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Abstract

A homogeneous and almost monodisperse Ni/CTFP" composite of ultrasmall Ni NPs (~ 2.2 nm) has
been prepared by Metal Vapor Synthesis (MVS) deposited on a highly porous and high specific
surface area Covalent Triazine Network. Metal-doping was deliberately carried out on a metal-free
system exhibiting - as such - superior CO2RR selectivity towards the challenging CO,-to-HCOOH

electroreduction. Electrochemical studies aimed at shedding light on the CO2RR performance of the
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ultimate composite, have allowed to speculate on the synergistic or exclusive actign, of the)twa
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potentially active phases (N-doped C-network vs. Ni NPs). At odds with a generally exclusive CO,-
to-CO reduction mechanism described for Ni NPs-based CO2RR electrocatalysts of the state-of-the-
art, Ni/CTFP has unveiled the unprecedented aptitude of Ni NPs to promote the alternative and more
challenging 2e- CO,-to-HCOOH reduction path, already under moderately reducing potentials (-0.3

V vs. RHE).

1. Introduction

CO, catalytic conversion is a consolidated approach to the sustainable production of added value
commodities and fuels other than a viable solution to mitigate carbon footprint and achieve carbon
neutrality facing with global warming effects.!->? Among Carbon Capture and Utilization technologies
(CCU), CO;, electrochemical reduction (CO2RR) preferably combined with the use of renewable
electricity sources is steadily attracting the interest of the catalysis community. Consequently, the
development of efficient, sustainable, and inexpensive electrocatalytic systems is becoming one
major challenge in the field.3-® Non-noble transition metal-based catalysts on carbon supports retain
a dominant position in the technology devoted to electrocatalysts design and synthesis. Indeed, the
generally cheap and earth-abundant nature of the former combined with the inherent thermal stability,
good electrical conductivity and easy chemico-physical tunability of the latter offer several hints to
improve the catalytic performance of the resulting hybrids. Recent progresses on the control of
electronic surface properties of carbon-based networks have also provided them with a role that looks
beyond that of common and innocent carriers for a metal active phase.!>7 Among transition metals,
Nickel is regarded as a valuable alternative to the benchmark noble metal-based electrocatalysts for
CO2RR (i.e., Au, Pd and Ag).%12 On the other hand, in aqueous electrolytes'® Nickel retains its well-
known aptitude to promote the competitive Hydrogen Evolution Reaction (HER). To date, mitigation

of such a side-process is accomplished through the adoption of synthetic strategies for a tighter control
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of the electronic properties at the metal active sites: e.g., synthesis of Ni-N-C singlesatom catalysis o
(SACs)!*!7 up to Ni@Cgraphitic core-shell like particles.!® 1820 In spite of promising electrochemical
outcomes, Ni SACs as well as Ni@C core-shell particles still face with technical limits that concretely
hamper their widespread application beyond that of their fundamental use on lab-scale setups.!®-21.22
Traditional CO2RR catalysts made of Ni NPs on carbon-based carriers exhibit from moderate to good
CO,-to-CO conversion rates with respect to their Ni-SACs or Ni@C counterparts.'®- 21> 2325 Gu and
co-workers have recently reported on the key size-dependence of supported Ni NPs on N-doped
carbons with respect to the CO Faradaic efficiency (FEo) of their electrocatalysts. They showed that
the larger the size of supported Ni NPs the higher the contribution of the undesired HER process.?*
Alternative 2e” reduction paths to HCOOH are even rarer with Nickel NPs-based electrocatalysts. To
the best of our knowledge, only less conventional nickel-hybrids such as Ni SACs?® or structurally
well-confined Ni-particles in the cavity of carbon shells >’ behave as active electrochemical systems
for the CO,-to-formate reduction. On the other hand, bare C-carriers preferably selected among the

series of light-weight (i.e., N) hetero-doped C-networks have emerged as non-innocent and metal-

free players for the selective electrochemical process.?® 2° The easy tuning of their chemical

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

composition, morphology, and surface electronic properties have paved the way to the development

of highly versatile CO2RR organocatalysts for the process intensification as well as for the control of
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the CO, activation/reduction path.

Our team has recently described the use of a special class of N-rich C-nanoarchitectures (Covalent
Triazine Frameworks, CTFs) featured by a high permanent porosity and thermo-chemical stability as
robust metal-free systems with superior CO2RR selectivity towards the challenging CO,-to-HCOOH
electroreduction.’? The study witnesses the high versatility of a class of porous organic polymers3!- 32
whose field of application already includes a broad series of cases ranging from gas storage and
separation,®’> 33 34 energy storage and conversion®> to heterogeneous catalysis.’¢-3? Selected
contributions from the literature have already documented the advantages raising from the use of

highly electron-enriched C-networks (i.e., N-doped) for the generation of virtually monodisperse
3
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metal-based hybrids, featured by superior robustness in terms of resistance to NPs. leachifg &nd e
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sintering phenomena.?? 40

Herein, we have applied the metal vapor synthesis (MVS) approach 41-#4 as an alternative route to the
more conventional impregnation/calcination/reduction sequence to the preparation of a Ni/CTF!
hybrid starting from the same Covalent-Triazine Framework 3% 32 we recently employed as an
effective and metal-free electrocatalyst for the almost chemoselective CO,-to-HCOOH
electroreduction (FEucoon & 66%) under moderate reducing potentials (i.e., -0.4 V vs. RHE).* The
MVS method for the metal active-phase deposition has allowed to prepare a hybrid sample
characterized by ultrasmall (~ 2.2 nm) and almost monodisperse Ni NPs, while reducing as much as
possible any thermo-chemical stress to the underlying carbonaceous support. As detailed below, the
electrocatalytic performance of the hybrid has allowed to operate the unconventional CO,-to-formate
electroreduction already at low potentials (-0.3 V vs. RHE) while providing a highly selective system

for the syngas production (CO : H, ~ 1:1) under more reducing potentials (=>-0.6 V vs. RHE).

2. Materials and methods

2.1 Materials synthesis

CTFr" was prepared according to literature procedures from 1,3-dicyanobenzene under ionothermal
conditions in molten ZnCl,.3% 32 Ni NPs were then deposited on CTFP" by MVS approach using a
previously described reactor setup.*! More specifically, Ni powder (0.35 g) was placed in an alumina
crucible and submitted to a resistive heating at low pressure (10~ mbar) hence generating Nickel
vapors that were co-condensed with mesitylene (100 mL) in a glass reactor chamber kept at 77 K
(liquid N,). The reactor was then heated till solid matrix melting point (233 K). The as obtained dark-
brown Ni-mesitylene solution was collected in a Schlenk tube and maintained at 233 K. After ICP-
OES analysis of the Ni-mesitylene solution, an appropriate amount of it was added to CTFP" under

inert atmosphere and stirred at room temperature till the solution became colorless (about 12 h). After

4
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solvent removal, the solid Ni/CTFP! underwent three washing cycles with n-pentang, (3 x 10 MEJ e

9E

before being dried under reduced pressure till constant weight.

2.2 Characterization

Transmission electron microscopy (TEM) analyses were performed on a ZEISS libra200FE
instrument equipped with an in-column omega filter analyzer. Samples were dispersed in 2-propanol
and sonicated for 15 min to obtain a homogeneous suspension to be drop-casted on a lacey carbon
film Cu TEM grid. Samples were left to dry overnight before analyses. N, physisorption analyses
were conducted on a Micromeritics ASAP2020 instrument after Ni/CTFrPh activation at 120 °C for 24
h under high vacuum. Specific Surface Area (SSA) was evaluated on the basis of the Brunauer-
Emmett-Teller (BET) model while pore size distribution was determined by density functional theory
(DFT) N,-model for pores of slit geometry. Powder X-ray Diffraction (PXRD) measurements were
carried out in the 25-90° 260 region on a Panalytical X’PERT PRO powder diffractometer equipped

with a Ni filter diffracted beam, a PIXcel solid state detector and a sealed Cu Ko (A = 1.5418 A) X-

ray tube. X-ray Photoelectron Spectroscopy (XPS) measurements were carried out in an ultra-high

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

vacuum chamber system with a base pressure of 10/10-1° mbar. A non-monochromatized Al Ka
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radiation (hv = 1486.6 eV, VSW-TA10) was used in combination with a hemispherical electron/ion

(cc)

energy analyzer (VSW-HA100 with a 16-channel detector). The operating power of the used X-ray
source was kept at 144 W (12 kV and 12 mA) and photoelectrons were collected normal to the sample
surface, maintaining fixed angle between the analyzer axis and X-ray source at 54.5°. The spectra
were acquired in a fixed analyzer transmission (FAT) mode (pass energy of 44 eV). The XPS spectra
calibration was conducted by setting the C 1s sp?> component to 285 eV. All spectra were analyzed
using CASA XPS software® and a Shirley function was used to subtract the background. Peaks fitting
was accomplished with a combination of Gaussian and Lorentzian functions. Inductively Coupled
Plasma-Optical Emission Spectrometer (ICP-OES) analyses were run on an Optima 8000 ICP-OES

(PerkinElmer) at 1500 W equipped with a S10 autosampler, a MiraMist nebulizer and a cyclonic
5
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chamber. Ni was examined at a wavelength of 231.604 nm. Before analyses, Ni/CTF! was heated i
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a 3:1 (v/v) HNOs/H,0, mixture at boiling point till complete digestion. The solution was finally
cooled and diluted with a 2% HNO; water solution. Electrochemical characterization was performed
with a SP-300 bipotentiostat (Biologic Instruments) workstation, using a three-electrode system
composed of a saturated calomel electrode (SCE), a Pt wire and a catalyst-modified glassy carbon
electrode (GCE, d = 3 mm, geometric area = 0.071 cm?) as reference (RE), counter (CE) and working
electrode (WE), respectively. The electrochemical characterization was realized in Ar-saturated KOH
0.1 M electrolyte. To study its electrochemical proprieties, Ni-CTFP" was suspended in EtOH and
0.5% Nafion with a concentration of 1.6 mg mL-! and the homogeneous ink drop casted on GC
electrode (207 pg cm). For all electrochemical measurements the potentials were reported versus

RHE and corrected for ohmic drop.

2.3 CO2RR measurements

A SP-300 potentiostat (Biologic Instruments) workstation and a custom-made electrochemical cell*
with a three-electrode configuration were used to carry out CO, reduction reaction (CO,RR). The
peculiar feature of this cell is that the WE is placed face-up in the bottom of the cell, and the CE
(mesh Pt) is separated from the electrolyte by means of a porous frit. With this configuration the
gaseous products go directly towards the Gas Chromatograph (GC) for detection while liquid
products cannot react with CE. The reference electrode was an Ag/AgCl (LowProfile 3.5mm OD of
PINE research) equipped with a gel in place of the classical KCl solution. The gel and the ceramic
porous frit guarantee low mobility of the chloride ions, preventing them from escaping from the
electrode with consequent poisoning of the catalyst. The electrolysis tests were performed in a near-
neutral bicarbonate buffer, KHCO; 0.5 M, pre-electrolysed before use to guarantee high purity. Pre-
electrolysis was carried out on the Ar-saturated electrolyte in a two-electrodes cell configuration, with

a Pt wire and a Pt mesh as counter and working electrode, respectively for at least 16 h at 0.1 mA.#
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Blank tests on 1, carried out under inert atmosphere (Ar) and/or without the application’of 4y
external potential have also been accomplished to exclude the presence of contaminants.

CO,RR measurements were conducted with the same inks and material loading used for
electrochemical characterization, except for the employment of a bigger working electrode (GCE, d

= 18 mm, geometric surface area = 2.5 cm?) in order to maximize reaction products concentration for

a correct and reliable quantification. CO,RR activity was evaluated by chronoamperometry (CA) of

1 hour and 26 minutes in CO,-saturated electrolytes. The gaseous products were analyzed during
measurements by on-line Gas Chromatography (GC) directly connecting the headspace of the
electrochemical cell to the sample loop of a GC, while formic acid was detected by analysis of the
liquid phase by lonic Chromatography (IC) at the end of electrolysis. The gas phase quantification

was carried out during the electrolysis with sampling every 20 minutes. The Faradaic Efficiency (FE)

for the gas products of CO,RR was quantified following Eq. 1:43

nFo@F,,
FE (%) = — (1)

where 7 is the number of electrons needed for CO,RR, F'is the Faraday constant, ¢ is the volume
fraction of the gas, I is the current and F,, is the molar Ar gas flow rate.

Analyses of liquid products were performed by means of a Metrohm model 850 Professional IC Ion
Chromatograph equipped with a Metrosep a Supp 4-250/4.0 anion column and a conductivity detector
(eluent: 0.5 mM H,SO, with 15% acetone). FE for the formic acid products was calculated with Eq.
2:

Q(HC00™)

FE = 100 2)

Qror


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr05259e

Nanoscale Page 8 of 24

. . View Article Online
3. Results and Discussion DOI: 10.1039/D4NR05259E

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:34:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CTFPh was prepared and isolated according to literature procedures®? before being employed as a
N-enriched and highly mesoporous support for Ni(0) nanoparticles (NPs) (Scheme 1, see Materials
and methods section for details). Mesitylene-solvated Ni(0) NPs obtained by metal vapor synthesis
(MVS) 4 were then highly dispersed on the CTFP! at room temperature to get the Ni/CTFPP (1)
catalyst with a nominal nickel content of 10 wt.%. ICP analyses conducted on 1 have revealed an
effective Ni-content of 9.2 wt.%. The as-synthesized Ni/CTFP" (1) was then used in the catalytic runs

without undergoing any further purification/activation step.

N7 N@ NN
'\\N' ' Nf)
O NicTEPR (1)

Scheme 1. Synthetic procedure for the preparation of Ni/CTFP" (1). Reaction details: i) ZnCl,
melt mixture with mDCB under ionothermal conditions at i) 400 °C for 10 h and ii) 600 °C for
additional 10 h.3? iii) deposition of Ni NPs by MVS approach** (see Materials and methods
section for details).

The morphology of Ni NPs in 1 was first assessed by HR-TEM analysis. As Figs. 1A-C show, the
sample presents a homogeneous and almost monodisperse distribution of NPs with a mean size of =
2.2 nm throughout the whole scanned area (Fig. 1B) and well-resolved lattice fringes with a d-spacing
of = 0.208 nm ascribed to the (2 0 0) planes of NiO species (Fig. 1C). The uniform Ni NPs dispersion
at the CTFP" surface along with the virtual absence of larger metal aggregates is ascribed to the
combined action of N-doping®? and the mild MVS conditions for nickel deposition that exert a tight

control on the ultimate morphology of the hybrid. The X-ray diffraction (XRD) pattern of 1 (Fig. 1D)

presents very broad peaks, consistent with small-sized Ni(0)@Ni2"3* core-shell-like particles
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resulting from the rapid and spontaneous surface oxidation of the small Ni® NPs upon thejr eXpdse:

to air.

[ i e

o~ N ~ | —NiICTE™ (1) D
0.208 nm /s -

Intensity (a.u)

(200)

112)

—_

= =)
N
N
&
, H . . l—l

30 40 50 60 70 80 90
26 (°)

(002)
(111)
(102)
(200

(311)
(222)

p— (200))

 (202)

Fig. 1. (A-C) HR-TEM images of Ni/CTFPh (1) at different magnifications and nickel particle size
distribution as measured over more than 100 NPs (red histograms on Figure 1B). Figure 1C shows
well-resolved lattice fringes with d-spacings of 0.208 nm corresponding to the (2 0 0) planes of NiO
species. (D) XRD profile of 1 with related peaks assignment.

Accordingly, distinctive components at 20 = 37.2°, 43.2°, 62.8°, 75.4°, 79.3°, 20 = 33.1°, 38.5°
52.1°,20 =~ 31.9°, 39.1°, 51.6°, 56.8° and 20 =~ 44.5°, 76.3° were indexed as (1 1 1), (20 0), (22 0),

(3 11), (22 2) crystal planes of NiO species,*-3° (1 0 0), (1 0 1) (1 0 2) crystal planes of Ni(OH),,>!

nline

59E
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32 respectively. A rough estimation of the metal NPs size has finally been derived from the application
of the Scherrer equation’? to the peak full width at half maximum (FWHM = 0.053 rad) of the NiO
diffraction component at 20 ~ 62.8° [assigned to (2 2 0) Miller planes]. The calculated mean NPs
dimension (= 2.9 nm) was in good accord with the size distribution estimated from TEM analysis. N,
physisorption analyses on Ni/CTFP" (1) and plain CTFP? have been used to determine the textural
properties of the former and the effect of Ni NPs dispersion/confinement at the CTFPh surface. As
Fig. 2A shows, both samples present Type IV isotherm profiles along with a H2-type hysteresis loop
typical of ink-bottle-shaped mesoporous networks.>* 3> Morphology of 1 largely reflects that of plain
CTFPh support,3? with micropores (micropore volume accounting for ~ 35 % of the total pore volume)
and little mesopores in the 2-6 nm range (Fig. 2B and Table S1t). From a comparison of Ni/CTFrh
pore size distribution with that of the plain support (inset of Fig. 2B), it can be concluded that part of
the small mesopores (3-5 nm mainly) were clogged by the metal NPs deposit while micropores remain
almost unchanged before and after Ni NPs loading. Accordingly, SSA of 1 is slightly reduced to 1897
m?/g with respect to that of its metal-free counterpart (CTFPP = 2046 m?/g, Table S17).

Finally, XPS analysis has been carried out on Ni/CTFP! (1) to provide additional details on the
hybrid chemical composition. XPS survey spectra confirmed the material purity and its expected
elemental composition (C, N, O and Ni — Fig. S17). The high-resolution XPS at the N 1s core region
of Ni/CTFP" (Fig. 2C) highlights the presence of the main signals of CTF samples [N-pyridinic (398.0
eV), N-pyrrolic (400.4 eV) and N-graphitic sites (401.5 eV)3% 3% 57] along with an additional
component at 399.5 eV ascribed to the interaction/coordination between the N-enriched support and

Ni NPs.58

10
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Fig. 2. (A) N, adsorption-desorption isotherms of CTFP! (red curve) and Ni/CTFph
(blue curve) recorded at the temperature of liquid N, along with (B) the respective
pore-size distributions measured by N, - DET Model. Curves relative to CTFPh as
reported on ref. 3 are reported here for the sake of comparison. High resolution

XPS N 1s (C) and Ni 2p*? (D) core level region of Ni/CTFP" (1) along with their

Binding Energy (eV)

relative fitting. Empty curves refer to satellite peaks.
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A minor shoulder at 403.2 eV is finally attributed to the presence of N-O species likely due to

moisture traces in the starting synthetic mixture.>® % In accordance with the information coming from

XRD, the high-resolution Ni 2p3? XPS signal (Fig. 2D) presents two main components ascribable to

Ni%* and Ni** species.** ¢1. 62 The additional two peaks observed at higher BE values (red and blue

empty curves in Figure 2D) are ascribed to nickel satellites.**
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Ni/CTFPh (1) was electrochemically characterized by cyclic voltammetry (CV), under./ar A2
saturated KOH 0.1 M solution using a three-electrode cell operated in the 0 - 1 V vs. RHE potential
range. As expected, under alkaline electrolyte conditions and open circuit potential, Ni® was promptly
converted into a-Ni(OH),. The voltammetric peak ascribed to the reduction of a-Ni(OH), overlaps
with the side hydrogen evolution process (HER) (Fig. S2At). In the reverse scan, hydrogen
oxidation/desorption and the Ni? oxidation to Ni(OH), are observed. Clear (and reversible) oxidation
peaks at 1.41 V (E;,; vs. RHE) measured at different scan rates are ascribed to Ni'/Ni'll and Ni'll/Ni!!
transitions, respectively (Fig. S2B7). The complete reversibility of these oxidation peaks confirms
the excellent electronic conductivity of the catalytic hybrid in particular between the CTFP! support
and the deposited metal active phase. These curves were finally employed to determine the
electrochemically active area of 1 whose value was fixed to 0.44 + 0.08 cm?.63.64

Ni/CTFPh (1) was then scrutinized as CO2RR electrocatalyst under stationary conditions by
chronoamperometry (CA) experiments carried out in a custom-made electrochemical cell* directly
linked to a gas-chromatograph for the on-line analysis of gaseous products. Liquid phase products
were analyzed at the end of the reduction process by means of ionic chromatography (IC). All
electrochemical tests were performed in a CO,-saturated KHCO; 0.5 M solution in the -0.3 +-0.8 V
vs. RHE potential range and electrochemical outcomes are summarized in the histograms of Fig. 3A.
Fig. 3B refers to the Faradaic Efficiency (FE) of any detectable CO, reduction product (including H,
from the side HER) and total current density (jycom), Tecorded at each potential value with the plain
CTFr" carrier as reproduced here from the literature3? for the sake of comparison.

At odds with the minor current density measured with the metal-free CTFPP, Ni/CTFPh (1) exhibits
an appreciable FE already at -0.3 V vs. RHE (Fig. 3A) along with the generation of HCOOH as the
main 2e- CO, reduction product, not observed with the plain CTFP! carrier at the same potential value.

As mentioned above, formic acid is a rare CO2RR product with Ni-based electrocatalysts at work.?
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Fig. 3. (A) Faradaic Efficiency (FEucoon - red, FEco - blue, FEy, - green) and total (jeeom - yellow
dots) current density values measured for Ni/CTFP! (1) in the -0.3 + -0.8 V potential range vs. RHE.
(B) FEncoon, FEco, FEn> and total (jeeom) current density on the plain (metal-free) support from the
literature3? and reported here with permission from the publisher for the sake of comparison.

It is typically obtained with less conventional systems such as Ni SACs or sub-nanometric Ni-
clusters,?® including structurally confined nickel NPs in mesoporous carbons (Ni@mC)?’ and
produced only under strong reducing potentials (i.e., -0.8 / -0.9 V vs. RHE). The virtual absence of
HCOOH with CTFph electro-catalyst at -0.3 V vs. RHE (Fig. 3B vs. 3A) lead us to postulate the rare
action of Ni NPs as active sites of 1 for the generation of formic acid already under very moderate
reducing potentials. It should be noticed that under mild reducing potentials (below -0.5 V vs. RHE)
and pH values close to neutrality, Nickel is prevalently available as Ni** (see also Pourbaix
diagram®). This feature well matches with what recently claimed by Albero ef al.,?® who invoked the
action of Nickel at its higher oxidation states for the selective activation/reduction of CO, to formic
acid. In addition, morphological features of 1 are supposed to play a non-innocent role with respect
to the unconventional FEycooy measured with this electrocatalyst at work under low potential values.

Ultrasmall Ni NPs produced by MVS accommodate prevalently within the small mesopores (3-5 nm)

of the hosting CTFP" matrix (see also Fig. 2B and Table S17) and this evidence well aligns with space
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selectivity in the CO,-to-HCOOH reduction. Whatever the origin (electronic, morphological or a
combination thereof) of the HCOOH selectivity at low reducing potentials (-0.3 V vs. RHE), this
evidence unambiguously implies a direct involvement of MVS-prepared Ni NPs with respect to the
CO; activation/reduction path. Due to the low CO2RR overpotentials explored in the study, on-line
quantification of gaseous products (i.e., H, and CO) are affected by a certain degree of inaccuracy.
Typically, the lower the amount of gaseous products formed in the process the higher the degree of
inaccuracy on their on-line quantification and the estimation of the relative FE values. This is not the
case of liquid products (i.e., HCOOH) that accumulate throughout the whole electrolysis run before
being quantified at the end of the CO2RR with a net superior accuracy. As far as our electrocatalytic
system is concerned, it is important to note that no other C-containing reduction products besides CO
and HCOOH have ever been detected at the electrochemical cell outlet.

Higher reducing potentials (-0.4 V vs. RHE) translate into a 23% of FEycoon with 1 (Fig. 3A),
accompanied by a lower amount of CO as the more conventional 2e" reduction product (FEco = 12%).
The known performance of plain CTFPh network towards CO,-to-formate conversion (Fig. 3B), does
not allow to discriminate between the nature of active sites (N-doped C-network vs. Ni NPs) really
engaged in the CO, activation/reduction path and responsible for the observed selectivity at this
potential value.

It should be noticed that at more reducing potentials, formate production with 1 decreases
appreciably till being completely suppressed at -0.6 V vs. RHE. The FEycoon measured on the plain
CTF?" (Fig. 3B) follows a similar trend although maintaining itself constantly higher than FEc at the
respective potential values. With 1, the higher the applied reducing potential the lower the
contribution of CTF nanocarrier appears with respect to the CO, activation/reduction path. This
occurs under those reducing potentials (above -0.5 V vs. RHE) and almost neutral electrolyte
conditions (like ours; pH = 7.5) that guarantee the complete reduction of Nickel species to their

metallic Ni(0) form (Pourbaix diagrams). Accordingly, Ni(0) NPs become the main players in the
14
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CO,-t0-CO reduction process with a FEco up to 35% at -0.8 V vs. RHE (Fig. 3A). Noteworthy, st kb0
potential values where Ni(0) NPs are claimed as the main active species (i.e., -0.6 ~-0.8 V vs. RHE),
CO is accompanied by the simultaneous production of H, from the competitive HER in an almost
constant H,/CO ratio equal to one (Fig. 3A). Finally, at more reducing potentials, 1 re-exhibits the
co-production of HCOOH (FEgcoon = 7% at -0.8 V vs. RHE) although at a lower extent with respect
to CO and H; (Fig. 3A) but in line with the positive formate production trend measured on the metal-
free CTFP" (Fig. 3B) at the respective potential value. HCOOH production at higher reducing
potentials can be then ascribed to a competitive action of the CTFP! carrier (Fig. 3B) in the CO2RR
although a direct contribution of Ni NPs remains hard to be ruled out a priori. Indeed, Ni-based
composites of the state-of-the-art (i.e., Ni SACs and Ni@mC) start to co-produce HCOOH
appreciably at these high reducing potentials.?6- 27

Finally, to check the stability of Ni/CTFPh (1) under electrolysis conditions we recovered it after
CO2RR and checked it by HR TEM microscopy. As shown on Fig. S37, no significant alterations

of the statistical count of NPs were observed along with a similar mean-size of Nickel phase (Fig. 1

and S3AT vs. Fig. S3D7) between the two samples (fresh vs. used electrocatalyst 1) at comparison.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ICP-OES quantification of leached Nickel in the recovered liquid phase was found constantly below

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:34:53 PM.

the technique detection limit.

(cc)

4. Conclusions

In summary, we described a mild thermochemical approach (MVS) for the preparation of a Ni/CTF??
composite made of a highly dispersed nickel active phase at the outer surface of an already active and
selective (metal-free) carrier (CTF) for the challenging 2e- CO,-to-HCOOH electroreduction. The
exceptionally mild conditions of MVS method for the Ni NPs deposit have allowed to maintain
chemical and morphological properties of pristine CTFPh almost unchanged, while adding a further
level of complexity (a new metal active phase) to the comprehension of the ultimate electrochemical

performance of the composite in CO2RR.
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Electrochemical studies have allowed to speculate on the synergistic or exclusive action of the tw e e
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potentially active phases (N-doped C-network vs. Ni NPs) in CO2RR. Nickel species in the form of
small-sized Ni(0)@Ni**3* core-shell-like particles (low reducing potentials and almost neutral
electrolyte conditions; pH = 7.5, +0.3 V vs. RHE) promote the CO,-to-HCOOH electroreduction
where the plain CTFP! carrier failed. To the best of our knowledge, this is a unique example of a
classical N1 NPs-based electrocatalyst for the CO,-to-formate production already under low reducing
potentials. The higher the applied reducing potential the lower the contribution of CTF nanocarrier
with respect to any CO, activation/reduction path. Although a dual contribution of N-doped C-
network and partially oxidized Ni NPs to FEycoon at -0.4 +-0.5 V cannot be ruled out, more reducing
potentials (above -0.5 V vs. RHE) and neutral electrolyte conditions make Ni(0) NPs the main (if not
unique) players of CO,-to-CO electroreduction along with simultaneous HER. The appearance of
HCOOH co-product at higher reducing potentials (-0.8 V vs. RHE, FEycoon = 7%) is ascribed a
priori to a competitive action of the underlying CTFP" carrier. Anyhow, literature evidence of Nickel-
based electrocatalysts for HCOOH production operated under highly reducing potentials (i.e., Ni

SACs and Ni@mC) do not allow to rule out a direct action of Ni(0) NPs.
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