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Introduction

The electrochemical carbon

(CO,RR) operated using renewable energy has been regarded
as an attractive solution to reducing the CO, accumulation in
the atmosphere and providing value-added chemicals.'™

Verifying the efficient functional N species of
metal-free N-doped carbons for CO,-to-CO
electrochemical conversion using zeolite-
templated carbons with N species tuned by a

recarbonization treatmentf
Kotaro Narimatsu,® Ryuji Takada,*? Koji Miyake, 2 **® Yoshiaki Uchida 2@ and
Norikazu Nishiyama®®

The electrochemical reduction reaction of carbon dioxide is expected as a potential solution to reducing
CO, emission and providing value-added chemicals. Carbon monoxide (CO) is a fundamental chemical
precursor for industrially important reactions. Therefore, metal-free heteroatom-doped carbon materials
have attracted increasing attention as electrocatalysts for CO,-to-CO conversion. Nitrogen (N)-doped
carbon is a promising alternative catalyst. The introduction of N atoms modifies the electronic and chemi-
cal structures and leads to enhanced electrocatalytic performance. While the bonding states of N species
influence the CO,RR activity has been discussed, no reports have demonstrated the relationship between
the bonding state and activity by dividing graphitic N into two configurations (valley N and center N). In
this study, we have controlled the local chemical state of N species of N-doped carbon materials through
the combination of a zeolite templating method and a recarbonization treatment to investigate the
effective functional N species for CO,-to-CO conversion. When the recarbonization temperature
increased, the content of valley N increased, and the CO,-to-CO conversion was enhanced. The highest
faradaic efficiency of CO was 76%. DFT calculations revealed that valley N and the edge site C atom adja-
cent to valley N stabilized *COOH intermediate, contributing to the enhanced CO,-to-CO conversion.

spread industrial implementation.’>'® The development of

alternative catalysts for CO,-to-CO conversion is a highly desir-
able goal.

In recent years, nitrogen (N)-doped carbon materials for
CO,RR, such as single-atom catalysts'*'®> and metal-free cata-
lysts (e.g,, nanodiamonds'® and carbon quantum dots'”"'®)
have attracted attention as promising alternative catalysts. In

dioxide reduction reaction

Among the CO,RR products, carbon monoxide (CO) is a funda-
mental chemical precursor for industrially important reac-
tions, such as methanol synthesis and Fischer Tropsch
synthesis.”® To date, great efforts have been made to develop
metal-based electrocatalysts, such as Au,’ Ag,'® and Zn,"" for
CO, electroreduction into CO. However, the high cost or low
durability of these metal-based catalysts prevent their wide-
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particular, metal-free nitrogen (N)-doped carbon materials for
CO,-to-CO conversion (e.g., N-doped graphene'®?° and carbon
nanotubes®*?) have emerged as promising candidates for
replacing metal-based catalysts. The introduction of N atoms
modifies the electronic and chemical structure, leading to an
enhancement of the electrocatalytic performance for the
CO,RR.>*?* These materials have advantages: high stability,
high conductivity, large specific surface areas and low
cost.”>” The N species incorporated in the carbon matrix are
divided into four main configurations, depending on their
structural and electronic properties: graphitic N, pyridinic N,
pyrrolic N and oxidized N.*®?° Graphitic N is substituted for
the C atom in the carbon matrix by bonding it to three C
atoms, which should be differentiated into two configurations.

Nanoscale, 2025, 17, 16829-16836 | 16829


http://rsc.li/nanoscale
http://orcid.org/0000-0001-9868-5391
http://orcid.org/0000-0001-5043-9239
https://doi.org/10.1039/d5nr00846h
https://doi.org/10.1039/d5nr00846h
https://doi.org/10.1039/d5nr00846h
http://crossmark.crossref.org/dialog/?doi=10.1039/d5nr00846h&domain=pdf&date_stamp=2025-07-11
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr00846h
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR017028

Open Access Article. Published on 11 June 2025. Downloaded on 6/17/2026 5:49:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

One located in the edge site is called valley N and the other
located on the graphene basal plane is called center N.*%*!
However, no reports have suggested how the two configur-
ations of graphitic N affect the catalytic activity for CO,RR. In
addition, it is difficult to control the doping content because
of the necessity of high-temperature heat treatment during the
synthesis of carbon materials. Therefore, we focused on the
zeolite templating method as an effective synthesis method to
form abundant pores and defects for the control of the
N-doping content.*> In prior research, we applied a zeolite
templating method using pyridine (C and N precursors) for
the synthesis of pyridinic N-rich carbon materials.****
Furthermore, to increase the valley N content, we also focused
on recarbonization treatment. Generally, it is known that pyri-
dinic N changes into valley N or center N, resulting in more
stable N configurations owing to high-temperature heat treat-
ment. Therefore, it should be possible to synthesize N-doped
carbon materials with different content of pyridinic N, valley N
and graphitic N by using both a zeolite templating method
and a recarbonization treatment at the optimum temperature.

In this study, we controlled the local chemical state of N
species in N-doped carbon materials through a combination of
a zeolite templating method with pyridine and a recarboniza-
tion treatment. This is the first study to demonstrate that
metal-free N-doped carbon materials prepared by zeolite tem-
plating can electrochemically catalyze CO, into CO by control-
ling the proportion of N species. In addition, experimental
analysis and density functional theory (DFT) calculation pro-
vided new insights into the effect of valley N on CO,RR
activity.

Experimental

Materials

NaOH (4 M), HCI (5 M), pyridine and Nafion (5 wt%) were
obtained from Wako Pure Chemical Industries. Protonated
FAU-type zeolite (HY) with a Si/Al = 3.6 was obtained from
Tosoh.

Preparation of N-doped carbons (NDCs)

The overall synthetic strategy is based on our previous
studies.**** HY (0.3 g) was annealed under N, flow at 800 °C
for 1 h. The chemical vapor deposition treatment of a pyridine
vapor at the saturated vapor pressure at 0 °C was performed
for 5 h. The obtained zeolite-carbon composite was named
“HY/NDC”. HY/NDC was treated at 180 °C in NaOH (4 M)
aqueous solution overnight. Then, the suspension was filtered
and the collected solid was washed by deionized water. Then,
the resultant powder was rinsed in HCl (5 M) aqueous solu-
tion. Moreover, until the solution became neutral, the solid
powder was repeatedly rinsed by deionized water. Finally, the
solid powder was dried at 90 °C overnight and was carbonized
under N, flow at T °C (T = 900, 1000, and 1100) for 3 h. The
carbonization treatment is called recarbonization in this study.
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After the recarbonization,
“NDC-T".

the samples are denoted as

Characterizations

Scanning electron microscope-energy dispersive X-ray spec-
trometry (SEM-EDX) was performed using a JCM-7000 (JEOL,
Japan) and Transmission electron microscope (TEM) was
carried out using an H800 (Hitachi, Japan). X-ray diffraction
(XRD) was conducted on a PANalytical X'Pert-MDR diffract-
ometer using Cu Ka radiation. N, adsorption isotherms at
77 K were recorded using a BELSORP MINI X (Microtrac MRB,
Japan). Consequently, pore volumes, pore size distributions,
and the specific surface areas were determined based on the
BJH (Barrett-Joyner-Halenda), MP-Plot and Brunauer Emmett
Teller (BET) methods. Analysis for C, H and N contents was
conducted using FlashEA (Thermo Fisher Scientific, USA).
X-ray photoelectron spectroscopic (XPS) was conducted using a
Kratos Ultra 2 (Shimadzu, Japan).

Electrochemical measurements

Isopropanol, Nafion (5 wt% in alcohol and water) and water
were mixed in a volume ratio of 1:1:8. A catalyst (5 mg) was
suspended in the solution (500 pL), and the suspension was
ultrasonicated to obtain the catalyst ink. The ink (100 pL) was
pipetted on a carbon paper. The mass loading of a catalyst on
the carbon paper was fixed at 1 mg cm™2. A Biologic SP-50e
potentiostat (TOYO, Japan) was used as an electrochemical
analyzer. An as-prepared working electrode, Ag/AgCl (reference
electrode), and a platinum wire (counter electrode) were
equipped at a H-type cell. The potentials in this study are rela-
tive to the reversible hydrogen electrode (RHE), based on the
equations below:

Erue = Eag/agel +0.208 4-0.0591 x pH

Linear sweep voltametric (LSV) measurements with a scan
rate of 5 mV s~' were performed in CO,-saturated and N,-satu-
rated 0.1 M KHCOs; solution, and the potential range was from
0.15 V to —1.2 V vs. RHE. During the LSV measurements, CO,
and N, keep flowing. CO, splitting experiments were carried
out in a CO,-saturated 0.1 M KHCO; solution with stirring at
350 rpm. Before CO, splitting experiments, the 0.1 M KHCO;
solution was pre-saturated with CO, for at least 30 minutes.
The gas-phase products were quantified by offline gas chrom-
atography (GC) (GC-8A, Shimadzu, Japan) using a Shincarbon-
ST column (SHINWA, Japan). The products in a liquid phase
were detected using an "H NMR (ECS, JEOL, Japan). The below
equations were applied to calculate the faradaic efficiencies of
the gas products:

moles of products
FE=————
Q/nF

FE (%) = faradaic efficiency; Q (C) = electric quantity; n (—) =
electron transfer number; F (C mol ') = Faraday constant,
96 485.33 C mol ™

X 100%

This journal is © The Royal Society of Chemistry 2025
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Density functional theory (DFT) calculations

B3YLYP hybrid DFT of Gaussian 16W>> was conducted with a
basis set of 6-31G (d, p) to obtain the stabilized model, the
atomic population, and the various thermodynamic energy.
Several possible heteroatoms doped carbon configurations,
containing pyridinic N, center N, and valley N, were used as
calculated models in this study. The ground state structures of
*COOH and *CO adsorbed on heteroatoms doped carbon
model were identified by finding the lowest energy one among
several possible configurations on N atoms and C atoms adja-
cent to N atoms as possible active sites.

The below equation was applied for calculating adsorption
energy:

Eags = Ecomplex — Esubstrate — Eadsorbate

where Eqads, Ecomplexs Esubstrates a1d Eagsorbate are the adsorption
energy of adsorbate (*COOH, *CO) on substrate (heteroatoms
doped carbon), the total energy of adsorbate on substrate, the
total energy of substrate, and the total energy of adsorbate.

According to computational hydrogen electrode (CHE)
model, the Gibbs free energy was calculated by the following
equation:

AG = AEads + AEzpg — TAS

where AE,qs is different adsorption energy of adsorbate, AE;pg
is zero-point energy changes calculated by the vibration fre-
quency of each adsorbate, T is temperature (298.15 K), and AS
is entropy change of the reaction.

In this work, the reaction pathway of CO, electroreduction
into CO was based on following elementary step:

* 4+ CO, (g) + H" + e~ — *COOH
*COOH + H'Y + e~ — *CO + H,0 (1)
*CO — *+ CO (g)

As the first intermediate of CO,RR, not only *COOH but
also *CO,- and *OCHO are considered, however, as regards CO
production, *COOH is considered as the main first intermedi-
ate of CO,-to-CO conversion.>***” So, *COOH was chosen as
the first intermediate of CO,RR in this work.

Results & discussion

NDCs were prepared by the zeolite templating method using Y
zeolite as a template and pyridine as C and N precursors. Y
zeolite was heated under N, atmosphere at 800 °C, and the
CVD treatment of the pyridine vapor was conducted for 5 h.
The obtained zeolite-carbon composite was denoted as HY/
NDC. First, XRD measurement was performed to investigate
the crystal structures of HY/NDC. HY/NDC exhibited a peak
similar to those of a pristine protonated FAU-type zeolite (HY)
as shown in Fig. S1,t suggesting that the crystal structure of
zeolite template was not decomposed during the CVD process.
The EDX analysis indicated that there is hardly any detection

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) SEM and (b) TEM images of NDC-1100. (c) N, adsorption iso-

therms and (d) pore size distributions of NDC-T.

of Si and Al in NDC-T, suggesting that base and acid treat-
ments removed zeolite contained in HY/NDC (Table S17). In
addition, the morphologies and pores of synthesized NDC-T
were investigated by TEM and SEM-EDX. As shown in Fig. 1a
and Fig. S2, the morphology of each sample was similar to
that of the zeolite template. Moreover, the pore structures of
NDC-T were observed by TEM (Fig. 1b and Fig. S37), it was
revealed that the structure of NDC-1100 was sparser than that
of HY/NDC, as shown in Fig. S3.1

As shown in Fig. 1c, the result of N, adsorption isotherms
indicated that the adsorption volume in the low relative
pressure region (lower than 0.01), which is assigned to the
adsorption of micropores, declined on NDC-1100 compared to
NDC-1000. The high-temperature recarbonization treatment
may cause a decline in the microporosity. The graphene micro-
scale defects on a graphene lattice are aligned during high-
temperature recarbonization treatment, leading to shrinking
of the micropores. Moreover, Fig. 1d shows the pore size distri-
butions based on MP-plot and BJH methods. Micropores
(~2 nm) were identified in NDC-T. The most abundant micro-
pore family was centered at 0.9 nm. It is known that the space
originally occupied by the zeolite framework provides a micro-
porous structure with a uniform micropore size (theoretically
approximately 1.2 nm).>® The mode pore diameters were close
to the theoretical pore sizes. These results confirmed that
pores derived from the zeolite template were formed in NDC-T.
Moreover, Table S2f shows the BET areas, and each pore
volume based on MP-plot and BJH methods. There was no cor-
relation between the pore volume and recarbonization temp-
erature. Fig. S4f shows the XRD patterns of NDC-T. All
samples exhibited two broad peaks at 23.8° and 43.4° assigned
to the (002) and (100) planes of carbon, which originated from
the crystalline nature of carbon.?®*°

Nanoscale, 2025, 17, 16829-16836 | 16831
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Table 1 CHN elemental analysis results of NDC-T

Sample C [wt%] H [wt%] N [wt%]
NDC-900 67.10 1.97 2.75
NDC-1000 72.63 1.18 2.64
NDC-1100 76.84 1.55 2.77

The amount of nitrogen in NDC-T determined by The CHN
elemental analysis (Table 1) was approximately 2-3 wt%. The
results showed that sufficient nitrogen was present in the
carbon materials after recarbonization at T °C. However,
similar nitrogen contents were obtained for any of the
samples.

The bonding states of the NDC-T surfaces were investigated
using XPS measurements. As displayed in Fig. 2a, it was
carried out regarding the XPS on N 1s spectra that a deconvo-
lution into five peaks in the half-width at half-maximum range
from 0.8 eV to 1.2 eV, so that each peak position is aligned for
our samples (pyridinic N: ~398.1 eV, pyrrolic N: 399.7 eV,
center N: 401.0 eV, valley N: 402.2 eV, oxidized N: 404.0~
eV)."*? In addition, as shown in Fig. S5,} it was identified
that each proportion of pyrrolic N and pyridinic N declined by
carbonization. These results revealed that recarbonization
caused a change in the carbon structure, and the proportion of
N species was changed by recarbonization at various tempera-
tures. Generally, pyrrolic N is known to be more unstable than
other N species, such as pyridinic N and graphite N (center N
and valley N) at relatively high temperature (>873 K), is con-
verted to pyridinic N and graphitic N.*' Furthermore, Fig. 2b
shows the proportion of N species in NDC-T. The results indi-
cate that the bonding states of NDC-T differed with respect to
the recarbonization temperature. With increasing recarboniza-
tion temperature, the proportion of center N, valley N, and oxi-
dized N increased, while those of pyridinic N and pyrrolic N
decreased.

The electrocatalytic performance on the CO,RR was evalu-
ated by electrochemical measurements in an H-type cell. LSV
measurements were conducted in both N,-saturated and CO,-
saturated 0.1 M KHCOj; solution using NDC-1100. NDC-1100
showed a higher current density in CO,-saturated 0.1 M

(a) (b)

s Oxidized
Center Valley
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‘) = ety g % Pyrrolic
5 i 8 Pyridinic
= Oxidized Pyrrolic 8 o
& g
s
2 S 40
E 2
= ]
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405 400 395 oS ® S
Bindin, W oY &
g energy [eV] R
Fig. 2 (a) XPS spectra (N 1s) of NDC-T and (b) the rate of N species in
NDC-T.
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KHCOj; solution than that in N,-saturated 0.1 M KHCO; solu-
tion at a positive potential than —0.9 V vs. RHE (Fig. 3a),
suggesting high catalytic activity for CO,RR. On the other
hand, a higher current density was obtained in N,-saturated
0.1 M KHCO; solution than that in CO,-saturated 0.1 M
KHCO; solution at a negative potential than —0.9 V vs. RHE,
suggesting the hydrogen evolution reaction (HER) is dominant.
Moreover, comparing the current density of NDC-T in CO,-
saturated 0.1 M KHCOj; solution, it was found that the current
density in CO,-saturated 0.1 M KHCO; solution increased by
increasing recarbonization temperature (Fig. 3b). It is expected
that the differences in the proportion of N species in NDC-T
cause changes in the charge density distribution, providing
high electrical conductivity and catalytically active sites.

Furthermore, the selectivity of electroreduction products for
NDC-T at various potentials was investigated using a controlled
potential electrolysis method. The measurement was con-
ducted at potentials in 0.1 V increments from —0.5 to —0.8 V
vs. RHE for 1.5 h. The products in liquid phase obtained for
the experiment were investigated by "H NMR, but it was below
the detection limit. The electroreduction products were con-
firmed to be only gas-phase products. Products in the gas
phase, mainly CO and H,, were yielded within the potential
window from —0.5 V to —0.8 V vs. RHE. The FEgo of NDC-T
was the highest at —0.7 V vs. RHE (Fig. 3c), suggesting that
NDC-T promoted the CO,RR and suppressed the HER.
Whereas the FEco decreased gradually as the applied potential
changed (less or more than —0.7 V vs. RHE), which means the
dominance of the HER over the CO,RR. Moreover, comparing
the FEco at —0.7 V vs. RHE, it was identified that the faradaic
efficiency of CO (FEco) for NDC-T increased by carbonization
(Fig. S61). In addition, the FEgo for NDC-T increased with
increasing recarbonization temperature, suggesting that center
N and valley N could contribute to the improvement of CO,RR
performance. NDC-1100 exhibited the highest FEco of 76%,
which is consistent with the results of the LSV measurements
(Fig. 3a). Compared to our best catalyst (NDC-1100, the FEco
of 76%), other metal-free N-doped carbon materials reported
recently, such as GM2,** PPc/CNT,*® and ZNMC-30,** exhibited
the highest FEgo of 87.6%, 98.8%, and 88.9%. Therefore, our
catalysts still have the potential to improve CO,-to-CO conver-
sion performance. However, this catalyst synthesis method rep-
resents a breakthrough in that it enables the precise control of
the local chemical state of N species in N-doped carbon while
maintaining a nearly constant nitrogen content. To confirm
the carbon source of products by CO,RR, the electrolysis
experiment was conducted on NDC-1100 in N,-saturated 0.1 M
KHCOj; solution at —0.7 V vs. RHE. Only H, is detected in the
gas-phase product (Fig. S7t), suggesting that the CO, dissolved
in the electrolyte was the only carbon source for producing CO.
Furthermore, to investigate the influence of carbon paper, the
electrolysis experiment was conducted in CO,-saturated 0.1 M
KHCO; solution at —0.7 V vs. RHE. In the gas-phase product,
only H, was detected (Fig. S8t). The results confirmed that
carbon paper itself did not produce CO in the CO,RR electroly-
sis experiment.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) LSV curves in N,-saturated and CO,-saturated 0.1 M KHCOj3 solution using NDC-1100 as an electrocatalyst. (b) LSV curves in CO,-satu-

rated 0.1 M KHCOs solution using each catalyst. (c) faradaic efficiencies of CO and H; using NDC-T within the potential window from —0.5V to —0.8
V vs. RHE in CO,-saturated 0.1 M KHCOj3 solution. (d) Chronoamperometric responses and faradaic efficiency of CO and H, on NDC-1100 at —-0.7 V
vs. RHE for 8 h in CO,-saturated 0.1 M KHCO3 solution. (e) Double-layer capacitance values of each catalyst. (f) The comparison of partial current
density of CO (jco; black bar) and the jco normalized by ECSA (normalized jco; red bar) of each catalyst at —0.7 V vs. RHE.

Besides the selectivity of electroreduction products, the
durability of the CO,RR catalysts is a crucial parameter for
practical applications. The chronoamperometric response was
performed on NDC-1100 at —0.7 V vs. RHE for 8 h (Fig. 3d).
The current density slightly declined under continuous oper-
ation for up to 8 h because of catalyst stripping from the
carbon paper and coating of the catalyst surface with gaseous
products. Meanwhile, no decay of FEqo was identified after
continuous test for 8 h, suggesting that the NDC-1100 is a
stable electrocatalyst for CO,RR.

Various comparisons were conducted to clarify the effects
by the difference of the N species proportion based on experi-
mental results. As shown in Table S2, although
NDC-1100 had a lower BET surface area than that of NDC-900
and NDC-1000, the FEco of NDC-1100 was higher than that of
NDC-900 and NDC-1000 (Fig. 3c). In addition, Table 1 shows
no significant differences in the nitrogen content of the NDC-
T. Therefore, it is expected that the difference in the proportion
of N species has a more significant effect on activity than the
other properties. To verify this, the double-layer capacitance
derived from cyclic voltammetry at different scan rates was
measured for estimating the electrochemical surface area
(ECSA) as shown in Fig. S9.f As shown in Fig. 3e, NDC-1100
exhibited the smallest ECSA of all catalysts. Furthermore, the
current density generated by the production of CO (jco) at
—0.7 V vs. RHE normalized by ECSA was calculated (Fig. 3f).
The normalized jco of NDC-T increased with the recarboniza-

This journal is © The Royal Society of Chemistry 2025

tion temperature. We also investigated the relationship
between joo and the content of each N species. As shown in
Fig. S10a,f Jco increasing pyridinic
N. Meanwhile, there is a positive correlation between jco and
the content of center N and valley N (Fig. S10b and ct). In par-
ticular, the best relationship was obtained between jco and the
content of valley N. For these reasons, it is considered that

decreased with

valley N should favorably contribute to the improvement of
CO,RR activity.

DFT calculations using Gaussian were performed to gain
further insight into the CO,RR mechanisms on N-doped
carbon. Introducing N atom into carbon matrix could modify
the electronic and chemical structure.”®?* It is suggested that
center N and valley N had a good influence on the CO,RR
activity based on experimental analysis (Fig. 2b, 3c and
Fig. S10t). In addition, pyridinic N is regarded as an active site
for several electrochemical reactions.?**""**> For these reasons,
three N-doped carbon configurations, containing pyridinic N,
center N, and valley N each, were used as calculated models
(Fig. 4a). The reaction pathways for the electroreduction of CO,
to CO are shown in Fig. S11.f The ground state structures of
*COOH and *CO adsorbed on N-doped carbon models were
identified by finding the lowest free energy one among several
possible configurations on N atoms and C atoms adjacent to N
atoms as possible active sites.

The corresponding Gibbs free energy diagrams and reaction
pathways for CO,RR to CO are shown in Fig. 4b and Fig. S11.}

Nanoscale, 2025, 17, 16829-16836 | 16833
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(a) The computational structure models of three N-doped carbon configurations, containing pyridinic N, center N, and valley N each. (b)

Gibbs free energy diagrams for CO2RR to CO on N atom on three N-doped carbon configurations. (c) Gibbs free energy diagrams for CO,RR to CO

on three C atom configurations adjacent to valley N.

First, N atoms on N-doped carbon models were employed as
the active sites. The free energy diagrams were constructed at 0
V vs. RHE according to the computational hydrogen electrode
model.*® As shown in Fig. 4b, it was revealed that the rate-
determining step on N-doped carbon models was *COOH
adsorption of the first step. Moreover, the free energy barriers
of 1.72 eV on model valley N and 1.79 eV on model pyridinic N
were much lower than that of 3.79 eV on model center N,
suggesting that the edge site N species contributed to stabiliz-
ing *COOH intermediate. Therefore, in addition to pyridinic
N, valley N is also regarded as a candidate active site on
N-doped carbon. Considering based on experimental results in
addition to DFT calculations results, valley N is considered to
be a more favorable active site rather than pyridinic N because
the FEgo for NDC-T increased as the increase of valley N and
the decrease of pyridinic N (Fig. 2b and 3c).

Furthermore, to gain further insight into the effect of valley
N on CO,RR, C atoms adjacent to valley N were employed as
active sites. As shown in Fig. 4a, three C atom configurations,
C1 located on edge planes and C2 and C3 located on the basal
planes, were used as the calculated models. The corresponding
Gibbs free energy diagrams and reaction pathways for CO,RR
to CO are displayed in Fig. 4c and Fig. S12.1 The free energy
barriers of 1.55 eV on C1 located on edge planes were lower

16834 | Nanoscale, 2025, 17, 16829-16836

than that of 2.05 eV on C2 and 3.07 eV on C3 located on basal
planes, suggesting that the edge site C atom adjacent to valley
N stabilized *COOH intermediate. In contrast, the *CO adsorp-
tion energy of the second step was the same (0.86 eV) for all C
configurations. Based on these DFT calculation results, a new
insight into the effect of N species on CO,RR activity was pro-
vided that valley N and edge site C atoms adjacent to valley N
can be more favorable active sites than other N atoms on N
species.

Conclusions

N-doped carbons (NDC-T) were synthesized with various edge
site N contents by combining a zeolite templating method and
a recarbonization treatment. We succeeded in controlling the
local chemical state of N species of N-doped carbons by chan-
ging recarbonization temperatures. The obtained NDC-T elec-
trochemically catalyzed CO, to CO, and the best catalyst,
NDC-1100, exhibited the highest FEco of 76%. Furthermore,
experimental analysis and DFT calculations revealed that
valley N and the edge site C atom adjacent to valley N stabil-
ized *COOH intermediate, contributed to improvement of
CO,RR activity. Our work provides not only a rational design

This journal is © The Royal Society of Chemistry 2025
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method for N-doped carbons to control the proportion of N
species but also new insights into the effect of valley N on
CO,RR activity.
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