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Abstract
Photocatalytic hydrogen evolution is an attractive field for future environment-friendly energy. However, fast recombina-
tion of photogenerated charges severely inhibits hydrogen efficiency. Single-atom cocatalysts such as Pt have emerged as an 
effective method to enhance the photocatalytic activity by introduction of active sites and boosting charge separation with 
low-coordination environment. Herein, we demonstrated a new strategy to develop a highly active Pd single atom in carbon-
deficient g-C3N4 with a unique coordination. The single-atom Pd–N3 sites constructed by oil bath heating and photoreduction 
process were confirmed by HADDF-STEM and XPS measurements. Introduction of single-atom Pd greatly improved the 
separation and transportation of charge carriers, leading to a longer lifespan for consequent reactions. The obtained single-
atom Pd loaded on the carbon-deficient g–C3N4 showed excellent photocatalytic activity in hydrogen production with about 
24 and 4 times higher activity than that of g–C3N4 and nano-sized Pd on the same support, respectively. This work provides 
a new insight on the design of single-atom catalyst.

Keywords Single-atom · Pd · g-C3N4 · Active sites · Hydrogen · Photocatalytic

Introduction

Photocatalytic hydrogen evolution has been recognized as a 
promising approach to sustainable clean energy. Although 
much progress is made in improving photocatalysts’ intrin-
sic activity, most photocatalysts still suffer from weak 

photo-absorption, limited active sites, and high charge-car-
rier recombination [1–5]. Among these adverse factors, the 
intrinsic nature of charge carriers’ recombination is very 
critical, which makes limited photoelectrons access the reac-
tion sites to reduce water for hydrogen production even with 
the presence of hole scavengers [6–9]. Therefore, modifica-
tion with a cocatalyst turns out to be an effective alternative, 
aiming at significantly enhancing catalytic efficiency. Pt has 
proven to be one of the most promising cocatalysts, but its 
large-scale applications are limited by its scarcity and high 
price [1, 10]. Thus, it is necessary to develop alternatives or 
reduce Pt loading to improve hydrogen production.

Recently, single-atom sites on metal oxide [11, 12], 
N-doped carbon supports [13, 14], and graphite carbon 
nitride [15, 16] have been proposed as active sites for vari-
ous reactions by downsizing metal particles [17]. The finely 
dispersed isolated metal atoms coordinated by metal or non-
metal atoms can be a promising ideal cocatalyst, which can 
not only minimize the use of noble metal, but also serve as 
active sites through exposure to low-coordination environ-
ment of metal centers [18, 19]. For example, Chen et al. 
[20] reported that Ag single atom supported on g-C3N4 in 
the coordination of Ag–N2 exhibited an  H2 production of 
1.87 mmol/(g·h). Such performance was as excellent as 
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nano-Pt loaded on g-C3N4. Therefore, desirable hydrogen 
production performance could be achieved by reasonably 
regulating the coordination environment of metal cocatalyst.

The specific geometric and electronic structures of the 
single atom can regulate the catalytic activity of anchored 
single metal sites, especially for N, which acts as the coor-
dination element. Indeed, the isolated metal–N4 sites with 
porphyrin units were intensively studied, such as Fe–N4 
[21, 22], Ru–N4 [23], Ni–N4 [24], and Cu–N4 [25] sites. 
Li et al. [26] reported that the isolated bond-shrinking low-
valence Cu (+ 1)–N4–C8S2 atomic interface moiety served 
as an active site for ORR process. Similarly, it has been 
found that Fe–N4 center presented higher ORR efficiency 
after its surrounding charges were altered by S doping [27]. 
Other configurations including metal–N2, metal–N3, and 
metal–Nx sites are relatively less reported. Chen et al. [20] 
demonstrated that Ag–N2 sites showed higher activity com-
pared with Ag–N4 sites for hydrogen production. In addition, 
Pt–N3 single site was reported exhibited photocatalytic  N2 
fixation ability [18]. Fu et al. [25] also observed that the 
complex of Cu–N3 and Cu–N4 could boost the hydrogen 
yield. It is worth mentioning that the construction of Pd–N3 
coordination structure in g-C3N4 acting as photocatalytic 
sites has not yet been reported, which could provide ideal 
unoccupied N atoms once the carbon in the s-triazine rings 
was removed.

In this work, we successfully anchored single-atom 
Pd–N3 sites on carbon-deficient g–C3N4, which showed 
intriguing photocatalytic  H2 evolution activity compared to 
its counterparts. The isolated sites were confirmed by XPS 
and HAADF-STEM measurements, and the mechanism was 
discussed in detail.

Experimental Section

Preparation of Carbon‑Deficient g–C3N4

Put 10 g of urea into a 50-mL crucible with a cover. It was 
then transferred to the muffle furnace and kept at 600 °C for 
2 h. The final product was ground into powder and denoted 
as CN.

Synthesis of Single‑Atom Pd Loaded 
on Carbon‑Deficient g‑C3N4

0.3 g CN was added into 100 mL of deionized water. Then, 
0.5 mL solution of  PdCl2 (1 mg/ mL) and NaCl (5 mg/mL) 
was dissolved into the above suspension after being thor-
oughly mixed by an ultrasonic cell disruptor for 30 min. The 
obtained mixture was then constantly stirred at 80 °C for 
8 h in an oil bath. After cooling to ambient temperature, 
the mixture was washed with deionized water several times. 

The remaining mixture was dispersed with 100 mL deion-
ized water and radiated under 300 W Xe lamp for 1 h. The 
final product was washed with deionized water and dried in 
the freezer drier overnight. The final sample was denoted 
as Pd–CN.

Preparation of Nano‑Sized Pd Loaded 
on Carbon‑Deficient g‑C3N4

The nano-sized Pd loaded on CN was prepared by a similar 
route: 4 mL solution of  PdCl2 (1 mg/mL) and NaCl (5 mg/
mL) was dissolved into suspension of 100 mL deionized 
water and 0.3 g CN. Then, the mixture was stirred under 
illumination by the 300 W Xe lamp for 3 h. The final product 
was washed with deionized water and dried in the freezer 
drier overnight. The final sample was denoted as  Pdnano-CN.

Characterization

Transmission electron microscopy (TEM) observations and 
energy-dispersive X-ray spectroscopy mapping images were 
obtained using a Titan G2 60–300 microscope. Aberration-
corrected HAADF-STEM characterization was performed 
on a Cs-corrected Titan G2 60–300 electron microscope 
(FEI, USA). X-ray diffractions were conducted to identify 
crystal phases by a D8 Rigaku9000 using a Cu Kα radia-
tion in the 2θ range of 5°–80°. Fourier transform infrared 
spectra (FTIR) were recorded on a NICOLET iS10 FTIR 
spectrometer. X-ray photoelectron spectroscopy (XPS) was 
performed on a Thermo Scientific K-Alpha + spectrometer. 
UV–Vis diffuse reflectance spectra (UV–Vis DRS) were 
achieved on a UV-8000A system. Photoluminescence (PL) 
and time-resolved transient PL decay spectroscopic analyses 
were conducted by an Edinburgh FLS1000 spectrophotom-
eter with an excitation wavelength of 360 nm.

Photocatalytic Hydrogen Evolution

Photocatalytic hydrogen evolution was tested in a typical 
route: 15 mg of the sample was dispersed in a 100 mL aque-
ous solution with 5 vol% triethanolamine (TEOA) as the hole 
scavenger. After bubbled with  N2 to remove the oxygen for 
30 min, the test was carried out using 300 W Xe light under 
5 °C and atmospheric pressure. The amount of  H2 was deter-
mined by gas chromatography (SHIMADZU GC-2014C). 
The apparent quantum yield (AQY) for hydrogen evolution 
was estimated as follows: AQY = 2nH2NA/Nphoton × 100%, 
where the nH2 refers to the mole amount of produced  H2 
molecules, NA refers Avogadro constant, and the Nphoton cor-
responds to the amount of photons. The cycling test was 
similarly conducted in a typical route: after the first experi-
ment, the light source was turned off and  N2 was bubbled 
into the reactor to remove the hydrogen for 30 min. The 
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experiment was restarted by turning on the light, and the 
next cycling was conducted similarly.

Results and Discussion

Synthesis and Characterizations of Pd–CN

Among different coordination elements, N is the most acces-
sible for N-based materials providing strong anchoring sites 
for single-atom loading. g-C3N4 is an ideal support since its 
s-triazine rings are rich in N despite being bonded to carbon 
atoms. The carbon-deficient g-C3N4 was prepared following 
a protocol developed by our group previously [28]. Its C/N 
molar ratio fell from 0.75 (the ideal ratio) to 0.66 according 
to the XPS spectral analysis, while the ratio for bulk g-C3N4 
was 0.72 as confirmed by elemental analysis (Table 1), signi-
fying successful introduction of carbon defects. The carbon-
deficient g-C3N4 served as a perfect carrier, owning to its 
three unoccupied N atoms. After pre-absorption and photo-
reduction of  Pd2+, the Pd supported on CN can be obtained 
as illustrated in Fig. 1a. HADDF-TEM images in Fig. 1b 

reveal uniform dispersion of the Pd element on the surface of 
CN. Figure 1c confirms the atomically dispersed Pd, which 
suggests that the single-atom Pd was successfully obtained.

XRD spectra of Pd–CN in Fig. 2a reveal two character-
istic peaks at 27.8° and 13.0°, corresponding to the (002) 
and (100) crystal plane of graphite phase carbon nitride, 
respectively. No changes in the position and shape of these 
two peaks were observed with the addition of single-atom 
Pd compared to its counterparts, CN and  Pdnano–CN, indicat-
ing that the triazine ring structure remained the same with 
CN after introduction of Pd. This is also confirmed by FTIR 
spectral measurement.

XPS was conducted to explore more information about 
surface composition of CN, Pd–CN, and  Pdnano–CN. Four 
elements including C, N, O, and Pd were found in the Pd-
loaded samples (Fig. 3), which are in accordance with the 
results of HADDF-STEM. The binding energy peaks at 
285 eV and 288 eV obtained from Pd–CN can be assigned 
to the adventitious carbon and C-N3 in typical aromatic  C3N4 
heterocycles, respectively. The N 1s peaks in Fig. 3b can be 
resolved into three peaks centered at 398, 400, and 401 eV, 
which are related to C=N–C, N–C3, and −NHx (x = 1, 2), 
respectively. O originated from the N–C–O corresponding 
to lattice oxygen in the bulk located at 532 eV [29]. Notice-
ably, two different forms of Pd can be seen in the Pd–CN, 
namely  Pd+ and  Pd2+ located between 336.8 and 342.0 eV 
and between 338.0 and 343.2 eV, respectively [30, 31]. 
However, metallic  Pd0 can only be observed for  Pdnano–CN, 
which is located at 335.2 eV and 340.5 eV (Fig. 3d). This 

Table 1  Elemental analysis

Photocatalyst N atom (%) C atom (%) C/N molar ratio

Bulk g-C3N4 59.70 36.79 0.72
CN 58.55 32.95 0.66

Fig. 1  a Illustration of single 
atom loaded on carbon-deficient 
g–C3N4, b HADDF-TEM 
images of Pd–CN, and c repre-
sentative aberration-corrected 
HAADF-STEM of Pd–CN. The 
red circles were drawn around 
the single-atom Pd
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also proves that Pd was introduced in the form of single 
atom instead of nanoparticle. Furthermore, the peaks of  Pd2+ 
significantly shifted to lower binding energy, compared with 

the Pd precursor (338.4 eV and 343.7 eV) [15]. In addi-
tion,  Pd2+ peaks approximated to the shapes and positions 
of Pd–N coordination (337.2 eV and 342.5 eV) as reported 

Fig. 2  a XRD patterns and b FTIR spectra of CN, Pd–CN, and  Pdnano–CN

Fig. 3  a C 1 s, b N 1 s, c O 1 s, and d Pd 3d XPS spectra of CN, Pd–CN, and  Pdnano–CN
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previously [32], suggesting bonding of the single-atom Pd 
with nearby N atoms. HADDF-STEM and XPS results dem-
onstrated that the atomically dispersed Pd was coordinated 
with carbon vacancy-resulted N (Pd–N3) in CN. Loading of 
the single atom on the carbon defects instead on the pore is 
attributed to ligand–metal charge transfer (LMCT) coordi-
nation effect. Wang et al. [28] reported similar observation, 
suggesting that the Pd–N3 sites on C-deficient g-C3N4 were 
energetically more favorable.

Photocatalytic Activity and Mechanism Analysis

Samples were tested for hydrogen evolution activity in 
an aqueous sacrificial solution containing triethanolamine 
(TEOA). The fully optimized results are shown in Fig. 4a. 
Pd–CN exhibited superior hydrogen evolution in compari-
son with CN and  Pdnano–CN under full arc irradiation. The 
Pd–CN evolved hydrogen at approximately 2788 μmol/
(g·h), which is 4 times faster than  Pdnano–CN, indicat-
ing that the single-atom Pd has higher activity toward  H2 
production. Photocatalytic activities of the samples under 
two different specific wavelengths of light (λ = 420 nm, 

380 nm) were also investigated. As seen in Fig. 4b, Pd–CN 
showed higher apparent quantum efficiency of  H2 evolu-
tion under ultraviolet irradiation compared to CN and 
 Pdnano–CN. These results proved the excellent activity of 
Pd–CN for photocatalytic  H2 evolution. The long-term 
photocatalytic stability was tested in three cycles. As seen 
in Fig. 4c, Pd–CN remained stable under continuous irra-
diation and its performance did not decrease significantly.

Light absorption in Fig. 5a increased in the range of 
500–800 nm as Pd particle grew. As illustrated in Fig. 5b, 
the band gap remained the same with CN, but the valence 
band (VB) position decreased significantly with the intro-
duction of Pd atom (Fig. 5c). As a result, conduction band 
(CB) shifted to a more negative position, which suggests 
enhanced reduction capability. By contrast,  Pdnano–CN 
showed enhanced visible light absorption and a narrowed 
band gap. It is worth mentioning that these advantages 
for  Pdnano–CN did not make much contribution to the  H2 
production. Otherwise, it should have performed better 
than Pd–CN, which also suggests that the single atom is 
more advantageous.

Fig.4  a Photocatalytic  H2 production activity; b quantum efficiency of CN, Pd–CN and  Pdnano–CN; c cycling runs of photocatalytic  H2 produc-
tion for Pd–CN
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The charge transfer ability of Pd–CN was demonstrated 
by combining the analysis of steady-state and time-resolved 
photoluminescence (TRPL) spectroscopy with the CN 
benchmark as a reference. The steady-state PL spectra 
showed that the intrinsic emission peak of CN was greatly 

weakened by introduction of Pd, implying a lower charge 
recombination rate in Pd–CN and  Pdnano–CN (Fig. 6a). A 
customized time-correlated single-photon counting appa-
ratus was employed in the collection of the TRPL spectra 
(Fig. 6b) to gain a deep insight into the charge-transfer 

Fig.5  a UV–Vis diffuse reflectance spectra, b estimated band gaps, c VB XPS, d schematic illustration of the band gap structure of CN, Pd–CN, 
and  Pdnano–CN

Fig. 6  a Steady-state PL spectra, b time-resolved PL spectra of CN, Pd–CN, and  Pdnano–CN
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dynamics, where a biexponential fitting is applied to ana-
lyze the luminescence decay curves due to their complexity. 
Obviously, in contrast to CN, the lifetime of charge carri-
ers was prolonged for Pd–CN (7.70 ns), whereas that for 
 Pdnano–CN (7.01 ns) was shortened, elucidating that single-
atom Pd loaded on CN can enhance the charge transfer 
and separation. However, shorter lifetime was observed in 
 Pdnano–CN, which means that nano-Pd can transfer to be 
combination centers rather than active sites. As a result, the 
photocatalytic activity is dropped with the nano-sized Pd 
loading compared to single-atom Pd loading.

Conclusion

In summary, a strategy based on deficient carbon struc-
ture was applied to develop single-atom Pd–N3 sites. The 
HADDF-STEM and XPS measurements supported that 
the single-atom Pd was successfully loaded on the carbon-
deficient g–C3N4 in the form of isolated Pd–N3 sites. The 
addition of single-atom Pd improved the photogenerated 
charge carriers’ separation and transfer, leading to remark-
ably improved performance of photocatalytic  H2 evolution 
compared to its counterparts, the addition of loading nano-
sized Pd and pristine g–C3N4.
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