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The incorporation of alkaline earth metals (Mg, Ca, Sr and Ba) optimized the electronic properties of Pt single atoms on carbon nitride,
resulting in a 3.3 to 7.2-fold enhancement in photocatalytic H2 production compared with unmodified Pt-CN.
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ABSTRACT: Regulating electronic configuration to fully exploit the potential of Pt single atoms for efficient photocatalytic hydrogen
production is of great significance, but remains challenging. Herein, we report alkaline earth metals (AM) modified atomically dispersed Pt
sites on graphitic carbon nitride (CN) for photocatalytic H2 production. The results of XPS, XAFS and DFT calculation demonstrate that in
these AMPt-CN (AM: Mg, Ca, Sr and Ba) catalysts, the incorporation of AM effectively increases the electron density of Pt single-atom and
decreases the d-band center of Pt, concurrently reducing the free energy barrier for the hydrogen evolution reaction. Additionally, fs-TAS and
photoelectric performance tests of catalysts reveal concurrent improvements in light absorption and charge separation efficiency with alkaline
earth metal doping. Consequently, the optimized AMPt-CN achieve a remarkable hydrogen production rates of 2.79 (MgPt-CN), 1.55 (CaPt-
CN), 2.12 (SrPt-CN) and 1.34 (BaPt-CN) mol gPt-1 h-1 with an high apparent quantum yield of 21.7%, 18.1%, 18.9% and 10.8%, respectively,
superior to most of the reported carbon nitride based Pt single-atom catalysts. Noteworthily, together with energy band structure results, a
prominent linear relationship between the hydrogen evolution activity and the corresponding conduction band potentials is established. These
findings reveal a new perspective for in-depth comprehension of the role of alkaline earth metals in adjusting electronic properties of Pt
single-atom catalysts for promoting photocatalytic performance.

KEYWORDS: Pt single atoms, graphitic carbon nitride, alkaline earth metals, d-band center control, photocatalytic hydrogen evolution

1 Introduction
Solar-driven photocatalytic water splitting for the production of
clean hydrogen is a promising and sustainable approach to
address pressing environmental issues and energy crisis. Up to
now, a variety of photocatalysts have been developed for high-
efficiency hydrogen evolution reaction (HER) [1-5]. Among
these, graphitic carbon nitride (g-C3N4 ) is expected to be an
ideal candidate owing to its proper bandgap and band structure,
excellent chemical stability and low cost. Unfortunately, bulk g-
C3N4 suffers from inefficient charge separation, leading to the
H2 production performance far from the theoretical predictions
[6]. Therefore, various strategies have been proposed to improve
the photocatalytic performance, such as elemental doping [7],
defect engineering [8], heterostructure constructing [9], metal
loading [10], among which, integrating g-C3N4 with metals to
construct single-atom catalysts (SACs) is more expected [11],
because of their high atomic utilization, superior selectivity and
strong metal-support interactions [12].
Graphitic carbon nitride has gained popularity as superb

supports of single-atom metals due to its abundant pyridine-like
N atoms, which can powerfully anchor isolated metal atoms [13].
Especially, the emerging Pt SACs on g-C3N4 have shown
significantly more efficient and durable H2 evolution activity
compared to Pt nano-cocatalysts [14], and extensive research
has been focused on increasing the loading of Pt SACs to obtain
higher H2 evolution [15, 16]. However, high metal loading could
promote the aggregation of Pt single atoms to Pt clusters due to

their high surface free energy [17, 18], consequently degrading
the HER performance. More importantly, simply increasing
loading may increase the number of accessible active sites, but it
does not fundamentally overcome the intrinsic limitation of Pt
SACs, as their catalytic performance is primarily governed by
the local electronic structure and coordination environment of Pt
atoms. Thus, precise modulation of isolated Pt sites, rather than
merely increasing Pt loading, is essential for advancing Pt SACs
toward efficient photocatalytic HER, but remains challenging.
The strategic manipulation of electronic structure via electron

transfer presents a promising and controllable approach to adjust
the d-band structure of Pt, which can regulate the adsorption of
reaction intermediates, lower the energy barrier, and facilitate
the hydrogen evolution reaction [19, 20]. To this end, leveraging
the differences in work functions and valence electron counts,
transition metal elements have been introduced for adjusting the
surface electronic density of Pt sites, as demonstrated for Au
[21], Co [22] and Ag [23] in previous reports. Alkaline earth
metals (Group IIA), characterized by their ns2 valence electron
configuration, have been employed to enhance light absorption
and carrier separation of photocatalysts [24-27]. However their
potential for modifying the electronic structure of active sites
has been overlooked. Their potential stems from their low
electronegativity and tendency to lose valence electrons to form
stable divalent cations with noble-gas-like electronic
configurations, which enables alkaline earth metals to act as
potent electron donors [28], exerting deterministic control over
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the electron density of Pt [29, 30]. Compared with many
transition metals, alkaline earth metals generally exhibit a larger
electronegativity difference relative to Pt, which may favor more
pronounced charge redistribution around the Pt–N sites through
the carbon nitride framework. This provides a distinct electronic
modulation mode for regulating the electronic structure of Pt
single atoms. Besides, the inherent absence of available d-orbital
in alkaline earth metals confines their capacity to adsorb
reaction intermediates in most cases, thereby eliminating
undesired competitive reactions with the Pt active sites.
Furthermore, alkaline earth metals are low-cost, environmentally
friendly and readily available [31]. These advantages make them
promising candidates for optimizing the charge distribution of Pt
single atoms. To the best of our knowledge, the effect of
alkaline earth metals on the electronic properties of Pt SACs
remains unexplored from either a theoretical or experimental
perspective.
Herein, a series of alkaline earth metals (AM: Mg, Ca, Sr and

Ba) modified atomically dispersed Pt SACs on g-C3N4 were
fabricated for enhanced photocatalytic hydrogen production.
The incorporation of alkaline earth metals effectively modulates
the electronic structure of Pt atoms, promoting electron
aggregation at the Pt active sites and inducing a significant
upward shift of the conduction band. Consequently, MgPt-CN,
CaPt-CN, SrPt-CN and BaPt-CN exhibited markedly promoted
H2 evolution activity of 2.79, 1.55, 2.12 and 1.34 mol gPt-1 h-1,
with elevated apparent quantum yield (AQY) at 420 nm of
21.7%, 18.1%, 18.9% and 10.8%, respectively, compared with
those of Pt-CN (0.43 mol gPt-1 h-1 with an AQY of 4.6%).
Furthermore, the hydrogen evolution activities showed a tight
linear correlation with the CB potentials of the corresponding
catalysts. Multiple characterizations and DFT calculations were
adopted to investigate and elucidate the reasons for enhanced
catalytic hydrogen evolution of AMPt-CN. The results obtained
provide a valuable reference for promoting the photocatalytic
hydrogen production activity of Pt SACs through tuning their
electronic structure.

2 Experimental
2.1 Materials
Urea (Macklin, AR), Mg(NO3)2·6H2O (Kemiou, AR),
Ca(NO3)2·4H2O (Sinopharm, AR), Sr(NO3)2 (Haohua, AR),
Ba(NO3)2 (Sinopharm, AR), Ar and N2 (Yuanzheng, 99.99%),
triethanolamine (TEOA, Sinopharm, AR), H2PtCl6·6H2O
(Aladdin, AR), ethanol (Sinopharm, AR), Na2SO4 (Sinopharm,
AR).
2.2 Synthesis of AMPt-CN
CN was prepared with a classic method. A certain amount of
urea was put in a covered crucible and heated in a muffle
furnace at 550 ℃ for 120 min with a 8 ℃/min heating rate.
Firstly, 230 mg CN and metal nitrates (27 mg Mg(NO3)2·6H2O
or 29.1 mg Ca(NO3)2·4H2O or 22.3 mg Sr(NO3)2 or 27.6 mg
Ba(NO3)2) were added into 10 ml deionized water and the mixed
solution was ultrasonicated for 15 min. The suspension was kept
in liquid nitrogen, followed by freeze drying. The mixture was
heated at 500 ℃ for 200 min with a 2.5 ℃/min heating rate
under Ar. Then photodeposition method was employed to
further synthesize AMPt-CN. 60 mg as-synthesized sample was
dispersed in 90 ml deionized water and 10 ml TEOA by
ultrasonication for 5 min. Next 270 μl H2PtCl6 solution (10 mg

ml-1) was added in above suspension under constant stirring.
After the vessel was thoroughly evacuated and filled with N2 for
10 min, respectively, a visible-light irradiation provided by a
300 W Xe lamp was cast on the continuous stirring reaction
mixture for 30 min. Afterwards the suspension was filtered,
washed with deionized water and ethanol sequentially, and then
dried under vacuum at 60 ℃. Finally the dried products was
annealed at 450 ℃ for 120 min with a 3 ℃/min heating rate
under Ar to obtained AMPt-CN (AM=Mg, Ca, Sr, Ba).
2.3 Synthesis of AM-CN, Pt-CN and CN-D
AM-CN was synthesized using a procedure similar to that
utilized for AMPt-CN preparation, except that H2PtCl6 solution
was omitted in photodeposition process.
Pt-CN was synthesized using a procedure similar to that

utilized for AMPt-CN preparation, except that metal nitrate was
omitted in the initial freeze-drying process.
CN-D was synthesized using a procedure similar to that

utilized for AMPt-CN preparation, without the use of metal
nitrates in the initial freeze-drying process and H2PtCl6 solution
in photodeposition process.
2.4 Photocatalytic activity experiment
The photocatalytic H2 evolution of catalysts was performed
using Pyrex top-irradiation reaction vessel coupled to a closed
glass-gas system. 10 mg photocatalyst, 90 ml deionized water
and 10 ml TEOA were added into glass reactor. Subsequently,
the reaction solution was evacuated 30 min to remove air
completely. The temperature of the solution was kept at 5 °C
through circulating cooling water system during the reaction.
The light source was a 300 W xenon lamp ( λ > 420 nm). And
the H2 amount was determined using a gas chromatograph with
a thermal conductivity detector (TCD) and a 5 Å molecular
sieve column using Ar as the carrier gas. The wavelength-
dependent apparent quantum yield (AQY) was measured using
the Xe lamp equipped with band-pass filters of different
wavelengths (420, 435, 450, 475 and 520 nm).
2.5 Photoelectrochemical measurements
Electrochemical tests were peformed on a CHI660E
electrochemical workstation (Chen Hua, China) by using a
standard three-electrode system consisting of sample-coated
indium-doped tin oxide (ITO) glass (working electrode), Pt plate
(counter electrode), and Ag/AgCl electrode (reference electrode).
The electrolyte is Na2SO4 (0.5 M). A 100 W xenon lamp was
used as the light source.

3 Results and discussion
The AMPt-CN catalysts were prepared via a two-step pyrolysis
method (Fig. S1 in the Electronic Supplementary Material
(ESM)). The metal loadings of the as-prepared samples were
determined by inductively coupled plasma optical emission
spectrometry (ICP-OES) analysis, and the results were
summarized in Table S1 in the ESM. The X-ray diffraction
(XRD) patterns of all samples showed two distinct diffraction
peaks at approximately 13.7° and 27.8° (Fig. S2 in the ESM),
indexed to the (100) and (002) planes of typical g-C3N4,
respectively. No additional peaks related to metal or metal oxide
nanoparticles were detected in all samples, suggesting that Pt
and alkaline earth metals were likely atomically dispersed within
g-C3N4. The Fourier transform infrared (FTIR) spectra were
shown in Fig. S3 in the ESM. The characteristic peaks centered
at 810, 1200-1700 and 3000-3300 cm-1 are assigned to the
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bending vibrations of heptazine units, the stretching vibrations
of aromatic C–N heterocycles, and the stretching vibrations of –
NHx groups, respectively [32, 33], indicating the preserved
fundamental structure of g-C3N4 after the incorporation of
alkaline earth and Pt atoms. The Brunauer-Emmett-Teller (BET)
measurements revealed that while the N2 adsorption-desorption
isotherms and pore size distributions of CN-D and AMPt-CN
were similar, the specific surface area increased after metal
doping (Figs. S4-S6 in the ESM). This increase in surface area is
conducive to exposing more active sites for photocatalytic
reactions [34].
The morphology of the prepared catalysts was investigated by

scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). According to SEM images, CN-D (Fig.
S7(a) in the ESM) and Pt-CN (Fig. S7(b) in the ESM) exhibited
a representative randomly arranged 2D nanosheet morphology
and this microstructure remained intact after the introduction of
alkaline earth metals (Figs. S7(c-f) in the ESM). The TEM

images depicted in Figs. 1(a-b) and Figs. S8(b-d) showed a curly

layered structure without observable granular aggregates,
demonstrating the high dispersion of Pt sites in all samples.
Moreover, energy-dispersive X-ray spectroscopy (EDS)
elemental mappings (Figs. S10-S14 in the ESM) confirmed the
presence and uniform distribution of Pt and alkaline earth metals
throughout the g-C3N4 substrate. Furthermore, the dispersion of
atomic Pt in the Pt-CN sample was confirmed by aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (AC HAADF-STEM) (Fig. 1(c)). The
bright spots circled in red unambiguously proved that Pt
presented mainly as single atoms. The elemental distribution
mapping shown in Fig. 1(d) indicated that Pt, N, and C were
distributed homogeneously throughout the entire architecture.
As a representative, MgPt-CN sample was selected to explore
the dispersion of alkaline earth metals. No Mg nanoparticles or
clusters were observed in Fig. 1(e), confirming the atomic
dispersion of Mg species. Meanwhile, Pt (circled in red circles
in Fig. 1(e)) still remained in the form of single atoms, and the

Figure 1 (a) TEM image of Pt-CN. (b) TEM image of MgPt-CN. (c) AC HAADF-STEM image of Pt-CN. (d) Elemental mappings of Pt-CN. (e) AC HAADF-
STEM image of MgPt-CN. (f) Elemental mappings of MgPt-CN.
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uniform distribution of Pt, Mg, N and C in MgPt-CN was also
verified by EDS elemental mapping analysis (Fig. 1(f)).
X-ray photoelectron spectroscopy (XPS) was performed to

determine the chemical compositions and valence states of
synthesized samples. As shown in Fig. 2(a), the N 1s XPS
spectrum of CN-D exhibited three peaks, located at 398.5, 400.0
and 401.1 eV, which could be attributed to N atoms in C–N=C,
N–(C)3 and –NHx, respectively [35]. Similarly, the spectra of Pt-
CN (Fig. 2(a)) and AMPt-CN (Fig. 2(a) and Fig. S15 in the
ESM) contained the same three peaks. Significantly, after
loading metal atoms, the peaks assigned to C–N=C (pyridinic N),
which could bind to metal atoms as an electron donor and thus
increase the number of metal catalytic sites [36], displayed a
slight shift to higher-energy side compared to that of pure CN-D
in Fig. 2(a) and Fig. S16 in the ESM. This positive shift
confirmed a strong coordination interaction between the metal
atoms and pyridinic N [37, 38]. Besides, the binding energy of
the Pt 4f7/2 peak for Pt-CN was approximately 74.0 eV (Fig.
2(b)), located between those of Pt0 (71.5 eV) and Pt4+ (75.0 eV)
[39], indicating Pt species exist in an oxidized state as Ptδ+
(0<δ+<4). Notably, after the addition of alkaline earth metals,
there was a negative shift of the Pt 4f7/2 XPS peak in contrast to
Pt-CN (Fig. 2(b)). This shift was indicative of more electrons

transfer to the Pt centers, demonstrating the electron
configuration of Pt single atoms can be effectively regulated via
introducing of alkaline earth metals. Subsequently, the valence
state of different alkaline earth metals were also studied. The
Mg 1s spectrum of MgPt-CN (Fig. S17(a) in the ESM) exhibited
a single peak at 1304.2 eV, assigned to Mg-N bonds [40, 41],
revealing Mg was probably atomic bonded with nitrogen.
Meanwhile, the +2 oxidation state of Mg was confirmed, as its
binding energy was closer to that of Mg2+ ions (1304 eV) than to
that of metallic Mg (1303.5 eV) [40]. In addition, Ca 2p
spectrum of CaPt-CN, Sr 3d spectrum of SrPt-CN and Ba 3d
spectrum of BaPt-CN, presented in Fig. S17 in the ESM,
indicated that the valence states of Ca [42], Sr [43] and Ba [44]
were also +2.
X-ray absorption fine structure (XAFS) spectroscopy

experiments were conducted to gain more information on the
chemical environments. As depicted in X-ray absorption near-
edge structure (XANES) spectra (Fig. 2(c)), the white-line
intensity of Pt-CN and MgPt-CN was located between that of Pt
foil and PtO2, suggesting the oxidation state of Ptδ+ (0 < δ < 4) in
both Pt-CN and MgPt-CN. Moreover, the inset of Fig. 2(c)
revealed that the white-line intensity of MgPt-CN was weaker
than that of Pt-CN, suggesting a lower average valence state of

Figure 2 (a) High-resolution XPS spectra of N 1s. (b) High-resolution XPS spectra of Pt 4f. (c) Pt L-edge XANES spectra. (d) Pt L-edge EXAFS
spectra in R space for Pt-CN and MgPt-CN. (e) EXAFS R-space fitting curves for Pt-CN. (f) EXAFS R-space fitting curves for MgPt-CN. (g) WT-
EXAFS spectra of Pt foil, PtO2, Pt-CN and MgPt-CN.
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Pt in MgPt-CN. This observation was in good agreement with
the XPS results (Fig. 2(b)) and further implied the valence state
of Pt was modulated by alkaline earth metals. The corresponding
Fourier-transform extended X-ray absorption fine structure (FT-
EXAFS) spectra for Pt-CN and MgPt-CN were presented in Fig.
2(d). The scattering oscillations of Pt-CN and MgPt-CN were
distinctly different from that of Pt foil. Specifically, the
dominant peak at approximately 1.61 Å was associated with Pt–
N bonding, while the peak near 2.54 Å, characteristic of Pt–Pt
metallic bonds, was absent, proving the presence of atomic Pt
sites in Pt-CN and MgPt-CN [45, 46]. Furthermore, based on the
fitting results (Figs. 2(e-f) and Table S2 in the ESM), both Pt-
CN and MgPt-CN were equipped with Pt–N2 coordination. The
wavelet transform-EXAFS (WT-EXAFS) spectrum of Pt-CN
and MgPt-CN (Fig. 2(g)) exhibited a prominent peak centered at
k ∼5.1 Å−1 related to the Pt–N coordination and were different
from the signals of Pt foil and PtO2. This distinction provided
further evidence for the atomic dispersion of Pt sites in both Pt-
CN and MgPt-CN samples. In summary, Pt was atomically

dispersed in Pt-CN and MgPt-CN, and the introduction of
alkaline earth metals did not significantly alter the local
coordination structure of the Pt atoms but effectively modulated
their chemical valence.
UV-vis diffuse reflectance spectroscopy (UV-vis DRS) was

used to investigate the optical absorption properties of the
prepared samples. The AMPt-CN samples showed an enhanced
absorption edge with a slight redshift compared to Pt-CN and
pure CN-D (Fig. 3(a)), which meant introducing alkaline earth
metal sites improved their visible-light absorption. The band
gaps of the samples were estimated from the Tauc plots (Fig.
S18 in the ESM) using the Kubelka-Munk transformation [47,
48]. The calculated band gaps of CN-D, Pt-CN, MgPt-CN,
CaPt-CN, SrPt-CN and BaPt-CN were 2.75, 2.73, 2.59, 2.66,
2.64 and 2.61 eV, respectively. Mott-Schottky plots in Fig. S19
revealed positive slopes for all synthesized samples, confirming
their n-type semiconductor characteristics. The corresponding
flat band potentials of CN-D, Pt-CN, MgPt-CN, CaPt-CN, SrPt-
CN and BaPt-CN were estimated to be -1.03, -1.08, -1.17, -1.13,

Figure 3 (a) UV-vis diffuse reflectance spectra. (b) Energy band structure. (c) Photocurrent response. (d) Photocatalytic hydrogen evolution
activities. (e) Linear relationships between the activities of AMPt-CN and CB potential. (f) AQY for photocatalytic H2 evolution. (g) Cycling
hydrogen evolution activity of MgPt-CN. (h) Comparison of AMPt-CN with Pt-CN in H2 evolution, durability and AQY. (i) H2 evolution and AQY
comparison with related Pt SACs from previous reports (Table S3 in the ESM).
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-1.15 and -1.12 V (vs. NHE), respectively. It is accepted that the
conduction band (CB) potential is approximately equal to the
flat band potential in n-type semiconductor [49]. Accordingly,
the corresponding energy band structure was depicted in Fig.
3(b). Evidently, the AMPt-CN samples possessed more negative
conduction band potentials than Pt-CN and it was deemed to be
more favorable for proton reduction. Besides, the narrower band
gap facilitated visible-light absorption [50], collectively
contributing to the superior photocatalytic performance.
The separation and transfer behavior of photogenerated

charge carriers were investigated by photoluminescence (PL)
spectroscopy, transient photocurrent response, linear sweep
voltammetry (LSV) plots and electrochemical impedance
spectroscopy (EIS) curves. The dramatically quenched PL
emission intensity of the AMPt-CN samples (Fig. S20 in the
ESM) signified the suppressed recombination of electrons and
holes. The photocurrent intensity of AMPt-CN climbed
apparently compared to that of CN-D and Pt-CN (Fig. 3(c)),
reflecting that charge transfer ability was promoted effectively
after modification with alkaline earth metals. Moreover,
combining with alkaline earth metals contributed to higher
current density in the LSV plots (Fig. S21 in the ESM), showing
a faster migration rate of charge carriers [51, 52]. Both the
transient photocurrent responses and LSV tests directly
demonstrated that AMPt-CN samples achieved more efficient
charge separation and provided a larger population of
photogenerated electrons for the reduction reaction,
outperforming Pt-CN. Meanwhile, as displayed in Fig. S22 in
the ESM, the radii of the Nyquist plots followed a trend of
R(MgPt-CN) < R(SrPt-CN) < R(CaPt-CN) < R(BaPt-CN) <
R(Pt-CN) < R(CN-D). This trend revealed the existence of
alkaline earth metals favored the electrical conductivity and
reduced charge transfer resistance. Collectively, these optical
and electrochemical measurements certified the enhanced
separation and migration of photoinduced charge carriers after
doping with alkaline earth metals, suggesting a superior
hydrogen evolution capability for AMPt-CN catalysts.
The photocatalytic hydrogen evolution reaction performance

was evaluated under visible-light irradiation (λ > 420 nm). As
shown in Fig. S23 in the ESM, alkaline earth metals doped

samples exhibited much higher H2 production than Pt-CN. In
Fig. 3(d), CN-D showed only a trace amount of H2 evolution.
After loading Pt sites, the photocatalytic H2 evolution rate of Pt-
CN was improved to 779 μmol g-1 h-1, indicating that Pt served
as an effective active site for the reaction. After anchoring
alkaline earth metals, the H2 production rates of MgPt-CN,
CaPt-CN, SrPt-CN and BaPt-CN were greatly increased to 5578,
3574, 4243 and 2550 μmol g-1 h-1, respectively. These values are
7.2, 4.6, 5.4, and 3.3 times higher than that of Pt-CN,
respectively. Notably, the activity trend was not strictly
correlated with the electronegativity of alkaline earth metals,
suggesting that the promotional effect was determined by
multiple factors, including AM loading, N–AM coordination
model and strength, structural compatibility with the g-C3N4

cavity and other related factors. Combined with the ICP results
(Table S1 in the ESM), the Pt mass-specific H₂ production
rates of the catalysts were expressed as follows: 0.43 mol gPt-1 h-
1 (Pt-CN), 2.79 mol gPt-1 h-1 (MgPt-CN), 1.55 mol gPt-1 h-1 (CaPt-
CN), 2.12 mol gPt-1 h-1 (SrPt-CN), and 1.34 mol gPt-1 h-1 (BaPt-
CN). Linear regression analysis yielded an R2 value of 0.990,
suggesting a strong linear correlation between the H2 evolution
rate and CB potential (Fig. 3(e)). Notably, the H2 yields of Mg-
CN, Ca-CN, Sr-CN and Ba-CN without Pt sites were only 25.5,
22.6, 12.0 and 17.0 μmol g-1 h-1, respectively (Fig. S24 in the
ESM). This result confirmed individual alkaline earth were not
responsible for the advance of H2 evolution rate and declared the
synergistic effect of alkaline earth metal and Pt sites was
accounted for H2 yield enhancement. More importantly, the
incorporation of alkaline earth metals also led to a remarkable
increase in the apparent quantum yield (AQY) (Fig. 3(f)).
Compared to Pt-CN, the AMPt-CN catalysts exhibited
significantly higher AQYs across the wavelength range of 420
to 520 nm. Specifically, the AQY at 420 nm reached 21.7% for
MgPt-CN, 18.1% for CaPt-CN, 18.9% for SrPt-CN, and 10.8%
for BaPt-CN, respectively. These high AQY values meant more
photons were absorbed and more photo-induced electrons were
utilized for photocatalytic H2 evolution. Furthermore, the

Figure 4 2D mapping fs-TA (pump laser: 350 nm) of (a) CN-D, (b) Pt-CN and (c) MgPt-CN; fs-TAS spectra of (d) CN-D, (e) Pt-CN and (f) MgPt-CN.
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stability and durability of photocatalysts were assessed by
cycling tests. Figure S25(a) in the ESM illustrated the hydrogen
production activity of Pt-CN declined distinctly after three
cycles. In contrast, the coupling of alkaline earth metals could
enhance the stability and durability of Pt SACs (Fig. 3(h) and
Figs. S25(b-d) in the ESM). Especially, as displayed in Fig. 3(g),
MgPt-CN maintained superior catalytic activity over six
consecutive cycles. In addition, the SEM and XRD analysis
confirmed no evident alterations in the crystallinity and
microstructure of MgPt-CN, CaPt-CN, SrPt-CN and BaPt-CN
after cycling test (Figs. S26 and S27 in the ESM). And the TEM
and AC HAADF-STEM of MgPt-CN after cycling test (Fig. S27
in the ESM) showed no obvious nanoparticles or clusters. These
results verified the structural stability and single atom stability
of MgPt-CN during photocatalytic H2 evolution. As visually
summarized in Fig. 3h, the AMPt-CN catalysts exhibited
substantial improvements in H2 evolution rate, durability and
AQY compared to Pt-CN. Notably, the hydrogen production
activity and AQY of the AMPt-CN catalysts, particularly MgPt-
CN, surpassed those of most previously reported Pt-based
single-atom catalysts (Fig. 3(i) and Table S3 in the ESM). These
collective findings underscored the crucial role of alkaline earth
metals in enhancing photocatalytic performance of Pt SACs.
Femtosecond transient absorption spectroscopy (fs-TAS,

excited by 350 nm laser) was carried out to gain further insight
into the effect of alkaline earth metals. As observed in Figs. 4(a-
c), CN-D, Pt-CN and MgPt-CN all showed a broad negative
absorption feature from approximately 440 to 560 nm and a
positive absorption feature from approximately 560 to 640 nm.
This negative feature, resulting from the ground state bleaching
(GSB) or stimulated emission (SE), was related to the
recombination of electron-hole pairs [53]. The positive signal,
assigned to excited-state absorption (ESA), was caused by
surface-trapped photogenerated electrons or electron-hole pairs
[54]. Compared to CN-D (Fig. 4(d)), both Pt-CN (Fig. 4(e)) and
MgPt-CN (Fig. 4(f)) displayed markedly enhanced TAS signal
intensities, suggesting an increased population of
photogenerated electrons [55]. Note that MgPt-CN (Fig. 4(f))
exhibited a weaker negative signal (GSB or SE) and a stronger
positive signal (ESA) than Pt-CN (Fig. 4(e)). Together with the
PL, photocurrent and LSV results, these TAS results supported
the recombination of photogenerated electrons and holes was
suppressed and the charge separation was boosted after
modification with alkaline earth metals. The ESA kinetics was
further analyzed by fitting the decay profile at 620 nm. In Fig.
S28 in the ESM, the decay kinetics of CN-D was fitted with two
time constants of 2.1 ps and 188.6 ps, which were attributed to
the undesirable photogenerated electron-hole recombination (τ1)
and the shallow charge capture (τ2) [55, 56], respectively. For
Pt-CN and MgPt-CN, the fitted lifetimes were τ1 = 11.1 ps and
τ2 = 238.1 ps for Pt-CN, and τ1 = 24.5 ps and τ2 = 287.0 ps for
MgPt-CN (Fig. S28 in the ESM). The prolonged lifetime of τ1
was the result of efficient utilization of the photo-excited
electrons and slower decay of τ2 derived from enhanced active
electron mobility for the photocatalytic H2 evolution. From the
above results, the pivotal function of alkaline earth metal
towards high AQY and outstanding photocatalytic performance
can be well elucidated.
DFT calculations were employed to further unravel the

significant role of alkaline earth metals. Computational models

of Pt-CN and the four AMPt-CN catalysts were constructed in
Fig. S29 in the ESM. As displayed in Fig. 5(a) and 5(b), the
existence of alkaline earth metals caused only minor differences
in the total density of states (DOS), but induced an apparent
variation in the partial density of states (PDOS) of Pt 5d orbitals,
indicating the charge exchange interaction between alkaline
earth metals and Pt. Impressively, relative to Pt-CN, the d-band
centers of Pt in AMPt-CN samples shifted away from Fermi
energy level (Fig. 5(b)). This downward shift of d-band center
could pull more antibonding states below the Fermi level,
weaken the H* binding and facilitate the desorption of H* [57,
58], which was conducive to the formation of H2. In addition,
the absolute value of free energy (ΔGH*) is a critical descriptor
for evaluating the HER activity of photocatalysts. Notably, the
ΔGH* of Pt-CN was calculated to be -0.47 eV in Fig. 5(c). In
contrast, all AMPt-CN samples possessed a more positive ΔGH*

(-0.28 eV for MgPt-CN, -0.34 eV for SrPt-CN, -0.36 eV for
BaPt-CN and -0.38 eV for CaPt-CN). This trend indicated
modifying Pt-CN with alkaline earth metals can effectively
reduce the free energy barrier of HER, thereby accelerating the
kinetics of hydrogen evolution [59]. The differential charge
density was analyzed to explore charge distribution of Pt atoms.
In the corresponding plots (Figs. 5(d) and 5(e), Fig. S30 in the
ESM), yellow and cyan regions represented charge
accumulation and depletion, respectively. The results suggested
that the charge density around Pt atoms increased after the
introduction of alkaline earth metals. Consistent with this
observation, Bader charge analysis indicated an overall increase
in the electron density of Pt atom. This finding is demonstrated
by the reduction of electron deficiency in Pt, where the Bader
charge increased from -0.501 in Pt-CN to a less negative value
of -0.446 in MgPt-CN (Figs. 5(d) and 5(e)). The observed
positive shift implied that more charge was transferred to the Pt
atom. Such electron enrichment at the Pt site was conducive to
electron aggregation and promoted the HER [23]. Subsequently,
Figure S31 in the ESM exhibited that the work function of
AMPt-CN (located between 3.682 and 3.698 eV) was lower than

Figure 5 (a) DOS plots of AMPt-CN. (b) PDOS plots of Pt 5d orbitals
and the corresponding d-band center positions (black dashed line). (c)
Calculated Gibbs free energy diagrams of H2 evolution reaction.
Differential charge density and Bader charge of Pt over (d) Pt-CN and
(e) MgPt-CN.
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that of Pt-CN (3.939 eV), which was in favorable for lowering
energy barrier for electron emission and facilitating the
photocatalytic reaction [60]. Overall, DFT calculations clearly
demonstrated the advantages in terms of energy and charge
distribution for hydrogen evolution reaction on Pt atom after
doping alkaline earth metals.
4 Conclusions
In summary, alkaline earth metals doped AMPt-CN (AM: Mg,
Ca, Sr, Ba) catalysts were constructed for enhancing the
photocatalytic hydrogen evolution performance of Pt SACs. The
incorporation of alkaline earth metals effectively promoted
electron transfer from AM to Pt atoms, which played a
significant role in optimizing the electronic structure of Pt sites,
modulating H* intermediate binding and lowering energy barrier
for the hydrogen evolution reaction, meanwhile, also leading to
the improved light absorption and enhanced charge separation.
As a consequence, compared to Pt-CN, AMPt-CN catalysts
exhibited significantly enhanced photocatalytic H2 production
rates with 7.2-, 4.6-, 5.4-, and 3.3-fold improvements for MgPt-
CN, CaPt-CN, SrPt-CN, and BaPt-CN, respectively. The
corresponding AQYs of AM doped catalysts at 420 nm
increased to 21.7%, 18.1%, 18.9%, and 10.8%. Notably, the best
performance of MgPt-CN may originate from the smaller ionic
radius of Mg, which may allow better structural matching with
the g-C3N4 cavity and stronger interactions with surrounding N
atoms. This facilitated more effective electronic modulation and
promoted charge redistribution around Pt sites. Moreover,
alkaline earth metals doping elevated conduction band positions
of catalysts, and the Pt mass-specific H2 production rates were
linearly related to the corresponding conduction band potentials
of Pt-CN, BaPt-CN, CaPt-CN, SrPt-CN and MgPt-CN. Our
findings uncovered the pivotal function of alkaline earth metals
in adjusting electronic property of Pt SACs and provided a
general design principle for efficient photocatalytic hydrogen
evolution.

Electronic Supplementary Material: Supplementary material
(please provide the brief detail of the ESM) is available in the online
version of this article at
https://doi.org/10.26599/NR.2026.94908980.

Data availability
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Material. Additional data related to this paper may be requested
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Acknowledgements
The present study is supported by the National Natural Science
Foundation of China (Nos. 21671176, Nos. 21541011) and
Natural Science Foundation of Henan (232300421361). The
authors thank the Advanced Analysis & Gene Sequencing
Center of Zhengzhou University for assistance in
characterization testing.

Declaration of competing interest
All the contributing author(s) report(s) no conflict of interests in
this work.

Author contribution statement
X. L.: Data curation, project administration, validation, writing
manuscript, visualization, software and methodology. Q. H. D.:

visualization and methodology. Y. J. W.: Investigation and
visualization. K. W.: software and visualization. Y. K. L.:
Conceptualization, project administration and funding
acquisition. Z. J. L.: Conceptualization, project administration
and funding acquisition. All the authors have approved the final
manuscript.

Use of AI statement
None.

References
[1] Bai, Y.; Wilbraham, L.; Slater, B. J.; Zwijnenburg, M. A.; Sprick, R.

S.; Cooper, A. I. Accelerated Discovery of Organic Polymer
Photocatalysts for Hydrogen Evolution from Water through the
Integration of Experiment and Theory. J. Am. Chem. Soc. 2019,141,
9063−9071.

[2] Su, L. R.; Zhang, X. Y.; Niu, L. H.; Yu, H. L.; Guo, L. T.; Peng, Y. T.;
Yu, J.; Liu, C. Y.; Liao, F.; Liu, Y. Q.; Kang, Z. H. Electrospun
Cd0.3Zn0.7S/PVDF/PAN nanofibers: Synergistic enhancement of
photocatalytic hydrogen evolution via piezoelectric polarization and
carbon dot-mediated electronic modulation. Nano Res. 2026, 19,
94908297.

[3] Yang, K. H.; Huang, Y. C.; Wang, T. T.; Li, Y. M.; Du, Y. T.; Ling, J.;
Fan Z. Y.; Zhang, C.; Ma, C. In-Situ Anchoring of Co Single-Atom
Synergistically with Cd Vacancy of Cadmium Sulfide for Boosting
Asymmetric Charge Distribution and Photocatalytic Hydrogen
Evolution. Adv. Mater. 2024, 36, 2409832.

[4] Lin, L. H.; Ou, H. H.; Zhang, Y. F.; Wang, X. C. Tri-s-triazine-Based
Crystalline Graphitic Carbon Nitrides for Highly Efficient Hydrogen
Evolution Photocatalysis. ACS Catal. 2016, 6, 3921−3931.

[5] Luo, Y. X.; Zhang, M. Y.; Wang, Y.; Feng, Z.; Sun, N.; Chen, J. M.;
Li, Y.; Wang, L. L. Strategies for Enhancing Photocatalytic
Hydrogen Evolution of Covalent Organic Frameworks. Coord. Chem.
Rev. 2026, 548, 217126.

[6] Liu, T.; Zhu, W.; Wang, N.; Zhang, K. Y.; Wen, X.; Xing, Y.; Li, Y.
F. Preparation of Structure Vacancy Defect Modified Diatomic-
Layered g-C3N4 Nanosheet with Enhanced Photocatalytic
Performance. Adv. Sci. 2023, 10, 2302503.

[7] Yang, D. C.; Ye, Q.; Qu, C.; Meng, F. W.; Wang, L. Y.; Li, Y. Q.
Visible-Light-Driven F/C Co-Doping g-C3N4 Nanosheets for
Efficient Hydrogen Evolution: Charge Redistribution on C4

Delocalized Large π Bond. Appl. Catal. B-Environ 2025, 361,
124637.

[8] Jiang, T.; Wang, Z. W.; Wei, G.; Wu, S. X.; Huang, L. Q.; Li, D. R.;
Ruan, X. F.; Liu, Y. C.; Jiang, C. Z.; Ren, F. Defective High-
Crystallinity g-C3N4 Heterostructures by Double-End Modulation for
Photocatalysis. ACS Energy Lett. 2024, 9, 1915−1922.

[9] Yi, W. J.; Du, X.; Zhang, M.; Yi, S. S.; Xia, R. H.; Li, C. Q.; Liu, Y.;
Liu, Z. Y.; Zhang, W. L.; Yue, X. Z. Rational distribution of Ru
nanodots on 2D Ti3−xC2Ty/g-C3N4 heterostructures for boosted
photocatalytic H2 evolution. Nano Res. 2023, 16, 6652–6660.

[10] Xu, W. T.; Tang, Y. T.; Ding, T.; Liu, Q. C.; Zheng, X. S.; Yang, Q.
Fe single-atom-modified g-C3N4 via a facile oxygen-tolerant
synthesis strategy for improved photocatalytic H2 production. Nano
Res. 2026, 19, 94908242.

[11] Meng, F. P.; Tian, Z. H.; Tian, W. J.; Zhang, H. Y. Advances in
Carbon Nitride Supported Single-Atom Photocatalysts for Hydrogen
Evolution. Curr. Opin. Chem. Eng. 2023, 41, 100941.

[12] Aleena, P.A.; Singh, G.; Vidyasagar, D.; Kumar, P.; Ahmed, M. I.;
Bahadur, R.; Sathish, CI; Sajan, D.; Vinu, A. Recent Advancements
in Metal-Free Nitrides Based Single-Atom Catalysts:
Nanoarchitectonics and Applications. Prog. Mater. Sci. 2025, 153,
101490.

[13] Yu, J.; Chen, C.; Zhang, Q. H.; Lin, J.; Yang, X. Y.; Gu, L.; Zhang,
H.; Liu, Z.; Wang, Y.; Zhang, S.; Wang, X. T.; Guo, L. Au Atoms
Anchored on Amorphous C3N4 for Single-Site Raman Enhancement.
J. Am. Chem. Soc. 2022, 144, 21908−21915.

Ju
st

 A
cc

ep
te

d



Firstauthor et al.Nano Research | Vol. XX, No. XX

9

[14] Zhang, L. W.; Long, R.; Zhang, Y. M.; Duan, D. L.; Xiong, Y. J.;
Zhang, Y. J.; Bi, Y. P. Direct Observation of Dynamic Bond
Evolution in Single-Atom Pt/C3N4 Catalysts. Angew. Chem. Int. Ed.
2020, 59, 6224−6229.

[15] Zuo, Q.; Liu, T. T.; Chen, C. S.; Ji, Y.; Gong, X. Q.; Mai, Y. Y.;
Zhou, Y. F. Ultrathin Metal–Organic Framework Nanosheets with
Ultrahigh Loading of Single Pt Atoms for Efficient Visible-Light-
Driven Photocatalytic H2 Evolution. Angew. Chem. Int. Ed. 2019, 58,
10198−10203.

[16] Zeng, Z. X.; Su, Y.; Quan, X.; Choi, W. Y.; Zhang, G. H.; Liu, N.;
Kim, B.; Chen, S.; Yu, H. T.; Zhang, S. S. Single-Atom Platinum
Confined by the Interlayer Nanospace of Carbon Nitride for Efficient
Photocatalytic Hydrogen Evolution. Nano Energy 2020, 69, 104409.

[17] Campbell C. T.; Parker S. C.; Starr D. E. The Effect of Size-
Dependent Nanoparticle Energetics on Catalyst Sintering. Science
2002, 298, 811−814.

[18] Xia, C.; Qiu, Y. R.; Xia, Y.; Zhu, P.; King, G.; Zhang, X.; Wu, Z. Y.;
Kim, J. Y. (T.); Cullen, D. A.; Zheng, D. X.; Li, P.; Shakouri, M.;
Heredia, E.; Cui, P.; Alshareef, H. N.; Hu, Y. F.; Wang, H. T.
General Synthesis of Single-Atom Catalysts with High Metal
Loading Using Graphene Quantum Dots. Nat. Chem. 2021, 13,
887−894.

[19] Fan, Z. Y.; Xu, Q. H.; Wang, Y. Q.; Cao, Y. Y.; Zeng, X. J.; Xie, Y.;
Yu, Z. X. Electron Regulation Accelerates Photocatalytic Hydrogen
Evolution for Bimetallic Pt, Au on CdS nanorods. Chem. Eng. J.
2025, 511, 162016.

[20] Shi, Y.; Ma, Z.-R.; Xiao, Y.-Y.; Yin, Y.-C.; Huang, W.-M.; Huang,
Z.-C.; Zheng, Y.-Z.; Mu, F.-Y.; Huang, R.; Shi, G.-Y.; Sun, Y.-Y.;
Xia, X.-H.; Chen, W. Electronic Metal–Support Interaction
Modulates Single-Atom Platinum Catalysis for Hydrogen Evolution
Reaction. Nat. Commun. 2021, 12, 3021.

[21] Gao, M. Y.; Tian, F. Y.; Zhang, X.; Chen, Z. Y.; Yang, W. W.; Yu, Y.
S. Improved Plasmonic Hot-Electron Capture in Au
Nanoparticle/Polymeric Carbon Nitride by Pt Single Atoms for
Broad-Spectrum Photocatalytic H2 Evolution. Nano-Micro Lett. 2023,
15, 129.

[22] Yang, M.; Mei, J.; Ren, Y. J.; Cui, J.; Liang, S. H.; Sun, S. D. Long-
Range Electron Synergy over Pt1-Co1/CN Bimetallic Single-Atom
Catalyst in Enhancing Charge Separation for Photocatalytic
Hydrogen Production. J. Energy Chem. 2023, 81, 502−509.

[23] Wang, G. C.; Zhang, C. F.; Zhao, W. T.; Wang, B. J.; Liu, Y. F.;
Zhang, T.; Cui, W. G.; Zhang, R. G.; Zhao, Z. K. Bonding Interaction
of Adjacent Pt and Ag Single-Atom Pairs on Carbon Nitride
Efficiently Promotes Photocatalytic H2 Production. CCS Chem. 2024,
6, 1523−1534.

[24] Li, J. X.; Ma, W. Q.; Chen, J. J.; An, N.; Zhao, Y.; Wang, D. J.; Mao,
Z. Y. Carbon Vacancies Improved Photocatalytic Hydrogen
Generation of g-C3N4 Photocatalyst via Magnesium Vapor Etching.
Int. J. Hydrog. Energy 2020, 45, 13939−13946.

[25] Bui, T. S.; Bansal, P.; Lee, B.-K.; Mahvelati-Shamsabadi, T.; Soltani,
T. Facile Fabrication of Novel Ba-doped g-C3N4 Photocatalyst with
Remarkably Enhanced Photocatalytic Activity towards Tetracycline
Elimination under Visible-Light Irradiation. Appl. Surf. Sci. 2020,
506, 144184.

[26] Islam, M. M.; Tentu, R. D.; Ali, M. A.; Basu, S. Enhanced Visible-
Light-Driven Activity of Sodium-, Calcium- and Aluminium-Inserted
g-C3N4. ChemistrySelect 2018, 3, 11241−11250.

[27] Zhou, M.; Dong, G. H.; Ma, J. L.; Dong, F.; Wang, C. Y.; Sun, J. W.
Photocatalytic Removal of NO by Intercalated Carbon Nitride: The
Effect of Group IIA Element Ions. Appl. Catal. B-Environ. 2020, 273,
119007.

[28] Wang, Q. R.; Guo, J. P.; Chen, P. The Impact of Alkali and Alkaline
Earth Metals on Green Ammonia Synthesis. Chem 2021, 7,
3203−3220.

[29] Panagiotopoulou, P.; Kondarides, D. I. Effects of Promotion of TiO2

with Alkaline Earth Metals on the Chemisorptive Properties and
Water–Gas Shift Activity of Supported Platinum Catalysts. Appl.
Catal. B-Environ. 2011, 101, 738−746.

[30] Fan, J.; Chen, L. L.; Li, S. S.; Mou, J. L.; Zeng, L.; Jiao, Y.; Wang, J.
L.; Chen, Y. Q. Insights into the Promotional Effect of Alkaline Earth
Metals in Pt-based Three-Way Catalysts for NO Reduction. J. Catal.
2023, 418, 90−99.

[31] Shin, C.-H.; Lee, H.-Y.; Gyan-Barimah, C.; Yu, J.-H.; Yu, J.-S.
Magnesium: Properties and Rich Chemistry for New Material
Synthesis and Energy Applications. Chem. Soc. Rev. 2023, 52,
2145−2192.

[32] Wen, D. X.; Peng, J. H.; Wu, C. B.; Jiang, X. Y.; Gong, W. P.; Jiang,
J. Z. Nitrogen/oxygen dual-defects modified g-C3N4 nanosheets for
boosting photocatalytic CO2 reduction. Nano Res. 2026, 19,
94907945.

[33] Ren, M.; Zhang, X. Y.; Liu, Y. Q.; Yang, G.; Qin, L.; Meng, J. Q.;
Guo, Y. H.; Yang, Y. X. Interlayer Palladium-Single-Atom-
Coordinated Cyano-Group-Rich Graphitic Carbon Nitride for
Enhanced Photocatalytic Hydrogen Production Performance. ACS
Catal. 2022, 12, 5077−5093.

[34] Mohamed, H. H.; Alqahtani, S.; Alsunaidi, Z. H.A. Sulphur Doped
Boron Carbon Nitride as Novel Metal Free Nanomaterials for
Photocatalytic Degradation of Organic Pollutants and H2 Production.
J. Alloy. Compd. 2025, 1018, 179236.

[35] Zhang, G. Q.; Xu, Y. S.; Rauf, M.; Zhu, J. Y.; Li, Y. L.; He, C. X.;
Ren, X. Z.; Zhang, P. X.; Mi, H. W. Breaking the Limitation of
Elevated Coulomb Interaction in Crystalline Carbon Nitride for
Visible and Near-Infrared Light Photoactivity. Adv. Sci. 2022, 9,
2201677.

[36] Liu, X.; Liao, L. L.; Xia, G. M.; Yu, F. Q.; Zhang, G. Y.; Shu, M. X.;
Wang, H. M. An Accurate “Metal Pre-Buried” Strategy for
Constructing Ni–N2C2 Single-Atom Sites with High Metal Loadings
toward Electrocatalytic CO2 Reduction. J. Mater. Chem. A 2022, 10,
25047−25054.

[37] Rao, S. S.; Sun, Z. T.; Liu, Q. Q.; Cheng, C.; Jin, C.; Gao, J. S.; Li, B.;
Li, Y.; Liu, L.; Yang, J.; Zhu, Y. F. Engineering Atomic Ag1–N6

Sites with Enhanced Performance of Eradication Drug-Resistant
Bacteria over Visible-Light-Driven Antibacterial Membrane. ACS
Nano 2024, 18, 7074−7083.

[38] Shen, J. C.; Luo, C. H.; Qiao, S. S.; Chen, Y. Q.; Tang, Y. H.; Xu, J.
Q.; Fu, K. X.; Yuan, D. W.; Tang, H. F.; Zhang, H.; Liu, C. B.
Single-Atom Cu Channel and N-Vacancy Engineering Enables
Efficient Charge Separation and Transfer between C3N4 Interlayers
for Boosting Photocatalytic Hydrogen Production. ACS Catal. 2023,
13, 6280−6288.

[39] Hu, Y. D.; Qu, Y. T.; Zhou, Y. S.; Wang, Z. Y.; Wang, H. J.; Yang,
B.; Yu, Z. Q.; Wu, Y. E. Single Pt atom-anchored C3N4: A bridging
Pt–N Bond Boosted Electron Transfer for Highly Efficient
Photocatalytic H2 Generation. Chem. Eng. J. 2021, 412, 128749.

[40] Liu, S.; Li, Z. D.; Wang, C. L.; Tao, W. W.; Huang, M. X.; Zuo, M.;
Yang, Y.; Yang, K.; Zhang, L. J.; Chen, S.; Xu, P. P.; Chen, Q. W.
Turning Main-Group Element Magnesium into A Highly Active
Electrocatalyst for Oxygen Reduction Reaction. Nat. Commun. 2020,
11, 938.

[41] Shao, X.-B.; Nian, Y.; Peng, S.-S.; Zhang, G.-S.; Gu, M.-X.; Han, Y.;
Liu, X.-Q.; Sun, L.-B. Magnesium Single-Atom Catalysts with
Superbasicity. Sci. China Chem. 2023, 66, 1737−1743.

[42] Jia, R. K.; Zhang, Y. L.; Yang, X. H. High Efficiency Photocatalytic
CO2 Reduction Realized by Ca2+ and HDMP Group Co-Modified
Graphitic Carbon Nitride. Int. J. Hydrog. Energy 2021, 46,
32893−32903.

[43] Zhu, H.; Wang, Y. J.; Jiang, Z. Q.; Deng, B. L.; Xin, Y.; Jiang, Z.-J.
Defect Engineering Promoted Ultrafine Ir Nanoparticle Growth and
Sr Single-Atom Adsorption on TiO2 Nanowires to Achieve High-
Performance Overall Water Splitting in Acidic Media. Adv. Energy
Mater. 2024, 14, 2303987.

[44] Zhang, Y.; Cheng, Y. J.; Wang, X. L.; Sun, Q. D.; He, X. H.; Ji, H. B.
Enhanced Hydrogenation Properties of Pd Single Atom Catalysts
with Atomically Dispersed Ba Sites as Electronic Promoters. ACS
Catal. 2022, 12, 15091−15096.

Ju
st

 A
cc

ep
te

d



Firstauthor et al.Nano Research | Vol. XX, No. XX

10

[45] Quan, L.; Chen, X. X.; Liu, J. L.; Fan, S. J.; Xia, B. Y.; You, B.
Atomic Pt-N4 Sites in Porous N-Doped Nanocarbons for Enhanced
On-Site Chlorination Coupled with H2 Evolution in Acidic Water.
Adv. Funct. Mater. 2023, 33, 2307643.

[46] Tian, J. Y.; Xia, M. Q.; Cheng, X. Y.; Mao, C. H.; Chen, Y. Q.;
Zhang, Y.; Zhou, C. K.; Xu, F. F.; Yang, L. J.; Wang, X.-Z.; Wu, Q.;
Hu, Z. Understanding Pt Active Sites on Nitrogen-Doped Carbon
Nanocages for Industrial Hydrogen Evolution with Ultralow Pt Usage.
J. Am. Chem. Soc. 2024, 146, 33640−33650.

[47] Ya, Z. Y.; Li, M.; Xu, D.; Wang, H.; Zhang, S. B. Asymmetric
Atomic Pt–B Dual-Site Catalyst for Efficient Photoreforming of
Waste Polylactic Acid Plastics in Seawater. ACS Nano 2025, 19,
16011−16023.

[48] Li, Q. H.; Li, Z.; Zhang, Q. H.; Zheng, L. R.; Yan, W. S.; Liang, X.;
Gu, L.; Chen, C.; Wang, D. S.; Peng, Q.; Li, Y. D. Porous γ-Fe2O3

nanoparticle decorated with atomically dispersed platinum: Study on
atomic site structural change and gas sensor activity evolution. Nano
Res. 2021, 14, 1435–1442.

[49] Li, Z. P.; Deng, T. Q.; Ma, S.; Zhang, Z. W.; Wu, G.; Wang, J. A.; Li,
Q. Z.; Xia, H.; Yang, S.-W.; Liu, X. M. Three-Component
Donor−π−Acceptor Covalent−Organic Frameworks for Boosting
Photocatalytic Hydrogen Evolution. J. Am. Chem. Soc. 2023, 145,
8364−8374.

[50] He, T. T.; Yuan, D. Z.; He, X. D.; Zeng, S.; Xiao, S. J.; Guo, X.;
Wang, Y.; Liu, Y.; Zhang, C. R.; Zhang, Q. H. Synthesis of
Magnetically Separable Three-Dimensional Hollow Porous Carbon
Doped Polymeric Carbon Nitride for Highly Efficient Photocatalytic
Reduction of U (VI) under Visible Light. Chem. Eng. J. 2025, 524,
169174.

[51] Fu, G. G.; Yang, D. H.; Xu, S. Q.; Li, S. X.; Zhao, Y. X.; Yang, H. Y.;
Wu, D. H.; Petkov, P. S.; Lan, Z.-A.; Wang, X. C.; Zhang, T.
Construction of Thiadiazole-Bridged sp2-Carbon-Conjugated
Covalent Organic Frameworks with Diminished Excitation Binding
Energy Toward Superior Photocatalysis. J. Am. Chem. Soc. 2024, 146,
1318−1325.

[52] Mafa, P. J.; Malefane, M. E.; Oladipo, A. O.; Lebelo, S. L.; Liu, D.;
Gui, J. Z.; Mamba, B. B.; Kuvarega, A. T. Epitaxial Construction of
BiPO4@Bi(OH)3vac S-Scheme Heterojunction with Firm Interfacial
Contact for Bolstered Photocatalytic Performance. J. Environ. Chem.
Eng. 2025, 13, 117821.

[53] Wang, W. C.; Du, L. L.; Xia, R. Q.; Liang, R. H.; Zhou, T.; Lee, H.
K.; Yan, Z. P.; Luo, H.; Shang, C. X.; Phillips, D. L.; Guo, Z. X. In
Situ Protonated-Phosphorus Interstitial Doping Induces Long-Lived
Shallow Charge Trapping in Porous C3−xN4 Photocatalysts for Highly
Efficient H2 Generation. Energy Environ. Sci. 2023, 16, 460−472.

[54] Liu, Z. L.; Ma, Y. F.; Li, J. Q.; Tu, Y.; Yang, H.; He, K. L.; Chen, C.;
Wang, Y. L.; Lin, X.; Sun, H. L.; Su, C. L.; Zhang, Q. T. Regulating
Exciton Dissociation and Photocatalytic CO2 Reduction Over Single-
Atom Cu-In2S3 Nanosheets. Adv. Mater. 2026, 38, e12150.

[55] Zhang, Z. Y.; Ren, L. T.; Li, H.; Jiang, D. C.; Fang, Y. T.; Du, H. W.;
Xu, G. S.; Zhu, C. H.; Li, H. Q.; Lu, Z.; Yuan, Y. P. π-Conjugated In-
Plane Heterostructure Enables Long-Lived Shallow Trapping in
Graphitic Carbon Nitride for Increased Photocatalytic Hydrogen
Generation. Small 2023, 19, 2207173.

[56] Lu, Y.; Jia, X. F.; Ma, Z. Y.; Li, Y.; Yue, S.; Liu, X. F.; Zhang, J. Y.
W5+–W5+ Pair Induced LSPR of W18O49 to Sensitize ZnIn2S4 for Full-
Spectrum Solar-Light-Driven Photocatalytic Hydrogen Evolution.
Adv. Funct. Mater. 2022, 32, 2203638.

[57] Hao, B.; Gan, M. Y.; Guo, J. J.; Li, G. S.; Song, Y. H.; Shen, Y. Q.;
Xu, B. S.; Liu, P. Z.; Guo, J. J. Constructing 2D PtSe2/PtCo
Heterojunctions by Partial Selenization for Enhanced Hydrogen
Evolution. Adv. Funct. Mater. 2025, 35, 2413916.

[58] Kwak, I. H.; Kwon, I. S.; Kim, J. Y.; Zewdie, G. M.; Lee, S. J.; Yoo,
S. J.; Kim, J.-G.; Park, J.; Kang, H. S. Full Composition Tuning of
W1–xNbxSe2 Alloy Nanosheets to Promote the Electrocatalytic
Hydrogen Evolution Reaction. ACS Nano 2022, 16, 13949−13958.

[59] Wang, C. Y.; Chen, F.; Chen, E.; Chen, T.; Ma, T. Y.; Huang, H. W.
Unveiling Strong Electric Fields of Ultrafine Hollow Nanotubes

Axially Orienting Asymmetric Polar [Bi5O7] Units for Efficient
Piezocatalytic Water Splitting. ACS Nano 2025, 19, 22387−22401.

[60] Yu, J.; Ren, X. H.; Lu, J. W.; Bai, H. Y.; Wang, X. F.; Hu, J.; Huang,
H. Cobalt Doping of Porous Graphitic Carbon Nitride with Co−N
Bonds Promotes Electrocatalytic N2 Fixation under Ambient
Conditions. J. Alloy. Compd. 2022, 902, 163862.

Ju
st

 A
cc

ep
te

d



Electronic Supplementary Material

Alkaline earth metals induced electron transfer to Pt single-atom on
carbon nitride toward boosting photocatalytic H2 production
Xian Liu, Qianhao Du, YingjuWang, KangWang, Yike Li ✉, and Zhongjun Li ✉

College of Chemistry, Zhengzhou University, Zhengzhou 450001, China

✉Address correspondence to Yike Li, liyike@zzu.edu.cn; Zhongjun Li, lizhongjun@zzu.edu.cn

Supporting information to https://doi.org/10.26599/NR.2026.94908980

Characterization
The powder X-ray diffraction (XRD) patterns were collected on a Smartlab SE instrument using Cu Kα radiation. The morphology

and microstructure of the samples were characterized via Scanning Electron Microscope (SEM, Sigma500) and Transmission Electron
Microscope (TEM, Tecnai G2 F20S). X-ray photoelectron spectroscopy (XPS) profiles of the studied materials were acquired using a
Thermo Scientific K-Alpha instrument equipped with an Al-Kα radiation source. The inductively-coupled plasma optical emission
spectrometry (ICP-OES) results were obtained by Agilent 5110. UV-vis DRS and Fourier transforminfrared spectra (FTIR) spectra
was measured on Cary 5000 spectrophotometer and Scientific Nicolet iS5 spectrometer. The photoluminescence (PL) spectroscopy
were measured by Hitachi F-4600. The femtosecond transient absorption spectroscopy (fs-TAS) measurements were collected on a
Helios pump-probe system in combination with an amplified femtosecond laser system (Light Conversion CARBIDE-CB5
ORPHEUS). Nitrogen sorption measurements were conducted by gas absorption analyzer (Belsorp Max II). The high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) observations were performed using an JEM-ARM200F
instrument operating at 200 kV. The X-ray absorption fine structure spectra (Pt L-edge) were collected at 14W 11B beamline in
Shanghai Synchrotron Radiation Facility (SSRF). The storage rings of SSRF was operated at 3.5 GeV with a stable current of 200 mA.
Using Si(111) double-crystal monochromator, the data collection were carried out in fluorescence mode using Lytle detector. All
spectra were collected in ambient conditions.

Theoretical calculations
We used the DFT as implemented in the Vienna Ab initio simulation package (VASP) in all calculations. The exchange-correlation

potential is described by using the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE). The projector
augmented-wave (PAW) method is employed to treat interactions between ion cores and valence electrons. The plane-wave cutoff
energy was fixed to 450 eV. Given structural models were relaxed until the Hellmann-Feynman forces smaller than -0.02 eV/Å and the
change in energy smaller than 10-5 eV was attained. The long-range van der Waals interaction is described by the DFT-D3 approach.
The Gibbs free energy change is defined as:

where ΔE is the electronic energy calculated with VASP, ΔZPE and ΔS are the zero-point energy difference and the entropy change
between the products and reactants, respectively, and T is the temperature (298.15 K).Ju
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Figure S1 Schematic illustration of the preparation of AMPt-CN.

Figure S2 XRD patterns of different samples.

Figure S3 FT-IR spectra of different samples.
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Figure S4 N2 adsorption-desorption isotherms.

Figure S5 Pore size distribution curves patterns.
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Figure S6 Surface areas derived from BET test.

Figure S7 SEM images of (a) CN-D, (b) Pt-CN, (c) MgPt-CN, (d) CaPt-CN, (e) SrPt-CN and (f) BaPt-CN.
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Figure S8 TEM images of (a) CN-D, (b) CaPt-CN, (c) SrPt-CN and (d) BaPt-CN.

Figure S9 EDS elemental mapping images of CN-D.

Figure S10 EDS elemental mapping images of Pt-CN.
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Figure S11 EDS elemental mapping images of MgPt-CN.

Figure S12 EDS elemental mapping images of CaPt-CN.
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Figure S13 EDS elemental mapping images of SrPt-CN.

Figure S14 EDS elemental mapping images of BaPt-CN.
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Figure S15 N1s XPS spectra for (a) CN-D, (b) Pt-CN, (c) MgPt-CN, (d) CaPt-CN, (e) SrPt-CN and (f) BaPt-CN.

Figure S16 Summary of C-N=C binding energy.
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Figure S17 (a) Mg 1s XPS spectrum of MgPt-CN. (b) Ca 2p XPS spectrum of CaPt-CN. (c) Sr 3d XPS spectrum of SrPt-CN. (d) Ba

3d XPS spectrum of BaPt-CN.

Figures S18 Tauc curves.
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Figures S19 Mott-Schottky plots of (a) CN-D, (b) Pt-CN, (c) MgPt-CN, (d) CaPt-CN, (e) SrPt-CN and (f) BaPt-CN.

Figure S20 PL spectra.

Ju
st

 A
cc

ep
te

d



Figure S21 LSV plots.

Figure S22 EIS Nyquist plots.

Figure S23 Time course of H2 production.
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Figure S24 Photocatalytic hydrogen evolution activities of AM-CN.

Figure S25 Cycling hydrogen evolution activity of (a) Pt-CN, (b) CaPt-CN, (c) SrPt-CN and (d) BaPt-CN.
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Figure S26 XRD patterns after photocatalytic hydrogen evolution cycling test.

Figure S27 (a-d) SEM images patterns of after photocatalytic hydrogen evolution cycling test. (e) TEM and (f) AC HAADF-STEM

of MgPt-CN after photocatalytic hydrogen evolution cycling test.

Ju
st

 A
cc

ep
te

d



Figure S28 Decay dynamics recorded at 620 nm of (a) CN-D, (b) Pt-CN and (c) MgPt-CN.

Figure S29 Computational models of (a) Pt-CN, (b) MgPt-CN, (c) CaPt-CN, (d) SrPt-CN and (e) BaPt-CN.

Mg is a light element with a low-energy absorption edge, which provides limited extended oscillations and insufficient data

points for Fourier transformation and quantitative fitting [13]. Thus, the precise Mg coordination structure and average coordination

number cannot be accurately extracted. And according to previous reports on Mg-modified graphitic carbon nitride [14], Mg species

are proposed to be stabilized in the cavity of g-C3N4 through coordination with surrounding N atoms. This model was therefore

adopted to describe the possible local structure of Mg in MgPt-CN.
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Figure S30 Differential charge density.of Pt 5d for (a) CaPt-CN, (b) SrPt-CN and (c)BaPt-CN.

Figure S31 Calculated work function.
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Table S1 The metal content of samples obtained from ICP results.

Catalysts Alkaline earth metal (wt%) Pt (wt%)
Pt-CN 0.18

MgPt-CN 0.73 (Mg) 0.20
CaPt-CN 2.51 (Ca) 0.23
SrPt-CN 1.94 (Sr) 0.20
BaPt-CN 0.80 (Ba) 0.19

Table S2 Structural parameters extracted from the EXAFS fitting (Ѕ02=0.83).

sample shell CN R(Å) σ2(10-3Å2) ∆E0 (eV) R-factor (%)
Pt foil Pt–Pt 12 2.77 4.6 5.7 0.2

PtO2
Pt–Pt 6 3.13 9.4 8.7 1.3Pt–O 6 2.03 3.0

Pt-CN Pt–N 1.8 2.02 6.9 7.6 1.9
MgPt-CN Pt–N 2.1 2.01 7.5 8.3 0.4

CN is the coordination number, R is the average absorber-backscatterer distance, σ2 is the Debye-Waller factor, ΔE0 is the inner

potential correction and R factor (%) indicates the goodness of fit. The data range used for data fitting in k-space and R-space are 3.0-

11.0 Å-1 and 1.0-2.5 Å, respectively. Ѕ02 was set to 0.83, according to the experimental EXAFS fit of Pt foil reference.
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Table S3 The catalytic performance comparison of previously reported C3N4 photocatalysts decorated with Pt single-atoms for

hydrogen evolution.

Photocatalysts Pt
(wt%)

H2 generationrate
(μmol g-1 h-1)

AQY
(%)

Ref.

Pt0.2-SA-CN 0.11 1219 1

PtSA-CN620 1.72 3020 0.544 (420 nm) 2

PtNv/C3N4(Nv650) 1.0 3,890 5.05 (420 nm) 3

Pt–CN 0.74 3420 0.84 (520 nm) 4

Pt-SA/CN 0.11 1403 5

Pt1Ag1-a/CN 0.21 3480 8.6 (420 nm) 6

VR-UCN@Pt 2.32 1125 15.2 (420 nm) 7

Pt1-Co1/CN 0.21 1880 8

Pt SAs/C3N4 0.91 11472a 9

Pt-MCT-3 1 8600b 27.1 (420 nm) 10

OCN-24 2.68 4091 8.51 (420 nm) 11

SA-Pt-ICN 3.17 18710 c 36.9 (420 nm) 12

MgPt-CN 0.20 5578 21.7 this work

CaPt-CN 0.23 3574 18.1 this work

SrPt-CN 0.20 4243 18.9 this work

BaPt-CN 0.19 2550 10.8 this work

* Data on vacancies are not provided in the article.

a The data were obtained without filter.

b The reaction temperature is 35℃.

cThe reaction temperature is 10℃.
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