigma-Aldrich,
product number: 576832) was used as the cathode catalysts to study
CO, electroreduction to CO. The as-prepared Ni-based bimetallics, as
well as commercial Pt (<100 nm, Alfa Aesar, product number: 43838)
and Au (<100 nm, Sigma-Aldrich, product number: 636347) controls,
were used as anode catalyst for GEOR. To prepare the Ag cathodes
and Ni,M,_,/C anodes, about 10 mg of the catalyst powder was
weighed out in a glass vial. 500 uL of deionized water (DI, Barnstead
E-pure) and 9 mL of DI water were added to the Ag catalyst vial and
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Ni alloy catalyst vial, respectively. Then, 26 uL of Nafion ionomer (S
wt %, Fuel Cell Earth) was added to the vial with the catalyst powder.
Finally, 1 mL of isopropyl alcohol (IPA, Fisher Chemical) was added
to the Ag catalyst vial, and 9 mL of IPA was added to the Ni catalyst
vial. For preparing the control anodes, about 3 mg of catalyst powder
(either Pt or Au) was weighed out followed by the addition of 300 L
of DI water, 7.8 uL of Nafion, and 700 uL of IPA. The mixture was
then sonicated by using a probe sonicator to form a cohesive catalyst
ink. The ink was then airbrushed onto a 5 X 1 cm?® gas diffusion
electrode (Sigracet 3SBC, Fuel Cell Store), corresponding to two
electrodes, by using an airbrushing setup described previously.*®
Close to 50% of the original catalysts is lost during airbrushing,
resulting in a final loading of 1.0 + 0.1 mg cm™ for the Ag and Ni
bimetallic electrodes and 0.3 + 0.03 mg cm™ for the Pt and Au.
2.7. Coelectrolysis of CO, and Glycerol in a Flow Electro-
lyzer. The airbrushed electrodes (preparation of electrode is in the
Supporting Information) were tested in a flow electrolyzer, as
previously reported.”> CO, (Airgas) was constantly fed to the
backside of the Ag NPs cathode at a flow rate of 17 sccm by using a
flow controller (Smart-Trak 2, Sierra Instruments), whereas the
GEOR was performed on NiM,_,./C at the anode. CO, electro-
reduction on Ag produces CO, H,, and traces of formate.”® Both
catholyte (2.0 M KOH, Fisher Chemical) and anolyte (2.0 M KOH +
2.0 M glycerol, Fisher Chemical) were constantly flowed at 0.5 mL
min~' via a syringe pump (PHD 2000, Harvard Apparatus) to
electrolyte chambers separated by an anion exchange membrane
(FAA-3-PK-75, Fumatech). The electrolyzer was operated potentios-
tatically; the cell voltages (—1.50, —1.40, —1.30, —1.20, —1.10, —1.00,
—0.90, —0.80, and —0.75 V) were applied, and the corresponding
currents were measured by an Autolab PGSTAT-30, EcoChemie
potentiostat. Multimeters (Crenova MS8233D) were used to measure
cathode and anode potentials against Ag/AgCl reference electrodes 3
mol kg_l, RE-SB BASi). At each cell voltage, the system was left to
equilibrate for 200 s before taking injections via a gas chromatograph
(Thermo Finnigan Trace GC) equipped with a thermal conductivity
detector to measure any gaseous products. A pressure regulator (Cole
Parmer, 00268TC) connected to a vacuum pump was placed
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Figure 2. Dark-field STEM image and EDS mapping of Ni, Pd, Au, O, and C of carbon supported Ni-based catalysts (a) NiygPd,,/C, (b)

NigoAuy;/C, and (c) NigoBiy;/C.

downstream of the GC and set to 14.20 psi to help facilitate gaseous
product transfer from the cathode surface to the effluent gas stream.
Liquid samples were taken from the anolyte to be analyzed for liquid
products by using "H NMR.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Characterization of Ni,M,_,/C
Materials. Physicochemical characterizations were performed
to obtain information about the composition and structure of
Ni,M,_,/C materials.

XRD patterns of as-prepared Ni/C and NiM,_,/C NPs (M
= Pd, Au, and Bi) of different ratios are presented in Figure la
and Figure Sla—c). Six intense peaks were observed. These
sharp peaks indicate that pure NaCl crystallized in the cubic
system with the Fm3m symmetry space group as stated in the
JCPDS 05-0628 card.*® The formation of NaCl is explained by
the presence of chlorides anions from the metal salt used as
precursors and of sodium cations brought by addition of
sodium borohydride for the coreduction reaction, while a
common peak was detected at ~25° which refers to
turbostratic graphite (002) plane of the Vulcan carbon
support."' However, no structural information about Ni or
Ni(OH), was detected, which could be due to the small size
and/or amorphous nature of Ni-based materials and
interference with NaCl phase.”” The Ni/C sample was rinsed
with ultrapure water, and the related XRD pattern is given in
the inset of Figure la. After rinsing, the broadening diffraction
peaks of low intensity illustrates an amorphous structure of Ni/
C. It was also noticed in Figure Slab that Ni,Pd,_,/C and
Ni,Au,_,/C exhibited diffraction peaks located at the
characteristic positions for a face-centered cubic (fcc)
structure, typical of metallic Pd (111) and Au (111). The
XRD patterns of NiBi,_,/C agree with (PDF-Nr.: 03-065-
2366) data, confirming two reflection peaks of Bi,O; (002)
and (220) in the rhombohedral system (Figure S1c).*”

Figure 1b and Figure S2a—c show the TGA/DTA plots for
the as-prepared Ni-based materials. The relative mass
percentage is plotted as a function of temperature, which
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detects a significant mass loss at five temperature intervals. The
first transition below 200 °C corresponds to the elimination of
adsorbed water on the catalyst powder. The second transition
translates the metal oxides (NiO) formation in the range 200—
340 °C and is ascribed to the dehydration of Ni(OH),.*'
Following this, the carbon support combustion is in the range
340—800 °C, and then the vaporization of NaCl molten salts
occurs at 800.5 °C.** The remaining materials at the end of
calcination (1050 °C) for all the catalysts are in the range from
~24 to 35 wt %, which is in fair accordance with the initial
target value of 30 wt % metal loading.

Typical TEM micrographs (Figure 1c and Figures S3—S11a)
of all Ni,M,_,/C catalysts reveal the structural morphology of
agglomerated NPs on carbon support with a network of small
branches. However, because of the low contrast between Ni
nanostructure and the carbon support, it is quite challenging to
estimate the average particle size of the catalyst. In certain
spots the grain size is <3 nm, which is significantly lower value
than that obtained in our previous work on unsupported Ni-
based materials.”” Additionally, selected area electron
diffraction (SAED) analysis reveals asset of full rings, indicating
that Ni/C has no crystallization degree (Figure 1d), which
agrees with our XRD data in Figure la.

To further characterize the NiM,_,/C materials with
transition and post-transition-metal ions, HAADF-STEM,
EDS, EDS mapping, and STEM-EELS analysis were
performed. In Figure 2 and Figures S3—S11b—g, EDS mapping
images confirm the presence of Ni (shown in red), O (shown
in yellow), and C (shown in blue) and that the second metal,
either Pd, Au, or Bi (shown in green), is well dispersed in the
selected area of Ni,M,_,/C catalysts. The EDS spectra are also
in accordance with the elemental composition of Ni,M,_./C,
as confirmed by the presence of the characteristic peaks of
oxygen, palladium, gold, bismuth, and nickel. Furthermore, the
chemical microstructures of the surfaces of the Ni-rich
nanoparticles were also examined by using STEM-EELS
analysis.
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Figure 3 illustrates the HAADF-STEM images for
NijgPdy,/C, NiggAu,;/C, and NiygBij,/C catalysts. Figure 3

(a)

(b)

1

A

(c)

100 nm
|

Figure 3. HAADF-STEM images and EELS map of Ni-L, ;, Pd-M, 5,
Au-M,, and Bi-M,; of carbon supported Ni-based catalysts (metal
loading: 30 wt %) (a) NiggPd,,/C, (b) NigsAuy,/C, and (c)
Niy6Biy,/C.

also shows the elemental distribution of Ni L, 3, Pd—M, 5, Au—
M, and Bi—M, within the particle, which were extracted
from different signals of ~855, 400, 2200, and 2600 eV,
respectively (Figure S12). The Ni (red) versus Pd, Au, and Bi
(green) composite images indicate that the Pd, Au, and Bi
atoms are surrounded by Ni atoms, indicating the Ni surface
segregation in some areas. However, Nij4Biy;/C (Figure 3c)
adopted a nanoflake-like morphology varying remarkably from
that seen for Niy4Pd,,/C and NijyAu,,;/C NPs.

Figure 4a—d depicts the XPS spectra of the Ni 2p, Pd 3d, Au
4f, and Bi 4f core level regions, respectively. The Ni/C XPS
spectrum on the biding energy range corresponding to Ni 2p;,
and Ni 2p,,, shows two main peaks at 856.2 and 874.1 eV,
respectively, and two satellite peaks located at 861.9 and 880.1
eV, respectively (Figure 4a). The spin—orbital splitting of the
two main peaks is 17.9 eV, which is characteristic of a
Ni(OH), phase with no metallic Ni (852 eV).*"** The peak at
5324 €V is assigned to Ol photoelectrons (Figure S13),
comprised of O" and O™, which can be attributed to
chemisorbed and physisorbed Ni(OH), and molecular water
or/and possibly adsorbed O,, respectively.*’ In the Ni,M,_,/C
(M = Pd, Au, and Bi) XPS spectra, one can see four peaks
corresponding to Ni 2p and O 1s, exhibiting a slight shift
compared to Ni/C (Table S1). In Figure 4b, the Pd 3d region
is comprised of a doublet peaks centered at 337.8 and 343.4 eV
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(FWHM = 2.29 + 0.03 eV for both Pd 3d peaks along with
spin—orbital splitting of 5.6 eV), in good correlation with the
reported values for PdO,.***” Moreover, the Au 4f spectrum
appears at lower range between 80 and 90 eV with two
doublets Au 4f,,, (84.2 €V) and Au 4f;,, (87.9 eV) in Figure
4c. The position of the peaks indicates the formation of a pure
metal gold (Au(0)) with the 3.7 eV binding energy distance
and FWHM ~ 1.3 + 0.1 eV.*>* In Figure 4d, the two strong
XPS peaks detected at binding energies of 159.7 and 165.0 eV
were attributed to Bi 4f,, and Bi 4f;, of Bi** in Bi,O;
(FWHM =~ 1.63 = 0.03 eV) with 0.7 €V higher energy
positions than pure Bi,0,.*”*° This shift could be ascribed to
the changes in the chemical environment caused by Ni
addition.

3.2. Evaluation of the Catalytic Activity. Cyclic
voltammograms (CV) recorded for Ni,M,_,/C materials (M
= Pd, Ay, and Bi) at 0.05 V s™! in 1.0 M KOH aqueous
electrolyte are illustrated in Figure Sa and Figure S14. The
Ni"/Ni'™ redox process of the monometallic material is well
established in our previous studies.””””>" The reversible
oxidation of S-Ni(OH), to S-NiOOH takes place between
+0.49 and +0.60 V vs Hg/HgO in the positive-going scan, and
the reduction of B-NiOOH species to B-Ni(OH), occurs
between +0.50 and +0.20 V in the negative-going scan. For
potential higher than +0.60 V in the positive-going scan, the
increase of current density is related to the oxygen evolution
reaction. At last, a reduction process in the —0.15 to —0.35 V
vs Hg/HgO, identified by the navy rectangle in Figure Sa, is
the reduction of either another nickel oxide species or of
oxygen Zgeneratecl during the oxygen evolution reaction
(OER).?

In the case of data normalization for Ni,M;_,/C materials, it
is complex to evaluate the electroactive surface areas (EASA)
with the use of a bimetallic as the estimation involves many
uncertainties.”> Therefore, the currents were normalized with
geometric surface area of the GC disk (0.071 cm™2). Upon
comparison of the CVs in Figure S, the different NiM, ,/C
catalysts clearly exhibit separate potential regions for the
surface reactions of their respective cocatalysts (Pd, Au, and
Bi). For NigPd,/C, the small cathodic peak appearing at
—0.36 V vs Hg/HgO is attributed to the reduction of Pd
oxides (PdO)."”” The cathodic peak close to +0.14 vs Hg/
HgO for NigyAu,,/C is associated with the reduction of the
quasi-2D oxide state of Au (AuO or Au(OH),).">* Whereas
for NigyBi;;/C, an anodic peak appears at lower potential
(~—0.52 V vs Hg/HgO), which corresponds to a thin layer
formation of Bi(OH); sites at the electrode surface.*

By comparing CVs in the presence and the absence of
glycerol, we observe that the onset potential of GEOR is
shifted toward lower potential by as much as ~180 to 370 mV
less than the potential for the Ni"" — Ni'™ transition (Figure Sb
and Figure S15). This phenomenon is attributed to the
dependency of GEOR with the preliminary steps of the
transformation of S-Ni(OH), into S-NiOOH. A similar
observation was already detected by Oliveria et al. and
Houache et al.**~>**

The LSVs of GEOR in 1.0 M KOH + 0.1 M glycerol were
recorded at 0.05 and 0.001 V s, respectively, on the different
Ni-rich catalysts (Figure 6 and Figure S16). The Ni/C catalyst
presents an onset potential for GEOR close to 0.31 V vs Hg/
HgO, which is approximately 100, 180, and 140 mV lower than
our previous studies on unsupported Ni*” and bulk Ni, before
and after treatment in ascorbic acid, respectively.*’
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Figure 4. High-resolution XPS spectra of Ni,M;_,/C (M = Pd, Au, and Bi) corresponding to (a) Ni 2p, (b) Pd 3d in Niy4Pd,,/C, (c) Au 4f in

NiyoAuy;/C, and (d) Bi 4f in Niy,Bi,,/C.

(a) B-Ni(OH), o+ B-NiOOH

— —— M

Ni sPd, ,/C Pllr)'v ﬁ\y

NigAu,,/C %
Bi(OH);

Nij ¢Bi,,/C T 70 mA.rmi
08 -06 -04 -02 00 02 04 06 08
E/V vs. Hg/HgO

(b)
\%/
Ni/C
4
s
ﬁO.SPdﬂ.’Z/C
74
= “//g
NiggAu,,/C
i,
Ni, ¢Bi, ,/C 200 mA.(‘mI

08 -06 -04 02 00 02 04 06 08
E/V vs. Hg/HgO

Figure S. Cyclic voltammograms of Ni,M,_,/C (M = Pd, Au, and Bi)
catalysts in N,-purged (a) 1.0 M KOH and (b) 1.0 M KOH + 0.10 M
glycerol electrolyte (bold line) at 0.05 V s™* scan rate and 293 K (fifth
stable cycle).

In comparison, bimetallic Ni,M,_,/C materials present a
shift of the onset potential toward lower values for glycerol
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Figure 6. LSVs of Ni,M,_,/C (M = Pd, Au, and Bi) catalysts in N,-
purged 1.0 M KOH + 0.1 M glycerol electrolyte at 0.001 V s™' scan
rate and 293 K.

electro-oxidation than that of monometallic. Among different
materials, the NijgAu,,/C electrocatalyst displayed the highest
current density, reaching 46 mA cm™ with a concurrent onset
potential at ~+0.12 V vs Hg/HgO. In contrast, the NiygPd,,/
C catalyst has slightly higher onset potential (E ¢ = ~+0.16 V
vs Hg/HgO) compared to NiAu,_,/C (Figure S16a). An
additional oxidation peak appears at ca. ~—0.35 V vs Hg/HgO
ascribed to GEOR on Pd sites, indicating that palladium by
itself has significantly lower onset potentials compared to
nickel.”” Figure S16b illustrates that only higher Pd content of
20 at. % was able to observe this oxidation peak which could be
due to two possible reasons: (i) the presence of a rich Ni
causes some surface segregation of the Pd active sites as shown
in EELS mapping (Figure 3a), and (ii) excess formation of
Ni** increases the concentration of OH, 4, and/or OH~, which
in turn could hamper glycerol transportation to the Pd active
sites.”> Moreover, the onset potential of GEOR on the
Nig9gBig0,/C and NigsBigs/C materials was approximately
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0.1 M glycerol electrolyte at 293 K. Scan rate: 0.001 V s, resolution 4 cm™".
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Figure 9. Comparison of the experimental concentration of formate determined by HPLC (black line) with the theoretical one for a 100%
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NiygPdy,/C, (e, f) NigoAu,,/C, and (g, h) NigeBij;/C at +1.30 V (on the left-hand side) and +1.55 V (on the right-hand side).

the same as that on Ni/C, with the maximum current density
slightly higher in NijgsBigos/C (Figure S16c). However, at
high bismuth content of 10 at. % the overpotential dropped by
0.08 V compared to Ni/C.

In summary, small addition (<20 at. %) of Pd, Au, or Bi
atoms to Ni nanoparticles clearly indicates that GEOR on the
bimetallic catalysts improves the activity and significantly shifts
the onset potential to lower values. This enhancement could be
attributed to the changes in the electronic interactions between

8732

the active sites and the reactant on the catalysts, thereby
altering d-band center of the metals. The relative d-band center
is closely associated with the molecule’s adsorption, thus
varying the catalytic activity.””

3.3. In Situ Infrared Spectroscopy Measurements. The
in situ spectroelectrochemical measurements have been
performed to shed light on the GEOR process, taking place
at the electrolyte/electrode interface on 10 different Ni-rich
catalysts. Infrared spectra were recorded as a function of the
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electrode potential in a Ny-purged 1.0 and 0.1 M KOH
electrolyte at 293 K and 0.001 V s™' for the electro-oxidation
of 0.1 M glycerol as shown in Figures 7—8 and Figures S17—
S18. Spectra recorded for GEOR in high KOH concentration
(1.0 M) lead to the formation of three main absorption peaks
in the so-called infrared fingerprint region of the organic
molecules between 1100 and 1600 cm™}, labeled as bands A to
C in each figure (Figure 7 and Figure S17). These three peaks
occur instantaneously at around 1350, 1385, and 1581 cm™!
(bands A, B, and C in Figure 7 and Figure S17). The
absorption band at ~1350 cm™' corresponds to symmetric
(O—C-0) stretching of formate.”® The band located at
~1385 cm™! is clearly associated with symmetric (O—C—0)
stretching of formate and glycerate.*”*® Besides, the absorption
peak detected at 1581 cm™' is assigned to a different
asymmetric COO™ group of carboxylate species” ** with a
shoulder at ~1670 cm™". These three absorption peaks appear
on all the materials with different intensities, demonstrating
that the main reaction products do not alter depending on the
catalyst composition and applied potential considered in this
study. In the context of variation of absorption band
intensities, functional groups are consumed or formed at
different rates. Upward absorption peaks at ~1050 and 1113
cm™! assigned to v(C—0) stretchin% of CH,—OH functions
correspond to glycerol consumption.”’

Similar remarks for lower concentration KOH (0.1 M) can
be made from the infrared spectra recorded for glycerol
electro-oxidation on the different Ni-rich catalysts (Figure 8
and Figure S18). The absorption peaks are positioned at the
same wavenumber values as for higher KOH concentration (1
M KOH), indicating a similar formation of the functional
species stated above. An intense peak appears at 2343 cm ™' on
Ni/C for E > +0.53 V vs Hg/HgO (band D in Figure 8a),
which has lower intensity on NiAu,_,/C materials at E =
0.775 V vs Hg/HgO (Figure 8c and Figure S18c,d). This
absorption peak corresponds to CO, formation.””**

In those cases, it is worth noting the presence of an
absorption band between 1400 and 1450 cm ™', which could be
attributed to the formation of carbonates. However, the CO,
absorption band is not visible with Ni,Pd,_,/C (Figure 8b and
Figure S18a,b) and Ni,Bi,_,/C (Figure 8d and Figure S18e,f)
materials as well as the absorption bands between 1400 and
1450 cm™". The same observation can be made for all catalysts
tested in 1.0 M KOH: the increase of the KOH concentration
avoids the formation of carbonate and CO, and favors the
formation of formate. The CO, visibility is mainly due to the
change of interfacial pH to acid due to the consumption of
hydroxyl in a thin layer close to electrode and CaF,
prism 202224

From both these studies, all Ni,M,_,/C catalysts are very
promising in terms of activity and selectivity toward formate
formation at mild electrode potentials and high KOH
concentration. For this reason, Ni/C, Niyg¢Pd,,/C,
NigoAug;/C, and Niy¢Biy;/C catalysts were selected to
perform continuous scale-up electrolysis measurements for
24 h to accumulate reaction products and determine the
selectivity of glycerol electro-oxidation in 1.0 M KOH.

3.4. Electrolysis Measurements. The mechanistic
analysis was accomplished to determine the reaction products
by HPLC and NMR after applying CA measurements in a 25
cm” (geometric area) continuous electrolysis cell for 24 h at
two constant cell voltages of +1.30 and +1.55 V selected from
the in situ infrared study. For GEOR at the anodic

compartment, the current dropped monotonically over the
24 h electrolysis time range as shown in Figure S19.

The analyses by HPLC of the reaction mixture were
performed every hour for 6 h using an aliquot of 0.6 mL of
solution. The data (Figure S20a—d) show the evolution of the
chromatograms with the time of glycerol electrolysis on Ni/C,
NygPdy,/C, NigeAu,;/C, and NiygBiy,/C catalysts. In all
figures, the main peak is detected at retention time of ~10.46
min for GEOR, clearly corresponding to formic acid which is
confirmed by the reference chromatogram (Figure S21a).
Hence, at +1.30 V two additional small peaks appear at
retention time of ~8.31 and 9.45 min. The first peak (at ~8.31
min) appears after 1 h electrolysis and remains stagnant for a
longer period; this could be due to the injection peak or the
formation of glyceric acid in a negligible quantity at the very
early stage of electrolysis measurements. The second peak
(~9.45 min) increases gradually with time and is mainly
pronounced for the NijgAu,,/C catalyst. We propose that it
could be the formation of lactic acid in small traces, since this
compound is well-known to be selective toward GEOR on gold
materials.”® These two peaks were confirmed by the reference
chromatogram as shown in Figure S21b,c. While at higher cell
voltage (U = +1.55 V), only the formate peak was evident.

Figures 9a—h compare the experimental concentration of
formate (Cpommateexp) Performed by HPLC experiments with the
theoretical concentration of formate (Cgymatetheo) determined
by Faraday’s law via eight-electron process, assuming only the
formation of formate as shown in reaction 2:

C,H,0, + 110H™ — 3CHO,” + 8H,0 + 8¢~ @)

Finding the resulting Faradaic efficiency for formate formation
can be given by using eq 3:'

Cformate, exp
fy = ————
Cformate,theo (3)

First, in the case of Ni/C and NijoBiy;, a very good
agreement between the experimental concentration of formate
determined by HPLC and the theoretical one for a 100%
selectivity is obtained for both cell voltages, the difference lying
certainly in the standard deviations of the experiment. This
observation indicates a very selective production of formate
with these catalysts. The curves at low cell voltage (U =
+1.30 V) for NijgPd,/C and NigyAug,;/C in Figures 9c and
9e, respectively, do not overlap, demonstrating that other
products are generated. It can be reasonably proposed that the
supplementary product corresponds to that detected at 9.45
min by HPL. It seems that this product acts as intermediate
which is not stable in GEOR and tends to be further oxidized
to formate at high cell voltage (+1.55 V), as both curves
become closer each other (Figure 9d,f).

Because of these limit scenarios, it was possible to calculate
the limit concentration of glycerol (Cge_Glycem](t)) and its
conversion (Xse_Glyceml(t)) at different reaction times assuming
100% selectivity to formate, according to the following
equations:

C t) =0.1 —
Glycerol( ) 3 (4)

0.1 - Cglycerol(t)

X t) =
Glycerol( ) 0.1 (5)
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Figure 10. 'H NMR spectra of 1.0 M KOH + 0.1 M glycerol solution after neutralization with HCL, lyophilization, and dissolution into D,O. The
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Figure 11. (a) Coelectrolysis performance of the most active carbon supported NiAu, NiPd, and NiBi nanocatalysts as well as the Pt, Au, and Ni/C
controls. The graph plots the partial CO current density with respect to applied cell potential; the graph on the right (b) magnifies the data from

Ni-based anodes with a schematic representation of the setup.

All obtained results are summarized in Table S2. For 6 h
electrolysis of glycerol on Ni/C, the conversion rates increase
significantly by applying higher applied potentials, i.e., 11.7%
and 32.7% for U, = +1.30 and +1.55 V, respectively.
Compared to Ni/C, the bimetallic catalysts show a better
tendency for glycerol conversion throughout the electrolysis
duration. Niy¢Pd,,/C and NijgAu,;/C have the highest value
after 6 h electrolysis with glycerol conversion of 73.1% and
63.1%, respectively. In the case of NijoBiy;/C catalyst, the
results are still impressionable, with 46.4% conversion and
100% selectivity toward formate.

At the end of the electrolysis measurements an additional
identification technique ("H NMR) was performed to identify
the product distribution after 24 h of CA in 0.1 M glycerol
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solution (Figure 10a,b). The "H NMR spectra of the initial
solution (1.0 M KOH + 0.1 M glycerol) before electrolysis
measurement (Figure S$22a,b) exhibit typical signals for
glycerol with several peaks in the 3.4—3.7 ppm range and a
standard solution (1.0 M KOH + 0.1 M formate) with a single
formate peak at ~8.4 ppm. After 24 h electrolysis at a cell
voltage of +1.30 V, the signal of glycerol has been reduced for
all catalysts as shown in Figure 10a, while at higher voltage
(Uen = +1.55 V), the glycerol peaks disappear completely,
indicating 100% conversion (Figure 10b). Furthermore, in 'H
NMR spectra formate has been detected as the major product
(6 ~ 8.4 ppm), which indicates that the C—C bond of glycerol
was broken. In addition, it is noteworthy to mention that the
intensity of the formate signal at +1.55 V decreases for all
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Ni,_ M,/C compared to that at +1.30 V. This translates likely
in the higher ability of modified Ni catalysts for the formation
of CO>™.

In summary, all qualification and quantification analyses are
in good correlation, indicating the formation of formate as one
of the major products on the anode carbon supported Ni—M
shell—core structures with cathodic hydrogen production; we
suggested the reaction mechanism in Figure 10c. The counter
electrode reaction on Pt/C hydrogen at a cell voltage as low as
+1.30 V corresponds to the low energy consumption of ~35
kWh kg%

3.5. Coelectrolysis of CO, and Glycerol in a Flow
Electrolyzer. A possible approach to achieve cost-effective
electro-oxidation of glycerol using Ni-rich bimetallic catalysts is
to execute this reaction parallel with CO, electroreduction
using Ag NPs as cathode catalyst. Running this coelectrolysis
process in a flow electrolyzer revealed that all Ni bimetallic
catalysts are active toward GEOR, as shown in Figure 11 and
Figures $23—S25. Out of all the NiAu,_,/C catalysts, the
NigoAuyg,;/C catalyst achieved the highest partial CO current
density of ~6.0 mA cm™ at —1.5 V, as shown in Figure S24.
For the Ni/Pd,_./C and NiBi,_,/C samples, the best
performers were NijgsPdgos/C and NiggsBigos/C, showing
partial CO current densities of about 3.3 and 1.7 mA cm™,
respectively, at 1.5 V (Figures S23 and S25). Adding Au and
Pd to Ni enhances the activity; however, Bi behaves similarly
to Ni as both the Ni,Bi,_,/C and Ni/C anodes depicted the
lowest activities. Compared to the carbon-supported
Nig9sBigos and Ni, both NijgAuy;/C and NiygsPdys/C
anodes exhibit lower onset cell voltages for the CO,
electroreduction. The onset cell potential value for Ni/C and
Nig 9sBig 05/ C is around —1.30 V, while using NiygAu,;/C and
Ni9sPdy05/C dropped the cell voltage significantly by 0.3 V
(Ucell,onset = —10 V) and 02 V (Uce]l,onset = -1l V)I
respectively, as illustrated in Figure 11b. We also noticed in
Figure 1la that both reference Pt and Au monometallic
catalysts at the anode outperform all of the Ni-rich bimetallic
catalysts, leading to better overall activity (62 and 25 mA cm™>
at —1.5 V, respectively) with lower onset cell potentials (E,
—0.75 and —0.9 V, respectively) for CO, electroreduction.
Furthermore, '"H NMR analysis of the anolyte indicates the
formation of both formate and lactate in this coelectrolysis
experiment as illustrated in Figure S26.

If we were to attempt a durability study with these catalysts,
we would continuously apply 1.5 V and monitor any the total
current and CO Faradaic efficiency for changes. However,
because the total current for all Ni,Au,_,/C experiments at this
cell potential was <10 mA cm™?, the durability test would not
provide much insight into catalyst stability because it is a
relatively low current compared to the capabilities of the flow
cell and industrially relevant current densities (>200 mA
em2).%°7%” Increasing the cell potential would indeed provide
higher current densities but would also begin to introduce
OER and therefore negate the study of GEOR for these
catalysts.

With these active anodes, the entire flow electrolyzer
requires less cell voltage (total energy) to reduce CO, to
CO, an observation we also noted in our previous work when
using Pt at the anode."” Reducing the total energy helps to
make all electroreduction products more feasible by widening
the operating cell potential range.”’ Lowering the energy
requirement of coelectrolysis also reduces carbon emissions
considering the supplying electrical grid is only partially
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renewable.® As stated earlier, Pt and Au are more active for
CO, electroreduction; however, these catalysts are precious
metals and thus drive up the cost for the capital expenditure of
this electrolysis setup. Specifically, the market prices of Pt, Au,
and Ni are aggproximately 30, 52, and 0.016 USD g_l,
respectively.”’~* Ultimately, being able to utilize Ni as the
main component of the anode catalysts could reduce the
catalyst price significantly (~2000—3000 lower). This saving
reduces the cost of the setup and in turn decreases the
minimum current density needed to make production of CO,

electroreduction commodities (CO in our case) more
a1 61
feasible.

4. CONCLUSION

Nanosized materials based on nickel-rich metals have been
prepared by a heatless coreduction method. The Ni,M,_,/C
(M = Bi, Pd, and Au) nanocatalysts with different atomic ratios
(<20%) have been characterized, indicating the possibility of a
M-core Ni-shell structure which optimized the performance of
these materials. The electrochemical measurements performed
in 1.0 M KOH electrolyte permitted the surface character-
ization of each electrode catalyst. As evidenced, the Pd, Au,
and Bi elements were present in their composition, and they
modified the electronic properties of Ni to shift the
overpotential to lower values, by as much as 0.19 to 0.08 V
for GEOR. In situ infrared spectroscopy measurements showed
that the major product was formate, which is attributed to
symmetric and asymmetric carboxylate species. However, no
significant change in selectivity was observed for all NiM,_,/
C. In addition to Ni/C, we chose the three best catalysts to run
24 h continuous electrolysis in a 25 cm? cell at a potential of
+1.30 and +1.55 V, and the reaction products were analyzed by
HPLC and 'H NMR. After 1 h electrolysis, both applied
potentials led to 100% selectivity for formate production,
which is in a good correlation with a qualitative analysis. At
higher voltage (U = +1.55 V), the glycerol peaks disappear
completely, indicating 100% conversion after 24 h electrolysis
for all four catalysts. Moreover, cogeneration of value-added
products at the anode using cost-effective NiM; ./C in
combination with CO, electroreduction to CO at the cathode
using Ag was tested. These flow electrolyzer experiments
revealed that, out of all Ni,M,_,/C catalysts, the NijyAu,,;/C
catalyst achieved the highest partial current density for CO of
~6.0 mA cm™? and lowest onset cell voltage of —1.0 V, which
are in good agreement with the electrochemical measurements.
All these insights anticipate the possibility to control the
selectivity and activity of these Ni-based electrocatalysts
toward a given product.
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Physiochemical characterization of Ni,M,;_, (M = Pd,
Ay, and Bi), including XRD, TGA, SAED, STEM
images, O 1s XPS, EDS mapping, EDS, and EELS
spectra; remaining electrochemical measurements nor-
malized with geometric surface area, FTIR spectra with
CA profile for electrolysis, product distributions (HPLC
and 'H NMR) at different applied potentials for
different reaction times along with chromatograms of
the standards; coelectrolysis performance and product
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