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Abstract

Electrochemical reduction stands as an alternative to revalorize CO>. Among the different
alternatives, Ni single atoms supported on carbonaceous materials are an appealing catalytic
solution due to the low cost and versatility of the support and the optimal usage of Ni and its
predicted selectivity and efficiency (ca. 100% towards CO). Herein, we have used noble
carbonaceous support derived from cytosine to load Ni subnanometric sites. The large
heteroatom content of the support allows the stabilization of up to 11 wt% of Ni without the
formation of nanoparticles through a simple impregnation plus calcination approach, where
nickel promotes the stabilization of C3NOy frameworks and the oxidative support promotes a
high oxidation state of nickel. EXAFS analysis points at nickel single atoms or subnanometric
clusters coordinated by oxygen in the material surface. Unlike the well-known N-coordinated
Ni single sites selectivity towards CO; reduction, O-coordinated-Ni single sites (ca. 7wt% of
Ni) reduced CO; to CO, but subnanometric clusters (11 wt% of Ni) foster the unprecedented
formation of HCOOH with 27% Faradaic efficiency at -1.4V. Larger Ni amounts ended up on

the formation of NiO nanoparticles and almost 100% selectivity towards hydrogen evolution.



1. Introduction

Electrochemical conversion of CO» into chemicals or fuels using renewable electricity has been
demonstrated as a very promising strategy for not only mitigating climate change but also
producing high value-added chemicals. However, the development of efficient, selective, and
stable catalysts is considered the main drawback to implement this technology in practical
applications.[1-4] Among the different candidates, transition metal-based catalysts supported
on carbonaceous materials have attracted increasing attention due to their good electrocatalytic
performance, versatility, and economic advantages of using abundant raw materials.[5, 6]
Different strategies for efficient, selective, and stable catalysts preparation have been carried
out recently, including surface modification, heterojunctions formation, tailoring metal crystal
facets, or the number of defects, among others.[7-9] The size of the supported metal
nanoparticles has been identified to play a key role in the activity and selectivity of
heterogeneous catalysts.[10] In general terms, the activity of metal nanoparticles increases
when their size decreases, and hence, sub-nanometric scale size reduction down to dozens or
even single atoms can give rise to striking properties.[11, 12] For instance, Strasser and co-
workers studied the influence of Cu nanoparticle sizes on the electrochemical CO; reduction
reaction (CO2RR) activity and selectivity. The smallest Cu nanoparticles at 2 nm and below
showed the highest electrocatalytic activity due to the high ratio of low-coordinated surface
atoms towards bulk atoms. However, the formation of hydrocarbons (CHs, CoH4) was
predominant at large Cu nanoparticles (> 15 nm), while nanoparticles of 2 nm or below showed
high CO selectivity.[13] Similarly, Huan et al. reported the size-dependent selectivity of Fe
decorated carbon catalysts for the CO,RR. While Fe single sites could reduce CO> to CO, larger
nanoparticles would preferentially reduce water to hydrogen (i.e., hydrogen evolution reaction,
HER).[14]

The limiting factor for developing catalysts utilizing metal sites in the subnanometer scale is

the stabilization of metallic atoms or clusters on the support surface.[15] Strong metal-support
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grafting is required to avoid agglomeration of the metal atoms into larger (nano)particles.
Heteroatom-doped carbonaceous materials have recently been demonstrated to be very
convenient supports with the potential to overcome this issue in electrocatalysis.[16]
Heteroatoms allocated in a carbon matrix can alter their electronic properties (i.e., adding or
removing charge density), favouring the interaction with some metals. In this context, doped
noble-carbonaceous materials have recently found much attention as viable support due to their
high and predicted structurally ordered heteroatom content.[17] The nobility of these materials
provides high stability against oxidation or combustion. Doped noble-carbonaceous materials
have demonstrated high CO» adsorption, large specific surface area, and proper electrical
conductivity.[17-20]

Theoretical studies predicted that highly nitrogen-doped carbonaceous networks could stabilize
transition metal atoms and ions towards different reactions.[19, 21, 22] Remarkably, Ni was
identified as a champion candidate for the CO2RR due to its enhanced activity towards CO
when the metals were anchored on N-doped carbonaceous supports.[23] Recent reports show
that the coordination environment of nickel also deeply affects its electrochemical selectivity.
For instance, Ni single sites coordinated to four nitrogen atoms are known to be electroactive
for the oxygen reduction reaction (ORR).[24, 25] However, Song et al. reported in early 2020
that oxygen coordinated Ni decorated on top of graphene turned out to be highly selective and
efficient towards H>O> when used as electrocatalyst for ORR.[26] Soon after, Wang et al.
reported that Ni on carbon supports comprising N>O> environments (i.e., intermediate
coordination sphere between Ni-N4/C and Ni-O4/C) were also highly selective towards
H>0,.[27] The potentials at which ORR and CO;RR are occurring are very different, and one
first and reasonable thought is that the reduction potential at which the CO2RR occurs might
comprise the stability of metal oxide-derived electrocatalysts. In this context, in 2017, Pander
IIT et al. published a review trying to unveil the performance of metal oxide-derived catalysts

for the CO» reduction reaction.[28] Reports, which show that stable Sn oxide-derived materials
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(with kinetic stability far exceeding the predicted thermodynamic stability of the materials) and
metallic tin have very different formate yields, are indeed in line with the observations of Wang
and Song for ORR. However, to the extent of our knowledge, no study reports on the use of Ni-
Og4 single sites decorated carbons or the effect of the size changes in the performance of the
materials as electrocatalysts for the CO2RR.

In this work, a facile, multi-gram approach to synthesize nickel-decorated electrocatalysts
comprising Ni atoms anchored through oxygen sites to highly doped nitrogen supports is
developed and the effect of the sites in their performance as CO2RR is studied. To do so, we
have prepared a doped, noble-carbonaceous material as support using cytosine as an organic
precursor and an inorganic salt melt (1:1 wt% of NaCl and ZnCl,) as porogen. The large surface
area, nitrogen content, and oxidation resistance of the material allowed preparing a set of Ni-
decorated catalysts with different Ni loadings: A simple route using impregnation with a metal-
organic nickel precursor plus subsequent calcination is employed. The materials have been fully
characterized, and their performance as catalysts for the CO2RR is evaluated and correlated
with the physicochemical properties of the samples as well as the chemical environment and

site size of the nickel on their surface.

2. Results and discussion

A cytosine-derived carbonaceous material comprising a C/N ratio of 5.7 (77 wt% of carbon and
16 wt% of nitrogen according to EDX analysis) was prepared as prior reported by our
group.[29] In brief, cytosine was mixed and grinded with a mixture of salt melts composed of
1:1 wt% NaCl and ZnCl: that acted as porogen. The mixture was submitted to carbonization at
800°C under N> atmosphere and washed in HCI several times after cooling down. The carbon
powder obtained will be referred to hereafter as NC (see Scheme 1s). NC showed outstanding
thermal stability in air with no significant mass loss during heating up to 600°C, as shown by

thermogravimetric analysis in air atmosphere (Figure S1).
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Scheme 1. Ni-decorated NC preparation procedure. Preparation includes: (i) cytosine and
melting salts mixtures are submitted to heat treatment, (i1) powder washing and drying. The
final xNi/NC materials are obtained through (iii) NC dispersion in solutions with different
Ni(acac): content and (iv) calcination of the obtained dry powder.

The sample morphology, the large heteroatom content, and the oxidative resistance of NC make
it a great candidate as support for transition metal single atoms. Samples containing different
Ni loadings were prepared in multigram scale and high yields (Table 1), following the synthetic
procedure described in the Experimental Section. In brief, different amounts of Ni(acac), were
deposited on NC through a wet impregnation method. The Ni-impregnated NC dry powders
were calcined at 350°C in air rendering the final xNi/NC samples. Scheme 1b shows the
preparation procedure. ICP-OES was used to determine the final Ni loading in the C800Nix
samples. The results indicate that the increasing amounts of Ni(acac), evolve in a gradual Ni
loading enhancement of xNi/NC samples, being of 0, 2, 4, 11, and 33 wt% for NC, 2Ni/NC,
6Ni1/NC, 10Ni/NC, and 30Ni/NC, respectively.

The XRD pattern of NC showed a peak with low intensity at 26.5°, attributed to graphitic -7t

stacking (Figure S2 in Supplementary Information).[29] This weak signal indicates that the



graphitic layers were not stacked as already observed in the previous salt melt synthetic
approaches.[30, 31] Interestingly, the addition of Ni does not promote graphitization as
previously reported,[32-34] and the graphitic stacking peak remains broad and weak (Figure
S2). On the other hand, crystalline peaks related to Ni, NiO, or NiOH were not detected in
2Ni/NC, 6Ni/NC, or 10Ni/NC samples. On the contrary, 30Ni/NC presents three broad peaks
centred at 38°, 43°, and 63°, which are characteristic of NiO. Using the Scherrer equation, the
NiO main crystal size in 30Ni/NC was determined to be about 5 nm. It is well known that very
smaller nanoparticles (< 5 nm) can be invisible for this technique.[35]

Table 1. Summary of the composition of materials according to EDX analysis and ICP-OES
and data extracted from N> and CO> isotherms at 77K and 273K, respectively.

Yield EDX elemental analysis (Wt%)* C/N  Sggr” A% Vmic?
Sample % C N 0 Zn Ni At. (m*g) (cm’/g) (cm’/g)
NC - 77 16 6 04 - 5.7 1820 1.30 0.25
2Ni/NC 79 76 13 6 0.6 2(2) 7.0 1771 1.16 0.22
6Ni/NC 82 75 13 7 0.5 74 6.9 1843 0.99 0.20
10Ni/NC 80 54 16 15 0.9 12(11) 3.9 1017 0.55 0.20
30Ni/NC - 35 94 172 29 30(33) 4.5 40 0.11 0.03

@ Ni ICP-OES data are given in brackets for comparison purposes; ® Specific surface area was
calculated using the Brunauer—-Emmett—Teller equation; ° total pore volume (V1) was caluculated at

P/Py=0.995; ¢ microporous volume (Vmic) was calculated from CO, adsorption isotherms using a
DFT model.

SEM images of the different samples confirm that the morphology of the NC support suffers
negligible changes upon Ni loading (Figure S3 in Supplementary Information).[29] EDX
analysis of the xNi/NC samples confirmed the presence of Ni in all samples, and a gradual Ni
content increase with the Ni(acac), loading, which is in good agreement with the ICP-OES
results (see Table 1). The CNO composition of the surface of the materials was also determined
using EDX analysis. The standard deviation of our CNO analysis is ca. + 2 for all three elements.
Thus, samples NC, 2Ni/NC and 6Ni/NC are virtually the same in CNO composition (see Table
1). As for sample 10Ni/NC, the amount of nickel loaded starts changing the CNO composition
on the surface of the material. The change is more dramatic for 30Ni/NC that has a much

different CNO composition than that of the other samples (see Table 1). The analysis show that



the oxygen conten important increase in the oxygen content of the outer shell of these materials.
Here, it is important to remember that nanoparticles were detected in 30Ni/NC by XRD. Thus,
it is plausible that subnanometric clusters are also presence in 10Ni/NC. The Zn content in the
samples is reminiscent of the salt melt used for the preparation of NC. The standard deviation
of the measurement of Zn using EDX analysis is = 0.1. Thus, the amount of Zn does not
significantly change for samples NC, 2Ni/NC, 6Ni/NC, and 10Ni/NC (Table 1). The increase
of Zn content observed for this sample is most likely due to the formation of non-volatile ZnO
during the impregnation process while most of the carbon might be released through the
formation of carbonaceous volatile compounds.

TEM images show that NiO nanoparticles with an average diameter of 5.1 £ 1.7 nm, after
measurement of a statistically relevant number of samples, can only be observed in the 30Ni/NC
(Figure S3), which is in good agreement with calculations using the Scherrer equation applied
to XRD data. Nanoparticles were not observed in the other xNi/NC samples, indicating that
nickel could be incorporated on the NC substrate as single atoms or forming small clusters in

the sub-nanometer range.

Dark field and bright field STEM images of xNi/NC help to elucidate how Ni was incorporated
in the 2Ni/NC, 6Ni/NC, and 10Ni/NC samples (Figure 1). The images show subnanometric
particles homogeneously distributed on top of NC. Many factors influence the STEM intensity
at this magnification scale, which makes it hard to draw reliable conclusions. But in general,
the observed sites appear with an average size of about 0.25 nm. Moreover, site density was
found to be 1.40 nm,2.09 nm™, and 2.55 nm for 2Ni/NC, 6Ni/NC, and 10Ni/NC, respectively.
These results point at 2Ni/NC, 6Ni/NC, and 10Ni/NC samples having different amounts of Ni
subnanometric sites homogeneously distributed on top of the NC substrate, but the formation

of small clusters cannot be discarded.



Figure 1. STEM dark field (top panel) and bright field (bottom panel) mode micrographs of (a
and d) 2Ni/NC, (b and e) 6Ni/NC, and (c and f) 10Ni/NC.

High-resolution XPS Cls spectra of xNi/NC samples and the best deconvolution to individual
components did not evidence significant changes between samples (Figure S4 in
Supplementary Information). In all cases, the samples showed a main signal corresponding to
C=C bonds at 284.6 eV and C-N, C=0, and -C=0 bonds from adventitious compounds centred
at 285.9 eV, 287.8 eV, and 290.4 eV, respectively. It is worth noting that no evidence of C-Ni
bonds corresponding to NiixCx species at approximately 283.4 eV was found.[34] Similarly,
deconvolution of N1s high-resolution XPS profiles of xNi/NC samples did not show significant
differences between the samples, except 30Ni/NC (Figure S4). The xNi/NC N1s XPS signals
were deconvoluted in different components corresponding to pyridinic-N (~ 397.9 eV),
pyrrolic-N (~ 399.6 eV), quaternary-N (~ 401.3 eV), oxide-N (~ 403.4 eV), and the n-m*
satellite (~ 405.6 eV). It is worth noticing that the pyrrolic-N component could overlap with the
metal-N component. Nevertheless, no dramatic change has been observed in this region upon

Ni content increase, suggesting that there is not a strong interaction between Ni and N. In the
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case of 30N1/NC, these components were also identified; however, the relative contribution of
quaternary-N and N-oxides was lower than in the other cases, while the contribution of
pyridinic-N increased. Table S1 summarizes the contribution of each type of bond from Cls

and N1s signals.

The high-resolution XPS Ni 2p3;» spectra of the xNi/NC samples display the main peak
composed of two components and the corresponding satellite. It can be observed that the
relative contribution of these two components varies with the Ni content, and their position (see
Table S2). The presence of Ni metal can be disregarded in all cases, since the typical component
centered at 852.6 eV has not been detected in any sample. The XPS spectrum of 2Ni/NC shows
the main component centered at approximately 854.8 eV. This binding energy has been
previously reported in tetra carbonyl Ni complexes-like coordination,[36] while the second
component, centered at 856.1 eV, can be attributed to Ni acetylacetonate complexes,[37]
indicating overall diversified forms of oxygen coordinated to Ni. The increase in Ni content in
6Ni/NC and 10Ni/NC produces a shift in the individual components of the Ni 2p3, signal
towards higher binding energies. For instance, the main component is shifted to 855.2 and 855.3
eV for 6Ni/NC and 10Ni/NC, respectively. Similarly, the component related to Ni (acac); is
shifted to 857.05 and 857.4 eV in 6Ni/NC and 10Ni/NC, respectively. These binding energies,
higher than that of Ni(II), can be attributed to Ni species with a higher valence state (Ni(Ill)) or
the changes in Ni(Il) cluster size.[38, 39] Additionally, the contribution of the second
component decreases with the growing Ni content, as can be seen in Figure 2 a-c. Finally, a
very different XPS Ni 2p3/2 spectrum can be observed from the 30Ni/NC sample (Figure 2 d),
where two main components at 855.8 and 853.95 eV, attributed to Ni(OH) and NiO,
respectively, have been identified. It is worth noticing that XRD has previously anticipated the

presence of NiO nanoparticles. However, due to the superficial character of the XPS, the



presence of a thin Ni(OH) layer in the outermost part of the NiO nanoparticles cannot be

discarded.
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Figure 2. High-resolution XPS Ni 2ps3;» spectra and their best deconvolution to individual
components of (a) 2Ni/NC, (b) 6Ni/NC, (c) 10Ni/NC and (d) 30Ni/NC.

In order to further study the presence of Ni single-atoms in the xNi/NC samples and the local
structure of the Ni centres, Ni K-edge X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectroscopy were performed.[40, 41] [42]
Figure 3a shows the Ni K-edge XANES spectra for 2Ni/NC, 6Ni/NC, 10Ni/NC, and 30Ni/NC,
along with the reference spectra of bulk metal Ni, Ni1O, and Ni acetylacetonate (Ni(acac)z). The
absorption edge energy of the Ni-containing samples is larger than that of the metal Ni (8333.0
eV) and NiO (8340.5 eV) references, but similar to those of Ni(acac)> (8350.0 eV). The shape

of the XANES spectra of 2Ni/NC, 6Ni/NC, and 10Ni/NC and Ni(acac); are very similar. This

10



is a first indication that all samples share a similar (average) coordination environment of the
Ni centres. The high intensity of the white line (8353.5 eV) indicates a minimal sample
thickness and a small self-absorption effect. Although the relation intensity-thickness for Ni
nanoparticles was already reported,[43] the samples contain mixed-valence Ni compounds.
Thus, the peak intensity may also be related to the average coordination number, for example,
due to phase transition from fcc to hcp with growing cluster size.[44] XANES spectra of
samples 2Ni/NC, 6Ni/NC, 10Ni/NC, and 30Ni/NC are progressively changing with the growing
content of the initial Ni(acac),. The trend was further confirmed with the linear combination
fitting (LCF) analysis (Figure 3b), where Ni(acac),, NiO, and Ni(0) were used as references.
According to the fit results, the XANES spectrum of 30Ni/NC can be reproduced by
76.8(4.7) % of isolated, oxygen-coordinated Ni(acac)z, 22.1(2.9) % NiO and a minor fraction
of 1.1(5.5) % bulk Ni’. The amount of Ni’ present in all samples is much lower than the nickel
centers having a coordination environment similar to Ni(acac)> or that of NiO. Moreover, the
standard deviation of the obtained values is always larger than the mean value obtained and
thus the contribution of Ni’ single atoms in the samples will be disregarded. The number of
isolated, oxygen coordinated Ni is increasing with decreasing Ni loading to a maximum fraction
of 99.9(3.4) %, while the fraction of bulk Ni shows the opposite trend, and for 2Ni/NC no Ni°

1s detected.
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Figure 3. (a) Normalized XANES spectra of Ni, NiO, Ni(acac), and xNi/NC samples. (b)
Linear combination fitting of xNi/NC samples with references Ni(0), NiO, and Ni(acac),. * and
** marks statistically significant differences at p < 0.05 for Ni(acac), and NiO respectively. (¢)
Fourier-transformed EXAFS spectra of xNi/NC samples along with fitted models (no phase
correction applied).

Ni K-edge EXAFS was collected to assess the local coordination environment of the Ni atoms
in nickel decorated samples in comparison to the Ni, NiO, and Ni(acac), references. The k-
weighted Fourier transform of the EXAFS of 2Ni/NC, 6Ni/NC, and 10Ni/NC with
corresponding fits and reference samples are shown in Figure 3c. The EXAFS analysis was
conducted based on the theoretical structure (vide infra). The values of the coordination
numbers and atomic distances are the averages of all Ni centers within the probed sample,
leading to relatively large Debye-Waller factors. The exact values of the EXAFS fit are
presented in Table S3-6. This analysis depicts a prominent first shell Ni-O scatter at ca. 2.035

A. The average coordination number is reduced from 6 for 2Ni/NC to 3 for 30Ni/NC. The
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atomic distances are in agreement with the oxygen coordination environment reported in the
literature for nickel oxide.[45] Only multiple scattering Ni-C-Ni paths were detected in the
EXAFS signal of 2Ni/NC and 6Ni/NC, which is consistent with the presence of dispersed,
isolated Ni centres in these samples. In particular, Ni-Ni pair at 2.6 A reflecting metallic Ni
could be fitted, which demonstrates that in agreement with the LC-XANES fit, only a minor
fraction of Ni metal (nano)clusters are present in 2Ni/NC and 6Ni/NC.[46] However, an
increasing second coordination shell peak at 3.044 A in 10Ni/NC and 3.0 A 30Ni/NC is similar
to the Ni-Ni distance of bulk NiO (2.94 A) and indicates oxide clusters in these samples, which
is in good agreement with the information obtained from XPS data. The information extracted
from STEM analyses, XPS, Ni K-edge XANES, and EXAFS demonstrates the presence of
dispersed Ni atoms in 2Ni/NC and 6Ni/NC coordinated by oxygen and the presence of larger
clusters and nanoparticles of oxidized nickel in 10Ni/NC and 30Ni/NC, respectively. The
nearest neighbour shells at around 1.5 A suffers from the limitation of EXAFS to distinguish
light atom backscatters, such as carbon and oxygen. The obtained coordination numbers and
assignments given in Table S3-S6 should thus be understood as estimation, in particular as all
species and their light atom coordination are averaged.

The performed DFT-based dynamical simulated annealing (composition and cell parameter in
Table S7) leads to optimized structures of 6Ni/NC and 10Ni/NC, which are shown in Figure
4. In accordance with XPS and EXAFS findings, calculations were made considering nickel
atoms in oxidation state +II. Coordination numbers obtained from the radial distribution
functions of the simulated materials (Figure S5) indicate that the nickel coordination
environment at distances under 2.4 A is mainly composed by oxygen for both samples with two
oxygen atoms in the vicinity, one carbon and one nitrogen each (see Table 2). This goes along
with the XPS and EXAF findings. The oxygen atoms are carrying a partial negative charge in
6Ni/NC (-0.28) and 10Ni/NC (-0.26), which stabilize the nickel atoms (see Table S8). The

presence of equal amounts of nitrogen (-0.21 and -0.18) and carbon atoms (+0.20 and +0.21) in
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the coordination environment of nickel atoms, while having an overall C/N ratio of 3:1, indicate
that nitrogen helps stabilizing the system. Herein, is worth keeping in mind that the absence of
a clear increase of the contribution of the N-metal band in the N1s XPS spectra indicates the
role of nitrogen atoms in the stabilization of nickel but not forming direct coordination bonds
to the nickel atoms but probably by only helping dispersing the original organic salt and
preventing clustering during heat treatment. The distribution of the negative charge in the
electrocatalysts can also be seen at the electron density isosurfaces on the r. h. s. of Figure 4,
where the electrons density is significantly higher at the oxygen and nitrogen atoms as
compared to the partial positive carbons. Systems with similar C/N ratio as 6Ni/NC and
10Ni/NC, but no oxygen (herein, 6Ni/NC-Ofree and 10Ni/NC-Ofree), were investigated to
understand the contribution of the support to the stabilization of nickel (Figure S6-S7 and
Table 2). The larger Ni-N coordination number of 6Ni/NC-Oftree over that of 10Ni/NC-Ofree
indicates that at lower loading the contribution of nitrogen to the stabilization of nickel gain
more importance than at larger loadings. These findings also go along with the results obtained
by EXAF and XPS, which indicate in sample 10Ni/NC the presence of already significant

amounts of NiO clusters, whereas in sample 6Ni/NC Ni exists mainly in the form of single sites.

Table 2. Nickel coordination numbers obtained by integrating radial distribution functions (dni-
x <2.4 A) of simulated 6Ni/NC and 10Ni/NC and their oxygen free analogues.

Overall C N 0) Ni
6Ni/NC-Ofree 4.65 248 2.09 - 0.08
6NiI/NC 4.56 1.17 1.19 2.15 0.04
10Ni/NC-Ofree 4.46 241 1.89 - 0.15
10Ni/NC 4.99 1.18 1.45 2.29 0.07

14



Figure 4. Snapshot of the modeled lowest energy structures of samples (a) 6Ni/NC and (b)
10Ni/NC. Colour code: carbon (black), nitrogen (blue), oxygen (red), nickel (orange). Electron
density isosurfaces of the same area of (c) 6Ni/NC and (d) 10Ni/NC structures. The highest
electron density (disregarding Ni) is located around oxygen atoms (solid cyan isosurface;
isovalue = 0.6). The density is lower around nitrogen atoms (transparent surface; isovalue =
0.25). The lowest values are found around the carbon atoms.

Prior to electrochemical analyses, also the textural properties of the samples were analysed by
N2 and CO> adsorption/desorption isotherms at 77 K and 273 K, respectively. Samples NC,
2Ni/NC, 6Ni/NC, and 10N1/NC show a type I N2 sorption isotherm, indicating that their porous
network is mainly formed by micro- and macropores (Figure S8a). Samples 2Ni/NC and
6Ni/NC exhibit surface areas of ca. 1800 m?/g and a total pore volume of ca. 1 cm?/g (see Table
1) (i.e., pretty similar to NC, further indicating that the support survived the thermal treatment
despite the oxidative atmosphere and the nickel content of the mixes).[29] However, at higher
nickel loadings, the porosity of the samples starts collapsing. For instance, the total pore volume
of 10Ni/NC is ca. 0.55 cm?/g, i.e., half than that of NC, 2Ni/NC, and 6Ni/NC (Table 1).
Interestingly, CO» sorption isotherms at 273 K in Figure S8b show how all 2Ni/NC, 6Ni/NC,

and 10Ni/NC show a very similar CO> sorption capacity of ca. 5 mmol/g (and micropore

volume of ca. 0.20 cm?/g, Table 1) as the support.[29] Though 10Ni/NC exhibits half of the
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total pore volume of the original substrate, its composition is near C3NOgsNigs. CN
frameworks are known to adsorb CO; in structural pores.[31, 47, 48] Despite the dramatic
decrease in total pore volume, the change in composition explains the high sorption capability
of 10Ni/NC. When the nickel loading further increases (i.e., sample 30Ni/NC), the much larger
nickel content makes the composition change to C4NOj.s5Nigg. The much lower pore volume
obtained from both N> and CO isotherms (0.11 and 0.03 cm?/g) and the larger carbon content
indicate the collapse of the porous network that is also Ni saturated with almost one nickel atom

per CsN unit.

Electrochemical CO: reduction

The electrochemical performance of xNi/NC samples was first evaluated by linear sweep
voltammetry (LSV). Figure 5a shows very different behavior in xNi/NC samples upon Ni
loading, indicating that the Ni single atoms and clusters are modifying the electrochemical
properties of NC. On the other hand, LSVs of 10Ni/NC in Ar and CO;-saturated NaOH solution
show that this sample exhibited a lower onset potential (-1.163 V vs RHE) and current density
(1.07 A/g at -1.303 V vs RHE) in the COz saturated solution indicating a remarkable activity in
the CO2RR (Figure Sb). Additionally, LSVs of NC in Ar and CO»-saturated NaOH solutions
showed no activity for CO2RR, indicating that Ni single atoms or sub-nanometric clusters are
the active sites for this reaction (Figure S9).

The electrochemical activity of xNi/NC samples in COz-saturated NaOH solutions was
evaluated as a function of Ni loading. It is worth mentioning that 2Ni/NC behaved identically
to NC, and therefore, its electrochemical activity will not be included in this study.[49, 50]
LSVs of 6Ni/NC, 10Ni/NC, and 30Ni/NC are presented in Figure 5c. 10Ni/NC featured a
higher current density than 6Ni/NC, probably due to its higher Ni content (11 wt% vs. 6 wt%).

However, despite the overall Ni loading being higher for 30Ni/NC (33 wt%), the sample
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exhibited the lowest current density, probably due to the negative effect that the formation of
NiO nanoparticles has on the decrease of low-coordinated surface atoms ratio.

The products obtained in the gas and liquid phases were analyzed by on-line GC and off-line
HPLC, respectively. Hy, CO, and CH4 were detected as gas products by GC. Surprisingly,
HCOOH was detected in the liquid phase by HPLC and verified by 'H nuclear magnetic
resonance (NMR) (see Figure S10 in Supplementary Information). It must be highlighted that
there are no precedents in the literature of HCOOH evolution from carbon-based electrodes
containing Ni single atoms or clusters. For instance, such materials typically exhibit nearly
100% Faradaic efficiency (FE) towards CO.[51-54] As mentioned in the introduction, it has
been reported that nickel coordinated to oxygen over carbonaceous supports can exhibit very
different electrochemical selectivity than nitrogen coordinated nickel when wused as
electrocatalysts for both ORR[26, 27] and CO>RR.[28] Herein, single nickel atoms and/or

clusters coordinated to oxygen foster the unexpected production of HCOOH.

a b c
) ) ol ] &l
10
= 15 22 2 wy
o 1ONIING o o
< < <
- 04 — —
s f E 4 z
I} I} O -4
. £ =
5 -5 NC =] 5
O O O
104 -6 10NING ——6BNIINC
—Ar 1 —— 10NIING
—cCo0, —— 30NI/NC
15 10 05 0.0 15 10 05 0.0 15 1.0 05 0.0
Potential (V vs. RHE ) Potential (V vs. RHE) Potential (V vs. RHE)
100 25
‘Tm 204
3 E
5
& £ 151
iy I
Q
O 10
0
T
d 10NWNG
0 o o~ _
08 -09 10 11 -1.2 -1.3 -14 BNING 10NI/NG 30NING 001 2 3 4 5 6 7 8
Potential (V vs. RHE) Time (h)

Figure 5. (Top) LSVs of NC and 10Ni/NC in Ar-saturated 1M NaOH solution (a), 10Ni/NC
first in Ar- and then CO»-saturated 1M NaOH solution (b), and 6Ni/NC, 10Ni/NC, and 30Ni/NC
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in CO»-saturated 1M NaOH solution (c¢). LSVs were carried out at 50 mV/s. (Bottom) CHgs
(yellow), HCOOH (blue), CO (red), and H> (black) FE vs. applied potential of 10Ni/NC
samples in CO»-saturated 1M NaOH solution (d), FE of 6Ni/NC, 10Ni/NC, and 30Ni/NC at -
1.2 V vs RHE in COs-saturated 1M NaOH solution for 4 h (¢) and HCOOH concentration
evolution as using 10Ni/NC as a catalyst for the CO2RR (f).

Figure 5d shows the FEs towards different products obtained for the sample 10Ni/NC at
different potentials after 4h. FEs of the different gas products were obtained by inline gas
chromatography, whereas liquid products were analysed by HPLC. As can be seen, the gas
phase is mainly composed of CO and CHy at potentials below -1.0 V vs RHE, while HCOOH
becomes the CO2RR main product at potential ranging from -1.1 to -1.3 V vs RHE. At larger
potentials, H» is practically the only detectable reaction product. Control experiments in Ar-
saturated 1M NaOH solutions were also carried out obtaining undetectable amounts of CO,
CHa4, or HCOOH. The 10Ni/NC Tafel slope was 238 mV/dec (Figure S11 in Supplementary
Information). This huge value indicates that there are mass transfer limitations, probably due to
large volumes of micropores and no mesopores. Thus, the slope holds no information about
CO2RR kinetics.[55] Further studies to understand the mechanism behind CO2RR over
subnanometric oxygen coordinated-Ni clusters supported on doped, noble-carbonaceous
materials are undergoing.

Chronoamperometry (CA) in CO»-saturated NaOH solution at -1.2 V vs RHE was carried out
with the different samples for 8h (see Figure S12 in Supplementary Information). The results
show that, despite the oxidation state of nickel on the samples, the electrodes are stable in the
experimental conditions. This surprising behaviour has already been reported several times and
was recently reviewed by Yeo et al.[56] For instance, according to the nickel electrochemical
phase diagram, Ni*? is stable up to -1V.[57] Here, we must hypothesize that the oxidative noble
carbonaceous support on which nickel is loaded plays a key role in stabilizing nickel as single
sites. Indeed, the stabilization of electron-poor transition metals to oxygen sites in graphene-
like carbons is possible.[46] FEs towards the different products obtained using 6Ni/NC,

10N1/NC, and 30Ni/NC after four-hour CO2RR experiments at -1.2 V vs RHE are compared in
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Figure Se. As can be observed, 6Ni/NC features FEs for CO, H2, and HCOOH of ~ 42%, 37%,
and 20%, respectively. Sample 10Ni/NC presents FEs for H> and HCOOH of ~ 71% and 27%,
respectively. However, the FEs for CO and CH4 were ~ 1%. Finally, 30Ni/NC showed a FE for
H: of ca. 95%, being those of CO and HCOOH of approximately 2%. Long-term experiments
at 8h showed that neither CO and H» concentration decrease nor the formation of any other
product, with FE of all products being nearly constant along the reaction time. In this regard,
Figure 5f shows how HCOOH production follows a linear trend with time, indicating that the
catalysts do not deactivate with time, which further proves the stability of the samples.

Given these results, one can anticipate that both the way Ni is loaded and its interaction with
the support have a strong influence on CO2RR selectivity. In contrast with existing literature,
where CO has been found as the only product of CO2RR, the formation of Ni sites with high
oxidation state and stabilized in oxygen coordination environment instead of nitrogen in
6Ni/NC favours CO and HCOOH to be the main CO2RR products observed. When the Ni
loading increase in 10Ni/NC, a sharp decrease in the CO evolution is observed (FE towards CO
changes from 42% to 1% for samples 6Ni/NC and 10Ni/NC, respectively), and HCOOH
production raises from 7.8 to 14.5 mmol/g with an unprecedented FE that goes from 20% to
27% at 1.3 to 1.5 V, respectively. It is reasonable to hypothesize that a mixture of Ni(II) and
Ni(III) could be present in 6Ni/NC and 10Ni/NC (Figure 2¢ and Figure 2d), although in
different extents due to the different population of single sites and Ni-O subnanometric clusters
that they present. These differences foster the production of HCOOH rather than CO. In view
of the present results, we can speculate that increasing Ni loading would induce changes in the
Ni oxidation state up to an optimum value that would inhibit the CO evolution and leave
HCOOH as the main CO2RR product in 10Ni/NC. Further increase in the Ni loading results in
the collapse of the carbonaceous network stabilizing Ni sites and consequently in the formation

of 5 nm NiO nanoparticles, which all in all inhibits the CO,RR and favors HER. Thus, careful
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design of the catalyst considering support composition, interaction with the metal and optimum

size of the catalytic are responsible for the remarkable changes in the CO2RR product selectivity.

3. Conclusion

Subnanometric nickel active sites for the CO. reduction reaction were loaded over a noble
carbonaceous material derived from cytosine using a simple multigram like process consisting
only of two steps: (1) the impregnation of the support with nickel (II) acetylacetonate plus (2)
subsequent calcination at 350°C in air. Up to 11 wt% of Ni subnanometric sites were loaded
using this approach. High Ni loadings promote the stabilization of CxNO frameworks rather
than simple graphitization of the support. The highly oxidative nature of the support and the
use of a Ni-O4 coordinated precursor salt foster a high oxidation state of nickel, as EXAFS
analyses corroborate. The highly N-doped carbonaceous network helps stabilizing large Ni-
clusters and nanoparticles. Unlike N-coordinated nickel subnanometric sites, the oxygen
coordinated ones show unprecedented FE of 20 - 27 % towards HCOOH at 1.3 - 1.5 V vs. RHE.
At higher loadings (33 wt% of Ni), NiO nanoparticles form, and HER predominates. The strong
dependence of the Ni loading and support interactions with the electrocatalytic activity in the

COzRR open new design paths for the preparation of transition metal single-site catalysts.

4. Experimental Section/Methods
Materials and synthetic description

Materials: Cytosine (99%) and zinc chloride were purchased from Merck. Sodium chloride
(98%) and Nafion solution (5wt%) were purchased from Sigma Aldrich. 95% nickel (II)
bis(acetylacetonate) (herein, Ni(acac)) was purchased from Alfa Aesar. Hydrochloric acid
(37%), sulfuric acid (96%), and sodium hydroxide (>98%) were purchased from Roth.
Synthesis grade acetone was purchased from J.T. Baker. All chemicals were used as received

without further purification.
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Support synthesis: The carbonaceous support was prepared as described in ref. . In brief,
Cytosine (1 g) was grinded with 20 g of a mixture 1:1 wt% of NaCl and ZnCl; at room
temperature. The mixture was treated thermally at 800°C (2h, 1°C/min) in a nitrogen
atmosphere. The obtained solid was allowed to cool down and washed 3 times in HCI 1M at
room temperature to remove the NaCl and ZnCl, salts from the carbonaceous material. After
the washing steps, 300mg of a bulky black powder was obtained. The sample will be labelled
“NC” henceforth.

Ni deposition: NC (100 mg) was mixed with different amounts of Ni(acac) (10 mg, 30 mg, 50
mg, 70 mg) and acetone (5 mL). The system was stirred at room temperature for 1h. Acetone
was completely evaporated at 70°C. The residual solid was transferred to a crucible, and it was
submitted to thermal treatment at 350°C (2h, 1°C/min) in air. The obtained samples were
labelled according to the final loading of nickel found in the samples as 2Ni/NC, 6Ni/NC,
10Ni/NC, and 30Ni/NC which corresponded to 10 mg, 30 mg, 50 mg, and 70 mg of Ni(acac)
used in the synthesis, respectively.

Characterization procedures

Powder X-ray diffraction (XRD) patterns were recorded using a Bruker D8 Advance instrument
with Cu-Ka radiation. Thermogravimetric analyses (TGA) were performed from 25 to 1000°C
in a NETZSCHTG 209 F1 device, using either nitrogen or synthetic air as a carrier gas and a
heating rate of 10K/min in a Pt crucible. Inductively coupled plasma optical emission
spectrometry (ICP-OES) measurements were performed with a PerkinElmer ICP-OES Optima
8000. Before measurement, the samples (0.01 g) were dissolved in 500 pl of a 1:3 mixture of
concentrated HCl and HNO3 acids for 12 hours at room temperature and finally heated for 1
hour at 96°C. The obtained solution was diluted up to 10 ml with ultrapure Milli-Q water and
filtrated before ICP-OES measurements. The morphology of the samples was characterized by
scanning electron microscopy (SEM), using a LEO 1550-Gemini instrument from Zeiss. For

this, the samples were sputter-coated with a few nanometres of an 80% Au/20% Pd alloy to
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reach sufficient surface conductivity. With this instrument, energy-dispersive X-ray
spectroscopy (EDX) was conducted as well, using a coupled Oxford Instruments EDX analyser.
Transmission electron microscopy (TEM) and scanning transmission electron microscopy
(STEM) were carried out utilizing a Zeiss EM 912, equipped with a LaB¢ cathode and operated
at 120 keV, and a double-Cs-corrected JEOL ARM200F, equipped with a field emission gun
and operated at 80 keV. The dimension and the density of the single site spot are obtained from
dark field images using Fiji software and counting 100 points. Nitrogen adsorption and
desorption isotherms at 77 K and CO» adsorption and desorption isotherms at 273 K (ice-water
bath) were measured using a Quantachrome Quadrasorb SI apparatus. The samples were
degassed at 150°C under vacuum for 20h prior to each measurement. The specific surface area
of each material was obtained from the nitrogen adsorption data (P/Py <0.2) using the Brunauer-
Emmett-Teller (BET) method. The value was obtained after applying the method in the linear
region with the best correlation. Total pore volume (Vt) was calculated from the amount of
nitrogen adsorbed at P/Py=0.995. The N> pore size distribution was obtained by Quenched Solid
Density Functional Theory (QSDFT) model with slit/cylindrical pore shape using nitrogen
adsorption data at 77K. Microporous volume (Vmic) was calculated applying the DFT method
to the adsorption branch of CO; isotherms. X-ray photoemission spectroscopy (XPS) was
measured on a SPECS spectrometer equipped with a Phoibos 150 9MCD detector using a
nonmonochromatic X-ray source (Al and Mg) operating at 200 W. The samples were evacuated
in the pre-chamber of the spectrometer at 1x10~° mbar. The measured ratios of the components
were obtained from the area of the corresponding peaks after nonlinear Shirley-type background
subtraction and corrected by the transition function of the spectrometer. The Ni K edge X-ray
absorption fine structure (XAFS) was recorded in transmission mode at mySpot beamline at
Bessy I1.[58, 59] The energy calibration was done at first inflection point of Ni(0) XANES
spectrum (8333 eV). Energy selection was performed with Si(111) multiple crystal

monochromator, and signal detection was conducted using ionization chamber with air. The
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beam spot size on sample was 0.5 mm and total flux of 1.5x10!! ph/s.[58] The analysis of
extended x-ray absorption fine structure (EXAFS) was performed using Athena and Artemis
software.[60]

Electrocatalytic tests: xNi/NC samples (10 mg) were dispersed in ethanol solution (200
puL) containing 50 puL of Nafion 117 solution (~ 5%) from Sigma-Aldrich, and sonicated
until a homogeneous ink was obtained. The working electrodes were prepared, drop-
casting 30 uL of the as-prepared ink on each side of a gas diffusion layer of carbon paper
(1.5 cm x 1 cm) (Spectracarb 2050-0550 from FuelCellStore) and allowed for solvent
evaporation at room temperature. Then, the xNi/NC electrodes were vacuum dried
overnight to remove all solvent traces. The electrochemical characterization was carried
out with an electrochemical workstation (Gamry Interface 1000). CO2RR was evaluated
in a custom-made three-electrode H-cell configuration, separated by Nafion 117
membrane (Scheme S1). The reference and counter electrodes used were Ag/AgCl KCI
saturated and Pt foil, respectively. 1M NaOH aqueous solution was used as the
electrolyte. Catalytic performance tests were carried out using chronoamperometry
measurements at different potentials. Gas products were detected by gas
chromatography (GC) using a Shimadzu GC-2014. H> was quantified with a MolSieve
5A column by TC detector, while CO and CH4 were analyzed with a PorePlot Q column
by FI detector. High-performance liquid chromatography (HPLC) was performed to
analyze the liquid phase produces using a Dionex UltiMate 3000 UHPLC system, which
consisted of an UltiMate 3000 RS pump, an UltiMate 3000 RS autosampler, an UltiMate
3000 RS column compartment, and UltiMate 3000 RS Variable wavelength detector
(Dionex Sortfon GmbH, Germany). A Rezex™ ROA-Organic Acid H" LC Column (300
x 7.8 mm) from Phenomenex was used. The samples were acidified with H>SO4 up to
pH 2-3. The measurements were carried out with an H>SO4 solution (0.005 N) as a

mobile phase at 0.5 mL/min flow rate at 25°C.
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Computational details

Periodic density functional theory (DFT) calculations were carried out using the hybrid
Gaussian and plane wave approach,[61] as implemented in the CP2K/Quickstep code.[62] The
Kohn-Sham orbitals were described by an accurate molecularly optimized double-zeta basis set
with one additional set of polarization function,[63] while the charge density was represented
by plane waves with a density cut-off of 500 Ry. The B97-3¢ exchange and correlation
functional plus a damped atom-pairwise dispersion correction to account for long-range van der
Waals interactions was employed.[64] Separable norm-conserving pseudopotentials were used
to mimic the interactions between the valence electrons and the ionic cores.[65] The
electrocatalysts 6Ni/NC and 10Ni/NC, as well as oxygen-free reference structures were
modelled according to the experimentally compositions. The systems are charged to represent
Ni atoms in oxidation state +II. The exact composition of the theoretical models and their
associated supercell parameters can be found in Table S1. Optimized structures of the
electrocatalysts were obtained by globally minimizing the potential energy, while varying the
atomic positions by dynamical simulated annealing based on the second-generation Car-
Parrinello approach of Kiihne et al.[66-68] The net atomic charges (NACs) of these structures
are calculated using the density derived electrostatic and chemical method DDEC6.[69] In order
to calculate the radial distribution functions at finite temperature, the optimized structures were
additionally simulated for 160 ps using a discretized time step of 2.0 fs by means of extended

tight binding (xXTB)[70] molecular dynamics in the canonical ensemble at 300 K.
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Oxygen coordinated nickel sites decorated over noble carbonaceous supports yield formic
acid with 27% Faradaic efficiency when forming small clusters.
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