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Single atom catalysts (SACs) with isolated metal atoms dispersed on supports exhibit distinctive
performances for electrocatalysis reactions. The designable realization of well-dispersed single metal
atoms is still a great challenge owing to their ease of aggregation. Here, Mo single atomic sites (Mo-N3C)
combined with some ultrasmall Mo,C/MoN clusters (Mo-SA/Mo,C-MoN-Cs, mean diameter < 2 nm) on
nitrogen-doped porous carbon were synthesized via a simple pyrolysis of bimetallic Zn/Mo metal-
organic frameworks. X-ray absorption near edge spectra (XANES) in combination with various
characterizations show that most of Mo species in sample exist in the form of single sites and the exact
structure is Mo-N3C. Density functional theory (DFT) calculation further shows that as the number of N-
coordination in the Mo-N4C moieties increases, the positive charge of Mo atoms increases. The single Mo
atoms in Mo-N3C have the best capability of N, adsorption, which may serve as main active sites for
further electrochemical N, reduction.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

It is well established that downsizing the metal nanoclusters to
isolated individual atoms is one of the most efficient approach to
achieve maximal metal utilization [1-3]. To date, a broad range of
single atom catalysts (SACs) with isolated metal atoms on supports
have been developed in electrochemical energy conversion and
storage [4-7]. Recently, electrochemical N, reduction reaction
(NRR) to produce ammonia (NH3) at room temperature and
atmospheric pressure has received great attention [8-10]. Tre-
mendous efforts have been focused on exploring a wide range of
potential NRR catalysts [11-13], such as precious metals, earth-
abundant metal compounds, and metal-free materials. Apparently,
electrochemical NRR has great potential as an alternative to
traditionally industrial Haber-Bosch process involving in high
temperature (> 300°C), pressure (> 10MPa) and undesirable
by-products [14]. Nonetheless, to date, its low N, adsorption,
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activation capacity and sluggish reaction kinetics need to be
resolved urgently [8]. To overcome above drawbacks, great efforts
using SACs for NRR have been made. For example, Zhao et al. [15]
synthesized Fe single atoms supported on lignocellulose-derived
carbon with Fe-(0-C;); as the active sites for NRR. Liu and
coworkers [16,17] also reported that Ag single sites (Ag-N4) and Fe
single sites (Fe-N,4) with excellent performance in NRR verified by
experiment and theory.

We notice that Mo-based SACs show wide application in
electrocatalytic reactions, such as O, reduction reaction [18], H,
evolution reaction (HER), [19,20]. Most recently, Xin et al. [21]
reported single Mo atoms as a cost-effective catalyst for NRR.
Inspired by the above works, the deep understanding of which kind
of single Mo sites in Mo-N-C system is good for NRR is urgent.
Herein, Mo single atomic sites (Mo-N3C) combined with some
ultrasmall Mo,C/MoN clusters (mean diameter < 2nm) were
synthesized via a simple pyrolysis of bimetallic Zn/Mo metal-
organic frameworks. Through density functional theory (DFT)
calculation, as the number of N-coordination in the chemical
structure of the Mo-N,C moieties increases, the positive charge of
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the Mo active sites increases, thereby enhancing the activation
degree of N, molecules.

The sample (denoted as Mo-SA/Mo,C-MoN-Cs) synthesized
here was firstly characterized to obtain the Brunauer-Emmett-
Teller (BET) specific surface area and BJH pore-size distribution
(Fig. 1a). According to IUPAC classification, the isotherm of Mo-SA/
Mo,C-MoN-Cs displays a typical type-IV isotherm with a hysteresis
loop in the range of P/Py=0.42~0.90. Furthermore, two distinct
pores with diameters of 0.9 and 3.8 nm were observed, revealing
the coexistence of micropores and mesopores, which was
conducive to stability and accessibility of active sites to substrate
(Fig. 1b) [22]. Benefiting from the porous nanostructure, the
sample displays a BET specific surface area of 845.4m?/g.
Generally, ZIF-8 derived material has many advantages, such as
controllable size and shape, large specific surface area [23-25]. The
large surface area is helpful for the active sites to fully contact with
electrolyte to improve catalytic activity.

X-ray diffraction (XRD) patterns were then measured to further
investigate the structure and composition. In Fig. 1c, only two
broad diffraction peaks located at 26° and 43°, corresponding to
the graphite structure (002) and (100) planes of carbon frame-
works, respectively. No characteristic peaks indexed to metal zinc
or zinc oxide are detected, indicating the removal of Zn species
from ZIF-8 by the heat treatment at 900 °C. More importantly,
there are no obvious characteristic peaks related to Mo,C and MoN,
manifesting the high dispersion and low content of Mo species in
carbon matrix. The nature of carbon was further investigated by
Raman spectroscopy. In Fig. 1d, the strong peaks located at around
1351 and 1592cm~! were assigned to disorder carbon and
graphitic carbon, respectively. The intensity ratio of the D-band
to G-band was calculated to be 1.36, demonstrating highly
defective structure [26].

Transmission electron microscopy (TEM) and high angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) measurements were performed. As depicted in
TEM image (Fig. 2a), the porous carbon with an average size of
around 120 nm has a polyhedral morphology and its structural
integrity and monodisperisty are well maintained. Furthermore,
numerous distinct nanovoids (highlighted by white circles in
Fig. 2b) distributed over the entire areas of dispersed polyhedrons,
which may be caused by the releasing of gas and evaporation of
zing, accounting for the presence of mesopores [24]. Additionally,
in mapping images (Fig. 2c), the Mo, C and N elements uniformly
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Fig. 1. (a) N, adsorption/desorption isotherms, (b) Pore size distribution, (c) XRD
patterns, (d) Raman spectra of Mo-SA/Mo,C-MoN-Cs.
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Fig. 2. (a, b) TEM images, (c) HAADF-STEM image and corresponding elemental
mapping of Mo-SA/Mo,C-MoN-Cs. HAADF-STEM images for (d) single Mo atoms
and (e) Mo,C and MoN clusters (yellow circles indicate the distribution of the Mo
single atoms and the white circles represent the presence of the atomically
dispersed Mo,C or MoN clusters). (f) Size distribution of Mo>C or MoN clusters.

distributed through the whole dodecahedrons. Notably, Figs. 2d
and e show the representative HAADF-STEM images. The isolated
Mo single atoms together with clusters are clearly identified.
Specifically, Mo species at an atomic level are uniform mono-
dispersed (the isolated white dots assigned to Mo atoms are
labeled in yellow circles for better observation). Meanwhile, white
circled parts reveal sharp lattice spacing values of 0.26 and
0.28 nm, associated with (100) and (002) facets of hexagonal Mo,C
(PDF#35-0787) and MoN (PDF#25-1367), respectively. The diam-
eter of Mo,C and MoN clusters are found to be 1.3 +0.21 nm
(Fig. 2f). Notably, the mean diameter of our Mo,C and MoN clusters
(< 2 nm) ranks among the smallest metal clusters that have been
reported so far for various electrocatalysis (Table S1 in Supporting
information). Small clusters also play an important role in
electrocatalytic reactions [27]. Moreover, Wang and co-workers
[28] found that single Mo atoms (Mo-NC;) and Mo,C nanoparticle
both have good performance in NRR by theoretical calculations and
experiments.

X-ray photoelectron spectroscopy (XPS) was employed to
analyze the element composition and corresponding chemical
state of the surface in Fig. 3a, the presence of Mo, C, N and O
elements was affirmed. The inductively coupled plasma atomic
emissions spectrometry (ICP-AES) shows the actual loading of Mo
is 1.08 wt%. No signal of Zn was detected, suggesting the Zn species
have been removed from ZIF-8 by a heat treatment at high
temperature, which is consistent with the results of XRD [29].
Fig. 3b shows high-resolution XPS spectra of Mo 3d with three
pairs of peaks. Binding energies located at 235.6 eV (Mo 3d3/,) and
232.5 eV (Mo 3ds;) were assigned to Mo®* [30]. The characteristic
Mo 3ds;, and Mo 3ds;, peaks of Mo*" appeared at 232.3 and
229.2 eV, respectively. The above high valences of Mo (Mo*" and
Mo®*") resulted from the surface oxidation of Mo (MoO, and MoOs/
MoOy), which should be due to their gradual superficial oxidation
when exposed to air [31,32]. Notably, another doublet at binding
energies of 228.4 and 235.8 eV derived from Mo clusters were
corresponding to Mo%*, demonstrating the formation of Mo-N,C
species and Mo,C/MosN clusters, which was consistent with the
results observed from HAADF-STEM images [33]. In Fig. 3c, four
typical peaks at binding energies of around 398, 399, 401 and
403 eV were assigned to pyridinic-N, pyrrolic-N, graphitic-N and
oxidized-N, respectively [34,35]. Besides, an accompanying minor
Mo 3p was also observed. It is worth noticing that a relatively weak
peak emerged at about 396 eV in N 1s spectrum verified the
formation of Mo-N bonds, which suggested the existence of Mo-
NC species and MoN clusters in the sample [36,37]. The binding
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Fig. 3. (a) XPS survey spectra, (b) high-resolution Mo 3d, (c) N 1s and (d) C 1s XPS spectra of Mo-SA/Mo,C-MoN-Cs, (e) Comparison between the XANES experimental spectra
of a-MoOs at Mo K edge (solid black line) and the theoretical spectra calculated with the depicted structures (solid red line). (f) The normalized XANES at the Mo K-edge of

different samples including the sample of Mo-SA/Mo,C-MoN-Cs.

situation of carbon can be divided into five peaks. The presence of
Mo—C bonds (284.3 eV, Fig. 3d) demonstrated that the existence
of Mo-NxC species and Mo,C clusters, corresponding to the
HAADF-STEM images result. The peaks centered at 284.9 (C=C),
285.8 (C—C) and 287.6eV (C—N/C—O0) resulted from N-doped
porous carbon, while the peak at 289.1 eV (—COO) was attributed
to the surface oxidized carbon or adsorbed oxygen-containing
species [38].

Having this monodisperse Mo-SA/Mo,C-MoN-Cs catalyst in
hand, we are able to identify the structure related to Mo atoms. It
has been well established that X-ray absorption near-edge
structure (XANES) spectroscopy is a powerful technique to
determine the chemical state and coordination environment of
the center atoms in the sample [39-42]. First, finite difference
methods for near-edge structure is used to calculate the a-MoO3
standard sample (ICSD: #158255) to determine the relevant
parameters used in the calculation of Mo K-edge XANES spectra of
the as-prepared sample (Fig. 3e). Fig. 3f shows the XANES at the Mo
K-edge of the Mo-SA/Mo,C-MoN-Cs as well as of several reference
samples, such as Mo-NyC, Mo-N;C, Mo-N,C, Mo-N5C. Based on the
fitting parameters on the a-Mo0O3 standard sample, the XANES of
each theoretical calculation optimized model is simulated. From
the change trend, it can be seen that Mo-NsC is relatively close to
the experimental spectra. Meanwhile, the trend of Mo-NsC is not
coinciding to the experimental date exactly, it may be because of
the existence of Mo,C/MoN clusters.

The theoretical study predicted that single Mo atoms immo-
bilized on defective boron nitride monolayers can be a potential
NRR electrocatalyst [43]. However, the further understanding of
single Mo atoms supported on N-doped carbon for NRR system is
deficient. Based on the HAADF, XANES and XPS characterization
results, the binding energy of carbon-based materials with Mo
atoms at different N-doping concentrations was studied by DFT
calculations, as shown in Table S2 (Supporting information). We
simulated the influence of different N concentrations by changing
the number of N atoms that bonded with Mo (Fig. 4a and Fig. S1 in
Supporting information). Under different number of N-coordina-
tion in the chemical structure of the Mo-N,C moieties, the binding
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Fig. 4. (a) Top and side views of the Mo-N3C moiety. Hereafter, the blue, gray, and
cyan spheres represent N, C and Mo, respectively. Inset: The charge density
difference (CDD) of the Mo-N3C moiety cyan and yellow represent charge depletion
and accumulation, respectively. The isosurface value of CDD is 0.03 e/A>. (b) Top and
side views of the two most stable adsorption configurations of N, on the Mo-N5C
moiety. (c) The adsorption energy (E,q) of N, molecules are adsorbed on Mo-doped
graphene with different N contents (Including the end-on and side-on adsorption
configurations of N, molecules and (d) the free energy diagrams of HER on the Mo-
NxC moieties with different N atom numbers.

energy of Mo atoms embedded in carbon-based materials was less
than —4 eV, indicating that Mo atoms can be stably embedded in
corresponding carbon-based materials. At the same time, the study
found that as the number of N-coordination in the Mo-N,C
moieties increases, the positive charge of Mo atoms increases. In
order to gain a deeper insight into the electronic properties of Mo-
NxC, we calculated the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals (LUMO)
for it (Fig. S2 in Supporting information). The results show that
both HOMO and LUMO of Mo-N,C are mainly distributed on Mo
atoms. The molecular orbital that acts first in the chemical reaction
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is the frontier molecular orbital. Among them, HOMO is easy to
lose electrons and acts as electron donors, while LUMO has a strong
affinity for electrons and acts as electron acceptors. Therefore, Mo
atoms are activated, which may serve as active sites for further
catalytic reactions on Mo-NxC [44,45].

We then calculated the adsorption of N, molecules on carbon-
based materials at different N-doping concentrations. The end-on
and side-on configurations of N, adsorption were considered. In
the four models studied, Mo atoms are used as active sites to
effectively chemisorb N, molecules (Fig. 4b, Fig. S3 and Table S3 in
Supporting information). The structure and charge analysis reveal
that as the number of N-coordination in the Mo-NxC moieties
increases, the adsorption energy of N, decreases. It suggests the
Mo-N3;C moiety has the best performance of N, adsorption
(Fig. 4c). Besides, both the N—N bond length and the negative
charge of the N, molecules increase. The stretching of the N—N
bond and the massive transfer of electrons from the Mo-N,C
moieties to the N> molecules indicate that the N, molecules are
effectively activated. As the number of N-coordination in the Mo-
N,C moieties increases, the ability to activate N, molecules
increases, promoting the further reduction process. As known, HER
is the main competitive reaction of NRR [46-48]. We then use DFT
to calculate the changes in HER free energy on the four models. For
HER, carbon-based materials without N-doping are more condu-
cive to hydrogen production, and the rate-limiting potential is only
0.12V (Fig. 4d). As the number of N-coordination in the chemical
structure of the Mo-N,C moieties increases, the rate-limiting
potential of the HER increases, indicating that the model can
effectively inhibit HER.

In summary, isolated Mo single atoms combined with some
ultrasmall Mo,C/MoN clusters were synthesized. The catalyst
mainly exited in the form of Mo single atoms (Mo-N3C). The mean
diameter (< 2 nm) of Mo,C/MoN clusters ranks among the smallest
size reported. DFT calculations indicate that single Mo atoms in
Mo-Ns3C structure as the active sites have the best N, adsorption
capability with the most charge transfer from Mo-N3C to N5, which
is beneficial for the further reduction process. Further experimen-
tal work is underway. This work provides a meaningful reference to
SACs related NRR in terms of experiments.
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