
Journal of
 Materials Chemistry A
Materials for energy and sustainability

rsc.li/materials-a

Volume 12
Number 23
21 June 2024
Pages 13535–14168

ISSN 2050-7488

PAPER
Pengfei An, Shengqi Chu, Juncai Dong et al.
Low-coordinated Co–Mn diatomic sites derived from 
metal–organic framework nanorods promote 
electrocatalytic CO2 reduction



Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 2
0 

C
ax

ah
 A

ls
a 

20
24

. D
ow

nl
oa

de
d 

on
 1

9/
07

/2
02

5 
8:

01
:2

3 
PM

. 

View Article Online
View Journal  | View Issue
Low-coordinated
Juncai Dong

J
e
A
e
s
c
t
c

aBeijing Synchrotron Radiation Facility, Ins

Academy of Science, Beijing 100049, Chin

ihep.ac.cn; dongjc@ihep.ac.cn
bSpallation Neutron Source Science Center,
cUniversity of Chinese Academy of Sciences

China

Cite this: J. Mater. Chem. A, 2024, 12,
13694

Received 3rd April 2024
Accepted 20th May 2024

DOI: 10.1039/d4ta02261k

rsc.li/materials-a

13694 | J. Mater. Chem. A, 2024, 12,
Co–Mn diatomic sites derived
from metal–organic framework nanorods promote
electrocatalytic CO2 reduction†

Jiajing Pei,‡ab Guikai Zhang,‡ac Jiangwen Liao,ac Shufang Ji,d Huan Huang,a

Ping Wang,b Pengfei An,*a Shengqi Chu*a and Juncai Dong *ac

The manipulation of the geometric coordination structure of diatomic site (DS) catalysts to promote the

CO2-to-CO conversion process has garnered significant attention. However, the challenge remains in

how to rationally design the catalytic microenvironment of DSs to enhance the kinetics of CO product

formation. Herein, we present a post-synthetic co-substitution (PSCR) method for producing Co–Mn DS

catalysts with low N coordination numbers (referred to as L-Co1Mn1-NC) on pre-designed N-doped

carbon derived from metal–organic framework nanorods. When utilized in the process of CO2

electroreduction, the L-Co1Mn1-NC catalyst demonstrates a CO faradaic efficiency (FE) of up to 97.6% at

−0.47 V, which is significantly higher compared to those of Co1Mn1-NC, Co1-NC, and Mn1-NC catalysts.

In situ ATR-SEIRAS and theoretical simulations demonstrate that the creation of Co–Mn DSs with

a lower N coordination number can notably facilitate the desorption of CO*, thus expediting the kinetics

of the CO2-to-CO conversion process. This study introduces a novel approach to fine-tune the catalytic

microenvironment of multi-atomic sites in order to facilitate the conversion and utilization of CO2.
Introduction

The electrochemical reduction of CO2 to produce high-value
fuels and ne chemicals (CO2RR), powered by electricity
generated from renewable clean energy sources, holds signi-
cant importance for mitigating environmental issues and
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achieving global carbon neutrality.1,2 However, challenges
persist in the CO2RR process, such as the intrinsic CO2 inert-
ness, complex reaction environments, difficulties in controlling
the surface interface, and competitive hydrogen evolution
reaction (HER).3,4 The key to addressing these challenges lies in
the development of highly efficient electrocatalysts with
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superior catalytic activity, stability, and targeted control over
product selectivity.5,6 In recent years, single-atom catalysts
(SACs), typically atomically dispersed metal–nitrogen–carbon
(M–N–C) materials, have sparked a research boom in the CO2RR
process.7–10 This is due to their unique chemical environment
properties, and they are anticipated to facilitate the large-scale
development of electrochemical CO2-to-CO conversion.11–13

Generally, in M–N–C materials, the coordination-saturated M–

N4 moiety is a common structure that determines the activity of
CO2 reduction.14 Although considerable progress has been
made in the CO2RR application of SACs with the M–N4

moiety,15,16 the highly symmetrical M–N4 conguration actually
restrains the modulation of the electronic structure of the metal
center, thereby limiting its potential applications.

Inspired by the fact that single-atom metal centers are
stabilized on the carrier by coordination interactions with
anchoring nodes based on coordination chemistry, the catalytic
activity of SACs is closely related to their catalytic coordination
microenvironment.17,18 The coordination number of the rst
shell is a signicant indicator that inuences the local elec-
tronic properties of the catalytic microenvironment in SACs,
and can be considered a key factor determining catalytic activity
and selectivity.19,20 Specically, altering the coordination
number of neighboring N atoms around the metal center can
lead to more defects and accumulation of more negative
charges in the support.21,22 This, in turn, induces differentiation
in the local electron density of active sites, enhancing the
adsorption mode and capacity of intermediates, ultimately
inuencing the CO2RR performance. For instance, a series of Co
SACs featuring Co-Nx (where x = 4, 3, 2) active sites synthesized
at temperatures of 800, 900, and 1000 °C, respectively, were
employed to explore the correlation between the Co-Nx sites and
the catalytic performance in the CO2-to-CO conversion
process.23 The ndings indicated that a modulation of the Co–N
coordination number results in an augmentation of the unoc-
cupied 3d orbitals of the Co center, and such an alteration is
conducive to the adsorption of the CO2

− intermediate, thus
enhancing the CO2RR performance. Likewise, Ni SACs known
as NiSA-Nx-C derived from metal–organic frameworks with
alterable N coordination numbers were developed through
precise regulation of the pyrolysis temperature.24 Interestingly,
it had been observed that NiSA-N2-C catalysts with the lowest N
coordination number exhibited the highest selectivity and
activity for CO generation. Consequently, there is growing
interest in modifying the coordination environment to enable
the directed synthesis of SACs with varying coordination
numbers, in order to enhance the conversion of CO2 into
CO.25,26 In addition, the approach of incorporating a homo/
hetero-metal atom to form a diatomic site (DS) has been
demonstrated to adjust the electronic conguration of indi-
vidual metal catalytic sites dispersed within the carbon
matrix.27–29 The DS catalyst not only retains the same charac-
teristics as SACs, but also exhibits synergistic interactions,
altering the chemical surroundings to match the complex
reaction mechanism in the CO2 conversion process, thereby
enhancing catalytic efficiency.30,31 An atom-pair catalyst
composed of stable Cu1

0–Cu1
x+ pair structures was created, and
This journal is © The Royal Society of Chemistry 2024
the Cu1
0 site bound one CO2 molecule, while the Cu1

x+ site
absorbed one H2O molecule to boost the activation of CO2.32

Despite some research progress in the construction of DSs, to
the best of our knowledge, there has been limited attention
given to the precise regulation of their low-coordination
microenvironment at the atomic level. Furthermore, manipu-
lating the catalytic microenvironment through the low-
coordination effect has the potential to enhance the intrinsic
activity of DSs, thereby improving the kinetics of CO produc-
tion, but it remains challenging.

In this study, an approach of post-synthetic co-substitution
(PSCR) has been proposed to achieve precise control of Co–
Mn DS catalysts in a low-coordination microenvironment on
a N-doped carbon host (L-Co1Mn1-NC) derived from nanorod-
shaped zeolitic imidazolate framework-8 (ZIF-8). In the rst
stage of pyrolysis, the Zn nodes and ligand within ZIF-8 undergo
gradual degradation, resulting in the formation of vacancy
defects. Subsequently, the pre-evaporated Zn species are rapidly
removed at elevated temperatures, leading to the creation of
numerous Zn vacancies surrounded by varying N atoms for the
co-inltration of the Co/Mn DS. At a temperature of 1000 °C, the
Co/Mn DS exhibits simultaneous occupation of the Zn vacancy
with a 3 N atom coordination, resulting in the creation of a low-
coordinated Co/Mn DS. Conversely, at 900 °C, the Co–Mn DS is
lled with Zn vacancies with a 4 N atom coordination. The L-
Co1Mn1-NC DS catalyst exhibits the highest CO faradaic effi-
ciency (FECO) reaching 97.6%, along with a turnover frequency
(TOF) of 1067 h−1 at −0.47 V during the CO2RR, and its CO
selectivity and activity exceed the performance of Co1Mn1-NC,
Co1-NC, and Mn1-NC catalysts. In situ ATR-SEIRAS reveals that
the low coordination microenvironment endows the Co/Mn DS
with the ability to produce CO at a low potential. Moreover,
theoretical calculations demonstrate that the presence of low-
coordinated Co–Mn active sites in the L-Co1Mn1-NC catalyst
signicantly decreases the adsorption energy of the CO* inter-
mediate, leading to an expedited CO2 reduction process.

Results and discussion

The low-coordinated structure of the L-Co1Mn1-NC DS catalyst
was rationally modulated by a PSCR strategy, as illustrated in
Fig. 1a. Typically, the ZIF-8 substance was chosen as the sup-
porting structure for the metallic active site.33 The as-prepared
ZIF-8 has a uniform nanorod-like morphology, which is
different from the conventional dodecahedron morphology, as
demonstrated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images (Fig. S1†). By
encapsulating with a SiO2 layer, the initial calcination step not
only promotes the distortion and disruption of the Zn-Nx

structure to form pre-evaporated Zn species, but also effectively
preserves the nanorod-like structure of ZIF-8 for subsequent
stages. During secondary pyrolysis conducted at 1000 °C, the
pre-evaporated Zn species are rapidly eliminated, while simul-
taneously, a partial loss of N element occurs within the imid-
azole ligands, resulting in the formation of Zn vacancies and N
defects for the co-substitution and insertion of Co–Mn metal
sites. When the pyrolysis is performed at 900 °C, both saturated
J. Mater. Chem. A, 2024, 12, 13694–13702 | 13695
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coordination Co–Mn bimetallic (Co1Mn1-NC) and individual Co
and Mn monometallic (Co1-NC and Mn1-NC) catalysts can be
synthesized. The L-Co1Mn1-NC DS catalyst featuring a low-
coordinated N structure can be synthesized. Both TEM and SEM
as well as high-angle annular dark-eld scanning TEM (HAADF-
STEM) images show that the L-Co1Mn1-NC DS catalyst inherits
the nanorod-like morphology of ZIF-8, but the surface is
rougher and the spatial structure distribution is more open
(Fig. 1b and c and S2†). This facilitates the desorption
Fig. 1 The morphology and structure characterizations of the L-Co1Mn1
production of L-Co1Mn1-NC catalysts for the CO2RR. (b) TEM image. (c)
Mn in yellow). (e) AC HAADF-STEM image. (f) 3Dmap of Co/Mn DSs and in
and distance distribution.

13696 | J. Mater. Chem. A, 2024, 12, 13694–13702
separation of CO intermediates and gas products. Signicantly,
the absence of metallic Co, Mn, or CoMn is evident in these
ndings of L-Co1Mn1-NC, indicating the potential atomic
dispersion of Co and Mn components. Fig. 1d displays the
energy-dispersive X-ray spectroscopy (EDS) mapping of the L-
Co1Mn1-NC DS catalyst, illustrating a uniform dispersion of Co,
Mn, N, and C atoms within the nanorod-shaped carbon host. To
further conrm the distribution of metal Co/Mn species,
aberration-corrected HAADF-STEM (AC HAADF-STEM) was
-NC catalyst. (a) Illustration depicting the PSCR approach utilized in the
HAADF-STEM image. (d) EDS mapping (C in red, N in green, Co in blue,
tensity spacing diagram. (g) The statistical results of atomic site density

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Geometric and electronic structure characterization of atomic
catalysts. XPS spectra of (a) Co 2p and (b) Mn 2p. XANES spectra of (c)
the Co K-edge and (d) Mn K-edge. Fourier-transform EXAFS fitting
curves of (e) the Co K-edge and (f) Mn K-edge. (g) Comparison
between the experimental XANES spectrum of L-Co1Mn1-NC at the
Co K-edge and the theoretical spectrum based on the structure in the
inset. WTs for the EXAFS signals of (h) the Co K-edge and (i) Mn K-edge
for L-Co1Mn1-NC.
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adopted. As exhibited in Fig. 1e, the area observed in the AC
HAADF-STEM image chosen at random indicate the presence of
either Co or Mn species, conrming their dispersion at the
atomic level. And the selected area electron diffraction (SAED)
pattern analysis of the L-Co1Mn1-NC DS catalyst, as presented in
Fig. S3,† reveals the presence of amorphous carbon structure
rings exclusively, with no observable diffraction spots corre-
sponding to metal nanoparticles. Following this, a 3D topo-
graphic atom imaging analysis was utilized to examine the
current distribution of the Co/Mn DS pair based on the blue
ellipse in Fig. 1f. The observed hump pair, observed by a minor
strength variation, is likely assigned to the Co/Mn DS pair, as
indicated by the discrepancy in atomic number. The spacing
between the Co/Mn DS pair is measured at 0.25 nm, slightly
exceeding the theoretical spacing for a direct Co–Mn connec-
tion. In order to minimize the uncertainty attributed to human
activities, more than 100 distinct locations (specically 150
groups of metal sites) were chosen for statistical analyses based
on different AC HAADF-STEM images. These statistical analyses
include measurements of atomic site density and distance
distribution (Fig. 1g and S4†). The ndings indicate that the L-
Co1Mn1-NC catalyst primarily exists in the form of Co/Mn DS
pairs, with a frequency above 67%, consistent with previous
literature on dual-atom structures,34,35 and the atomic spacing
between Co/Mn pairs is concentrated in the range of 0.24 to
0.26 nm. The metal quantication analysis of the L-Co1Mn1-NC
is specically presented in Table S1† using the inductively
coupled plasma optical emission spectroscopy (ICP-OES)
method. In short, the L-Co1Mn1-NC catalyst featuring rich Co/
Mn pairs undergoes oriented synthesis by the PSCR method.

The X-ray diffraction (XRD) patterns of L-Co1Mn1-NC,
Co1Mn1-NC, Co1-NC, and Mn1-NC catalysts exhibit two broad
peaks attributed to the (002) and (101) planes of the carbon
matrix, with no discernible crystalline phases containing any
metal observed (Fig. S5†). This observation aligns with the
ndings from the aforementioned electron microscopy.

The Raman spectra analysis of the four atomic catalysts
reveals that the L-Co1Mn1-NC DS catalyst exhibits a greater
intensity ratio between the D band and G band, suggesting
a higher propensity for vacancy defect formation (Fig. S6†). To
further explain the inuence of the low coordination environ-
ment, an examination of the chemical composition and elec-
tronic state of L-Co1Mn1-NC and Co1Mn1-NC was conducted
through X-ray photoelectron spectroscopy (XPS). In the N 1s XPS
spectra (Fig. S7†), there is a noticeable shi in the distribution
of metallic N (399.5 eV) and graphitic N (401.2 eV) in L-Co1Mn1-
NC compared to Co1Mn1-NC. Specically, there is a decrease in
metallic N and an increase in graphitic N in L-Co1Mn1-NC. This
suggests a lower N coordination number of Co/Mn DSs in the
former, along with a higher level of graphitization overall, likely
induced by elevated temperatures. Furthermore, the high-
resolution Co 2p and Mn 2p XPS analyses reveal that Co in L-
Co1Mn1-NC shis to higher binding energy relative to Co1Mn1-
NC (Fig. 2a), while Mn migrates toward lower binding energy
(Fig. 2b), which may be due to the fact that Mn has fewer
d electrons and easily receives external electrons.
This journal is © The Royal Society of Chemistry 2024
To delve deeply into the variances in the chemical environ-
ments of L-Co1Mn1-NC and Co1Mn1-NC, as well as individual
SACs, X-ray absorption near-edge structure (XANES) and
extended X-ray absorption ne structure (EXAFS) measure-
ments were carried out. XANES spectra at the Co K-edge for Co1-
NC, Co1Mn1-NC and L-Co1Mn1-NC exhibit a comparable
absorption edge to that of the CoO reference, suggesting
a valence state close to +2 (Fig. 2c). In contrast to Co1Mn1-NC,
the valence state of the low-coordination L-Co1Mn1-NC exhibits
a slight increase, while the valence state of the Mn atom in L-
Co1Mn1-NC experiences a decrease (Fig. 2d), thus indicating the
electron transfer from Co to Mn. The coordination environ-
ments surrounding Co and Mn were additionally investigated
using EXAFS analysis. The coordination peaks at 1.4 Å and 2.5 Å
in L-Co1Mn1-NC can be assigned to the scattering path of Co–N
and Co–Mn, respectively (Fig. 2e). Likewise, the presence of Mn–
N andMn–Co coordination can be detected in the vicinity of the
Mn atom (Fig. 2f). Furthermore, the theoretical XANES spec-
trum is calculated based on the structural model in Fig. 2g, and
the oscillation characteristics of the experimental spectrum are
reproduced well.

The wavelet transform (WT) analysis, along with the quan-
titative tting outcomes of EXAFS, provides additional conr-
mation regarding the presence of Co/Mn–N coordination in the
compound. In the WT plots (Fig. 2h and i), the Co–Mn coordi-
nation observed at the Co K-edge is marginally shied to the le
relative to the Mn–Co coordination observed at the Mn K-edge.
This discrepancy can be rationalized by considering that the
scattering ability of Mn, functioning as a coordinating atom, is
slightly lower than that of Co. Subsequently, the WT analyses
were conducted on the EXAFS spectra obtained at the Co K-edge
J. Mater. Chem. A, 2024, 12, 13694–13702 | 13697
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for samples including Co foil, Co1-NC, and L-Co1Mn1-NC, as
well as at the Mn K-edge for samples comprising Mn foil, Mn1-
NC, and L-Co1Mn1-NC (Fig. S8†). These ndings illustrate that
in L-Co1Mn1-NC, the Co–Mn coordination at the Co K-edge lies
between the Co–Co coordination in Co foil and Co–N coordi-
nation in Co1-NC. This tendency is also observed at the Mn K-
edge. Consequently, it can be inferred that the coordination
arrangement of the nearest neighboring metal atom in L-
Co1Mn1-NC predominantly features Co–Mn pairs rather than
self-pairing of identical metals. Moreover, the extracted EXAFS
tting parameters indicate a relatively low N coordination in the
L-Co1Mn1-NC sample (Fig. S9 and S10, and Tables S2 and S3†).
The ndings presented suggest that L-Co1Mn1-NC possesses
a low-coordination structure of Co/Mn dual sites, with evidence
of charge transfer occurring between Co and Mn, resulting in
a more pronounced interaction.

Given the variances in the coordination microenvironments,
electrocatalytic CO2 reduction over Co–Mn DSs and their cor-
responding single sites has been investigated. The CO2RR
assessments were conducted on L-Co1Mn1-NC, Co1Mn1-NC,
Co1-NC, and Mn1-NC catalysts in an H-type cell utilizing a CO2-
saturated 0.5 M KHCO3 solution (Fig. S11†). The L-Co1Mn1-NC
sample was initially examined using linear sweep voltammetry
(LSV) proles in KHCO3 electrolyte saturated with Ar and CO2,
respectively. As revealed in Fig. S12,† the L-Co1Mn1-NC sample
exhibits elevated total current densities and a decreased onset
potential in the electrolyte saturated with CO2 compared to that
of the Ar saturated environment, indicating that the structure of
low-coordinated DSs may facilitate the CO2RR activity. All
electrochemical data were corrected by iR compensation
Fig. 3 The CO2RR performance of L-Co1Mn1-NC, Co1Mn1-NC, Co1-NC
correspond to the standard deviation of three independent measuremen
of the L-Co1Mn1-NC catalyst at −0.8 V.

13698 | J. Mater. Chem. A, 2024, 12, 13694–13702
through the test impedance spectra (Fig. S13†), from which it
can be found that the L-Co1Mn1-NC shows a lower value of
solution impedance than those of Co1Mn1-NC, Co1-NC and
Mn1-NC catalysts. Signicantly, the L-Co1Mn1-NC catalyst also
exhibits a notably higher current response and smaller onset
potential for CO2 conversion compared to the Co1Mn1-NC, Co1-
NC, and Mn1-NC catalysts (Fig. 3a). This underscores the
enhanced activity associated with the low coordination effect of
Co–Mn dual sites. Furthermore, based on the results of online
gas chromatography, the products on the four atomic catalysts
consist of CO and H2, with no liquid-phase products generated,
as conrmed by 1H nuclear magnetic resonance spectroscopy
(Fig. S14†). The enhancement of CO faradaic efficiency (FECO)
on the four atomic catalysts can be divided into two stages:
rstly, a signicant increase can be achieved by utilizing DSs;
secondly, further improvement can be attained by reducing
their coordination number. Specically, the L-Co1Mn1-NC
catalyst shows a maximum FECO of 97.6% obtained at −0.47 V,
which can be sustained at levels exceeding 90% across a broad
400 mV potential window (Fig. 3b), which exceeds the perfor-
mance of Co1Mn1-NC (84.7% at −0.57 V), Co1-NC (64.6% at
−0.57 V), and Mn1-NC (52.8% at −0.67 V) catalysts. Following
the creation of a low-coordinated DS microenvironment, there
is a notable enhancement in CO selectivity across all opera-
tional potential windows, particularly at low overpotential
conditions. The carbon substrates produced at varying pyrolysis
temperatures may also play a role in inuencing the activity of
the CO2RR (Fig. S15†). The polarization curves demonstrate
a notable disparity in current density between the carbon carrier
and the loading Co–Mn diatomic site, with the CO product
, and Mn1-NC catalysts. (a) LSV profiles. (b) FECO curves. The error bars
ts. (c) JCO curves. (d) TOF comparison image. (e) The stability test curve

This journal is © The Royal Society of Chemistry 2024
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exhibiting signicantly lower efficiency. These ndings suggest
that the enhanced catalytic performance of the CO2RR on
Co1Mn1-NC and L-Co1Mn1-NC catalysts primarily stems from
the specic microenvironment surrounding the Co–Mn
diatomic sites. Besides, a 13C isotope labeling experiment was
conducted to investigate the precise source of the CO product.
By utilizing 13CO2 as the feedstock for CO2 conversion, it is
conrmed that the formation of CO originates solely from the
consumption of the CO2 molecule, rather than from alternative
carbon sources within the catalyst (Fig. S16†).36 The CO partial
current density (JCO) is signicantly enhanced aer the
construction of low-coordinated DSs, as shown in Fig. 3c,
achieving a value of 34.7 mA cm−2 at −0.97 V on the L-Co1Mn1-
NC catalyst, which demonstrates that the low-coordinated
microenvironment promotes the intrinsic activity of the reac-
tion Co/Mn site.

Aerwards, we proceed to quantitatively assess and compare
the intrinsic activity of each metal site through the turnover
frequency (TOF). As shown in Fig. 3d, the TOF of L-Co1Mn1-NC
reaches 1067 h−1 at −0.47 V, signicantly surpassing the TOFs
of Co1Mn1-NC (255 h−1), Co1-NC (104 h−1), andMn1-NC (51 h−1)
catalysts when subjected to identical operating conditions. In
comparison with the reported atomic catalysts,37–39 the perfor-
mance of L-Co1Mn1-NC also ranks at the forefront among
similar systems reported in the literature (Table S4†). Among
these, L-Co1Mn1-NC nearly lls the radar chart under equivalent
conditions. The construction of Co/Mn DSs and modulation of
the coordination environment signicantly enhance the activity
and selectivity of the CO2RR. The low-coordinated M–N moie-
ties play a crucial role in promoting this process. In addition,
the L-Co1Mn1-NC catalyst exhibits acceptable stability, main-
taining the current density at approximately 86% at −0.8 V for
a duration of 30 hours, while the FECO level remains consis-
tently above 85% throughout the stability assessment, as illus-
trated in Fig. 3e. Following the stability assessment, several
examinations were conducted to analyze the morphology and
structural integrity of the L-Co1Mn1-NC DS catalyst. The SEM
and TEM images still show that the L-Co1Mn1-NC sample
maintains a rough and uneven nanorod-like structure aer
CO2RR operations (Fig. S17†). The EDS mappings also demon-
strate the even dispersion of Co, Mn, N, and C on the carbon
host (Fig. S18†). The XRD (Fig. S19†) analysis of L-Co1Mn1-NC
reveals the presence of only two peaks corresponding to the C
(002) and C (101) phases, indicating that the Co/Mn metallic
species remain stable during the CO2RR process without
aggregating to form bulk crystalline structures. Furthermore,
the micro-distribution state of the Co/Mn active sites was
conrmed by AC HAADF-STEM results, still remaining atomi-
cally dispersed (Fig. S20†). In short, these ndings unequivo-
cally indicate that the Co/Mn DS, characterized by a lower N
coordination number, displays superior catalytic activity,
selectivity, and stability for the CO2RR, underscoring the crucial
signicance of regulating the microenvironment coordination
of atoms in catalysis.

To assess the practical application of the L-Co1Mn1-NC cata-
lyst under large current density, a custom-designed CO2 ow cell
was utilized, incorporating gas diffusion electrodes (Fig. S21†).
This journal is © The Royal Society of Chemistry 2024
Fig. S22a† displays the polarization curve obtained from ow cell
measurements, showing signicantly higher current densities
due to improvedmass transfer compared to those obtained using
an H-cell at a specic applied potential. At −0.84 V, the ow cell
achieved a remarkable current density of −330 mA cm−2. Addi-
tionally, it exhibited excellent CO selectivity, with FECO exceeding
90% across a wide current density range from −25 to −275 mA
cm−2 (Fig. R22b†). The endurance of the L-Co1Mn1-NC catalyst
was evaluated by chronoamperometry at −0.55 V versus RHE in
the ow cell setup (Fig. R22c†). The L-Co1Mn1-NC catalyst
demonstrates good durability, with a gradual decrease in current
over time from an initial density of−120 mA cm−2 to−107.7 mA
cm−2 aer 80 hours of electrolysis, retaining 89% of its initial
value post stability assessment. FECO levels were monitored every
10 hours, consistently remaining high at 87% throughout the 80
hour stability evaluation. These ndings highlight the potential
application of the L-Co1Mn1-NC catalyst at high current density
conditions.

In order to track the catalytic behavior of the reaction
interface, we utilized in situ attenuated total reectance surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS) to
observe the key intermediates.40 The ATR-SEIRAS spectra were
acquired by incrementally reducing the potential from 0 to
−1.0 V, as illustrated in Fig. S23.† In an electrolyte saturated
with CO2, the IR spectrum recorded at 0 V is regarded as the
baseline reference (R0), with no discernible reactive group
signal initially observed. Two signicant peaks corresponding
to the adsorbed CO2 (2343 cm−1) and COOH* (1425 cm−1)
signals are observed starting from a potential of −0.4 V. With
a progressive rise in potentials, the CO2 present at the active
interface is continuously depleted within the potential range of
−0.4 to −1.0 V. The formation of the COOH* intermediate
primarily occurs through the rapid protonation of the adsorbed
*CO2

− species, followed by further protonation to generate CO*.
Importantly, the emergence of CO* is also identied on the low-
coordinated Co/Mn DS at −0.3 V, which is consistent with the
experimental results of CO production at a low potential. As the
potential increases, the accumulation of adsorbed CO* gradu-
ally occurs. Combined with the application potential of CO*, it
can be inferred that the CO* desorption is the step that limits
the potential of the CO2RR. Furthermore, across all potential
ranges, the strength of H2O adsorption at the low-coordinated
Co/Mn DS remains relatively constant, serving as a potential
stable proton donor.41 Additionally, due to the consumption of
H+ during the reaction process, a small amount of CO3

2− will
form in the localized buffer equilibrium saturated with CO2.42

Furthermore, we also recorded the in situ ATR-SEIRAS spectra
for the Co1Mn1-NC catalyst (Fig. S24†). The adsorption peaks of
CO* and COOH* species begin to appear at a higher applied
potential compared to the L-Co1Mn1-NC catalyst, indicating the
effect of low coordination structure has signicantly improved
the catalytic performance. Therefore, we have provided experi-
mental evidence through in situ ATR-SEIRAS to unveil the
reduction process of CO2 on the low-coordination Co/Mn DS.

In view of the excellent catalytic performance of the low-
coordinated Co/Mn DS microenvironment toward the CO2RR,
density functional theory (DFT) calculations have been further
J. Mater. Chem. A, 2024, 12, 13694–13702 | 13699
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performed to explore its essential inuence mechanism. Based
on structural characterization analysis, we establish the struc-
tural models of L-Co1Mn1-NC and Co1Mn1-NC catalysts and
optimize the adsorption models of intermediates at different
sites (Fig. S25–S28†). The differential charge density diagrams
(Fig. 4a–d) illustrate the charge redistribution within Co1Mn1-
NC and L-Co1Mn1-NC. Such redistribution has the potential to
alter the electronic conguration of the metal active sites via
charge interactions, thereby modulating their reactivity.43,44

Subsequently, as depicted in Fig. 4e and f, the free energy
diagrams for the CO2RR and HER at U = 0 V elucidate the
impact of the low coordination effect of the Co/Mn DS structure
on performance. Except for Co site in Co1Mn1-NC, the potential-
limiting step of other sites within Co1Mn1-NC and L-Co1Mn1-NC
is CO desorption (*CO / *+CO), and the Co site at L-Co1Mn1-
NC exhibits a relatively small energy barrier (0.92 eV). Previous
studies have indicated that the slow desorption of CO is
a signicant factor contributing to the poor selectivity and
activity of CO2-to-CO conversion.45,46 The calculation results
demonstrate that the adsorption energy of CO can be decreased
and the desorption of CO can be enhanced by utilizing a low
coordination bimetallic center (CoN3–MnN3) in comparison to
Co1Mn1-NC. The competitive response of the CO2RR is
primarily represented by the HER, thereby necessitating the
calculation of the limiting potential difference between the
CO2RR and HER (UL(CO2)–UL(H2)) for both catalysts to assess
reaction selectivity. The more positive difference value signies
enhanced selectivity, and thus L-Co1Mn1-NC shows higher CO
selectivity (Fig. 4g).47 Therefore, the low-coordinated microen-
vironment of L-Co1Mn1-NC facilitates the attainment of
enhanced performance in the CO2RR, aligning with the
outcomes observed in experimental results.
Fig. 4 Charge density difference of (a) Co1-NC, (b) Mn1-NC, (c)
Co1Mn1-NC and (d) L-Co1Mn1-NC, where electron depletion and
electron accumulation are shown in yellow and cyan, respectively. (e)
Gibbs free energy diagrams for the CO2-to-CO conversion process. (f)
Gibbs free energy diagrams for the HER. (g) Calculated limiting
potential difference of the CO2RR and HER. ELF analysis for (h)
Co1Mn1-NC and (i) L-Co1Mn1-NC. (j) PDOS of the 3d-orbital.
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Besides, we examined the L-Co2-NC and L-Mn2-NC models
through DFT calculations, possessing a structure akin to that of
the L-Co1Mn1-NC model (Fig. S29 and S30†). Subsequently, we
evaluated their performance in the CO2RR and HER. As
exhibited in Fig. S31,† the results show that the overpotentials
of the CO2RR of L-Co2-NC and L-Mn2-NC are 1.08 V and 1.54 V,
respectively, both of which are signicantly higher than that of
L-Co1Mn1-NC. In addition, their HER overpotential is lower,
resulting in a lower limiting potential difference. Consequently,
the CO selectivity on L-Co2-NC and L-Mn2-NC models is
compromised, marking a notable deviation from the observed
performance in sample testing.

Moreover, an analysis of the electronic structure was con-
ducted to elucidate the inherent origin of low-coordination L-
Co1Mn1-NC. The electron localization function (ELF) analysis
indicates a higher concentration of electrons shared between
the Co and Mn sites within the L-Co1Mn1-NC (Fig. 4h and i).
This phenomenon suggests an enhanced charge interaction
and a direct electron transfer between the Co and Mn sites.
Quantitatively, the Bader charge analysis (Fig. S32†) reveals
a rise in the valence state of Co and a decline in Mn when
compared to Co1Mn1-NC, which substantiates the charge
transfer occurring between Co and Mn sites, aligning with the
ndings from XPS and XANES analyses. Subsequently, the
electronic conguration of Co andMn 3d orbitals was probed by
the projected density of states (PDOS). It is observed that there
is a rise in the d-band center of Co and Mn in the L-Co1Mn1-NC,
with a more pronounced alteration noted in the case of Co
(Fig. 4j). This leads to a transfer of electrons from the Co 3d
orbital to lower energy states, specically the Mn 3d orbital. In
addition, a strong d–d orbital coupling and delocalization of
electrons promote the desorption of CO, thus reducing the
reaction energy barrier of the CO2RR.48 Additionally, the total
DOS near the Fermi energy within L-Co1Mn1-NC surpasses that
of Co1Mn1-NC, as illustrated in Fig. S33.† This indicates that the
enhanced conductivity and the facilitation of charge transfer at
the reaction interface are attributed to the lower coordination
structure that emerged in the L-Co1Mn1-NC catalyst.

Conclusions

In brief, a direct and rational PSCR approach was employed to
fabricate Co–Mn DS catalysts dominated by a low-coordination
microenvironment via simultaneously substituting Co and Mn
atoms for the atomically dispersed Zn sites in the Zn-Nx-C
material derived from ZIF-8 nanorods. When altering the
pyrolysis temperature and substituting metal in the PSCR
strategy, a relatively high N coordination of Co–Mn DSs and the
common 4-coordination of Co/Mn–N4 structures can be ob-
tained, respectively. The development of this PSCR strategy has
simplied the cumbersome steps involved in synthesizing DS
catalysts derived fromMOFs, and has achieved the regulation of
DS coordination environments through simple temperature
control. Accordingly, the optimal L-Co1Mn1-NC catalyst exhibits
superior efficiency in CO2 electroreduction, achieving a high
FECO of 97.6% and a TOF value of 1067 h−1 at −0.47 V, which
signicantly surpass those of Co1Mn1-NC and individual Co/Mn
This journal is © The Royal Society of Chemistry 2024
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single sites. A combination of in situ investigation and theo-
retical analysis unveils that the lower Co/Mn coordination
number in the L-Co1Mn1-NC catalyst efficiently boosts the
desorption of the critical CO* species, thereby enhancing the
CO2 reduction kinetics. This study presents a convenient and
rational control approach for manipulating the catalytic
microenvironment of atomic catalysts, laying a solid experi-
mental foundation for improving the reaction kinetics of energy
conversion processes.
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