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Tuning the local electronic structure of a
single-site Ni catalyst by co-doping a 3D graphene
framework with B/N atoms toward enhanced CO,
electroreductiony

Tianyi Shao, )** Hengxing Ji 2

@ Delong Duan,}?® Shengkun Liu,® Chao Gao,
and Yujie Xiong '

*ab

Various single metal sites supported on N-doped carbon materials have been demonstrated to be
effective catalysts for CO, electroreduction. However, it remains a challenging task to gain comprehen-
sive understanding on how the local electronic structures of single metal catalytic sites are rationally
tuned, which eventually holds the key to significantly enhance the electrocatalytic performance. Herein,
we implement B—N bonds into an N-doped 3D graphene framework by B doping to further stabilize the
supported catalytic Ni single-sites and simultaneously tune their local electronic structure. Moreover,
electrochemical in situ Fourier-transform infrared spectroscopy reveals that the B—N bonds can further
facilitate the production of pivotal *COOH intermediates in comparison with only N doping. As a result,
the Ni single-site catalyst on the B, N co-doped 3D graphene framework achieves excellent catalytic per-
formance with a CO faradaic efficiency (FE) of 98% and a turnover frequency (TOF) value of 20.1 s7* at
—0.8 V (vs. RHE), whereas the FE and TOF for the control sample without B doping are as low as 62% and
6.0 s respectively. This work highlights the superiority of modulating local electronic structures of
single-site catalysts toward efficient electrocatalytic CO, reduction.

tune their local electronic structure inside the carbon

Great attention has been paid to carbon materials in the past
few years due to their good stability and reactivity, especially in
the field of supercapacitors"® and H, evolution,’> CO,
reduction,”® N, reduction,® O, reduction,”® and O, evolution
reactions.'®'! Single-atom/site catalysts dispersed on carbon
materials are able to realize the maximal atom utilization
efficiency toward high catalytic performance. The common
carbon-based single-atom/site catalysts for CO evolution
through CO, electroreduction are porous carbon materials
anchored with Fe, Co, and Ni single-atoms/sites. The general
strategy for enhancing the catalytic performance is introducing
N atoms to coordinate with catalytic metal sites in order to
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skeleton.'*** In particular, implanting N atoms into the gra-
phene skeleton results in the creation of more defects and the
enrichment of more negative charges, thus regulating the elec-
tron density of catalytic metal sites.'> Moreover, the strategy of
integration with another metal atom has also been proven to
tune the electronic structure of single-atom metal catalytic
sites dispersed in the carbon network.'®” Although a few
studies have shown that simultaneously doping two non-
metallic elements in the carbon network could enable
enhanced electrocatalytic performance, it still remains largely
unexplored for tuning the CO, electroreduction reaction
through co-doping two non-metallic heteroatoms in carbon-
based single-atom/site catalysts.'®'® To this end, we would like
to explore the possibility of the strategy by incorporating
another non-metallic heteroatom to tune the local electronic
structure of single-atom metal catalytic sites in an N-doped
carbon network toward enhanced catalytic performance in CO,
electroreduction.

Given the low density, high aspect ratio, good conductivity,
tunable channel structure, and abundant C/O functional
groups as anchoring sites, 3D reduced graphene oxide (rGO)
frameworks are theoretically regarded as the ideal support for
various single-atom/site catalysts with a readily tunable coordi-
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nation environment toward various electrochemical
reactions.””*! Herein, taking the single-site Ni catalyst sup-
ported on an N-doped 3D graphene framework as a model, we
further incorporate B atoms into the catalyst system to tune
the local electronic structure of single Ni catalytic sites in con-
sideration of the distinct electronegativity between B and N.

In the traditional doping methods, single-atom/site cata-
lysts supported on N-doped carbon networks are prepared by
flowing ammonia gas, adding nitrogen-containing small
organic molecules during the pyrolysis process, or directly pyr-
olyzing  N-containing  metal-organic  frameworks.**>*
Considering that the Ni single-site are anchored with the N
atom, the doped B atom should be located nearby the N atom
to form the B-N bond to precisely tune the local electronic
structure of the single Ni catalytic sites. To this end, we utilize
1,4-benzenediboronic acid (BDBA) and o-phenylenediamine
(oPD) as B and N sources to in situ grow polymer nanofibers
along with the pore channel throughout the self-assembled
three-dimensional (3D) graphene framework. In this way, the
B-N bonds have been formed in advance and then the B and
N can be doped simultaneously and adjacently in space during
pyrolysis. The presence of B atoms not only facilitates the for-
mation of Ni single-site catalysts, but also tunes their local
electronic structure to promote the production of key *COOH
intermediates in the CO, reduction reaction. Moreover, the
long and continuous channel in the 3D graphene framework
can promote the long-range diffusion and transport of CO,
molecules. Consequently, as compared to the counterparts
with only N doping, the single-site Ni catalyst supported on
the B, N co-doped 3D graphene framework exhibits signifi-
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cantly enhanced catalytic performance in a wider applied
voltage range.

Experimental

Synthesis of the single-site Ni catalyst supported on a B, N co-
doped 3D graphene framework

Graphene oxide (GO) was synthesized using the modified
Hummers’ method. The self-assembled 3D graphene frame-
work loaded with the B, N-containing polymer and Ni sites
was prepared by a facile hydrothermal method. First, 0.3 mL of
10 mM Ni(NOs),-6H,0 and 25 pL of 30% H,0, were added
into 10 mL of 0.3 wt% GO solution under general sonication
for 30 min. Then the solution was immediately transferred to
an ultrasonic cell disruption system for another vigorous
45 min sonication (solution A). Second, the two small organic
molecules of oPD and BDBA with various ratios were fully dis-
solved in 20 mL of mixed solvent containing 15 mL of ethanol
and 5 mL of H,O (solution B). The two solutions A and B
obtained above were mixed together and heated at 180 °C for
12 h by a hydrothermal method. After slowly cooling down to
room temperature, the obtained self-assembled 3D graphene
framework with a cylinder shape was put into a vacuum oven
to remove most of the ethanol, followed by freezing dry with
liquid nitrogen to achieve complete dryness. The single-site Ni
catalysts supported on the B, N co-doped 3D graphene frame-
work with different B/N ratios were finally obtained via pyrolyz-
ing at 820 °C (heating rate: 5 °C min™") under a flowing Ar
atmosphere for 3 h in a tube furnace. The obtained single-site
Ni catalysts supported on the B, N co-doped 3D graphene
framework with different B/N ratios (BDBA/oPD, 0/0.6, 0.1/0.5,
0.2/0.4, 0.3/0.3, 0.4/0.2, and 0.6/0, mmol mmol™") were
denoted as Ni-Ng, Ni-B;Ns, Ni-B,N,, Ni-B;N3, Ni-B4N,, and
Ni-Bg, respectively.

X-ray absorption fine structure (XAFS) characterization

Ni K-edge XAFS characterization was performed at the beam-
line 1 W2B of Beijing Synchrotron Radiation Facility (BSRF),
China. The acquired K-edge extended XAFS (EXAFS) data were
treated through the Demeter package, and the processed curve
was compared with standard samples of Ni foil, NiO, and
nickel(n) phthalocyanine. Ni K-edge X-ray absorption near-edge
structure (XANES) simulations based on the self-consistent
multiple-scattering theory were performed using FEFF 8.2
code. The N and B K-edge XAFS characterization was per-
formed at the MCD Endstation of the BL12B-a Soft X-Ray
beamline at the National Synchrotron Radiation Laboratory
(NSRL) in Hefei, China.

Evaluation of the catalytic performance for CO,
electroreduction

Electrochemical measurements, including CO, electroreduc-
tion and linear sweep voltammetry (LSV), were carried out on
an electrochemical station (CHI660D) with a conventional
H-type electrochemical cell, in which the cathode and anode
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in the CO,-saturated 0.5 M KHCO; electrolyte (pH = 7.2) were
separated by a Nafion117 membrane. The three-electrode
system consisted of a platinum plate as the counter electrode,
an Ag/AgCl (saturated KCl) as the reference electrode, and
carbon paper as the working electrode. In a typical preparation
for the working electrode, 5 mg of the sample and 50 pL of
Nafion solution (5 wt%) were uniformly dispersed in 1 mL of
water-ethanol solution with the volume ratio of 1:3 by soni-
cation. The catalyst ink was dropped onto the two sides of a
carbon paper electrode with a catalyst loading of 0.5 mg cm™?.
The working electrode was dried in a vacuum oven overnight.
All potentials in this study were measured against the Ag/AgCl
reference electrode and converted to the RHE reference scale
using E (vs. RHE) = E (vs. Ag/AgCl) + 0.1989 V + 0.059 x pH.
The amounts of CO and H, were measured using a gas chro-
matograph (GC, 7890A, Ar carrier, Agilent). H, was detected
with a thermal conductivity detector (TCD), and CO was
detected with a flame ionization detector (FID).

Electrochemical in situ Fourier-transform infrared (FTIR)
spectroscopy

Electrochemical in situ FTIR spectra were recorded with a
Fourier transform spectrometer (Bruker VERTEX 70v/s)
equipped with a KBr beam splitter and various detectors
connected with an infrared microscope (Bruker Hyperion
2000, x50 objective) at the Infrared Spectroscopy and
Microspectroscopy Endstation (BLO1B) in the National
Synchrotron Radiation Laboratory (NSRL) in Hefei, China. The
catalysts were uniformly covered on the glassy carbon electrode
equipped in the in situ electrochemical cell, which was filled
with CO,-saturated 0.5 M KHCO; solution. The window of the
in situ electrochemical cell was covered by a CaF, plate. Note:
Ensure that the electrolyte existing between the CaF, plate and
glassy carbon electrode is a very thin layer since the infrared
signals are easily disturbed by water. The in situ electro-
chemical cell was connected to an electrochemical station
during the process of the electrocatalytic CO, reduction. The
spectrum of the sample before applying with voltage was
deducted as the background signal, and the time-dependent
measurements were performed under a fixed potential.

Results and discussion

To prepare the model catalyst, a one-step hydrothermal
process is primarily developed to obtain the 3D self-assembled
rGO framework with the B, N-containing polymer, showing the
shape of a cylinder (Fig. S1f). Generally speaking, the
N-containing monomer oPD tends to dehydrogenize and self-
polymerize to form long and wide nanofibers (Fig. 1a and
$2+).>> After integrating the oPD with B-containing BDBA, the
unidirectional chain growth is suppressed while the dendro-
nized copolymerization is facilitated (Fig. S3t), producing
shorter and more slender nanobelts (Fig. 1e and S47). Such a
morphological change suggests the successful introduction of
B-N bonds into the polymer by the copolymerization of oPD

This journal is © The Royal Society of Chemistry 2022
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and BDBA precursors. In contrast, the single BDBA as the reac-
tant monomer produces the sheet-shape polymer embedded
into the 3D graphene network (Fig. $51).>° The obtained cylin-
der graphene is further treated under oriented freeze drying
from bottom to top so that the tiny ice nucleus would grow
along the longitudinal direction through the internal meso-
pores to form parallel ice columns. Then the crisscrossing and
interlaced channels with long-range alignment are created
across the whole graphene framework. Finally, the single-site
Ni catalysts supported on the B, N co-doped 3D graphene
framework are obtained by pyrolyzing the cylinder graphene at
820 °C under a flowing Ar atmosphere for 3 hours to firmly
anchor the atomically dispersed Ni sites by the surrounding
doped N and B heteroatoms. As shown in Fig. 1b, 1f, and S67
the interlaced channels are kept for the graphene framework
after pyrolysis, which would facilitate the diffusion and trans-
port of CO, molecules. The Brunauer-Emmett-Teller (BET)
surface area is obtained by analysis of N, absorption-desorp-
tion isotherms (Fig. S71). Compared to the sample with only N
doping (Ni-Ng), the BET surface area of the sample with the B,
N co-doped graphene framework (Ni-B,N,) is significantly
reduced (322.6 m® g~ vs. 87.4 m® g~ '), most likely as the inter-
spaces of the graphene framework are partially filled with the
carbonized fiber fragments. In addition, transmission electron
microscopy (TEM) images (Fig. 1c and g) further show that the
graphene maintains a sheet-like structure with crimps and
wrinkles after pyrolysis, and no Ni-derived clusters or particles
are observed on the nanosheets. To resolve information at an
atomic scale, aberration-corrected high-angle annular dark-
field scanning TEM (HAADF-STEM) is further used to charac-
terize the dispersion of the Ni sites. For the sample with only
N doping (Ni-Ng), it clearly exhibits the primary existence of
single Ni atoms but simultaneously the presence of a few Ni
nanoparticles as highlighted by the yellow circles (Fig. 1d and
S87). In contrast, for the sample with B, N co-doped graphene
nanosheets (Ni-B,N,), it demonstrates the uniform distri-
bution of isolated Ni atoms without the presence of Ni nano-
clusters or nanoparticles (Fig. 1h and S97), inferring that the
introduction of B can effectively avoid metal agglomeration.
The loading amounts of Ni sites are quantified by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES),
showing that the doped graphene framework samples have
similar Ni contents of about 0.5% (Table S1t). To further
confirm whether the metal nanoparticles are embedded
within the graphene framework during the hydrothermal and
pyrolysis process, X-ray diffraction (XRD) is performed and no
characteristic peak assigned to Ni nanoparticles (PDF 04-0850)
is observed in the obtained XRD patterns (Fig. S10t). The three
peaks in the ranges of 20-30°, 40-45°, and 53-58° are related
to the (111), (100), and (222) planes of graphene (PDF# 75-
2078), respectively. The elemental energy-dispersive X-ray spec-
troscopy (EDS) mapping analysis illustrates the homogeneous
dispersion of B, C, N, O, and Ni elements (Fig. 1i), further con-
firming that B and N have been uniformly doped into the gra-
phene skeleton. The practical B/N ratios and their doping per-
centages in the samples are analyzed by X-ray photoelectron
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Fig. 1 (a) Scanning electron microscopy (SEM) images of the 3D graphene framework loaded with the N-containing polymer and Ni sites. SEM
images (b), TEM images (c), and aberration-corrected HAADF-STEM images (d) of the Ni—Ng sample. (e) SEM images of the 3D graphene framework
loaded with the B, N-containing polymer and Ni sites. SEM images (f), TEM images (g), and aberration-corrected HAADF-STEM images (h) of the Ni—
B2N4 sample. (i) The EDS mapping of B, C, N, O, and Ni in the Ni—-B,N4 sample.

spectroscopy (XPS) characterization, revealing that the practi-
cal B/N ratios indeed are promoted by increasing BDBA/oPD
ratios (Table S27). In particular, the Ni-B,N, sample has a
doping percentage of 1.73% and 5.09% in weight for B and N,
respectively.

Upon directly observing the existence of the single Ni atom
from the HAADF images above, X-ray absorption spectroscopy
(XAS) is implemented to understand the valence states and
refined coordination environments. In the XANES spectra
(Fig. 2a), the Ni absorption edge of single-site Ni catalysts sup-
ported on the B, N co-doped 3D graphene framework with
different B/N ratios is located in the range of Ni foil (0) and
NiO (+2), indicating that the single Ni site possesses a +6 (0 < &
< 2) valence state in their structural units.>” In the Fourier
transform EXAFS (FT-EXAFS) spectra (Fig. 2b), the manifested
dominant peaks at about 1.4 A are assigned to the direct
coordination of single Ni sites with N/O/C atoms in the nearest
coordination position, while the peaks at about 2.0 A are
assigned to the chemical interactions for single Ni sites with
B/C atoms in a bit further distance. The intensity of the peak
at about 1.4 A has a positive correlation with the coordination
numbers of Ni sites. Compared with the sample with only N
doping (Ni-Ng), the introduction of B atoms into the graphene
network enhances the peak intensity at about 1.4 A, indicating
the increased coordination numbers of Ni sites that could con-
tribute to stabilizing the single sites. Moreover, the peak at

836 | Nanoscale, 2022,14, 833-841

2.2 A, attributed to the Ni-Ni bond in Ni foil, is not obviously
observed in the profiles of all the samples, which further corro-
borates the atomic dispersion of Ni sites.

To acquire the precise coordination structures, the EXAFS
fitting and optimized configuration (Fig. S11 and Table S37)
are simulated by referring to the fixed standard samples of Ni
foil, NiO, and nickel phthalocyanine (NiPc). The fitting results
indicate that the Ni sites in the N doped or B, N co-doped
samples are coordinated with nearly three neighbouring N/O/C
atoms (note that the C/N/O light elements could not be distin-
guished clearly by EXAFS spectra). Notably, the lowest coordi-
nation number of Ni sites for the sample with only B doping
(Ni-Bg) suggests that the B atoms are not ideal anchoring sites
for single Ni sites. Thus the Ni-N/O/C coordination numbers
first increase and then decrease with the increasing content of
the B precursor, as the introduced B could regulate the local
electronic structure to more firmly coordinate with Ni sites
while the increased B/N ratio would reduce the number of N
anchoring sites to coordinate with Ni sites. In particular, the
Ni-B,N, sample possesses the maximal coordination number,
which is in accordance with the peak intensity in EXFAS
spectra (Fig. 2b).

The above results demonstrate that the incorporation of the
B atom is vital for regulating the coordination numbers and
thus the local electronic structure of the single Ni catalytic
sites, which may significantly influence the electrocatalytic

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 XAS spectra for the Ni—-B,Ng_, (x = 0—6) samples. (a) Normalized
Ni K-edge XANES spectra. (b) k*-Weighted Ni K-edge FT-EXAFS spectra.
(c) B K-edge XANES spectra. (d) N K-edge XANES spectra.

performance for CO, reduction. To precisely account for the
electronic structure, XANES spectra for B and N are taken into
consideration to analyze the doping features in the graphene
framework. The B K-edge spectra exhibit sharp peaks at 191.7
eV (1s —» n*) and broad bands between 196.7 and 201.3 eV (1s
— o*), which are attributable to the typical resonances of sp*-
hybridized B-N bonds (Fig. 2c).*®*° These characteristic
signals undoubtedly affirm the formation of B-N moieties
inside the graphene network. In addition, the corresponding
information of N with n* and o* features is evaluated by N

View Article Online

Paper

K-edge spectra (Fig. 2d).>® The results suggest that there are
multiple types of N species, including pyridinic N, Ni-N, pyrro-
lic N, graphitic N, and oxidized N. In particular, the observed
peak assigned to the Ni-N bond at about 399.5 eV suggests
that the single Ni sites are directly coordinated with N atoms.
To further elucidate the variation of the local coordination
environment and electronic structure by B doping, the XPS
characterization is analyzed to investigate the various N and B
species in the samples (Fig. 3). For N 1s XPS spectra (Fig. 3a-
e), the N 1s peak can be fitted to six characteristic peaks,
including N-B (397.8 eV), pyridinic N (398.5 eV), Ni-N (399.4
eV), pyrrolic N (400.6 eV), graphitic N (401.3 eV), and oxidized
N (402.8 eV).>**° Remarkably, with the addition of the B pre-
cursor (BDBA), the proportions of pyrrolic N and Ni-N
increase, while the proportions of pyridinic N and graphitic N
decrease. The increased percentage of pyrrolic N originates
from the incorporation of B into the graphene lattice network
by taking full advantage of the chemical interaction between
-NH, and -B-(OH), functional group to form a five-membered
ring. Among all the samples, the Ni-B,N, has the highest ratio
of pyrrolic N. For the B 1s XPS spectra (Fig. 3f), the intensities
of the peak for B-N (191.6 eV) increase with increasing B/N
ratios, further confirming the formation of B-N bonds in the
graphene framework.”>*'”** The peak of the B-O bond (193.0
eV) for the Ni-B, sample is derived from the -B(OH), group in
BDBA. For the Ni XPS signal of the samples (Fig. S12at), the
binding energy of the Ni 2p;,, is situated higher than that of
Ni® (582.6 eV) and lower than that of Ni** (855.6 eV),”’
suggesting that the valence state of Ni sites is between Ni® and
Ni**, This result is in agreement with the conclusion from the
XANES characterization. In addition, the binding energy of the
Ni 2ps,, slightly shifts to a higher binding energy, indicating
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Fig. 3 High-resolution N 1s (a—e) and B 1s (f) XPS spectra of the Ni-B,Ng_, (x = 0—6) samples.
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that the valence state of Ni sites increases with increasing B/N
ratios. This result is also confirmed by the Ni Auger electron
spectra (Fig. S12bf). The main peak of Ni-B,N, shifts to a
higher binding energy in comparison with Ni-Ng, confirming
that the valence state of Ni sites increases after B doping.
From the above information, the addition of B leads to the for-
mation of B-N bonds that induces the redistribution of
charges on Ni sites, thus regulating the local electronic struc-
ture of single Ni sites.

Upon acquiring the key information of single-site Ni cata-
lysts supported on the B, N co-doped 3D graphene framework,
we are now in a position to evaluate their performance as elec-
trocatalysts for CO, reduction as well as validate the role of the
B-tuned local electronic structure in CO, electroreduction. As
revealed by linear sweep voltammetry (LSV) curves in Fig. 4a,
the current densities of Ni-B,Ns_, (x = 1-5) are apparently
higher than those of the Ni-Ny and Ni-B, samples and the Ni-
B,N, exhibits the highest current density, demonstrating that
the addition of B could significantly enhance the catalytic per-
formance for CO, electroreduction. The products are CO and
H,, without other detectable carbonaceous products in the
CO,-saturated 0.5 M KHCOj; electrolyte. Moreover, the faradaic
efficiencies (FEs) for CO evolution (Fig. 4b) are recorded at
different applied potentials from —0.5 to —1.1 V (vs. RHE). The
Ni-B,N, sample exhibits the optimal CO FE of 98% at —0.8 V
with a remarkable CO selectivity over 90%, as well as the
widest range of working potentials. In sharp contrast, the Ni-
N sample demonstrates poor activity toward CO generation.
To directly compare the catalytic performance, the turnover
frequency (TOF), referring to the number of produced CO per
Ni single-site in unit time, is calculated on the basis of total Ni
mass loaded on carbon fiber paper (Fig. 4c). The Ni-B,N,
reaches the highest TOF value of 20.1 s™* at —0.8 V, while the
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Fig. 4 (a) LSV curves for the Ni—-B,Ng_, (x = 0—6) samples in the 0.5 M
CO,-saturated KHCOs electrolyte. (b) FEs of CO at different applied
potentials for the Ni—-B,Ng_, (x = 0—6) samples. (c) The corresponding
TOFs of CO production at —0.8 V for the Ni—-B,Ng_, (x = 0—6) samples.
(d) Long-term stability measurement of Ni-Ng and Ni-B,N, at —0.8 V
for 20 h.
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TOF value for Ni-Nj is as low as 6.0 s~*.'*'® Meanwhile, the
other counterpart samples with various B contents also mani-
fest significantly higher catalytic performance in comparison
with Ni-Ng, confirming the tuned local electronic structure by
B doping plays a vital role in improving the catalytic perform-
ance for CO, electroreduction. Accordingly, the long-term
stability for 20 h continuous measurement confirms that Ni-
B,N, possesses obviously higher steady current density and
selectivity toward CO generation (Fig. 4d). The Ni sites co-
ordinated with pyrrolic N have been proven to be closely corre-
lated with the catalytic performance for CO, electroreduction
to CO.>* Considering that Ni-B,N, has the highest ratio of pyr-
rolic N and the highest catalytic performance toward CO, elec-
troreduction, it is supposed that the Ni single-site coordinated
with pyrrolic N contributes to the high catalytic performance
in CO, electroreduction. Overall, doping B into the single-site
Ni catalyst supported on the N-doped 3D graphene framework
enables to modulate the local coordination environment and
electronic structure of the Ni catalytic sites, which plays an
important role in endowing the remarkable improvement of
catalytic performance for CO, electroreduction.

The overall electrochemical reaction for the reduction of
CO, to CO can be described as the following three elementary
steps:>®

COx(g) +H" +*+ e — *COOH (1)
*COOH + H' + e~ — *CO + H,0(!) (2)
*CO — CO(g) + * (3)

where * denotes an adsorption site. To further understand the
role of B doping on the reaction pathway, synchrotron radi-
ation-based electrochemical in situ Fourier transform infrared
(FTIR) spectroscopy is employed to examine the intermediates
during the CO, electroreduction reaction. Prior to the operando
measurements, FTIR spectra of all the samples after pyrolysis
are shown in Fig. 5a, which show three typical peaks of the
rGO nanosheet, including the peaks at 3439 cm™" assigned to
the O-H stretching vibration, 1562 cm™" attributed to the
C=C stretching vibration, and 1166 cm™" ascribed to the C-O
stretching vibration.*"*? For the in situ CO, electroreduction
on various samples (Fig. 5b-h), there is no observable signal at
the beginning of the CO, electroreduction reactions, and all
the peaks related to the intermediate in the spectral data are
gradually enhanced with increasing electrolysis time. As the
key intermediate in CO, electroreduction to CO, the *COOH
has four characteristic peaks referring to 3550 cm™' (O-H sym-
metric stretching), 1680 cm™ (C=O symmetric stretching),
1360 cm™" (O-H in-plane bending), and 1160 cm™* (C-O sym-
metric stretching). The sample of rGO (Fig. 5b) with no capa-
bility of CO, electroreduction barely shows any signal of the
stretching vibration of O-H and C=O. In stark contrast, these
two prominent peaks for the Ni-B,Ng_, (x = 1-5) samples
(Fig. 5d-g) are substantially sharper than the Ni-N; (Fig. 5c)
and Ni-Bg (Fig. 5h) counterpart, which is in good accordance
with the catalytic performance shown in Fig. 4. The enhanced

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) FTIR spectra of the Ni—-B,Ng_, (x = 0—6) samples. (b—h) Electrochemical in situ FTIR spectra of the Ni—-B,Ng_, (x = 0—6) samples at the
same potential (0.8 V vs. RHE). The curves from bottom to top in each panel refer to the different reaction time of 0, 1, 2, 3, 5, 7, and 10 min,

respectively.

signal suggests that the production of the *COOH intermedi-
ate, the rate-determining step in CO, electroreduction to CO, is
remarkably promoted to give a higher content. In addition,
especially for the Ni-B,N, sample, a strong stretching peak
ascribed to the B-N bond is clearly observed at 1410 cm™" and

This journal is © The Royal Society of Chemistry 2022

changes significantly over time, suggesting that the formed B-
N bonds after B doping modulate the local electronic structure
of Ni active sites and are involved in the CO, reduction reac-
tion dynamically. To sum up, the coordination environment,
or exactly the local electronic structure of Ni sites could alter
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the adsorption free energy of the intermediates to facilitate the
CO, reduction.*® In our work, the introduction of B modulates
the local electronic structure of Ni catalytic sites to facilitate
the production of key *COOH intermediates and consequently
lowers the energy barrier in the CO, reduction reaction,
thereby boosting the catalytic performance for CO,
electroreduction.

Conclusions

In summary, a synthetic strategy for in situ growing polymer
nanofibers along the internal channel of a self-assembled 3D
graphene framework has been developed for constructing a B,
N co-doped 3D graphene framework coupled with a single-site
Ni catalyst. Through the technique of directional freeze drying,
the graphene framework treated by pyrolysis possesses con-
tinuous channels to favor the diffusion of CO, to catalytic
sites, as well as the release of produced CO molecules. The
incorporated B atoms play a crucial role in promoting the ato-
mization of Ni single-sites and significantly impact their elec-
tronic structure by modifying the local coordination environ-
ment. As a result, the doped B atoms markedly enhance the
quantity of Ni single-sites that are coordinated with adjacent
pyrrolic N, which are supposed to be responsible for the
improved catalytic performance in CO, electroreduction.
Additionally, the formation of B-N bonds detected by in situ
FTIR may contribute to facilitate the production of key *COOH
intermediates. The appropriate ratio of B and N is also proven
to be essential for outstanding catalytic performance. This
work not only demonstrates a strategy for tuning the local elec-
tronic structure of single metal catalytic sites on 3D graphene
frameworks, but also highlights the importance of modulating
the local electronic structure of single-site catalysts toward
enhanced performance.
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