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ABSTRACT 

The accumulation of microplastic waste has raised growing environmental concerns, motivating the development of sustainable 
strategies for plastic-to-fuel conversion. Here, we report a platinum single-atom catalyst anchored on distorted graphitic carbon 
nitride (Pt1 /CN) for efficient photocatalytic microplastics photoreforming. Unlike conventional planar g-C3 N4 models, the locally 
distorted heptazine framework introduces off-plane coordination environments that enable unconstrained Pt ─N coordination 
and promote electronic flexibility. X-ray absorption spectroscopy reveals Pt ─N coordination associated with distorted heptazine 
units, where distortion-induced charge localization enhances interfacial electron transfer to Pt sites. In situ measurements under 
light irradiation further confirm efficient charge transfer at the Pt1 /CN interface. Among various microplastics, polyethylene 
terephthalate (PET) exhibits the highest hydrogen evolution rate of 533.18 µmol ⋅g− 1 ⋅h− 1 , attributed to alkaline-assisted ester bond 
cleavage. Density functional theory calculations demonstrate that Pt single atoms facilitate hydrogen evolution by lowering H+ 

reaction barrier and stabilizing key intermediates. This work elucidates the structure–activity relationship of Pt1 in polymeric 
semiconductors and establishes a framework-level design strategy for electronic flexibility in photocatalytic plastic-to-fuel 
conversion. 

1

T  

d  

t  

i  

l  

i  

 

 

 

 

 

 

 

 

T
o
©

A
h

 Introduction 

he accelerating crisis of plastic pollution, primarily driven by the
isposal of plastic packaging, represents both an environmental
hreat and a significant waste of valuable resources. Approx-
mately 86% of plastic packaging finds its way into landfills,
eading to a considerable loss of resources, especially consider-
ng the fossil fuel origin of most plastics [ 1 ]. The widespread
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
2026 The Author(s). Advanced Science published by Wiley-VCH GmbH 

dvanced Science , 2026; 0:e76070 
ttps://doi.org/10.1002/advs.76070
adoption of recycling initiatives faces obstacles due to inefficient
waste management systems, a lack of public awareness, and
the varied chemical compositions, complexities, and sizes of
plastic products. Particularly problematic in the recycling effort
are microplastics. The tiny plastic particles less than 5 mm in
size infiltrating hydrological ecosystems [ 2 ] present formidable
challenges in their collection and subsequent reuse, posing grave
risks to both environmental and human health [ 3 ]. Advanced
se, which permits use, distribution and reproduction in any medium, provided the 
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olutions for plastic waste management are essential to not
nly address the efficient processing of plastic waste but also
ransform it into valuable new materials, paving the way for a
ore sustainable approach to dealing with the plastic pollution
risis. 

dvancements in catalytic technologies, such as electrocataly-
is [ 4–6 ], thermocatalysis [ 7 ], photothermal catalysis [ 8 ], and
hotocatalysis [ 9–13 ], are complementary treatment options to
raditional waste disposal methods like landfilling, incinera-
ion, and mechanical recycling. Photocatalysis exhibits distinct
apability in the fields of sustainable waste management and
enewable energy generation [ 14–17 ]. A key breakthrough in
his area is photoreforming, which has emerged as a promising
echnique for transforming plastic waste into hydrogen fuel
sing sunlight. A representative photoreforming reaction can be
ummarized by the following equation [ 18, 19 ]: 

C𝑥 Hy Oz + (2 𝑥 − 𝑧)𝐻2 O → (2x + (y∕2) − z) H2 + xC O2 

ts merit lies in its sequential functionality: plastic decomposi-
ion into organic substrates via hydrolysis under mild alkaline
onditions, followed by proton (H+ ) reduction to hydrogen under
atalytic conditions [ 20–22 ]. This process effectively bypasses the
inetically demanding water oxidation reaction by employing
rganic substrates as sacrificial electron donors, thus facilitat-
ng hydrogen evolution in a photocatalytic system. Currently,
hotoreforming of plastics to hydrogen remains largely at
he fundamental research stage. Its practical implementation
equires breakthroughs in system integration, and particularly
n the applicability of the catalyst [ 23 ]. Hence, with an in-depth
echanistic understanding and precise atomic-level control of
ctive sites, catalysts can be effectively tailored to enable tunable
eaction dynamics for efficient H2 evolution. 

raphitic carbon nitride (g-C3 N4 ) stands out as a promising
emiconductor since the groundbreaking research conducted by
ntonietti’s team in 2009, which demonstrated a key exam-
le in light-driven water splitting [ 24 ]. Owing to its moderate
andgap of 2.7–2.8 eV, and electronic band positions that meet
he thermodynamic requirements for hydrogen evolution, g-
3 N4 has been widely used in solar-driven catalysis [ 25–27 ]. Its
nique conjugated polymeric system composed of tri-s-triazine
heptazine) units, and 2D nanosheet offers structural accessibility
or loading or anchoring active species to achieve enhanced
atalytic performance [ 28–30 ]. Atomic-level engineering first
emonstrated that atomically dispersed platinum atoms (Pt1 ) on
etal oxides can achieve efficient CO oxidation [ 31 ], thereby
pening a new avenue in heterogeneous catalysis [ 32–34 ]. In this
ontext, Wei et al. reported that isolated Pt and Pd atoms can
e stabilized on g-C3 N4 , functioning as active sites for visible-
ight-driven CO2 reduction. The anchoring of single atoms posed
 promising strategy to achieve high catalytic efficiency with
inimal cocatalyst loading of precious metals [ 35 ]. Yang et al.
emonstrated Pt SAC on g-C3 N4 with an ultra-low Pt loading,
nd highlighted the importance of balancing catalytic activity
ith the efficient use of precious metals. A pronounced two-
lectron oxygen reduction pathway was facilitated by Pt atoms
 36 ]. Lazaar et al. reported the low loadings of Pt SAC ( < typically
.0–5.0 wt.%), maximizing hydrogen evolution reaction (HER)
fficiency via self-guiding of Pt-acid precursor in most active
of 12
surface configurations [ 37 ]. This report suggests the significance
of well-defined Pt atom coordination in g-C3 N4 . 

To further elucidate the role of these coordination structures
during actual catalytic processes, subsequent investigations have
focused on reaction intermediates, selectivity, and electronic
modulation. Hu et al. achieved efficient CO selectivity in CO2 
photoreduction using Pt SAC anchored on porous C3 N4 . That
unveiled a strong correlation between key reaction intermediates
and Pt ─N4 coordination, which served as active sites during the
dynamic CO2 conversion process [ 38 ]. Yadav et al. found that the
Pt SACs coordinate and interact with the N-rich sites, altering the
electronic structure of the N-rich C3 N4 [ 39 ] Pt atoms deposited on
g-C3 N4 surfaces via conventional methods often exhibit random
distribution due to the absence of well-defined active sites and
coordination environments. This uncertainty in spatial arrange-
ment highlights the critical role of controlled Pt SAC distribution
and coordination structure within g-C3 N4 , which fundamentally
governs catalytic performance. As a consequence, the flexibility
of g-C3 N4 increases the surface energy, often resulting in the
random distribution of single atoms across its layered structure.
Sophisticated characterizations such as STEM-HAADF, XANES,
and EXAFS with wavelet analysis offer unprecedented insights
into atomic-scale architectures and structural information. How-
ever, prevailing DFT models and EXAFS interpretations remain
predominantly anchored to idealized, planar g-C3 N4 templates.
This reliance on simplified geometries systematically neglects
the role of structural distortion in modulating Pt coordination
[ 40–43 ]. In reality, the native form of g-C3 N4 more closely
resembles flexible, distorted nanosheets with interlayer devia-
tions from planarity [ 44 ]. These structural distortions including
changes in stacking order, atomic distances, and bonding angles
can significantly influence the local coordination geometry and
electronic properties of Pt single atoms [ 45 ]. DFT calculations
based on planar models diverge from actual experimental condi-
tions, potentially leading to misinterpretations of charge transfer
dynamics and catalytic behavior. This highlights the need for
structural modeling with reliable experimental validation that
accounts for nanosheet distortion to more accurately guide the
rational design and optimization of SAC/g-C3 N4 for improved
catalytic performance. 

Herein, we demonstrate Pt single-atom catalysts anchored on
distorted g-C3 N4 nanosheets (Pt1 /C3 N4 ) for the photoreforming
of microplastics to hydrogen and elucidate the local coor-
dination environment of Pt single atoms through an inte-
grated experimental-theoretical approach. Advanced spectro-
scopic characterizations combined with DFT modeling reveal
that asymmetric Pt ─N coordination induces interfacial charge
redistribution and enhances proton reduction activity. Photore-
forming tests using representative microplastics identify PET as
the most active substrate, delivering a high hydrogen evolution
rate. Furthermore, a realistically designed photoreforming reac-
tor demonstrates the practical feasibility of this strategy under
continuous operation. 

2 Results and Discussion 

The key limitation of bulk g-C3 N4 arises less from the absence
of stacking order than from over-stacking and macroscopic
Advanced Science, 2026
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FIGURE 1 Characterization of crystal structure and microstructure: (a) synchrotron x-ray spectra, (b) ATR-FTIR patterns, (c) Tauc plot of C3 N4 - 
Bulk, C3 N4 -NS, and Pt1 /CN. Morphology of single atomic Pt1 /CN. (d, e) AFM height image line scan and corresponding height profile. (f) HAADF-STEM 

image, (g) magnified HAADF-STEM image highlighting atomically dispersed Pt species, and (h) TEM image with elemental mapping of (i) carbon, (j) 
nitrogen, and (k) platinum. 
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ggregation, which hinder interfacial reactions and promote
harge-carrier recombination. To overcome the intrinsic limi-
ations, we developed a facile strategy to synthesize Pt single
toms anchored on g-C3 N4 (Pt1 /CN) using urea and platinum
hloride as the precursors, followed by ultrasonic exfoliation to
btain ultrathin nanosheets. The ultrasonic treatment effectively
isassembled the stacked layers, resulting in an increased specific
urface area, and accessible surface for reactions. The morpholo-
dvanced Science, 2026
gies in Figure S1 show that C3 N4 -Bulk consists of relatively thick,
stacked sheets, while C3 N4 -NS exhibits a more delaminated and
flakier morphology, confirming the successful bulk-to-nanosheet
transformation after exfoliation. The textural properties of C3 N4 -
Bulk and C3 N4 -NS were investigated by N2 adsorption-desorption
isotherm measurements, shown in Figure S2 and Table S1 .
According to IUPAC classification, both samples show type IV
isotherms with H3 hysteresis loops, suggesting the existence of
3 of 12

ve C
om

m
ons L

icense



FIGURE 2 Illustration of chemical bond and XANES spectra of Pt on CN:(a) schematic illustration of the DFT-optimized distorted structural model 
of Pt1 /CN, showing the top view, cross-sectional view, and magnified local coordination environment of a Pt single atom anchored at a heptazine unit. (b) 
Pt L3 -edge XANES spectra of Pt1 /CN and Pt foil reference, along with the corresponding (c) k -space EXAFS spectra and (d) Fourier-transformed R -space 
EXAFS spectra. (e) The fitted R -space EXAFS spectrum of Pt1 /CN using the optimized distorted structural model is also included. Wavelet-transformed 
EXAFS spectra of (f) Pt foil and (g) Pt1 /CN. 
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lit-like pore characteristic of mesoporous materials. The BET
pecific surface area of C3 N4 -Bulk and C3 N4 -NS samples are 72.28
nd 77.77 m2 ⋅g− 1 , respectively. Pore volume increased from 0.42
o 0.51 cm3 ⋅g− 1 , and pore size increased from 23.21 to 24.30 nm.
ynchrotron x-ray diffraction was employed to elucidate the
hase structural transformations among C3 N4 -Bulk, C3 N4 -NS,
nd Pt1 /CN (Figure 1a ). All samples exhibited a characteristic
iffraction peak at 18.3◦, corresponding to the (002) plane, which
epresents the interplanar long-range stacking of g-C3 N4 aromatic
tructures. The weak peak at 8.5◦, corresponding to the (100)
lane, is also attributed to the in-plane repeating motifs of the tri-
-triazine units. Compared to C3 N4 -Bulk, the diffraction peaks for
3 N4 -NS and Pt1 /CN, particularly the (100) peak, are less distinct,
uggesting a reduction in the planar dimensions. Meanwhile, the
ecreased intensity of (002) peak, relative to C3 N4 -Bulk, implies
 significant reduction of interlayer stacking strength, signifying
of 12
a disintegration of the in-plane network into thinner sheets. An
unidentified impurity phase observed at 22.3◦ is absent following
the Pt modification process. FT-IR spectra of C3 N4 -Bulk, C3 N4 -
NS, and Pt1 /CN (Figure 1b ) reveal that all three materials exhibit
similar vibrational modes, with pronounced bands between 1100
and 1750 cm− 1 , certifying the preservation of the fundamental
molecular framework of g-C3 N4 after the exfoliation and Pt
decoration. The distinct peaks around 1234, 1315, 1404, and 1458
cm− 1 are attributed to aromatic C ─N stretch vibrations, while
peaks at 1571 and 1633 cm− 1 denote C ═ N stretching. Additionally,
a prominent peak at 810 cm− 1 is characteristic of the breath-
ing mode of s-triazine units, further confirming the structural
integrity of the materials. UV–vis diffuse reflectance spectroscopy
(DRS) was used to evaluate the influence of Pt incorporation
on light absorption, and the optical bandgaps were estimated
from Tauc plots (Figure 1c ). Compared with C3 N4 -Bulk, C3 N4 -NS
Advanced Science, 2026
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FIGURE 3 Oxidation state analysis of C3 N4 -Bulk, C3 N4 -NS, and Pt1 /CN: (a) C 1s , (b) N 1s , and (c) Pt 4f and in situ XPS spectra of (d) C 1s , (e) N 1s , 
and (f) Pt 4f measured under dark condition and light irradiation for C3 N4 -NS, and Pt1 /CN. 
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hows a similar absorption edge, whereas Pt1 /CN exhibits a slight
ed shift and enhanced visible-light absorption. The extracted
andgap energies are 3.07 eV (C3 N4 -Bulk), 3.08 eV (C3 N4 -NS),
nd 3.05 eV (Pt1 /CN), suggesting a marginal narrowing upon
t anchoring. The increased visible-light absorption of Pt1 /CN
s attributed to Pt ─g-C3 N4 electronic interactions that modify
he local electronic structure and facilitate photoinduced charge
ransfer. The microstructures of Pt1 /CN were characterized by
tomic force microscopy (AFM) and high-resolution transmis-
ion electron microscopy (HRTEM). As confirmed by AFM
Figure 1d,e ), the thickness of Pt1 /CN is ∼ 3.6 nm, which agrees
ith the formation of ultrathin nanosheet after exfoliation. The
ltrasonically exfoliated Pt1 /CN exhibits a layered structure,
ttributed to the disruption of interlayer van der Waals forces
y intense ultrasonic vibrations, as shown in Figure 1f . The
orous structure of Pt1 /CN was formed with the released NH3 gas
uring the pyrolysis process of urea. HAADF-STEM in Figure 1g
urther confirms atomic Pt (round and bright spots), showing
hat they are uniformly dispersed over the dark g-C3 N4 substrate.
he compositional analysis was conducted through elemental
apping, as illustrated in Figure 1h–k , revealing the concurrent
resence of carbon (C), nitrogen (N), and platinum (Pt) coexisted
n the matrix. As depicted in Figure 1f,g , Pt1 /CN demonstrated
 homogeneous distribution of C and N across the specimens as
ell as a uniform distribution of Pt single atoms anchored on
-C3 N4 . 

 combined theoretical-spectroscopic analysis was conducted
o elucidate the local coordination environment of Pt single
dvanced Science, 2026
atoms anchored on g-C3 N4 . Under realistic synthesis condi-
tions, g-C3 N4 nanosheets is inherently prone to structural dis-
tortion due to random thermal condensation, which induces
nitrogen vacancies, disordered stacking, and poor crystallinity.
As a result, the g-C3 N4 framework is better described as a
flexible and nonplanar nanosheet rather than an idealized
planar lattice. Figure 2a presents the DFT-optimized distorted
structural model of Pt1 /CN, including the top view, cross-
sectional view, and a magnified local coordination site. In
this model, the g-C3 N4 framework exhibits a laterally flexi-
ble, off-plane distorted configuration, reflecting the intrinsic
mechanical compliance of exfoliated g-C3 N4 nanosheets. Such
off-plane distortion, derived from ab initio calculations, has
been shown to closely resemble the experimentally observed
crystal structure of graphitic carbon nitride [ 27 ], and therefore,
provides a more representative structural basis for describing
the coordination environment of Pt single atoms. The DFT
results also indicate that non-equivalent Pt ─N and Pt ─C bond
lengths are energetically favored, suggesting a more stable and
asymmetric coordination geometry compared to idealized pla-
nar configurations. The Pt L3 -edge XANES spectra of Pt1 /CN
and Pt foil are shown in Figure 2b . An insignificant shift
in Pt L3 -edge absorption was observed for Pt1 /CN compared
with Pt foil. However, Pt1 /CN exhibits an enhanced white-line
intensity, suggesting an increased population of unoccupied d
states induced by strong Pt ─N interactions for Pt 5 d electronic
structure. Variations in spectral features in the EXAFS region
further reflect differences in local coordination environments.
A series of Pt1 /CN samples with higher Pt single-atom loadings
5 of 12
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FIGURE 4 CPD changes under light on/off illumination: (a) C3 N4 -Bulk, (b) C3 N4 -NS, and (c) Pt1 /C3 N4 . and (d) a schematic illustration of the 
energy-level profile derived from Kelvin probe analysis (D: dark condition, and L: Light irradiation). 
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s provided in Figure S3 for comparison. The corresponding
 -space EXAFS spectra (Figure 2c ) and Fourier-transformed R -
pace spectra (Figure 2d ) provide direct insight into the local
oordination environment of Pt. For Pt1 /CN, a single dominant
eak appears at approximately 2.0 Å (phase-uncorrected), which
an be assigned to Pt ─N scattering, whereas no Pt ─Pt contri-
utions are observed at longer radial distances ( ∼ 2.7 Å). The
bsence of Pt ─Pt coordination unequivocally confirms that Pt
xists in an atomically dispersed state rather than as clusters
r nanoparticles. Quantitative EXAFS fitting using the DFT-
ptimized distorted structural model (Figure 2e ) shows excellent
greement with the experimental data, yielding a coordination
nvironment dominated by Pt ─N bonds with non-equivalent
ond lengths ranged from 2.1 to 2.7 Å. The detailed Pt ─N
nd Pt ─C coordination parameters are summarized in Table
2 . In addition, wavelet-transformed EXAFS analysis based on
oth k - and R -space spectra provides consistent evidence for Pt
oordination, revealing distinct scattering patterns corresponding
o Pt ─Pt interactions in Pt foil and Pt ─N coordination in Pt1 /CN,
espectively (Figure 2f,g ). These observations collectively suggest
hat the distorted and flexible g-C3 N4 framework leads to a
on-uniform Pt ─N coordination geometry, which more closely
esembles a Pt ─N2 -like environment rather than an idealized
ymmetric planar Pt ─N4 configuration. This finding suggests
hat, in mechanically compliant and distorted g-C3 N4 nanosheets,
he Pt coordination environment is inherently asymmetric and
annot be adequately captured by rigid planar models. Such
tructural flexibility is therefore essential for accurately describ-
ng the local coordination environment of Pt single atoms.
eanwhile, the remaining coordination contributions appear

ess well-defined and may be dynamically averaged, resulting in
of 12
coordination heterogeneity. This heterogeneous coordination is
likely one of the key factors contributing to the structural diversity
of Pt single-atom sites and the associated variability in catalytic
activity. 

To further elucidate the construction and electronic environ-
ments of C3 N4 -Bulk, C3 N4 -NS, and Pt1 /CN, surface-sensitive
x-ray photoelectron spectroscopy (XPS) characterizations were
performed (Figure 3a–c ). In the C 1s XPS spectra of C3 N4 , the
deconvolution typically reveals three distinct peaks. The peak
observed at around 288.7 eV corresponds to the sp2 -hybridized
carbon atoms that are part of the conjugated N ─C ═ N structure
within the heptazine framework. Amino-functional C ─NH2 can
be observed at around 285.9 eV, and the C ─C bond can be
observed at around 284.8 eV. In the N 1 s XPS spectra, the decon-
volution typically reveals three distinct peaks, corresponding
to terminal C ─N ─H, sp3 hybridized nitrogen (N ─(C)3 ), and sp2 -
hybridized nitrogen (C ─N ═ C). Upon exfoliation, the C ─N ═ C
component exhibits a downshift, indicating increased local elec-
tron density on sp2 -hybridized nitrogen species. This behavior
is attributed to enhanced structural flexibility, which enables
partial reconstruction of disordered regions in bulk g-C3 N4 into
a more ordered heptazine-based framework with improved π-
conjugation and electronic delocalization. Such reconstruction
of nitrogen coordination facilitates electronic coupling with Pt
single atoms. Upon Pt anchoring, the weak but discernible Pt
4f signal at approximate 73.0 eV is observed in Pt1 /CN, which
can be attributed to the ultralow Pt loading and high degree
of atomic dispersion, together with the limited probing depth
of XPS. A binding-energy downshift of the C 1s components
associated with N ═ C ─N and C ─N bonds, together with an
Advanced Science, 2026
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TABLE 1 Chemical structures, representative monomer units, and typical applications of major plastics. 

Plastic Types Chemical structure Monomer Monomer units Applications 
PET Ethylene glycol, 

Terephthalic acid 
HO − CH2 − CH2 − OH, 

p -C6 H4 (COOH)2 
Disposable beverage 
bottles, garment fibers 

PVC Vinyl chloride CH2 = CH − Cl Gloves, pipes, medical 
tubing 

PMMA Methyl Methacrylate CH2 = C(CH3 ) − COOCH3 Mirrors, plexiglass 

PP Propylene CH2 = CH − CH3 Microwaveable containers, 
electronic devices, medical 

devices 

PS Styrene CH2 = CH − C6 H5 Disposable take-away 
containers, electronic 
equipment, insulation 
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pshift of the N 1s signals corresponding to C ─N ═ C and N ─(C)3
pecies, indicates charge redistribution within the Pt ─N ─C con-
ugated framework. Owing to the π-conjugated nature of the
 ─C ═ N moieties, this electronic redistribution is not confined
o the Pt ─N interface but extends into the conjugated carbon
ramework. This interaction agrees the upshift of Pt 4f7/2 peak
73.0 eV) relative to theoretical metallic Pt ( ∼ 71.0 eV) [ 37 ].
he transfer of photogenerated electrons was further exam-
ned by in situ XPS measurements performed in the dark and
nder light irradiation (Figure 3d–f ). When exposed to light, all
eaks in the C 1s and N 1s spectra shifted to higher binding
nergies. In opposition, the peaks of Pt 4f spectra shifted to
ower binding energies under light irradiation. This opposite
hift behavior clearly demonstrates that Pt single atoms capture
hotogenerated electrons on Pt1 /CN and play a crucial role
n promoting the charge separation and interfacial electron
ransfer. 

hoto assisted Kelvin probe analyzer was adopted to record the
ontact potential difference under illumination and in the dark
or g-C3 N4 and Pt1 /CN. During the Kelvin probe measurement,
he contact potential difference (CPD) was measured using an
u probe as a reference to determine the WFs of the samples.
he work function of the samples can be calculated using the
quation: 

Ws = CPD + W (1)

Au 

dvanced Science, 2026
where WS and WAu (5.1 eV) represent the work functions of the
investigated sample and Au, respectively. From Figure S4 , the
work function of C3 N4 -Bulk was found to be 5.089 ± 0.002 eV,
while a slightly lower value of 5.077 ± 0.002 eV was obtained for
C3 N4 -NS. This difference suggests that structural flexibility and
distortion in exfoliation lead to reconstruction of the electronic
structure in the nanosheets, consistent with the binding-energy
shifts observed in the XPS analysis. The incorporation of Pt single
atoms led to an increase in the work function of 5.171 ± 0.001 eV.
This shift indicates a significant electronic reconstruction at the
interface, attributed to the strong electronic coupling between
the Pt sites and the g-C3 N4 support, which is consistent with the
higher electronegativity and work function of Pt. Contact poten-
tial difference under on/off light illumination provide a rapid
assessment of photoactivity and directly correlate photogenerated
charge carriers with the photoresponse. The CPD change ( ΔCPD)
is defined as follows: 

ΔCPD = CP Dillumination − CP Ddark (2)

where negative CPD indicates the work function is lower than
Au reference, with the opposite sign indicating the reverse. A
negative ΔCPD indicates electron accumulation at the surface,
while a positive ΔCPD reflects hole accumulation or electron
depletion. In Figure 4a–c , the ΔCPD of Pt1 /CN was found to be
11.87 ± 0.52 mV which is smaller than that of C3 N4 -Bulk (35.06 ±
0.93 mV) and C3 N4 -NS (33.63 ± 1.09 mV). The markedly reduced
7 of 12
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FIGURE 5 Photoreforming performance of plastics to hydrogen under Xe lamp irradiation: (a) H2 evolution profiles of different polymers and (b) 
corresponding magnified plots; (c) hydrogen production rates over Pt1 /CN; and (d) schematic illustration of the realistically designed photoreforming 
reactor. 
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CPD of Pt1 /CN indicates more efficient photogenerated electron
xtraction and accumulation at Pt single-atom sites. As a result,
ewer free carriers are available to alter the CPD when the
aterial is illuminated. The resulting profile of photogenerated
harge behavior is illustrated in Figure 4d . Therefore, the pho-
ogenerated electrons of C3 N4 could transfer to the anchored Pt
ingle atom, promoting charge separation and thereby enhancing
hotoactivity. 

o evaluate the photocatalytic performance of Pt1 /CN, a series
f representative polymers processed into microplastic particles
ere subjected to photoreforming. The photoreforming of PET,
VC, PMMA, PP, and PS was systematically investigated using
 sealed photocatalytic reactor equipped with Xe lamp as the
ight source. Table 1 lists the chemical structures, representative
onomer units, and typical applications, highlighting their
tructural diversity and chemical complexity. Owing to their
hemical inertness and limited solubility in water, all polymer
ubstrates were subjected to alkaline pretreatment in NaOH
olution (40◦C, 48 h under stirring) prior to photoreforming. This
retreatment facilitates partial depolymerization of the plastics
nto water-soluble oligomers or monomeric species. The resulting
upernatant was subsequently used as the feedstock to initiate
he photoreforming reaction, with the corresponding hydrogen
ields and reaction rates presented in Figure 5a–c . The alkaline
retreatment converts solid polymers into water-soluble species
hat can subsequently participate in photocatalytic oxidation.
mong the tested polymers, PET exhibits the highest hydrogen
roduction rate of 533.18 µmol ⋅g− 1 ⋅h− 1 which is attributed to
he presence of ester linkages that are readily hydrolyzed to
enerate oxygen-rich intermediates, such as terephthalic acid and
of 12
ethylene glycol. These species are more susceptible to oxidative
reactions and effectively serve as oxidizable intermediates [ 46,
47, 27 ]. For PVC, the alkaline treatment induces dehydrochlo-
rination, releasing Cl− species that can be further oxidized by
photogenerated holes [ 48 ], contributing to moderate hydrogen
evolution activity of 17.34 µmol ⋅g− 1 ⋅h− 1 . In contrast, polyolefin-
based plastics with chemically inert C ─C backbones exhibit
strong resistance to mild alkaline hydrolysis, [ 49 ] resulting in
limited formation of oxidizable intermediates and consequently
low hydrogen production less than 3.0 µmol ⋅g− 1 ⋅h− 1 . Overall,
the activity trend is governed primarily by hydrolysis accessi-
bility and the chemical nature of the resulting intermediates of
hydrolyzed plastics, further facilitating the protons reduction by
photogenerated electrons on Pt1 /CN [ 50–52 ]. The representative
photoreforming performance and comparisons are summarized
in Table S3 . For practical advancement, the designed photore-
forming reactor is demonstrated, as shown in Figure 5d . The
stainless-steel reactor is equipped with ports for light irradiation,
temperature monitoring, and liquid and gas circulation. During
operation, the liquid phase is continuously transported by a
peristaltic pump (yellow dashed arrows) and merges with the
gaseous phase (blue dashed arrows) at a junction, where the
induced pressure drop enables simultaneous gas entrainment.
This configuration establishes a self-circulating flow for both
liquid and gas phases without external gas pumping. As a result,
the generated hydrogen is efficiently transported through the
outlet adapter and accumulated in an external gas storage tank. 

DFT calculations were employed to discover the electronic
origins of the enhanced photocatalytic performance of Pt1 /CN.
In particular, the calculations focus on how the distorted g-C3 N4 
Advanced Science, 2026
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FIGURE 6 Density functional theory (DFT) analysis of g-C3 N4 and Pt1 /CN: structural models of (a) g-C3 N4 and (b) Pt1 /CN. (c) Electron density 
difference (EDD) of Pt1 /CN shown in top and cross-sectional views (isosurface value: 0.04). Projected density of states (PDOS) for (d) g-C3 N4 and (e) 
Pt1 /CN. (f) Simulated optical absorption spectra. (g) Structural model of H adsorption on Pt1 /CN and (h) the corresponding EDD (isosurface value: 0.05). 
(i) Gibbs free energy of hydrogen adsorption ( ΔGH* ) for HER on g-C3 N4 and Pt1 /CN at different adsorption sites. 
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anosheet framework stabilizes Pt single atoms, modulates inter-
acial charge distribution, and alters the hydrogen adsorption
nergetics relevant to the hydrogen evolution reaction (HER). As
hown in Figure 6a,b , the optimized structural models of pristine
-C3 N4 and Pt1 /CN represent the most energetically favorable
onfigurations. Upon Pt anchoring, a pronounced deformation
f the intrinsic cavity structure is observed in the cross-sectional
iew, indicating strong electronic coupling between the Pt single
tom and adjacent nitrogen atoms. This structural distortion
s consistent with the experimentally observed electronic mod-
lation revealed by XPS analysis. The mapping of electron
ensity difference in Pt1 /CN further reveals significant electron
ccumulation at the Pt center (Figure 6c ), accompanied by
artial charge redistribution toward two neighboring nitrogen
toms, suggesting the formation of strong Pt ─N interactions. In
DOS (Figure 6d,e ), Pt single-atom incorporation introduces Pt
dvanced Science, 2026
d -orbital contributions near the valence band edge and substan-
tially reshapes the electronic structure of g-C3 N4 . These changes
provide direct theoretical support for the experimentally observed
shifts in CPD, XPS, and XANES spectra. Correspondingly, the
simulated optical absorption spectra (Figure 6f ) exhibit enhanced
visible-light absorption upon Pt incorporation, which is in good
agreement with the experimental UV–vis results. To theoretically
interpret the HER performance, the Gibbs free energy of H
adsorption model was adopted. A series of geometry optimization
for H adsorption on g-C3 N4 and Pt1 /CN is revealed, shown in
Figure S5 . For pristine g-C3 N4 , H adsorption occurs at multi-
ple sites on the heptazine framework, exhibiting non-uniform
adsorption energetics, with thermodynamically unfavorable C
sites ( ΔGH* > 0) and excessively strong N binding ( ΔGH* < 0),
indicating the absence of a preferred active site. In contrast,
for Pt1 /CN, preferentially occurs at Pt-adjacent configurations
9 of 12
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n both sides of the Pt center (Figure 6g,h ), accompanied by
ronounced electron transfer from the Pt atom to the adsorbed H.
he calculated Gibbs free energies of hydrogen adsorption ( ΔGH* )
t these sites (Figure 6i ) are close to thermoneutral values ( − 0.19
nd − 0.05 eV), approaching the ideal condition for HER. Overall,
hese results demonstrate that Pt single atoms stabilized within
he distorted g-C3 N4 framework create electron-rich, asymmet-
ically coordinated active sites that strongly facilitate proton
dsorption and reduction. The presence of multiple energetically
avorable H adsorption configurations near Pt centers explains
he superior HER activity observed experimentally and estab-
ishes a direct structure, electronic, and photoactivity relationship
or Pt1 /CN. 

 Conclusion 

his study demonstrates an effective photoreforming strategy
or solar-driven hydrogen production from microplastics using
t1 /CN nanosheets. Combined spectroscopic analyses and DFT
alculations reveal that the intrinsically distorted g-C3 N4 frame-
ork stabilizes Pt single atoms in an asymmetric Pt ─N coordina-
ion environment, inducing interfacial charge redistribution and
fficient photogenerated electron extraction to Pt sites. Photo-
ssisted Kelvin probe and in situ XPS confirm the charge sepa-
ation under illumination, while DFT results show that Pt incor-
oration optimizes hydrogen adsorption thermodynamics with
ear-thermoneutral ΔGH* values. Among tested polymers, PET
xhibits the highest hydrogen evolution of 533.18 µmol ⋅g− 1 ⋅h− 1

ue to hydrolysis-accessible ester linkages that generate readily
xidizable intermediates. The observed activity trend correlates
ith hydrolysis accessibility and intermediate chemistry rather
han polymer complexity. Furthermore, a practical reactor design
alidates the feasibility of integrating alkaline pretreatment with
ingle-atom photocatalysis, providing a rational pathway for
ustainable hydrogen production from plastic waste. 
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