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Jianlin Shi*

Abstract: The emerging metal single-atom catalyst has aroused
extensive attention in multiple fields, such as clean energy,
environmental protection, and biomedicine. Unfortunately,
though it has been shown to be highly active, the origins of the
activity of the single-atom sites remain unrevealed to date
owing to the lack of deep insight on electronic level. Now,
partially oxidized Ni single-atom sites were constructed in
polymeric carbon nitride (CN), which elevates the photo-
catalytic performance by over 30-fold. The 3d orbital of the
partially oxidized Ni single-atom sites is filled with unpaired d-
electrons, which are ready to be excited under irradiation. Such
an electron configuration results in elevated light response,
conductivity, charge separation, and mobility of the photo-
catalyst concurrently, thus largely augmenting the photocata-
lytic performance.

Introduction

Photocatalytic hydrogen production from water splitting
is expected to be a promising route to ensure sustainable
green energy supply.'!l Unfortunately, the lack of surface-
active sites and the fast charge recombination of current
photocatalysts are two of the main obstacles in further
enhancing the photocatalytic performance. Recently, the
emergence of single-atom cocatalysts has provided a new
strategy to construct efficient surface active sites,” over-
coming the deficiencies of traditional metal nanoparticles,
such as limited atom utilization and sluggish charge transfer.”!
More importantly, the unsaturated coordination sites of
isolated metal atoms offer a flexible electronic environment
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to activate the catalyst and elevate its catalytic activity.["
However, most of the previous reports focused on the
influence of local atom geometric configuration around
center atoms on the photocatalytic performance; few empha-
sized the role of the electronic state of the metal single atoms
in the course of photocatalytic reaction,”’ or mentioned the
fine modulation of the electron configuration of the single
atoms. Intriguingly, recent studies on the behavior of d-
electrons shed light on the modification of transition-metal
single atoms. Yang et al. discovered that the delocalization of
unpaired electron on Ni 3d,._,. orbital facilitates the charge
transfer from Ni atom to adsorbed CO, molecules, lowering
the energy barrier of CO, activation.” Lee et al. reported the
reversible photoactivation of Cu single atoms on TiO,, in
which the Cu d-orbital electrons changed the valence state of
Cu and activated the TiO, matrix, significantly enhancing the
photocatalytic performance.” It has also been reported that
the photocatalytic performance can be significantly improved
by simply tuning the surface oxidation state of Ni nano-
particles, which most possibly results from the d-electron
activation of transition metals.’! Keeping these in mind, we
expect that it will be of high probability to achieve a further
elevated catalytic activity by merely modulating the oxidation
state of transition-metal single-atom sites, that is, activating
the d-electrons of transition metal single atoms.

Herein we report a facile strategy to activate Ni single-
atom sites by elaborately modulating the electron configu-
ration of Ni atoms. Polymeric carbon nitride (CN) was chosen
as the photocatalyst substrate owing to its unique N/C-
coordinating network consisting of tri-s-triazine structure,
forming stable binding sites for metal atoms.””! The Ni single-
atom sites were constructed via a facile freezing-deposition
method, in which bulky CN was successively ultrasonicated in
NiCl, solution for 3 hours, and freeze-dried to guarantee the
atomic level dispersion of Ni species (the obtained samples
were named as CN-x Ni*", where x is the atomic percentage of
Ni in the samples). Subsequently, the powder was calcined in
H,, or O,, or H, followed by O,, producing photocatalysts
accordingly denoted as CN-xNi-H, CN-xNi-O, and CN-x Ni-
HO, respectively (see the Supporting Information, Experi-
mental Procedures). Bulky CN calcined in H, or O, at 350°C
were also prepared as control samples denoted as CN-O and
CN-H, respectively.
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Results and Discussion
Structure Characterization

The morphology of the as-synthesized catalysts were
carefully characterized. The two-dimensional (2D) sheet-like
texture and functional groups of CN have been well-
maintained after Ni deposition and calcination under differ-
ent conditions. Meanwhile, no metallic Ni particles could be
found on the surface of CN even at the Ni incorporation
amount of 0.5 at%, corresponding to a mass percentage of
22 wt%, suggesting the homogeneous distribution of Ni
atoms. The structural characterizations on the control samples
of CN-O and CN-H exhibit that such treatments have brought
negligible structural changes of CN network (Supporting
Information, Figures S1-S4). The isolated bright spots of
about 0.2nm in average size observed in the high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image correspond to Ni atoms on CN
(Figure 1a). The local coordination structure of Ni atoms on
CN substrate was revealed by the phase-corrected Fourier
transformation of Ni K-edge extended X-ray absorption fine
structure spectroscopy (FT-EXAFS). The spectra of all
samples exhibit only one single peak centered at about
2.0 A, attributed to Ni-C/N bonding, while no Ni-Ni and Ni-
O-Ni characteristic peaks can be identified at 2.5 A (typical
shell of Ni foil) and 2.9 A (typical shell of Ni-O-Ni structure),
respectively. These results show that Ni single atoms are only
coordinated with C and N atoms and atomically dispersed on
CN substrate (Figure 1b). The fitting results give the coordi-
nation number of circa 5 at 2.06 A (Figure 1c; Supporting
Information, Figure S5 and Table S1). It should be noted that
the contribution from coordinated C and N atoms cannot be
distinguished in extended X-ray absorption fine structure
spectroscopy (EXAFS), due to the similar scattering factor
between C and N. Accordingly, the position of the stabilized
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Figure 1. a) HAADF-STEM image of CN-0.5Ni-HO. b) Ni K-edge FT-
EXAFS spectra of Ni foil, Ni single-atom-coordinated CN with varied
Ni contents from 0.1 to 0.5 at%, and NiO. c) Fitting results of FT-
EXAFS for CN-0.2Ni-HO. d) Model of Ni single-atom site in CN.
Cblack, N light gray, Ni green. The average bond length of Ni—C/N
(2.20 A) agrees well with the FT-EXAFS results.
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Ni single atoms has been determined to be at the bottom of
the five-membered rings of CN by density functional theory
(DFT) calculation, where one Ni atom is bonded with four N
atoms and one C atom (Figure 1d). These results clearly
prove that Ni single-atom sites are stabilized in the frame-
work of CN owing to the low electronegativity of the
coordinated N and C atoms (Supporting Information, Fig-
ure S6) without compromising its crystal structure and
polymeric framework, thus preserving the photo-responsive
feature of the as-prepared photocatalyst.

Analysis of Chemical States of Ni Single-Atom Sites

The chemical states of Ni single-atom sites were finely
tuned by adopting different calcination procedures. It should
be noted that the pristine skeleton structure of CN has been
well-maintained during Ni incorporation and calcination
under different conditions (Supporting Information, Figur-
es S1-S4). The X-ray absorption near-edge structure
(XANES) profiles of the K-edge of Ni single atoms on CN
after various calcination treatments, and in metallic Ni foil
and NiO, are shown in Figure 2a. The average chemical
valences of Ni single-atom sites were calculated from the
linear combination fittings on XANES profiles (Supporting
Information, Figure S5 and Table S1). It is exhibited that the
chemical valence of Ni single-atom sites rises with the
deepening oxidation, getting closer to that of Ni**. The X-
ray photoelectron spectroscopy (XPS) spectra of Ni single-
atom sites are further deconvoluted to reveal their inter-
mediate oxidation states (Figure 2b). For non-calcined sam-
ple CN-0.2Ni*", the XPS spectrum only shows two spin-orbit
doublets of Ni 2p with two shake-up satellites, characteristic
of Ni*". After calcination in different atmospheres, Ni single
atoms in each sample exhibits unique valence state accord-
ingly. Two new characteristic peaks at about 852 eV and about
869 eV attributed to Ni’ are found in the Ni 2p spectra of CN-
0.2Ni-H and CN-0.2Ni-HO." The percentage of Ni’ peak
area decreases from 11.36 % in CN-0.2Ni-H to 9.73 % in CN-
0.2Ni-HO, almost half of the percentage of Ni*" peak area in
CN-0.2Ni-HO (19.87%). Note that no peak of NiO is
observed on these oxidized samples, indicating that such an
oxidation process has only changed the coordination environ-
ment of Ni single-atom sites but no nickel oxide has been
generated. This suggests that the oxidation states of the Ni
single atoms can be precisely modulated into an intermediate
oxidation state with a Ni*'/Ni’ ratio of about 2:1 via the
calcinations in H, followed with O,.

Influences on the Electronic Configuration

Such partially oxidized Ni single-atom sites brought
significant influences on the electronic configuration of the
catalyst. Electron paramagnetic resonance (EPR) spectros-
copy was employed to probe the unpaired electrons in the
catalysts (Figure 2c). The characteristic peak centered at
about 337 mT with a corresponding g-value of 2.0 originates
from the C atoms in CN.®! Another g-value of 2.1 only
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Figure 2. a) Ni K-edge XANES profiles of Ni-foil, CN-0.2Ni**, CN-0.2 Ni-H, CN-0.2 Ni-O, CN-0.2Ni-HO, and NiO. b) High-resolution XPS Ni 2p
spectra of CN-0.2 Ni%*, CN-0.2 Ni-H, CN-0.2 Ni-HO, and CN-0.2 Ni-O. c) EPR spectra of CN, CN-0.2 Ni**, CN-0.2 Ni-H, CN-0.2 Ni-O, and CN-0.2 Ni-
HO. d) Projected density of states of Ni in CN-0.2Ni-HO and energy diagram of 3d® electron distribution (inset). ) Density of states of CN and

CN-0.2Ni-HO. f) Work functions of CN and CN-0.2 Ni-HO.

appears in CN-0.2Ni-H and CN-0.2Ni-HO, which is attributed
to the unpaired electrons on Ni 3d,._,» orbital.’) Meanwhile,
the coordination number of Ni increases with the rising
chemical valence of Ni single atoms (Supporting Information,
Figure S5 and Table S1). This suggests that deeply oxidized Ni
single atoms are coordinated in a more saturated state than
others, which thus possess less unpaired electrons compara-
tively (Figure 2¢). The electronic configuration was further
revealed by the Bader charge analysis and projected density
of states (PDOS; Figure 2d; Supporting Information, Fig-
ure S6). The chemical valence of the central Ni atom was
determined to be +0.73 with a 3d’°, S=1/2 electronic
configuration, agreeing well with the above XANES and
XPS results. As a result, the density of states (DOS) of CN has
been accordingly changed (Figure2e). The DOS of CN
presents the characteristics of semiconductor in which the
electrons on the valence band are donated by N atoms and no
electrons are distributed around the Fermi level. Upon the
introduction of Ni single-atom sites, Ni 3d electrons dominate
the valence band and facilitate the conduction band crossing
the Fermi level, leading to decreased band gap of the catalyst.
Furthermore, the work function (3.69 eV) of Ni single-atom-
coordinated CN is much lower than that of pristine CN
(4.76 eV; Figure 2 f), suggesting that the valence electrons in
Ni single-atom-coordinated CN are apt to be excited owing to
the unique 3d’ electronic configuration of the Ni single-atom
sites. As a result, the coordination of Ni single-atom sites in
CN framework has effectively elevated the visible-light
response (Supporting Information, Figure S7), charge sepa-
ration and migration in the photocatalyst (Supporting In-
formation, Figures S8, S9), indicating that the partially
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oxidized Ni single-atom sites are of great potentials in
enhancing the photocatalytic performance of CN by modify-
ing its electronic structure (Supporting Information, Figur-
es S7-S9).

Photocatalytic Water-Splitting Performance

The photocatalytic performance of Ni single-atom-coor-
dinated CN was evaluated by the water-splitting hydrogen
production using triethanolamine (TEOA) as sacrificial agent
(Vyater:Vreoa = 10:1). Among all the samples with different
levels of Ni atomic sites, partially oxidized Ni single atoms
play a decisive role in water-splitting hydrogen production
(Figure 3a), agreeing well with the EPR results. The H,
production rate reaches as high as 354.9 umolh'g™' at
0.2 at% of Ni single-atom content (Figure 3b), which is
among the highest on the reported CN photocatalysts
decorated with metal single atoms, especially cheap transi-
tion-metal single atoms (Supporting Information, Table S2).
As a comparison, Ni particles of the same dosage were photo-
deposited onto the surface of CN (Supporting Information,
Figure S10; denoted as CN-Ni particles). It is demonstrated in
Figure 3 c that Ni single-atom-coordinated CN shows remark-
ably enhanced photocatalytic performance in comparison to
pristine CN, in which the hydrogen production rate on CN-
0.2Ni-HO is 36.9 and 10.1 times those on CN and CN-Ni
particles, respectively. The stability of CN-0.2Ni-HO was
tested by a 24h cycling photocatalytic experiment (Fig-
ure 3d), which shows excellent catalytic performance stability

with a slight rate decrease from the initial 354.9 umolh'g!
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Figure 3. Photocatalytic H, production rates on Ni single-atom-coordi-

nated CN catalysts a) obtained by different calcination procedures,

b) with different concentrations of Ni, and c) in comparison to those

of pristine CN and CN-Ni particles. d) Cycling stability of H, evolution

on CN-0.2Ni-HO. After the 4th run, the sample was collected from the

reactor, reactivated in 5% H,/Ar and successively in 5% O,/Ar, and

put back into the same reactor for the 5th and 6th runs of photo-

catalytic H, production.

to 349.2 umolh 'g ! in 4 cycles. According to X-ray diffrac-
tion (XRD) and FT-EXAFS investigation, the surface Ni
single atoms remain well-dispersed and no Ni aggregates
could be identified after reaction, indicating the structural
stability of Ni single atoms on CN substrate (Supporting
Information, Figure S11a,b). However, XANES and XPS
results reveal that Ni single atoms have been further slightly
oxidized during the photocatalytic reaction (Supporting
Information, Figure S11c,d). Therefore, the collected sample
(denoted as After) was re-calcined in 5% H,/Ar and
successively in 5 % O,/Ar (denoted as Reactivated) to recover
its originally/partially oxidized state (Supporting Information,
Figure S1lc,d). As a result, the photocatalytic performance
was restored to 360.2 umolh~'g ' in the 5th run and stabilized
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at 353.3 umolh'g ! in the 6th run (Figure 3d). For compar-
ison, the photocatalytic performances of CN-H and CN-O
were also evaluated (Supporting Information, Figure S12),
which exhibits insignificant improvements over bulky CN,
indicating the negligible influences of calcination atmos-
pheres at 350°C on pristine CN. Taking all the above data
together, we can safely conclude that the partially oxidized Ni
single atoms are the actual active sites for photocatalytic H,
evolution reaction.

Modulating the Electronic Configuration of Other Transition-
Metal Single-Atom Sites

To further identify whether the valence state or the d-
orbital electronic configuration is the root cause of the
enhanced photocatalytic performance, control experiments
were conducted on different metal species (Fe, Co, Cu). The
same atomic percentage (ca. 0.2 at%) of Fe/Co/Cu single-
atom sites were incorporated in CN via the same calcination
treatment as Ni single-atom-coordinated CN. Their valence
states and unpaired electron configurations are exhibited in
the Supporting Information, Figure S13. Similar to the
valence states of Ni single-atom sites, three valence states of
each metal species are also observed (Supporting Informa-
tion, Figure S13a—c). However, the resultant concentrations
of unpaired d-electrons are quite different from that of Ni
single-atom sites. As shown in the Supporting Information,
Figure S13d, only Cu single-atom sites demonstrate signifi-
cantly changed concentration of unpaired d-electrons during
the calcination treatments. The highest concentration of
unpaired d-electrons was obtained on Cu—H for Cu single
atoms, different from the result of Ni single atoms, while no
significant changes were found by the calcination treatments
of Fe and Co single atoms. The photocatalytic H, production
rates achieved on CN with these metal single-atom sites and
metal particles are all demonstrated in Figure 4. It is clear that
the photocatalytic performances achieved on the single-atom-

7 B CN-M particles [ CN-0.2M-H [ CN-0.2M-HO [l CN-0.2M-O

354.9

Ni Cu

Figure 4. Photocatalytic H, production rates achieved on either single-atom coordinated CNs or metal nanoparticle-loaded CN. M is the metal

species incorporated.
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coordinated CNs are significantly improved compared to
those on the corresponding metal particles-loaded CNs. More
impressively, the H, production rates on these metal-incorpo-
rated photocatalysts are closely related to the concentration
of unpaired d-electrons. Therefore, these results further show
that it is the unpaired d-electrons that make the major
contributions to the greatly improved photocatalytic perform-
ances.

Conclusion

We have demonstrated an effective but facile strategy to
introduce nickel single-atom sites into polymeric carbon
nitride (CN), and more importantly, to precisely modulate
their electron configurations. Modulating the oxidation state
of Ni single-atom sites into the intermediate state with
a precise Ni**/Ni’ ratio of 2 will bring the most abundant
unpaired d-electrons in the photocatalyst, thus optimizing the
electronic structure for remarkably enhanced photocatalytic
performance. The resulting photocatalytic H, production rate
is as high as 354.9 umolh~'g~!, which is among the highest on
the reported CN photocatalysts decorated with metal single
atoms, and especially cheap transition-metal single atoms.
This discovery not only demonstrates the great potential of
cheap transition metals as highly potential active sites, but
also reveals the unique role of d-electrons of the metal single
atoms in CN framework in photocatalytic reactions. Although
in this work we have only modulated the electronic config-
uration of 3d transition metals and their activities were
evaluated via simple water-splitting H, evolution reaction, the
electronic configurations of 4d and 5d transition metals are
expected also to play important roles in photo-catalyzing
multiple chemical reactions, especially in modulating multi-
electron-involved photocatalytic reactions, such as overall
water-splitting and CO, reduction. This work provides
a brand-new electron-level route to explore the working
mechanism and enhance the performances of single-atom
catalysts.
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