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Electrochemical reduction of CO, (CO,RR) to value-added chemicals is an attractive strategy for green-
house gas mitigation and carbon recycle. Carbon material is one of most promising electrocatalysts but
its product selectivity is limited by few modulating approaches for active sites. Herein, the predominant
pyridinic N-B sites (accounting for 80% to all N species) are fabricated in hierarchically porous structure of
graphene nanoribbons/amorphous carbon. The graphene nanoribbons and porous structure can accelerate
electron and ion/gas transport during CO,RR, respectively. This carbon electrocatalyst exhibits excellent
selectivity toward CO, reduction to CH, with the faradaic efficiency of 68% at —0.50V vs. RHE. As demon-
strated by density functional theory, a proper adsorbed energy of *CO and *CH,0 are generated on the
pyridinic N-B site resulting into high CH4 selectivity. Therefore, this study provides a novel method to
modulate active sites of carbon-based electrocatalyst to obtain high CH, selectivity.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the consumption of traditional fossil fuels, the increas-
ing CO, concentrations has resulted in serious environmental prob-
lems. Electrochemical CO, reduction reaction (CO,RR) has been re-
garded as an environmental and sustainable approach to convert
CO, into value-added chemicals or fuels. CO, molecule is chemi-
cally inert with two stable C=0 bond structure and the products
from CO,RR is uncontrollable due to the proton coupled multi-
electron transfer process [1]. Hence, there are great challenges in
designing and preparing efficient electrocatalysts to directionally
produce specific product.

Metal-based electrocatalysts for CO,RR can be divided into pure
metal catalysts and carbon-supported metal catalysts. The former
includes metal oxide, sulfide or alloy such as CuO, Cu,0, SnO,,
MoS, [2-7]. The latter one refers the metal nanoparticles or sin-
gle atom dispersed on heteroatoms doped carbon, for example,
single-atom Ni atoms incorporated N-doped carbon [2,8-11]. Nev-
ertheless, the metallic catalysts have the disadvantages of low con-
ductivity, easy aggregation, low stability, which hinder the practical
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application [12,13]. Metal-free carbon material is the more promis-
ing alternative due to the abundant reserve, tunable property [13-
17]. Heteroatom doping is the most widely-used method for cre-
ating or modulating catalytic sites in carbon materials, especially,
N atom doping, which has been applied in various electrochemi-
cal reactions [18-21]. Recently, N doped carbon materials were ap-
plied to CO,RR [22] and CO is the main product [23-25]. To further
enhance catalytic activity, dual heteroatoms doping were proposed
to modulate the electronic environment of N active sites [4]. For
instance, the N,P-codoped carbon and N,S-codoped carbon boost
CO, reduction to CO with the faradaic efficiency (FE) of over 90%
[26]. However, the enhanced activity of dual heteroatoms co-doped
carbon catalysts is obscurely attributed to the synergistic effect of
heteroatoms and the main products are confined to CO [19,27].
Herein, we fabricate a porous carbon for boosting CO, con-
version to CHy4 by the synergistic effect of the predominant pyri-
dinic N-B sties and typical nanostructure of in situ formed hierar-
chical structure of graphene nanoribbons/amorphous carbon. The
overall hierarchical porous structure promotes mass transport and
graphene nanoribbons effectively accelerate ion/electron transport
during CO,RR. The as-prepared electrocatalyst exhibits excellent
selectivity and stability toward reduction of CO, to CH,4 with a high
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Fig. 1. The schematic procedure of synthesis of porous BN-C-1.

faradaic efficiency (FE) of 68% at low potential (—0.50V vs. RHE).
The density functional theory (DFT) demonstrates the key active
site of pyridinic N-B by modulating adsorbed energy of *CO and
*CH,O0.

The synthetic route of B,N-codped porous carbon (BN-C-1) is
illustrated in Fig. 1. The precursors of chitosan (C, N precursor),
high-concentration 1.0 mol/L H3BO3; (B precursor) and Fe(NOs3)3
(pore-forming agent and catalyst) were dissolved into DI water and
uniformly mixed. The dried hydrogel was annealed at 800 °C for
10h under an inert atmosphere followed by HCI (1.0 mol/L). As the
control sample, the N-doped carbon (N-C) was fabricated at the
same conditions but without the addition of H3BOs. In order to
explore the effect of high-concentration H3BO3; and Fe(NO3); on
the structure and active sites, one B,N-codoped carbon (BN-C-2)
was prepared by adding low-concentration H3BO3 (0.5 mol/L) and
another B,N-codoped carbon (BN-C-3) was prepared by no adding
Fe(NOj3)s. In high-resolution transmission electron microscopy (HR-
TEM) image in Fig. 2a, the BN-C-1 shows the 3D hierarchical
nanostructure composed of porous amorphous carbon and ho-
mogeneously dispersed crystal graphene nanoribbons remarked
with red dotted line. The magnified HR-TEM image exhibits well-
arranged crystal graphene nanoribbons and irregularly-arranged
porous amorphous carbon in Fig. 2b. In the fast Fourier trans-
form (FFT) patterns and lattice fringes of selected regions (Fig. 2c),
the crystal graphene ribbons show clear spot lattices planes with
a graphene lattice space of 0.34nm from the A area of Fig. 2b,
while the amorphous carbon has a ring pattern with a lattice space
of 0.37nm from the B area of Fig. 2b. Compared to the BN-C-1,
the N-C only shows an amorphous structure and the lattice space
is up to 0.37nm (Fig. 2d), which demonstrates the enhanced ef-
fect of high-concentration H3BO3 (1.0 mol/L) on the formation of
graphene nanoribbons. The BN-C-2 and BN-C-3 all show a hier-
archically porous carbon structure demonstrating that the high-
concentration H3BO3; and Fe(NOs3); play the equally important role
in the formation of graphene nanoribbons (Figs. S1 and S2 in Sup-
porting information). As shown in the HAADF-STEM mapping im-
ages (Figs. 2e and f), the N, B element mappings were evenly dis-
tributed over the whole BN-C-1 porous structure, indicating the
homogeneous N, B doping.

In X-ray diffraction (XRD) patterns (Fig. 2g), the BN-C-1 ex-
hibits two typical (002) peaks located at 23° and 26° correspond-
ing to amorphous carbon structure and crystal graphene structure,
respectively [28-30]. To the contrary, the N-C, BN-C-2 and BN-C-
3 just show a broad (002) peak revealing more abundant defect
sites and higher disorder. The Raman spectra of BN-C-1 and N-
C exhibit D band (disordered sp? carbon) at 1336 cm~! and G
band (graphitic sp? carbon) at 1570 cm~! (Fig. 2h). Compared to
the intensity ratio (Ip/Ig) of ~1.0 in N-C, BN-C-2 and BN-C-3, the

lower ratio of 0.83 in the BN-C-1 demonstrates the higher car-
bon crystallinity derived from the existence of crystal graphene
nanoribbons. Remarkably, the BN-C-1 has a sharp 2D peak at 2664
cm~! illustrating the graphene nanoribbon with approximately 20
layers [18]. The surface area and pore structure were determined
by N, adsorption/desorption measurements in Fig. 2i and Fig. S3
(Supporting information). The Brunauer-Emmett-Teller (BET) sur-
face area of BN-C-1, N-C, BN-C-2 and BN-C-3 were 800 m?2/g, 833
m?/g, 1349 m2/g, 1093 m?/g, respectively. Compared to BN-C-1, the
BN-C-2 and BN-C-3 show amorphous structure and more abun-
dant micropores, which leads to high BET surface area. Although
the N-C has similar BET surface area to the BN-C-1, the later has a
more pronounced microporous/mesoporous structure according to
the pore size distribution. The abundant mesoporous structure is
beneficial to ion and gas transport during CO,RR [10].

The surface compositions were determined by X-ray photoelec-
tron spectroscopy (XPS). The B (5.00 at%) and N (4.00 at%) peaks
demonstrate the successful B, N doping in the BN-C-1 (Fig. S4 in
Supporting information). The presence of Fe(NO3); in BN-C-1 and
BN-C-2 can promote incorporation of pyridinic N-B into carbon
matrix leading to more B dopants. So, the B content of BN-C-1
(4.78%) is higher than that of BN-C-2 (3.06%) and BN-C-3 (2.26%).
In the C 1s spectra of the BN-C-1 (Fig. 3a), the C-B and C-N peaks
demonstrate B, N atoms doping into carbon matrix. In the N 1s
spectra (Fig. 3b), compared to pyridinic-N at 398.40eV in N-doped
carbon material [28], the BN-C-1 shows a main peak at 398.70eV.
The increasing binding energy for pyridinic N specie can be at-
tributed to the formation of pyridinic N-B configuration, which has
been demonstrated by our previous research [28]. The pyridinic N-
B accounts for 80% to all the N species. Meanwhile, the pyrrolic
N-B configuration also appears and its binding energy increases to
400.60eV from the 400.40eV of pyrrolic N in the N-C. As further
demonstrated in B,N co-doped graphene, the edge N configurations
(pyridinic-N and pyrrolic-N) with unpaired electrons tend to bond
with B atoms leading to the formation of B-N [28]. The higher N
content in BN-C-1 and BN-C-3 than that in N-C and BN-C-2 in-
dicates that the adding of B precursor can promote the N doping
by formating stable B-N bonds. Besides, the B 1s spectra of BN-
C-1, BN-C-2 and BN-C-3 (Fig. 3c) show three peaks at 190.50eV,
191.30eV and 192.30eV assigned to B-C, B-N-C and B-O, respec-
tively. Based on the above results and references [27,31], we af-
firm that the dominant N specie in N 1s spectrum and the B-N-C
peak in B 1s spectrum is derived from the pyridinic N-B config-
uration. In order to further demonstrate the presence of pyridinic
N-B structure, the Fourier transform infrared (FT-IR) spectrum was
measured. The BN-C-1 shows obvious B-C (1076 cm~!), B-N (1204
cm~1) and N-C (1577 cm~!) peaks compared to the N-C, BN-C-2
and BN-C-3 (Fig. 3d).
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Fig. 2. (a, b) The HR-TEM images of the BN-C-1 (the graphene nanoribbons remarked with red dotted line). (c) The lattice fringe and FFT pattern of the selected areas in
Fig. 2b. (d) The HR-TEM images of N-C (inset: the lattice fringe and FFT patterns. (e) The HAADF-STEM image of BN-C-1. (f) The elemental mapping images of the BN-C-1, C
(red), B (blue), N (green), O (yellow). (g-i) The XRD spectra, XRD patterns and N, adsorption-desorption isotherms of BN-C-1, N-C, BN-C-2, and BN-C-3.
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Fig. 3. (a-c) The C 1s, N 1s and B 1s XPS spectra of BN-C-1, N-C, BN-C-2, and BN-
C-3. (d) The FT-IR spectra of BN-C-1, N-C, BN-C-2, and BN-C-3.

The electrocatalytic performance toward CO,RR was measured
in a H-type cell using a standard three-electrode configuration
with 0.1 mol/L KHCOs. The linear sweep voltammetry (LSV) was
tested in CO, and Ar-saturated electrolyte (Fig. 4a), and the much
higher current density in CO,-saturated electrolyte demonstrates

the high catalytic performance of the BN-C-1 to CO, reduction.
Compared to the N-C, BN-C-2 and BN-C-3 (Fig. 4b and Table S1
in Supporting information), the BN-C-1 shows the highest current
density demonstrating the highest catalytic performance to CO,RR.
Gas and liquid products were analyzed by online gas chromatog-
raphy (GC) and nuclear magnetic resonance (NMR), respectively.
The catalytic performance of BN-C-1 towards CO,RR was studied
by the controlled potential electrolysis approach at the cathode
potentials from —0.40V to —0.60V vs. RHE (Fig. 4c). The BN-C-1
shows the maximum FEcy, of 68.00% at —0.50V vs. RHE, and the
total FE of gas products is nearly 100% without liquid products. The
1H NMR spectra of the electrolyte after electrolysis over all poten-
tials show no liquid product (Fig. S5 in Supporting information). In
a wider potential range from —0.40V to —1.10V vs. RHE (Fig. 4d
and Fig. S6 in Supporting information), the highest FEcy, of BN-C-
1 is located at —0.50V vs. RHE. In Fig. 4e, compared to the BN-C-
2 (60.10%), BN-C-3 (52.02%) and N-C (51.00%), the BN-C-1 exhibits
the largest FE (68.00%) of CH4 at —0.50V vs. RHE which higher
than most of the metal-free and metal-based electrocatalysts (Ta-
ble S2 in Supporting information). Furthermore, the stability of BN-
C-1 was evaluated by continuous CO, reduction at —0.50V vs. RHE
for 12h and no obvious decay appears in both current density and
FEcy, in Fig. 4f.

To further explore the active origin, the electrochemical surface
area (ECSA) via double-layer capacitance (Cy) using cyclic voltam-
mograms was estimated. Although the BN-C-2 has the highest EC-
SAs (0.32 mF/cm?2), the BN-C-2 shows lower catalytic activity in-
dicating the low activity of catalytic sites in Fig. 4g. The BN-C-1
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Fig. 4. (a) The LSV curves of BN-C-1 in the Ar- and CO,-saturated 0.1 mol/L KHCO;3 solution. (b) The LSV curves of BN-C-1, N-C, BN-C-2, and BN-C-3 in the CO,-saturated
0.1 mol/L KHCO3 solution. (c) The FEs of BN-C-1 at the potentials of —0.40 ~ —0.60V vs. RHE. (d) The FEcy, of BN-C-1 at the potentials of —0.40 ~ —1.10V vs. RHE. (e) The
FEs of BN-C-1, N-C, BN-C-2, and BN-C-3. (f) The FE¢y, at —0.50V on BN-C-1 for stability test during 12 h. (g) The charging current density differences plotted against scan

rates. (h) The Tafel plots for CH4 production. (i) The Nyquist plots at —0.50V vs. RHE.

(0.24 mF/cm?) and the BN-C-3 (0.174 mF/cm?2) have similar ECSAs
but the former shows the higher catalytic activity, which supports
that the high catalytic activity of BN-C-1 is derived from the in-
trinsic activity of pyridinic N-B. The Tafel slopes were measured to
analyze the kinetics for CO,RR. Compared to the N-C (173 mV/dec),
BN-C-2 (288 mV/dec) and BN-C-3 (268 mV in Fig. 4h, the lowest
Tafel slope of BN-C-1 (111 mV/dec) demonstrates the significant
decrease of reaction barrier for the first proton-coupled electron
transfer process [22,27,32]. The charge transfer resistance (R¢t) was
measured by electrochemical impedance spectroscopy (EIS) at an
open circuit potential (Fig. 4i and Fig. S7 in Supporting informa-
tion) [25,32]. The BN-C-1 show high slope at low frequency (mass
transfer control) indicating the high mass transfer due to the abun-
dant mesopores and the slightly increased charge transfer resis-
tance (R¢t) of BN-C-1 at the high frequency can be attributed to
the abundant B, N contents.

Based on the physical and electrochemical characterizations, the
high activity and selectivity of BN-C-1 to CO,RR can be attributed
to the abundant pyridinic N-B sites and the unique porous struc-
ture of crystal graphene nanoribbons/amorphous [33]. The porous
structure is favorable for the exposure of active sites. The micro-
porous channel can promote the migration of electrolyte, thereby
forming a kind of ion buffer reservoir in the macropore and re-
ducing the diffusion distance to the internal surface [17,34]. The
porous structure provides a low resistance path for ion transfer and
enhances the entry of electrochemical surface area and active sites
[35-37]. Furthermore, the close contact between crystal graphene
nanoribbons and amorphous carbon is beneficial to fast electron
transport.

To understand the catalytic mechanism of pyridinic N-B config-
uration CO,RR to CHy, a DFT calculation on possible active sites
was performed. According to the XPS data (Fig. 3), we designed
four models: pyridinic N-B, pyrrolic N-B, graphitic N-B on graphene
slab and the control graphene slab in Fig. 5a. The active sites are

pyridinic N-B pyrrolic N-B

b
—— pyridinic N-B|
,—.1 i — pyrrolic N-B
> : ] *CH,0 —— graphitic N-|
310‘ - ' h— — graphene
§ 5. :'_“ . '+ *CH,OH *CH,
) : = *CHO————— *CH, |——
® ', Mo e
) \ i — ’ ! r
® — e
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-104 '
15
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Fig. 5. (a) The potential models of B, N co-doping graphene and the graphene (the
active site remarked with red dotted line). (b) The free-energy profile and optimized
configurations of intermediates in CO, electroreduction to CH, over pyridinic N-B,
pyrrolic N-B, graphitic N-B and graphene.

located on the B (N) atoms or their adjacent C atoms. The adsorp-
tion and activation of CO, on the catalyst surface is the first step
and the first proton-coupled electron is transferred to CO, forming
surface-adsorbed COOH*. The corresponding free-energy diagram
for the lowest energy pathways of CO,RR to CH4 is shown in Fig.
5b and Table S3 (Supporting information). On the pyridinic N-B,



Y. Zhao, Q. Yuan, M. Fan et al.

the adsorption and activation of CO, as one of rate-determining
steps (RDS), is highly endergonic with a lowest free-energy change
(AG) of 0.90eV, while the other models shows higher AG in-
cluding pyrrolic N-B (4.90eV), graphitic N-B (11.10eV), graphene
(15.88 V). We further studied the reaction kinetics of the hydro-
genation of *CO to CH4 via Langmuir-Hinshelwood [34,38]. The
lower energy barrier of pyridinic N-B from *CO to CH,; demon-
strates the higher catalytic activity to CO,-to-CH4 conversion. The
hydrogenation of *CO to *CH,0 is commonly recognized as a cru-
cial step for hydrocarbon products over Cu and other catalysts, de-
termining the reaction rate. According to the free energy diagram,
the *CO and *CH,O are also identifies as the two key intermedi-
ates in our models and the hydrogenation of *CO to *CH,O0 is more
likely to occur on the pyridinic N-B leading to a high CH4 produc-
tion rate [39-43]. Based on the above comparison, the pyridinic
N-B is regarded as the most efficient active site in CO,RR to CHy.

In summary, we prepared a hierarchically porous carbon of
graphene nanoribbons/amorphous carbon composed of predom-
inant pyridinic N-B species. The BN-C-1 exhibits excellent CHy
selectivity toward CO,RR. The porous structure and graphene
nanoribbons accelerate ion/gas and electron transport in CO,RR,
respectively. The pyridinic N-B configuration modulates the elec-
tronic property of the neighboring carbon atoms which act as the
active sites to conversion CO, to CHy4. Therefore, we developed a
new method to modulate the morphology and electronic environ-
ment of active site in carbon-based electrocatalyst in CO,RR.
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