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ABSTRACT: Controlling the chemical environments of the active metal atom including both coordination number (CN) and local
composition (LC) is vital to achieve active and stable single-atom catalysts (SACs), but remains challenging. Here we synthesized a
series of supported Pt1 SACs by depositing Pt atoms onto the pretuned anchoring sites on nitrogen-doped carbon using atomic layer
deposition. In hydrogenation of para-chloronitrobenzene, the Pt1 SAC with a higher CN about four but less pyridinic nitrogen
(Npyri) content exhibits a remarkably high activity along with superior recyclability compared to those with lower CNs and more
Npyri. Theoretical calculations reveal that the four-coordinated Pt1 atoms with about 1 eV lower formation energy are more resistant
to agglomerations than the three-coordinated ones. Composition-wise decrease of the Pt−Npyri bond upshifts gradually the Pt-5d
center, and minimal one Pt−Npyri bond features a high-lying Pt-5d state that largely facilitates H2 dissociation, boosting
hydrogenation activity remarkably.

S ingle-atom catalysis, one frontier in heterogeneous
catalysis,1,2 holds promise toward not only a fundamental

understanding of catalytic reactions but also practical
applications, owing to well-defined structures, maximized
atom utilization, and distinct energetics.3−6 The metal atom
(M1) does not necessarily drive catalytic reactions alone, but
often jointly with the coordinated atoms.7−10 Therefore, the
chemical environment of M1 including both coordination
number (CN) and local composition (LC) governs the overall
catalytic performance of single-atom catalysts (SACs).11−13

However, the underlying physics of the CN and LC of SACs
on activity, selectivity, and stability is elusive, and how to
prepare the SACs with desired CN and LC remains
challenging.
Among others, nitrogen-doped carbon (NC) is one

impressive support for SACs owing to concentration-control-
lable N doping for high metal loadings and strong metal−N
covalent bonding for high stability. A number of M1/NC SACs
have been successfully synthesized for various catalytic
reactions.5,12,14−17 Nonetheless, achieving an atomic-level
understanding of structure−activity relationships is inhibited
by the lack of accurate identification of the coordination
structure, including both CN and LC, of M1 even with state-of-
the-art characterization techniques, such as X-ray absorption
spectroscopy (XAS). Moreover, M1/NC SACs were often
prepared by impregnating/grafting metal precursors into the
NC supports followed by high-temperature thermal treat-
ments.14,15 These synthesis approaches might generate
heterogeneous metal atoms with diverse chemical environ-
ments, further obscuring the structure characterization.
Controlling the CN and LC of M1 on supports and unveiling
the underlying mechanism from first-principles calculations
become an urgent need to develop highly active and stable
SACs.

Atomic layer deposition (ALD) relies on sequential
molecular-level self-limiting surface reactions.18,19 Control of
anchoring sites on the support allows controlling the initial
nucleation of metal precursors.20,21 Here we synthesized a
series of Pt1/NC SACs with different coordination structures
in two steps (Figure 1a): (i) Preparation of a series of NC
supports with different pyridinic nitrogen (Npyri)-related
anchoring sites by varying calcination temperature and time;
(ii) precise deposition of Pt atoms onto these anchoring sites
using Pt ALD. In the hydrogenation of para-chloronitroben-
zene (p-CNB), these Pt1/NC SACs showed very different
catalytic performance. Density functional theory (DFT)
calculations unveiled the impact of CNs and LCs on stability
and hydrogenation activity and identified Pt1−N1C3 as the
active sites for hydrogenations.
The precursor (g-C3N4@Glu) of the NC support was first

synthesized by hydrothermal treatments of mixtures of g-C3N4
and glucose (Figure 1a).22 Then, a series of NC supports with
different N contents were obtained via calcination at 600, 800,
900, and 1000 °C for 1 h, as well as 1000 °C for 3 h under an
Ar atmosphere, which are denoted as NC-600, NC-800, NC-
900, NC-1000-1h, and NC-1000-3h, respectively. Trans-
mission electron microscopy (TEM) showed that all these
NCs had a similar two-dimentional nanosheet-like morphol-
ogy, containing both micro- and mesoporosities (Figures S1
and S2), and abundant defects according to the observation of
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disordered sp3 carbon (D band) at 1350 cm−1 by Raman
spectroscopy (Figure S3).22 X-ray photoemission spectroscopy
(XPS) measurements showed that the N content gradually
decreased as the thermal treatment temperature increased
(Figure 1b and Table S1).
Pt ALD was carried out on these supports at 150 °C to

synthesize Pt1/NC SACs.8 The Pt loadings were 1.3, 1.1, 0.85,
0.42, and 0.34 wt % for Pt1/NC-600, Pt1/NC-800, Pt1/NC-
900, Pt1/NC-1000-1h, and Pt1/NC-1000-3h, respectively
(Table S2). While we found that Pt did not nucleate on the
pure carbon support (achieved by thermally treating glucose
only at 1000 °C for 3 h in Ar), indicating preferential
nucleation of Pt at N-related anchoring sites. Correlation of Pt
loadings with different N content across all Pt1/NC SACs
revealed that only Npyri exhibited a similar trend with Pt
loadings (Figure 1c), indicating the nucleation of Pt mainly at
Npyri-related sites. Aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM), along with elemental mappings, confirmed
the atomic dispersion of Pt in all these samples free from Pt
clusters/NPs (Figures S4−S9). State-of-the-art atomic-reso-
lution electron energy-loss spectroscopy (EELS) spectroscopy
and mapping further confirmed the existence of a N K-edge
signal at the location of the Pt atom (Figure 1d,e and Figure
S10).

Fourier-transformed extended X-ray absorption fine struc-
ture (EXAFS) spectra showed that all these samples had a peak
at ∼1.65 Å assigned to Pt−C/N coordination, with
considerably increased intensity for the samples from Pt1/
NC-600 to Pt1/NC-1000-3h (Figure 2a). The CNs are 3.0, 3.2,

3.2, 3.4, and 3.8, for the samples from Pt1/NC-600 to Pt1/NC-
1000-3h, respectively, along with a Pt−C/N bond distance of
about 2.02−2.05 Å (Figure S11 and Table S3). Wavelet
transform plots of Pt1/NC SACs show that the weak peak at
2.50 Å is ascribed to the secondary shell of the Pt−C/N bond
(Figure S12),17,23 rather than the Pt−Pt coordination (2.65
Å), excluding the presence of Pt clusters/NPs, in-line with the
STEM.
X-ray absorption near-edge structure (XANES) spectra

showed that the white line peaks of these Pt1 SACs were
between those of Pt foil and PtO2. The intensities followed the
order Pt1/NC-600 < Pt1/NC-800 < Pt1/NC-900 < Pt1/NC-
1000-1h < Pt1/NC-1000-3h, along with a peak shift from
11 566.8 to 11 567.5 eV (Figure 2b), suggesting that the Pt1
atoms become more electron deficient as the support was
treated at higher temperatures.24,25 XPS showed a similar trend
that the Pt 4f7/2 binding energy shifted considerably from
72.6 eV for Pt1/NC-600 to higher values, e.g., 73.2 eV for Pt1/
NC-1000-3h (Figure 2c and Figure S13), which were all close
to a +2 oxidation state.26 Figure 2d shows that Pt1/NC-600
had a higher Npyri content and a lower Pt−C/N CN, whereas
Pt1/NC-1000-3h had a lower Npyri content and a higher Pt−C/
N CN with a higher oxidation state.

Figure 1. (a) Schematic illustration of the synthesis of Pt1/NC SACs.
(b) XPS spectra of NC supports in the N 1s region. (c) The contents
of Npyri, Npyrr, and Ngrap according to XPS and the Pt loadings in these
Pt1/NC SACs. (d) Representative HAADF-STEM image of Pt1/NC-
1000-3h. (e) Atomic-resolution EELS spectra taken at the locations 1
and 2 of the inset of the STEM image. Therein, the STEM inset
image in (e) is an enlargement of the orange rectangle area in (d).
Another inset in (e) shows the enlargement of the EELS spectra in
the dotted rectangular area.

Figure 2. (a) EXAFS and (b) XANES spectra of Pt1/NC SACs, Pt
foil, and PtO2 reference at the Pt L3-edge. The insets in (a) and (b)
show the corresponding local enlargements of the dashed square
areas. The legends in (b) also apply to (a). (c) XPS spectra of Pt1/NC
SACs in the Pt 4f region. (d) The changes of Pt 4f7/2 binding energy
and Pt−C/N CNs as a function of Npyri content.
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Haloanilines (HANs) are key intermediates for pharmaceut-
icals, polymers, agrochemicals, and dyes.27 Here hydrogenation
of p-CNB to para-chloroaniline (p-CAN) was selected as a
probe reaction to evaluate their catalytic performance. We
found that a considerable amount of para-chloronitrosoben-
zene, a semihydrogenation product, was produced at the initial
stage, but was further hydrogenated to p-CAN for all Pt1/NC
SACs (Figure S14). There was no dehalogenated aniline (AN)
formation even when the reaction was further extended for
another 1 or 2 h after the complete conversion. Calculated
turnover frequencies (TOFs) based on the Pt content showed
that the corresponding activities at 65 °C and a H2 pressure of
3 bar varied from 360 to 19 600 h−1, where Pt1/NC-1000-3h
had the highest activity, i.e., 54-fold higher than Pt1/NC-600
(Figure 3a), among the highest values in the literature (Table

S4). Kinetic measurements also revealed a lowest apparent
activation energy on Pt1/NC-1000-3h, confirming its extra-
ordinary activity (Figure S15). Similar phenomena were also
observed in hydrogenation of nitrobenzene, 3-chloronitroben-
zene, and styrene (Figure S16). Besides the above, Pt1/NC-
1000-3h also exhibited excellent recyclability without any
obvious Pt leaching/aggregations or structure changes (Figure
3b, Figures S17 and S18, and Table S2). In contrast, all other
samples deactivated quickly due to severe Pt leaching and
considerable metal aggregation (Figures S19−S22). We note
that a Pt/NC NP sample also showed obvious deactivation
(Figure S23 and Table S2).
The H2 reaction order was found as high as 2.44 for Pt1/

NC-600 (Figure 3c), implying H2 activation is difficult and the
rate-limiting step, while the H2 reaction order decreased
considerably on other samples, in line with the trend of
hydrogenation activity (Figure 3a). H−D exchange reactions
showed a similar trend (Figure 3d), and the corresponding
TOF on Pt1/NC-1000-3h was 2.8 s−1, 11-fold higher than Pt1/

NC-600. Remarkable H2 activation could be one major reason
for its high activity.
For DFT calculations, various Pt1−NxCy structures were

constructed, including Pt1−N3, Pt1−N2C1, and Pt1−N1C2 (CN
= 3) and Pt1−N4, Pt1−N3C1, Pt1−N2C2, and Pt1−N1C3 (CN =
4), where all N are Npyri (Figure S24). The optimized Pt−C
and Pt−Npyri bond lengths vary from 1.91 to 2.11 Å (Table
S5), in agreement with the measurements. All structures
considered are stable for exclusive exothermic formation
energies with respect to Pt bulk metal from −1.20 to −2.81
eV (Table S6). Notably, the formation energies for CN = 4 are
1 eV lower than CN = 3. This corroborates excellently with
experiments, where the Pt1/NC SACs with higher CNs had
much less extents of sintering and leaching.
Reactivities of Pt1−NxCy toward H2 dissociation were

calculated (Figures S25−S28). H2 dissociation on Pt1−N4 is
highly endothermic by 1.86 eV for the homolytic path and 2.40
eV for the heterolytic path, which cannot happen under the
mild reaction condition here. With a decrease of the number of
Pt1−Npyri bonds (CN = 4), the reaction energy and kinetic
barrier decrease (Table S7) as plotted in Figure 4a for the most
favorable paths. For Pt1−N1C3 with one Pt1−Npyri bond, its
reaction energy becomes exothermic by −0.26 eV via the
heterolytic path over the Pt1−C pair with a modest barrier of

Figure 3. (a) Catalytic activity of Pt1/NC SACs in hydrogenation of
p-CNB at 65 °C and a H2 pressure of 3 bar. (b) Catalyst recycling test
on Pt1/NC SACs. (c) H2 reaction orders of Pt1/NC SACs. (d) TOFs
of Pt1/NC SACs in the H−D exchange reaction at 65 °C.

Figure 4. (a) Potential energy profile for H2 dissociation on Pt1−N4,
Pt1−N3C1, Pt1−N2C2, Pt1−N1C3, and Pt1−N1C2 surfaces. (b) Scaling
relationship between the favorable reaction energies of H2
dissociation and the Pt-5d center. Schematic structures and the
corresponding projected density of states of Pt-5d, N-2p, and C-2p
orbitals in (c) Pt1−N4, (d) Pt1−N1C3, and (e) Pt1−N1C2,
respectively. Gray for carbon, yellow for dissociated H atom, blue
for N, and cyan for Pt.
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0.48 eV. A similar trend was found for CN = 3 (Table S7),
where fewer Pt1−Npyri bonds is favorable. For Pt1−N1C2, the
homolytic path was the most favorable with a barrier of 0.68
eV. However, its endothermic energy of 0.57 eV leads to a
facile reverse reaction with a barrier of only 0.11 eV.
Accordingly, Pt1−N1C3 was proposed as the active sites for
the most active and stable Pt1/NC-1000-3h catalyst. CN = 4
and only one Pt1−Npyri bond are in-line with the experiments
of high CN and low Npyri content. For samples with lower CN
and more Npyri, Pt1−N1C3 is less populated, resulting in a
lower reactivity.
To understand the effect of the CN and LC on H2

dissociation (Figure S29), favorable H2 dissociation energies
on all Pt1−NxCy structures considered against the Pt-5d center
ϵ5d are shown in Figure 4c−e and Figure S30. It was found that
the higher the ϵ5d is, the more favorable the reaction energy.
Upshift of ϵ5d comes along with a decrease of the Pt−Npyri
bond, due to the weakened Pt−Npyri hybridization. Compared
to 3CN Pt1−N1C2 (Figure 4e), the extent of the Pt−N
hybridization in 4CN Pt1−N1C3 is further weakened (Figure
4d), resulting in an even higher ϵ5d. Moreover, the neighbor
carbon atom Cα in Pt1−N1C3 has a considerable number of
states right below the Fermi level, but are absent in Pt1−N1C2.
These electronic properties activate the corresponding Cα and
result in a facile dissociation over the Pt1−Cα (Figures 4b, S31,
and S32, Table S8), in contrast to Pt1−N1C2.
In summary, we have synthesized a series of Pt1/NC SACs

by precisely depositing Pt atoms onto Npyri anchoring sites
using ALD. We demonstrated that Pt1/NC SACs with high
CN and less Npyri prepared via extended high calcination
temperature exhibited higher hydrogenation activity of p-CNB
and excellent recyclability. DFT calculations disclosed that the
4CN Pt1 atoms have more resistant to agglomeration and
leaching than the 3CN ones and a decrease in the Pt1−Npyri
bond upshift in the corresponding Pt-5d center. Pt1−N1C3 was
proposed as the active sites for hydrogenations. Such decisive
roles of CNs and LCs on the catalytic performance of SACs
provide critical insight into the rational design of SACs with
high activity and stability.
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