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ABSTRACT

A promising approach for reducing nitrate (NO3) in water waste is NO3 reutilization to ammonia (NH3).
This work investigates the synergistic effect of CuggNigp catalyst on a defect-rich TiO, (TNSD) carbon
vulcan composite (C-TNSD). The study starts with CuNi metallic content pre-screened over carbon vulcan
(C) to identify the most promising CuNi ratios for nitrate reduction reaction (NO3-RR) to NHs. This is the
case of Cu 20 wt% and Ni 80 wt% (CuyNigp), Cu 40 wt% and Ni 60 wt% (CugoNigp), Cu 60 wt% and Ni 40 wt
% (CugoNigp), and Cu 80 wt%, Ni 20 wt% (CuggNiyo) and Cu/Ni monometallic catalysts. Among these ratios,
CuyoNigp resulted in the most promising electrocatalyst when loaded over C-TNSD, whose functionality
has been assessed using in situ differential electrochemical mass spectrometry (DEMS). The results
indicate that CuggNigo/C-TNSD attains a similar NH3 selectivity to CuggNigp supported on TiOy-carbon
vulcan composites. However, CuggNigo/C-TNSD does not hinder charge transport, making it the most
suitable electrocatalyst for NH3 production. A synergistic interaction between CuggNigg and C-TNSD is
proposed. The results are supported by structural, (electro)chemical, and morphological characterization.
From a broader perspective, defective-rich catalysts can be developed to control the electrochemical
reaction sequence during NO3-RR.
© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

objectives have been established to reduce the still-high H, de-
mand from fossil sources by integrating H, into the NHs process

Nitrate is one of the most common pollutants in water sources, using environmentally friendly alternatives, such as green

and its high levels can cause eutrophication, harmful effects on
aquatic life, and health problems for humans [1]. A promising
approach for reducing nitrate (NO3) content in water is NO3
reutilization to higher-value products like NHs. For NH3, ambitious
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hydrogen from alkali electrolysis [2]. Another alternative for NH3
production is the electrochemical reduction of NO3. The approach
is a sustainable and environmentally friendly scheme where elec-
tricity is used to reduce NO3 from water waste to NH3, a crucial
chemical unit for fertilizers [3].

Recycling NO3 from waste to NH3 can further help reduce fer-
tilizer dependency on the energy-intensive and environmentally
harmful Haber—Bosch (HB)-NH3 process and potentially close the
loop in the nitrogen cycle [4,5]. Hence, we expect that NH3-based
fertilizers produced during the electrochemical reduction of NO3
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will be applied to agricultural soils, supplying plants with essential
nutrients. Fertilizers will break down into oxidized nitrogenated
molecules, releasing NO3 which can then be captured for NH3
electrosynthesis. Ideally, this will create a sustainable nitrogen
cycle where NO3 can be converted to NHs, used in fertilizers, and
returned as NO3. Other oxidized nitrogenated species might be
produced during NO3 reaction (e.g., NO3) which needs to be
considered [6—38].

The proposed electrochemical approach offers the opportunity
to mitigate the negative environmental impacts of conventional
fertilizer products. Several steps might be required to fulfill this
purpose, but if achieved, NO3 -recycling can further benefit the NH3
dependency of the fertilizer industry. A decrease in HB-NH3 has
further benefits. NO3 conversion to NH3 can reduce the HB energy
penalty, which uses around 2% of the world’s energy annually [5].
At the molecular level, the energy penalty of the HB is ascribed to
the high dissociation energy of the triple nitrogen bond (N ~ N),
close to 941 kJ/mol [9]. NO3 is an exciting nitrogen source because
N]O has a relatively lower dissociation energy (204 kj/mol) than
NHs. Furthermore, less HB-NH3; dependency will subsequently
reduce the CO, footprint. Without a change in the current NHj
manufacturing process, emissions of ~450 million metric tons of
CO, per year are expected by 2050—a critical scenario for the
transforming chemical industry [5].

Materials for the transforming chemical industry should also be
adapted to accomplish the energy transition goal. This is the case of
electrocatalysts, which should preferably be earth-abundant, as in
the case of nickel (Ni) and copper (Cu). Cu[10—12], and Ni[13] have
been investigated for the electrochemical reduction of NO3 to NHs.
Cu catalysts have a strong adsorption affinity for NO3. To achieve
high faradaic efficiency for NH3 (FEyy3) exceeding 90% during NO3
reduction reaction (NO3-RR) in alkaline conditions, the Cu catalysts
must operate at cathodic potentials near (or largely negative
than) —0.27 V vs. reversible hydrogen electrode (RHE). However,
this cathodic potential requirement could result in a significant
overpotential of over 1 V, leading to parasitic reaction competition
(e.g., hydrogen evolution reaction, HER).

Higher activity at relatively lower cathodic potentials can be
achieved with Cu by changing the adsorption characteristics of the
metal and, thus, intermediates by weakening NO3-adsorbed spe-
cies binding energies. One strategy is combining Cu with other
metals. For example, CuNi alloys and other co-catalyst mixtures can
positively shift the NO3 reduction at lower overpotentials. In this
case, Cu allows NO3z-adsorption, while Ni is the binding site for
hydrogenation, which in some cases has been suggested to form a
hydride intermediate at cathodic potentials [14]. A synergistic ef-
fect between Cu and Ni can lead to NO3-hydrogenation, increasing
the selectivity of NO3 to NH3 [15—17].

The mechanism responsible for NO3 reduction has been eluci-
dated for CuNi, whose electronic structure varies depending on the
metal ratios [9,17]. For multimetallic compositions, not necessarily
alloys, NO3 selectivity toward NH3 has been attributed to a syner-
gistic effect between two metals [18]. In the case of CuNi and
defect-rich metal oxide supports, synergy can be expected as
combined form can increase electron transfer by applying a
cathodic potential, providing enough active sites for NOs-RR
[6—8,19]. Recently, it has been demonstrated electrochemically that
defects, e.g., oxygen vacancies (OVs), can promote the formation of
active sites to facilitate NO3-RR [19—22]. This has been the case
with TiO, support used to host single elemental compositions, like
Cu on TiO; [11]. However, the synergy between CuNi and defect-
rich engineered supports remains unexplored, particularly during
the sequential evaluation of chemical products using DEMS.

This work investigates the synergistic effect of CuNi supported
on defect-rich TiO, nanosheet composites. CuNi metallic contents
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have been pre-screened over C to identify the most promising CuNi
compositions for NO3-RR to NHjs. In total, four metal combinations
containing different wt.% ratios have been used. This is the case of
CuyNigg, CuggNigg, CuggNigg, CugpNizg, and Cu and Ni as controls.
CuyoNigp resulted in the most promising electrocatalyst and thus
further studied over TiO,. Hence, CuggNigg supported on C-TNSD is
synthesized (CuggNigg/C-TNSD). The CuggNigo/C-TNSD DEMS results
are contrasted with commercial TiO, (TO) and TiO, nanosheets
(TNS). DEMS reveals that nitrogen species, such as NO and N0, can
be generated over multiple supports, i.e., carbon vulcan (C), C-TO, C-
TNS, and C-TNSD. CuggNigo, loaded over the latest supports, mod-
ifies the NO3-RR reaction pathway, forming NO, N,O, and NHs.
Among the electrocatalysts, we identified that CusoNigp over C-TNS
and CuyoNigg/C-TNSD attained a similar activity toward NHs.
Nevertheless, the CugoNigg over C-TNS shows a plateau that hinders
charge transport, making CuggNigo/C-TNSD the most suitable elec-
trocatalyst for NHs. Impedance measurements demonstrate that
charge transfer issues are mitigated with C-TNSD. Our results are
supported by structural, (electro)chemical, and morphological
characterization of the multiple supports loaded with CuyggNigo,
which reveal a synergistic effect between CuygoNigg and the
defective-rich TiO,. From a broader perspective, defective-rich
catalysts can be developed to control the electrochemical reaction
sequence during NO3-RR.

2. Experimental section
2.1. Synthesis of TiO, nanosheets

TiO, nanosheets were synthesized by the hydrothermal method
using titanium butoxide (TiBu) at 97% purity in 70 wt% HF. The
volume ratio between TiBu and hydrofluoric acid (HF) was main-
tained at 3:25, and this solution was stirred for 2 h. The obtained
mixture was transferred to a 100 mL Teflon-lined stainless-steel
autoclave and placed in an oven at 180 °C for 36 h. After hydro-
thermal treatment, the reaction system was cooled down to room
temperature. The resulting mixture was a beige-colored mixture,
which was washed and filtered. The impurities were removed using
a solution prepared with ethanol and distilled water. The filtrate
was then dispersed in a 0.01 M NaOH solution and stirred for 8 h at
atmospheric conditions. A second washing process, followed by
filtration, was carried out. Finally, TNS were dried in an oven at
80 °C for 6 h. TNSD was obtained by treating the TNS thermally in a
reduced atmosphere for 2 h at 200 °C in 4% Hj diluted in Ar.

2.2. Synthesis of supported CuNi on carbon-TiO,

The synthesis of Cu, Ni, and CuNi supported on C—TiO, com-
posites started by preparing a suspension using NiCl, and CuCl, as
metallic precursors in 100 ml of CH30H. The suspension was stirred
at 65 °C for 1 hin an Ar atmosphere. After that, 50 ml of NaBH4 was
added to the suspension. Cu, Ni, and CuNi wt.% combinations (i.e.,
CuyoNigg, CuggNigg, CuggNigg, CugoNizg) were supported on the
electrocatalyst, i.e., C, C-TNS, C-TNSD, or C-TO carefully maintaining
a metal:support ratio at 1:9. It should be noted that the C and TiO;
composite ratio was maintained at 7:3.

2.3. Structural and morphological characterization

The catalysts were characterized with (i) X-ray diffraction (XRD),
(ii) X-ray photoelectron spectroscopy (XPS), and (iii) scanning/
transmission electron microscopy (S/TEM). (i) XRD from PAN-
alytical model X Pert PRO fitted with a PiXcel detector was used to
analyze the crystallographic phase of all samples. (ii) XPS was used
to investigate the chemical surface environment of the
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electrocatalyst and was done with a K-alpha Thermo Fischer Sci-
entific spectrometer with a monochromatic Al Ko source
(1486.6 eV). Samples remained under vacuum for more than 10 h in
a pre-chamber directly connected to the equipment and then
transferred to the analysis chamber zone with a base pressure of
1 x 10" ? Torr that remained constant throughout the experiment.
(iii) Scanning transmission electron microscopy (STEM) and
energy-dispersive X-ray spectrometry (EDXS) observations were
done in a Cs-corrected microscope JEOL ARM 200CF equipped with
a JEOL SSD EDX spectrometer and a Gatan Dual EELS Quantum
spectrum imaging filter. The operational voltage was set to 80 kV.
The catalyst powders were dispersed in ethanol and deposited over
a holey carbon-coated Au grid.

2.4. Electrochemical characterization

Electrochemical measurements were performed using a
potentiostat—galvanostat (Autolab PSGSTAT-302) in a three-
electrode cell setup. The electrodes used were a platinum wire as
a counter electrode (CE), a standard hydrogen electrode (SHE, pre-
pared with HySO4 0.5 M) as reference electrode (RE), and glassy
carbon (GC, 3 mm in diameter) as the working electrode (WE). The
GCelectrode was polished with a 0.05 um Al,O03 powder to a mirror-
finished surface. A homogeneous ink was prepared by a mixture of
5 mg of electrocatalyst in 1 ml of solution (75:25 water: isopropanol)
and 70 ul of 5% wt Nafion in an ultrasonic bath for 30 min. The glassy
carbon electrode was coated with 5 pl of the suspension and dried at
room temperature. The total electrocatalyst mass load for all ex-
periments was 0.33 mgcatalyst/cmz. All measurements were carried
out with a standard hydrogen electrode (SHE). The recorded values
were then converted to the reversible hydrogen electrode according
t0 Egpe = Egy + Espe + 0.059 pH. For the SHE electrode, Eg; =0V,
the pH solution was determined by the pH-meter Orion 420A+. The
electrochemical technique employed to evaluate the electro-
catalytic activity was cyclic voltammetry carried out in the potential
window from 0.4 —1.4 V vs. SHE with a scan rate of 20 mV/s. An
aqueous 1 M NaOH solution saturated with Ar was used as a sup-
porting electrolyte. Cyclic voltammetry was employed to determine
the electrochemically active surface area (ECSA) and capacitance
values. ECSA measurements were carried out in the presence of 1 M
KCl solution with 10 mM KsFe(CN)g in scan rates between 25 and
150 mV/s. Capacitance values were determined at 1 M NaOH solu-
tion in the potential window from 0.3 to 0.4 V vs. SHE in scan rates
between 75 and 500 mV/s. Charge transport processes in steady
state technique were studied using electrochemical impedance
spectroscopy (EIS) measurements. This analysis was carried out for
each supporting electrolyte, applying a sinusoidal signal of 10 mV of
amplitude in the frequency range from 10° to 0.1 Hz at an applied
potential of —1.1 V vs. SHE for CuggNigg loaded over the multiple
C—TiO, supports in NaOH 1 M solution without and with 0.1 M
NaNOs. All experiments were performed at room temperature, and
the solutions were saturated with Ar for 15 min before polarization.

2.5. In situ DEMS

An electrochemical reactor for a three-electrode setup was used
to record the ionic and faradaic currents as a function of electrode
potential (and time). The electrochemical measurements were
performed using a potentiostat—galvanostat (pLAutolab III). The cell
components (WE, CE, RE, and electrolyte) employed for DEMS
analysis were as described for electrochemical characterization in
Section 2.4. The ionic current (mass signal) for selected mass-to-
charge ratios (m/z) and the current—potential profiles were recor-
ded simultaneously at a scan rate of 1 mV/s. The experiments were
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carried out in a potential window from 0 to —1.2 V vs. SHE for
CU40Ni60/C—T0, CU40N160/C—TNS, and CU40Ni60/C—TNSD from
0to —1.5Vvs. SHE in NaOH 1 M in the presence of NaNOs (0.1 M). In
all cases, the total electrocatalyst mass load for all experiments was
0.33 mgcatalyst/cmz. The electrochemical cell was connected to the
quadrupole mass spectrometer (Prisma QMG220) at a working
pressure of ca. 2.7 x 10~> mbar. All solutions were purged with Ar
prior to the DEMS analysis.

3. Results and discussion
3.1. CuygNig electrocatalyst optimization

This study starts with the synthesis of CuNi supported on carbon
vulcan (CuNi/C) using various CuNi wt.% ratios: CuyoNigg, CuggNigo,
CugoNigg, CugpNizg, and monometallic Cu and Ni. The catalyst is
electrochemically evaluated in alkaline conditions in the presence
and absence of NaNOs, as shown in Fig. S1. The results in Fig. S1
demonstrate that the CuygNigp/C electrocatalyst has the highest
faradaic current in the redox peak associated with NOs-RR.
Therefore, the CugpNigo ratio has been used to prepare a CugoNigg
supported on C—TiO, composites to investigate the synergy be-
tween CuyoNigg and TiO,. Thus, the metallic ratio (CuggNigg) has
been used to prepare electrocatalysts loaded over C-TO, C-TNS, and
C-TNSD composites. The electrocatalysts are labeled as CusgNigp/C-
TO, CuygNigo/C-TNS, and CuygNige/C-TNSD.

3.2. Morphological and structural characterization

The XRD patterns of the CuyoNigp prepared with different sup-
ports are shown in Fig. 1 (a-b). Fig. 1 reveals that the XRD patterns
present several diffraction peaks corresponding to the different
metals and oxides of Cu and Ni, along with the diffraction signals of
carbon vulcan (C) and TiO; supports. All the electrocatalysts loaded
over C presented two broad signals at 20 = 24.8 and 43.4, corre-
sponding to C (002) and C (100), with a graphite-like structure
(JCPDS 41—1487) (Fig. S2). As for the C—TiO; supports, the C-TNSD,
C-TNS, and C-TO electrocatalyst shows the characteristic TiO;
diffraction peaks at 20 = 25.4, 37.7, 48.1, 54.0, 55.1, 62.7, 68.7, 70.4,
and 75.3 attributed to the (101), (004), (200), (105), (211), (204),
(116), (220), and (215), planes of the anatase phase (JCPDS 21-1272)
[23]. Contrary to the synthesized C-TNSD and C-TNS, C-TO shows
intense sharp peaks, indicating that TiO; is highly crystalline. The
composites prepared with C-TNSD and C-TNS display line broad-
ening of the peaks due to the polymorphic structure of the nano-
sheets, which suggests the presence of small particle sizes. A close
look at the diffraction peaks in Fig. 1(b) shows species CugoNigg
present over the various C-TNSD, C-TNS, and C-TO supports. The
monometallic copper displayed three XRD peaks at 20 = 43.4 and
50.5, characteristic of the face-centered-cubic (fcc) for the planes
(111) and (200) (JCPDS 04—0836) [23]. A detailed analysis for C
reveals a slight decrease in Cu lattice spacings when Ni is present
(Fig. S2), suggesting that our Cu and Ni co-catalysts could be
partially alloyed [24]. On the other hand, CuyoNig/C and CuggNigo/
C-TO exhibited two peaks appeared at 20 = 44.4 and 51.7, which
corresponds to the (111) and (200) planes (JCPDS 04—0850) for Ni
(fcc) [25]. The results indicate that CuNi species on TNSD and TNS
resemble the CuNi species over C (Fig. S2). CuNi species are iden-
tified as a combination of metal and metal oxides in Fig. 1(b).

CuyoNigg electrocatalyst structural, morphological, and chemical
characteristics are studied with STEM and STEM-EDX (Fig. 2). In
Fig. 2(a) and (2a’), oxidized Ni (denoted in bright color and high-
lighted with yellow arrows) has been found with a nanoweb-like
shape over the C support. Ni species can be in the form of oxide
or hydroxide (Fig. 2(a)), as will be discussed below (see XPS
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(a)

CuNig,/C
Cu4Nig,/C-TO
CuNig,/C-TNS
Cu4oNigy/C-TNSD

| TiO, (JCPDS 21-1272)
| T T ol
N\ A___T10; (CPDS 21-1272) ' L
| Ni (JCPDS 04-0850)

I
| 1
C (JCPDS 41-1487) Cu (JCPDS 04-0836)

20 30 40 50 60 70 80 30 35 40 45 50 55 60
20 20

Fig. 1. (a) XRD patterns of CuygNigo/C and CuygNigo/C—TiO; electrocatalysts (C, C-TO, C-TNS, and C-TNSD). C and A-labels refer to carbon vulcan and TiO, anatase. (b) Enlarged view of
the main Ni and Cu species peaks region.

Intensity (a. u.)
Intensity (a. u.)

CuNi merged

CuNi merged

Fig. 2. STEM-ADF imaging of (a, a") CugoNigo/C, (b, b") CuggNigo/C-TNS. TEM imaging of (c, ¢') CugoNigo/C-TNSD. STEM-ADF and EDXS maps of (d, e) CusoNigo/C-TNS and (f) CugoNigo/C-
TNSD after the NO3-RR. TEM imaging of (g, g', g") CugoNigo/C-TNSD, (h) CuyoNigo/C-TNSD, (i, i') CugoNigo/C-TNSD.

analysis). On the other hand, Cu has been found dispersed over the nanosheet-like morphology also agree for C-TNSD (Fig. 2(c) and
support, forming aggregates. Over the C-TNS, Ni-like nanowebs are (c")), where the tiny crystals have been observed.

observed in Fig. 2(a'). As for TiO,, C-TNS have TiO, nanosheet For CugoNigp/C-TNS electrocatalyst, Cu (red), Ni (green), Ti
morphology, as shown in Fig. 2(b) and (b'). The results for TiO, (purple), O (blue), and C (carbon), STEM-EDX elemental maps are
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shown in Fig. 2(d) and (e). In this case, Cu is observed as aggregates
over the C-TNS, which is also the case for Ni. Although STEM-EDX
reveals the presence of aggregates, CuNi EDX signals also overlap,
as found in Fig. 2(e) (yellow arrows). After the NO3-RR, we analyze
CuypNigo/C-TNSD. Similar results to Fig. 2(d and e) are observed in
Fig. 2(f), where Cu and Ni are distributed across the electrocatalyst.
CuNi segregation can be attributed to the oxidized Cu and Ni. In the
same figure, Ni nanowebs can be assessed by looking at the merged
NiCu image, where a slightly more significant EDX-Ni signal has
been observed. O and C have also been included to demonstrate the
presence of oxidized Cu and Ni and the existence of carbon.
Detailed TEM analysis of the CuygoNigg/C-TNSD after NO3-RR is also
shown in Fig. 2(g), (g'), (g"), and (h). Particle-like shapes are found
distributed over C-TNSD. The presence of graphitic carbon in Fig. 1
is confirmed in Fig. 2(i) and (i').

The chemical environment of (a) Cu, (b) Ni, (¢) Ti, and (d) O in
CU40Ni50/C—TNSD, CU40N160/C—TNS, CU40N160/C—T0, and CU40Ni50/C
are evaluated to provide insights on the nature of the chemical
species present at the electrocatalyst surface (Fig. 3). Fig. 3(a) shows
the peak fitting for the Cu 2ps3p; core level. The Cu 2p3p; spectrum
has been deconvoluted into three peaks at about 932.5 eV, 933.8 eV,
and 935.2 eV assigned to the formation of Cu,0, CuO, and Cu(OH),,
along with two satellites at about 941.2 eV and 943.7 eV [26]. The
effect of the chemical environment from the TiO, is observed when
compared with C support. Cu-supported over C—TiO; reveals an
energy shift of +1 eV. Fig. 3(b) shows the peak fit for the Ni 2p3);
core level. The spectrum is deconvoluted into two peaks at about
855.7 eV and 857.3 eV along with the satellite which can be
attributed to the chemical states of nickel, such as Ni, Ni** in the
form of NiO, and Ni** in the form of Ni(OH), [27]. Overall, the re-
sults indicate the existence of oxidized Ni and Cu species over the
various supports.

Materials Today Energy 41 (2024) 101525

Fig. 3(c) displays the Ti 2p spectra for the CuggNigo/C-TNSD,
CuyoNigo/C-TNS, CuygoNigo/C-TO, and CuygNigg/C electrocatalysts.
The electrocatalysts revealed XPS peaks at about 464.5—464.9 eV
and 458.6—459.1 eV, corresponding to the Ti*t oxidation state.
Other Ti 2p peaks are located at about 458.1—463.7 eV and corre-
spond to the Ti>* species [28]. It should be noted that the peak-
splitting for the Ti 2pj;> and Ti 2p3); signals is A = 5.7 eV, in
agreement with metal oxide electrocatalysts. Furthermore, the
corresponding areas for the different Ti species showed that the
Ti>* is around 50.3, 37.7, and 19.7% for CusgNigo/C-TNSD, CuggNigo/
C-TNS, and CuyggNigp/C-TO, suggesting the presence of uncoordi-
nated Ti species. Table 1 shows the relative contents of Ti>* and the
peak area ratio of Ti** for CuyoNigo/C-TO, CuygoNigo/C-TNS, and
Cu4oNigo/C-TNSD. The Ti**:Ti>* ratio for CusoNigo/C-TNSD indicates
that about 50 % of the composite contains Ti>* reduced species (see
ca.0.98:1 in Table 1). Compared to the catalysts prepared with TNS
and TO with a Ti**:Ti>* ratio of 1.7:1 and 4.1:1 show a lower amount
of Ti>* species, i.e., 37% and 19%, respectively. It has been suggested
that the excess electrons associated with each OV occupying Ti—3d
orbitals can create Ti>* sites [29]. Furthermore, the relative content
of the reduced species and OVs in the O 1s region is higher for
CuyoNigo/C-TNSD than the other electrocatalysts. Therefore, it is fair
to say that the C-TNSD has more OVs among the supports. No Ti 2p
peak has been found for CuggNigo/C, as expected.

To this end, the XPS core O 1s spectra for the CuggNigo/C-TNSD,
CuyoNigo/C-TNS, CuyggNigo/C-TO, and CuygoNigo/C electrocatalysts are
also presented in Fig. 3(d). The CuyoNigp/C catalyst exhibited peaks
at 530.3, 531.1, 532.0, and 533.0 eV assigned to the oxygen bonded
to Ni and Cu metals (M — O), C—0, C]O compounds, and OVs,
respectively [14,30]. Carbon does not contain oxygen atoms in its
atomic structure; however, carbon vulcan can contain oxygen
functional groups such as hydroxyl and carboxyl that could have

(a) Cu2p
CuoNig/C-TNSD |

(b) Ni 2p
CuoNig,/C-TNSD
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Table 1

Specified contents of Ti** in the composites and the Ti**: Ti** ratio in the Ti 2p region.

Materials Today Energy 41 (2024) 101525

Ti**: Ti** Ti 2p region Ti*+ Ov (%) O 1s region

Catalyst Ti®* (%) Ti 2p region
CuigoNigo/C-TO 19.7
CU40Ni50/C—TNS 37.7
CU40N160/C-TNSD 50.3

4.1:1 315
1.7:1 37.1
0.98:1 42.5

been reduced during the electrocatalyst support synthesis, creating
Ov and other defects [31]. On the other hand, the samples con-
taining TiO, showed peaks at about 530, 530.7, 531.4, 532.3, 533.3,
and 534 eV that can be fitted with the oxygen bonded to Ti, Ni, and
Cu metals (M — 0), O—Ti>* (following the Ti 2p results), C—0, C]O
compounds, Ov, and adsorbed water, respectively [32].

In short, XRD, STEM, and XPS in Figs. 1, 2, and 3 reveal the
presence of mixed oxides and hydroxides in CuNi. Although it is
inconclusive, we should not disregard the presence of partially
alloyed mixed co-catalyst phases (see STEM-EDX). Cu is encoun-
tered as Cuy0 and CuO, and Ni is present as an oxide. We should
also not exclude that such species might hydroxylate after air
exposure for XPS analysis. Furthermore, the presence of metal and
metal oxide species has also been corroborated using cyclic vol-
tammetry, as shown in Fig. S1. Overall, the structural and chemical
characterization demonstrated the presence of Cu and Ni in the
form of mixed species over C-TNS, C-TNSD, and C-TO.

3.3. Electrocatalytic characterization of C-TNS, C-TNSD, and C-TO

The electrocatalytic performance of the CuygNigo/C—TiO; is
evaluated using cyclic voltammetry (CV) in the presence and
absence of NaNOs3 in NaOH solution (Fig. 4). As seen in Fig. 4(a), the
CV measurements show various redox peaks associated with Cu
and Ni oxides for the various supports (e.g., C-TNS, C-TNSD, C-TO).
Among the C—TiO,, CuggNige/C-TNS shows the lowest current to-
ward Ni oxide within the potential window of 0.9—1.38 and
1.38—1.6 V vs. RHE and related to Ni + 20H™ — Ni(OH); + 2e™ and
Ni(OH); + OH™ — NiOOH + H,0 + e™, corresponding to redox
peaks of oxidation and reduction, respectively [33]. For Cu/C
(Fig. S1), a less pronounced peak within 0.82—0.88 V vs. RHE has
been observed. Cu oxidized species can be associated with CuO and
Cu(OH)3. For other potentials, e.g., 0.52—0.59 V vs. RHE, the for-
mation of Cuy0 is expected [34]. A detailed description is provided
in the supporting information section S1. Overall, the proposed Cu

(a)

00 02 04 06 08 1.0 1.2 1.4 1.6

E (V) vs RHE

j (mA/cm?)

and Ni metallic and oxidized species align with the species found
with XRD, STEM-EDX, and XPS.

The electroreduction of NO3 performance of various CuNi
electrocatalysts ratios are additionally evaluated using cyclic vol-
tammetry in Fig. 4(b). In this case, NaNO3 0.1 M has been supple-
mented to the electrolyte to understand the electrochemical effect
of NO3. In the case of metals, particularly for CuNi electrocatalysts,
the d-band center (¢;) can be modulated for Ni 3d and N 2p orbitals.
This modulation increases the energies of unoccupied anti-bonding
N 2p states above the Fermi level [35]. The latest can lead to a
favorable between the metallic surface and NOOH* intermediates,
facilitating the selective formation of NH3 by the reaction NO3 +
6H,0 + 8¢~ — NHs3 + 90H™. CuNi synergy makes the Cu 3d band
move to a lower energy level, tuning the intermediates’ energy
adsorption [36].

3.4. NO3-RR to NH3

DEMS analyzes gaseous and volatile species [37] generated
during the electrochemical NO3RR [7]. The electrocatalytic activity
of CU40Ni60/C, CU40Ni50/C—TO, CU40Ni50/C—TNS, and CU40Ni60/C—TNSD
is shown in Fig. 5 (in blue). Measurements without CugoNigp are
also provided and colored in black. In Fig. 5, the faradaic current is
recorded simultaneously with the ionic current (mass-signal) for
(a, g m, s) m/z = 2 assigned to Hy, (b, h, n, t) m/z = 15 for NO and
NHj3, (¢, i, 0, u) m/z = 17 for NH3, (d, j, p, v) m/z = 30 for NO, and
(e,k,q,w) m/z = 44 for N,0. Ny, NO,, and NH,OH mass signals have
not been detected, although they have been observed in Pt or Pd
electrocatalysts [6—8]. The corresponding faradaic current vs. po-
tential profiles are shown in Fig. 5 (f, I, r, X).

Fig. 5 shows that the H, product has been observed for C and
C—TiOysupports(a, g, m, s). H, production is accompanied by a
higher cell potential for C and C—TiO, in Fig. 5 (f, I, r, X). However,
when CugygNig is loaded over C and C—TiO5, a reduction in the cell
potential is observed in Fig. 5 (f, 1, r, X), accompanied by lower

04 p———
(b)
10 /4
/
-204
-304
40
50 Cu, Ni/C
N Cu, Ni,/C-TO

il I Cu, Ni_/C-TNS
70{ / Cu, Ni_/C-TNSD

0.8 0.6 -0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Fig. 4. (a) Current density-potential characteristics of CusoNigo/C and CugoNigo/C—TiO, in 1 M NaOH solution at a scan rate of 5 mV/s. (b) Current-potential characteristics of
CuygoNigp/C and CugoNigo/C—TiO, in 1 M NaOH and 0.1 M NaNOs at a scan rate of 20 mV/s.
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Fig. 5. Current-potential characteristics for (a, b, c, d, e, f) CugoNigo/C, (g, h, i, j, k, 1) CugoNigo/C-TO, (m, n, 0, p, q, r) CuggNige/C-TNS, and (s, t, u, v, w, X) CugoNigo/C-TNSD 1 M NaOH
with 0.1 M NaNOs. Mass signal as a function of the applied potential (1 mV/s) for m/z =2 (a, g, m, s), m/z=15 (b, h, n, t), m/z=17 (¢, i, 0, u), m/z=30(d, j, p, v) and m/z = 44 (e, k, q,

w) are presented.

production of Hy in Fig. 5 (a, g m, s), indicating that CuyggNigg
modifies the H™ adsorption that leads to H, formation. In Fig. 5 (b,
h, n, t) and (c, i, 0, u), NHs has been found. However, owing to the
overlap between NO and NHs, m/z = 15 is not discussed. Hence, we
analyze m/z = 17 to evaluate NH3 production. In this case, CugoNigo/
C-TNS and CuygoNigg/C-TNSD have the highest NH3; production
among the electrocatalysts. It should be noted that C, C-TO, C-TNS,
and C-TNSD did not produce NHs. As for CugoNigo/C—TiO in Fig. 5
(d,j,p,v), additional ionic currents associated with NO (m/z = 30)
have been observed at negative potentials with a further increase in
NO content at higher negative potentials for C—TiO; supports only.
Interestingly, no N»O has been found in Fig. 5 (e,k,q,w) for CugoNigo/
C, CU40N160/C—T0, CU40Ni60/C—TNS, and CU40Ni50/C—TNSD. Among the
supports, TNS did not show N,O production, while a small amount
of N»O has been seen for C, C-T0, and C-TNSD. Small N,O formation
over TNSD can be related to the branching of oxygen atoms during
NOs-RR. Isotopic fractionation occurs at these branch points,
leading to the preferential loss of O as water and the transfer of O to
the subsequent NOy products, which later form N»O as a byproduct
[38]. For comparison, a similar DEMS and electrochemical analysis
to Fig. 5 is presented in Fig. S3 but in the absence of NO3. The results
reveal that H; is the most abundant product. Control experiments
have been carried out using monometallic Cu and Ni catalysts in the
presence of NaNOs, as shown in Fig. S4. NH3 is the main product of
Cu, while Ni produces Hj. Variations in product selectivity can be
related to a change in adsorption energies when contrasting CuNi
with monometallic electrocatalysts, such as Cu, which favors NOs-
RR to NHs, while Ni favors hydrogen evolution reaction (Fig. S4)
[39]. Compared to Fig. S4, the CuNi synergy is evidenced by
increased NH3 production in Fig. 5.

The relative product selectivity for the various C and C—TiO;
supports loaded with CugoNigg presented in Fig. 6(a) and 6(b) is
estimated using the Faradaic and ionic current profile in Fig. S5. C,
C-TNS, and C-TNSD support loaded with CuggNigg reveal selectivity
values higher than 95% for NHs, while C-TO remains below 90%
selectivity values with a more considerable amount of H, and NO
pl‘OdUCEd. For CU40Ni50/C, CLI40Ni50/C—TNS, and CU40N150/C—TNSD,

NO, and N,O product selectivity remain below 1%. Among them,
CuyoNigg/C-TNS has a significant H, production comparable to
CuyoNigp/C-TO. This is quite interesting as CuygNigg and C-TNSD
synergy aids in suppressing hydrogen. The effect can be indirectly
assessed by looking at the NO3-RR products in Fig. 6(a) and (b).
Product selectivity variations might indicate a reaction change due
to the unique interactions between the bulk solution’s ions and the
defect-rich surface. This can be the case for uncoordinated defects
in TiO, (see Table 1), such as OV, which improves the performance
in electroreduction reactions [40] by suppressing parasitic re-
actions (e.g., HER) or enhancing selectivity through specific active
sites. From the HER suppression effect in CuggNigo/C-TNSD, we can
argue that defective TiO, contains low-coordinated Ti>*, and thus,
OVs can enhance electrical conductivity and promote electron
transfer to maximize NH3 production.

Another important point in Fig. 6(a) and (b) is the relatively high
NH3 selectivity of CugoNigo/C, CuggNigo/C-TNS, and CuygNigg/C-
TNSD. In this case, the faradaic current demonstrated that CuggNigo/
C-TNSD further increases NH3 production (Fig. 6(c)), attributed to
the synergistic effect between CugoNigo and defect-rich support.
Similar NH3 production for CugoNige/C-TNS is displayed. However, a
plateau in the region from —0.2 to —0.3 mA has been found for
CuygNigo/C-TNS, suggesting an electron transfer barrier over the
electrocatalyst affecting electrochemical reaction (Fig. 6(d)),
generating a large amount of byproducts like H, [41]. To this end,
the electrocatalyst selectivity (Fig. 6(a)) is contrasted in Fig. S6. Cu
demonstrates a higher selectivity toward NH3 and Ni to Hj, as
shown in Fig. S6(b). From our results, it is fair to say that CusgNigo/
C-TNSD is a more suitable electrocatalyst due to a relatively large
amount of NH3 over time, as determined in Fig. 6(c) and chro-
noamperometry in Fig. S7.

Electrochemical surface area (ECSA) is measured (Fig. S8 and
Fig. S9(a)) to generate insights into the catalyst active sites that lead
to CuygoNigo/C-TNSD having the highest Faradaic current. In Table 2,
estimated ECSAs are shown. The ECSA values can be related to
active sites that promote faradaic interactions over the electro-
catalyst. The results demonstrated that CugoNigo/C-TNSD has the
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Table 2

Electrochemical surface areas and capacitances for CuygNigo/C, CugoNige/C-TO, CugoNigo/C-TNS, and CuygNigo/C-TNSD.

CuyoNigo/C CuyoNigo/C-TO CuyoNigo/C-TNS CuyoNigo/C-TNSD
ECSA (cm?/mgcatatyst) 3.77 3.71 443 4.85
Capacitance (uF) 145.5 222.9 261.2 245.9

highest ECSA, while CU40N160/C—TNS, CU4QNi50/C—TO, and CU40Ni50/C
remain below 4.85 cmz/mgcatalyst. indicating that the OVs induce
anchoring sites for redox reactions [42].

The latest attributions are supported by estimating the elec-
trochemical capacitance for the various C—TiO; electrocatalysts
(Fig. S9(b) and Fig. S10). In this case, the highest capacitance has
been found for CuygNige/C-TNS, as shown in Table 2. CuggNigg/C-TNS
value can be attributed to a significant affinity to adsorb H' species
on the catalyst’s surface (Fig. 6(b)). This behavior is related to the
higher current magnitude in hydrogen adsorption observed in cy-
clic voltammograms in Fig. 4(a) and subsequent Hy production in
Fig. 5.

CuyoNigo/C-TNSD showed the highest catalytic activity due to
the improved charge transport due to uncoordinated sites, such as
OVs, as shown with XPS in Fig. 3 and Table 1, which can additionally
lead to an increase in ECSA (Table 2). The effect of C-TNSD is
explored further by comparing the CuyoNigg/C-TNSD and C-TNSD
ECSA in Fig. S11, Fig. S12, and Table S1. CuygoNigo/C-TNSD shows an
ECSA of 4.85 cmzlmgcatalyst, while C-TNSD ECSA is 4.22 cm?/mgca.
talyst. The results reveal that C-TNSD provides nearly 87% of the
ECSA, while the remaining 13% is due to the presence of CusgNigo.
Similar trends between supported and unsupported CugoNigg

metals have been found in Table S1. Our findings suggest that un-
coordinated species in TiO,, like Ti>*, increase the ECSA. These sites
can stimulate the OVs formation and be used as adsorption sites
and as an effective charge transport medium influencing electronic
behavior in CuggNigo/C-TNSD [40,43,44].

To this end, electrochemical impedance spectroscopy (EIS) is
carried out to investigate the charge transport on the electro-
catalyst surface and thus generate insights about CuygoNigg and C-
TNSD synergy. EIS uses a small amplitude potential or current
perturbation as a sinusoidal signal to excite the electrochemical
system [45]. The corresponding Nyquist plots at NaOH solution
without and with NaNOs are displayed in Fig. 7(a) and 7(b),
respectively. The radius of the semicircle is related to the charge
transfer resistance, and a smaller radius indicates a faster electron
transfer at the interface [46]. As can be seen, it follows a quasi-
semicircular behavior, indicating the presence of a capacitor-like
behavior during charge transfer. The EIS results can be associated
with an equivalent circuit representing the electrochemical electric
elements. The resulting equivalent circuit often exhibits a fre-
quency dispersion that simple elements cannot describe as re-
sistances, capacitances, or inductances. This frequency dispersion is
attributed to a distribution of the capacitances and can be
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Table 3
Electric parameters for Cu4oNigo/C, CugoNigo/C-TNS, and CuyoNigo/C-TNSD.

NaOH CuoNigo/C CuigoNigo/C-TO CugoNigo/C-TNS CuigoNigo/C-TNSD
Element

Rs 14.48 14.72 15.67 16.54

Ree 123.70 98.91 69.46 114.01

CPE-T 0.001070 0.000715 0.001778 0.000878

CPE-P 0.76476 0.76876 0.72870 0.78660

NaOH + N3N03 CU40N150/C CU40Ni50/C—T0 CLI40N150/C—TNS CU40Ni60/C—TNSD
Element

Rs 15.41 14.49 14.86 15.58

Rt 20.41 19.61 9.45 18.8

CPE1-T 0.000882 0.000988 0.005174 0.001415
CPE1-P 0.92092 0.90333 0.92269 0.88671

Ree 138.21 1224 76.3 35.95

CPE2-T 0.00251 0.002789 0.004139 0.013382
CPE2-P 0.70188 0.64878 0.59789 0.46301

expressed in a constant-phase-element (CPE). CPE in an electro-
chemical system indicates a non-ideal capacitor [47]. In Fig. 7(a),
the interaction with the catalyst implies the adsorption of H,O
molecules on the surface in the Volmer step given by equation (1)
[48].

H,0+e™ + M=MH,4 + OH™ (1)
Where M is the metallic active site, hydrogen is subsequently
formed with the available H,g4s. Thus, the resistance of charge
transfer (R¢) that measures the efficiency of the charge transfer
processes at an applied potential is in the following order for the
various electrocatalysts: Reusonisojc > Rcudonieo/c-TNsD > Rcudonisojc-
10> Reuaoniso/c-ns (Table 3). This can explain the HER promotion in
CuyoNigo/C-TNS (Fig. 6(b)). However, we should not exclude that
such HER promotion is related to the C-TNS, known from XPS for its
less defective character than TNSD (Fig. 3 and Table 1). With or
without CuggNigp, TNS can increase the charge transport behavior,
promoting Hj [49]. In Fig. 7(b), NO3 is introduced and studied with
EIS. In this case, adsorption/desorption processes are more efficient
in the presence of defective electrocatalysts, giving a less limited
charge transport. CugoNigo/C-TNSD exhibits a smaller semicircle
than the other electrocatalysts. In this context, it could be seen that
the EIS circuit equivalent shows two-time constants referring to a
multi-step process simultaneously, where NO3-RR and HER are
involved. The multi-step process can involve the interaction of

more intermediates converting NO3 to NO, N0, and NH3 (Fig. 6). To
this end, the trend of R values is RCu40N160/C > RCu4ONi60/C—TO>
RcuaoNiso/c-TNsD > Rcudonisojc-tns and for R, the sequency is
Rcudoniso/c > Reudonieojc-o> Rcugoniso/c-Tns > Rcudonisojc-tnsp. The
results indicate that CuygNigo/C-TNSD has a higher affinity toward
NOs3-RR, which predominates at low frequencies, as seen in the
second time constant in Table 3. The latest results align with pre-
vious results, where uncoordinated species, like OVs, can be used as
adsorption sites and as an effective charge transport medium
influencing the electronic behavior of the CuyoNigo/C-TNSD
[40,43,44]. The results highlight the synergistic effect between
CugoNigg and C-TNSD, where CuygoNigp is aided by the support,
which increases charge transport while suppressing HER.

4. Conclusions

CuNi electrocatalysts have been investigated to understand the
synergistic effect between CuNi and the support during NO3-RR in
an alkaline medium. The catalysts prepared with the CuyoNigp wt%
ratio modify the hydrogen adsorption while maintaining NO3-RR
selectivity to NH3 uncompromised. CuggNigg loaded on C-TNSD
support increases charge transport while suppressing HER, which
resulted in the most efficient electrocatalyst for NH3 production.
ECSA and capacitance values agree with the higher activity for
CuyoNigo/C-TNSD, demonstrating that uncoordinated defects, such
as OVs, increase surface area. EIS indicates that the redox reaction
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pathway is modified with NO3 favoring the increase of NH3 pro-
ductivity in CuggNigg/C-TNSD. The results align with DEMS, where
CuyoNigo/C-TNSD showed one of the highest selectivity, demon-
strating the synergistic effect between an optimal CuNi ratio and
defect-rich support. The results can incentivize the development of
defect-rich electrocatalysts for NO3-RR to NH3.
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