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Photoreforming of biomass is a fascinating process that harnesses renewable sunlight and biomass to produce
hydrogen under ambient conditions, holding a significant promise for future energy sustainability. However, the
main challenge lies in developing highly active and stable photocatalysts with high light harvesting efficiency. In
this study, we adopted a simple yet effective approach that combines thermal exfoliation and photodeposition to
anchor Pt single atoms onto ultra-thin g-C3N4 nanosheets (MCNN). The incorporation of Pt single atoms induced
a distinct red-shift in the visible light region, augmenting the solar energy absorption capacity, while the
enlarged surface area of g-C3N4 nanosheets improved the mass transfer. Moreover, the enhanced photoelectric
properties further contributed to the superior performance of Pt-MCNN-3.0 % in the photoreforming of glucose
for hydrogen evolution. Remarkably, Pt-MCNN-3.0 % demonstrated an impressive hydrogen generation rate,
approximately 59 times higher than that of MCNN, after a 3 h visible-light irradiation, maintaining a satisfied
photo-stability. This work addresses the critical need for design of efficient photocatalysts, bringing us one step
closer to realizing the potential of biomass photoreforming as a sustainable and clean energy conversion

technology.

1. Introduction

Hydrogen, a renewable, clean, and sustainable energy source, is in
high demand in the chemical industry and pharmaceutical synthesis [1,
2]. However, conventional Hy generation technologies, for instance,
steam reforming of methane, are hindered by their high energy con-
sumption from critical reaction conditions. They require high temper-
ature and pressure, resulting in the challenges related to catalyst
stability and deactivation [3]. In contrast, photocatalytic water splitting
reaction offers a greener approach to obtain hydrogen energy via a direct
storage and conversion process of solar energy [4]. However, the use of
sacrificial agents to trap hot holes in the intriguing process is often
non-selective for CO», leading to increased energy consumption [5].

Biomass reforming is a process that converts plant-derived biomass
energy resources into valuable products such as biofuels, hydrogen, or
synthesis gas. Moreover, the integration of solar light harvesting and
biomass reforming into a single process, known as photoreforming of
biomass, has gained significant attention [6-9]. Compared to
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photocatalytic water splitting, biomass photoreforming offers higher
hydrogen productivity because of the lower Gibbs free energy involve-
ment and the production of highly valued fuels as the oxidation
half-reaction product (Scheme 1a) [10]. As such, researchers have
explored various photocatalysts and reactions for hydrogen generation
via photoreforming since Kawai and Sakata’s ground-breaking work in
1980 [11,12]. In this process, biomass serves as an electron donor that is
to be oxidized by photoinduced holes for highly valued products, while
the photoinduced electrons migrate to the photocatalyst surface to
reduce water molecules, generating Hy [13].

Among various biomass substrates, glucose, a type of polyol, exhibits
a particularly high hydrogen evolution rate during photoreforming
process owing to its simplified structure, making it an intriguing plat-
form for understanding the photoreforming mechanism [14]. Moreover,
the OH functional groups in glucose can be easily oxidized by holes to
form hydroxyl radicals, acting as reactive oxidants in the photo-
reforming process [15]. In the realm of photocatalysis, two-dimensional
semiconductors have garnered considerable attention because of their
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excellent electronic conductivity and unique physiochemical properties
[16]. Graphitic carbon nitride (g-C3N4) stands out as a non-toxic, met-
al-free, and visible-light-responsive photocatalytic nanomaterial, mak-
ing it an excellent candidate for various photocatalytic applications
[17-19]. However, 2D g-C3N4 faces challenges such as sluggish charge
dynamics and a high probability of photoexcited electron-hole recom-
bination, limiting its performance in photocatalysis (Scheme 1b)
[20-22]. To address these issues, noble metals nanoparticles like Ag, Au,
and Pt have been loaded onto the surface of g-C3N4 as co-catalysts to
create Schottky heterojunctions, leveraging the surface plasmon reso-
nance (SPR) effect to enhance the absorption of solar energy and
improve charge separation and transportation [23-26]. Nevertheless,
the practical application of Schottky heterojunctions in the photo-
catalytic reforming of biomass is hindered by the weak interfacial in-
ternal electric field and a low metal utilization efficiency.

In this study, we synthesized ultra-thin g-C3N4 nanosheets (MCNN)
via thermal treatment of g-C3Ny, followed by the photodeposition of
varying amounts of Pt single atoms (isolated metal centres). We con-
ducted an in-depth analysis of the physicochemical and optoelectrical
properties of the prepared samples, emphasizing the advantages of
single-atom catalysts. Furthermore, we monitored and evaluated the
hydrogen evolution performance of these prepared samples during the
photoreforming process of glucose. Additionally, we unveiled the reac-
tion mechanism and structure-performance relationship of the single-
atom-based photoreforming process of glucose. This innovative photo-
catalyst is expected to maximize the conversion of solar energy and
biomass into hydrogen through photoreforming reactions.

2. Experimental section
2.1. Preparation of pristine g-C3Ny4

Pristine g-C3N4 was synthesized using a facile thermal polymeriza-
tion process [27]. Specifically, 10 g of melamine was placed in a 50 mL
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crucible and heated up to 550 °C with a ramping rate of 5 °C min~'. The
mixture was then maintained in a muffle furnace for 2 h. After cooling
down to 25 °C, the resulting yellowish products were ground into
powders and labelled as MCN.

2.2. Preparation of ultra-thin g-CsNy

Ultra-thin g-C3N4 was synthesized using a thermal etching approach.
MCN was placed in a porcelain boat without a cover and heated up to
500 °C under an air atmosphere at a ramping rate of 10 °C min ™. After
2 h of heating, the yellowish powders were collected and denoted as
MCNN.

2.3. Embed of Pt single atom on the host of MCNN

2, 4, 6, and 8 mL of chloroplatinic acid hydrate solution (1500 ppm)
were diluted with 23, 21, 19 and 17 mL of ultra-pure water, respectively.
Then, 0.2 g of MCNN was dispersed in each Pt solution using sonication
for 30 min. The mixture was illuminated under a 300 W Xenon lamp
with vigorous stirring for 1 h. The obtained substance was rinsed and
centrifuged multiple times using anhydrous ethanol and ultra-pure
water. The final material was dried overnight at 50 °C in a vacuum
oven. The obtained photocatalysts were labelled as Pt/MCNN-1.5 %, Pt/
MCNN-3.0 %, Pt/MCNN-4.5 %, and Pt/MCNN-6.0 %, respectively.

2.4. Characterizations

Various characterization techniques were employed to study the
prepared samples. X-ray diffraction (XRD) patterns were obtained using
a Panalytical Empyrean multipurpose research diffractometer with Cu
Ko radiation. Fourier transform infrared (FT-IR) spectra were collected
using a PerkinElmer UATR Two. High-resolution transmission electron
microscopy (HRTEM) and transmission electron microscopy (TEM) im-
ages were captured using a FEI Titan G2 80-200 US TEM microscope. X-
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ray photoelectron spectroscopy (XPS) spectra were acquired using an
Escalabl 250XI (Al Ka X-ray) from Thermo Fisher Scientific. UV-Vis
diffuse reflectance spectra (DRS) were recorded using an Agilent Cary
300 UV-Vis spectrophotometer with an integrated sphere. Bru-
nauer-Emmett-Teller (BET) surface area and porous structure of the
photocatalysts were measured using a micromeritics TriStar II (surface
area and porosity). Transient-state photoluminescence (PL) spectra were
collected on a FLS1000 spectrometer (Edinburgh Instruments, UK).

2.5. Photocatalytic activity evaluation

Photoreforming of biomass processes were conducted using a
customized sealed quartz vessel with a top window. A 300 W Xeon lamp
was used as the solar light source (150 mW/cm™2) to initiate the pho-
toreforming reaction. In a typical run, 25 mg of the prepared nano-
material was mixed with 25 mL of glucose solution (96 ppm). Ultra-pure
Ny was used to purge the mixture for 30 min to remove the dissolved O,.
The generated hydrogen was monitored using an online gas chroma-
tography (Shimadzu GC-2030 online, He carrier gas) with the PID
detector.

Surfaces and Interfaces 42 (2023) 103423

3. Results and discussion
3.1. Catalyst preparation and characterization

The synthesis of Pt-MCNN samples employs a photodeposition pro-
cess. To be more precise, this process involves the excitation of energetic
hot carriers within the carbon nitride host when exposed to light. In this
photoexcitation, hot electrons actively engage in the reduction of Pt
ions. Consequently, the configuration of Pt on the carbon nitride sub-
strate is strongly influenced by factors such as the Pt salt concentration,
the intensity and duration of light irradiation, the specific nature of the
host material, and the exposure time to light.

The morphology and microstructure of Pt-MCNN samples were
extensively investigated using high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images (Fig. 1). The
transition from graphitic carbon nitride (MCN) with a dense block
nanostructure to MCNN, which displays ultra-thin nanosheets with
nanopores throughout the in-plane, was observed after the thermal
exfoliation process. Moreover, the images (Fig. la-c) illustrate the
distinct features of Pt-MCNN-3.0 %, showcasing the laminar structure of
carbon nitride nanosheets with a uniform distribution of Pt single atoms

Fig. 1. HAADF-STEM images of Pt single atoms anchored on the host of MCNN. (a-c) HAADF-STEM images of Pt-MCNN-3.0 %, (d-f) HAADF-STEM images of Pt-

MCNN-6.0 %, and (g-i) STEM-EDX element mapping images of Pt-MCNN-3.0 %.
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(white dots) on the MCNN surface. Furthermore, increasing the Pt
content during the preparation of Pt-MCNN resulted in shorter distances
between Pt single atoms, leading to the formation of some nano clusters
on Pt-MCNN-6.0 % (Fig. 1d-f). Despite the high loading of Pt, the
framework of the carbon nitride host remained intact, demonstrating
the stability of the material. EDX elemental mapping images of Pt-
MCNN-3.0 % provided further evidence of the tight and uniform deco-
ration of Pt single atoms on the surface of the ultra-thin and porous
carbon nitride nanosheets (MCNN) (Figs. 1g-i and S1-3).

To investigate the crystalline structures of the prepared photo-
catalysts, XRD patterns were collected (Fig. 2a). A characteristic
diffraction peak at 13.1° was observed, corresponding to the (100) facet
of pristine MCNN, indicating the presence of in-plane periodic tri-s-
triazine units [28]. Additionally, another diffraction peak at 27.7° was
identified, corresponding to the (002) plane, representing the stacking of
conjugated aromatic layers [29,30]. Notably, the diffraction peaks of Pt
nanoparticles (with Pt-Pt bonding) were absent in all the Pt-MCNN
samples, indicating that Pt metal was loaded on the MCNN in the form
of isolated metal centres (without Pt-Pt bonding) [31].

FT-IR spectra of the prepared samples were recorded in the range of
500 to 3500 cm ™}, as shown in Fig. 2b. A broad peak observed from
3100 to 3500 cm ™' was ascribed to the stretching of N-H and O-H.
Furthermore, characteristic peaks at 1228, 1328, 1428, 1557, and 1632
cm ! were identified, corresponding to the stretching vibration mode of
C-N heterocyclic compounds [32]. Another distinctive peak at 806 cm ™!
was attributed to the tri-s-triazine units. Importantly, all the Pt single
atom modified MCNN materials exhibited similar stretching peaks
compared to MCNN, indicating that loading Pt nanoparticles on MCNN
did not disrupt the molecular structure of the MCNN substrate. These
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results are consistent with the maintained morphology observed in the
HAADEF-STEM images.

N, adsorption-desorption isotherms were employed to study the
textural properties of the synthesized samples (Fig. 2¢). The results
revealed a slight increase in the specific Brunauer-Emmett-Teller (BET)
surface area after loading Pt nanoparticles on MCNN, with values of
153.1 and 144.7 m?/g for Pt/MCNN-3.0 % and MCNN, respectively
(Table S1). Additionally, the pore size distribution results indicated that
the modification of MCNN with Pt nanoparticles did not affect the pore
structure of MCNN (Fig. 2d). This finding is consistent with the con-
clusions drawn from FTIR and HAADF-STEM results, indicating that
loading Pt single atoms on MCNN cannot change the framework of
carbon nitride substrate.

The surface chemical states of MCNN and Pt/MCNN-3.0 % were
analyzed using X-ray photoelectron spectroscopy (XPS). As shown in
Fig. 3a, the XPS survey spectrum displayed the presence of three ele-
ments (C, N, and O) on both samples, with a small amount of Pt detected
on Pt/MCNN-3.0 %. The C and N signals originated from the carbon
nitride substrate, while the O signal was attributed to the partial
oxidation of MCNN and adsorbed water on the catalyst surface. C 1s
spectra (Fig. 3b) showed two peaks at 284.6 and 287.9 eV for both
samples, corresponding to sp? C-C bonds and sp*-bonded carbon (N-
C=N) of the s-triazine rings [27,33,34]. Interestingly, the bonding en-
ergy of these two peaks remained unchanged after Pt loading on MCNN,
indicating no significant interaction between Pt and C atoms in
Pt-MCNN-3.0 %. Furthermore, the N 1s XPS spectra of MCNN (Fig. 3c)
were deconvolved into three peaks at 400.5, 398.6, and 398.3 eV, cor-
responding to sp2-bonded nitrogen C-N=C, tertiary N atoms in H-N-(C)3,
and C-NHy, respectively [28,35-37]. However, in Pt-MCNN-3.0 %, the

b
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Fig. 2. Catalyst characterizations. (a) XRD patterns, (b) FT-IR spectra, (c) nitrogen adsorption-desorption isotherms, and (d) distributions of pore size of pristine

MCNN and Pt-MCNN-3.0 %.
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Fig. 3. XPS spectra of Pt-MCNN-3.0 % and pure MCNN. (a) XPS survey spectrum, XPS spectra of (b) C 1s, (c) N 1s and (d) Pt 4f.

peaks of sp>-bonded nitrogen C-N=C and C-NH, decreased to 400.4 and
398.0 eV, respectively, suggesting electron transfer between Pt and N
atoms in Pt-MCNN-3.0 %. Additionally, the presence of Pt 4f7/2 and Pt
452 peaks at 72.6 and 76.0 eV (Fig. 3d) indicated the existence of Pt"*
species. Consequently, Pt was incorporated into the MCNN host in the
form of Pt-N coordination, leading to a charge pumping effect on
photo-excited charge carriers and boosting charge dynamics in
Pt-MCNN-3.0 %.

UV-Vis spectra of all the synthesized photocatalysts were obtained to
assess their photo absorption capabilities, as shown in Fig. 4a. MCNN
displayed a marginal absorption edge at around 480 nm, indicating its
responsiveness to visible light. Upon Pt single atom modification in Pt-
MCNN samples, slight red-shift and Urbach tails were observed, signi-
fying an improvement in light harvesting efficiency. It should be noted
that compared to Pt-MCNN-4.5 %, a blue-shift appeared on Pt-MCNN-
6.0 %, indicating the light absorption ability of nano cluster was lower
than that of isolated metal centers. The bandgap energies of MCNN and
Pt-MCNN-3.0 % were determined using Tauc’s equation: (¢hv)" = k(hv
— Eg), where n = 1/2 (for a direct semiconductor), and the corre-
sponding plots are presented in Fig. 4b and c [38,39]. The band gap was
narrowed by 0.04 eV after embedding of Pt single atoms on MCNN.
Furthermore, the XPS valence band spectra of MCNN and Pt-MCNN-3.0
% were acquired to elucidate their band structures (Fig. 4d and e).
Compared to MCNN, the conduction band of Pt-MCNN-3.0 % was
heightened, suggesting an enhanced hydrogen reduction ability (Figs. 4f
and S4).

The optical-electrical properties of the prepared samples were

studied. The separation capability of photo-excited charge carriers in the
prepared samples was initially studied using fluorescence (PL) spectra
(Fig. 5a). A noticeable peak can be observed on all the samples, of which
a higher peak intensity typically represented a faster recombination rate
of charge carriers. Compared to MCNN, the peak intensity of Pt-MCNN-
3 % was significantly reduced, indicating the pumping effect of isolated
Pt centres on promoting the separation of excitons. The peak was
intensified further increasing the Pt loading in Pt-MCNN-6 %, mani-
festing that nano-cluster was more beneficial for trapping hot carriers
for recombination. Similarly, electrochemical impedance spectroscopy
(EIS) was conducted to study the interfacial resistance for the charge
transport of all the synthesized samples (Fig. 5b). The arc radius of Pt-
MCNN-3 % turned smaller after the fabrication of single atom catalyst,
exhibiting the high mobility of charge transportation in Pt-MCNN-3 %.
Combined with the faster separation and transportation of charge car-
riers, Pt-MCNN-3 % exhibited the highest photocurrent among all the
samples (Fig. 5¢).

3.2. Photocatalytic hydrogen production

The performance of photoreforming over the prepared nano-
materials was performed through batch scale tests using a D-+-glucose
aqueous solution as a simplified model compound of biomass. The
photocatalytic reforming process was carried out by irradiating the so-
lution for 3 h at 30 °C.

Initial experiments were carried out without either light irradiation
or catalysts, yet we were unable to detect any hydrogen production. This
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underscores the crucial role played by both light and catalysts in the
process of photocatalysis. As shown in Fig. 5d, the lowest hydrogen
production rate (3.41 pmol g’l) was observed for pristine MCNN. In
contrast, a significant improvement in hydrogen evolution was evident
after incorporating Pt single atoms into the carbon nitride host. Notably,
Pt-MCNN-3.0 % exhibited an impressive hydrogen production rate of
201.23 ymol g~ ! in a 3 h reaction, which is 59 times higher than that of
MCNN. However, we did not observe further enhancement in hydrogen
reduction with Pt-MCNN-6.0 % compared to Pt-MCNN-3.0 %, as the
single atoms agglomerated into clusters. Although synergy effect has
widely been reported between Pt nanoparticles and Pt single atoms, the
photocatalytic performance of Pt-MCNN-6.0 % remained lower than Pt-
MCNN-3.0 % [40-42]. Additionally, we loaded Pt nanoparticles (NPs)
onto MCNN and MCN, which showed a low photocatalytic performance
in the photoreforming of glucose (Fig. 5e), fully suggesting the higher
catalytic performance of isolated Pt centres than Pt nanoparticles. The
photo stability of Pt-MCNN-3.0 % during the photoreforming process of
glucose was measured and maintained at a high-performance level,
indicating a satisfactory stability of Pt single atoms for hydrogen pro-
duction (Fig. 5f). Therefore, the impressive enhancement of
Pt-MCNN-3.0 % in the photoreforming of glucose can be attributed to
the formation of isolated Pt centres, which act as pumps, efficiently
increasing the separation and mobility of hot carriers for redox
reactions.

3.3. Photocatalytic mechanism of the reforming reactions
Based on the comprehensive analysis, a plausible reaction mecha-

nism for the photoreforming of glucose using Pt-MCNN-3.0 % is pro-
posed and depicted in Fig. 6. Upon absorption of solar energy, photo-

generated electrons in MCNN move from the valence band (VB) to the
conduction band (CB), while holes with a strong oxidation capability
remain in the VB. The incorporation of Pt single atoms in the form of Pt-
N coordination enhances visible light absorption and, importantly, acts
as ‘pumps’ that facilitate the efficient separation of electron-hole pairs,
leading to the accumulation of more energetic hot electrons at the iso-
lated Pt centres [23,24,43]. These highly energetic hot electrons at the
CB of Pt-MCNN-3.0 % play a significant role in driving the reduction
reaction, converting H' to liberate green hydrogen. Besides, the
enlarged surface area of Pt-MCNN-3.0 % accelerated the mass trans-
ferring for an enhanced reaction kinetics. Simultaneously, the photoin-
duced holes trigger the oxidation of glucose, resulting in the production
of various products, such as arabinose, erythrose, and formic acid [44,
45]. Consequently, the photoreforming process efficiently utilizes solar
energy to convert glucose into valuable products and generate green
hydrogen energy.

4. Conclusion

In conclusion, the photoreforming performance of MCNN nano-
sheets, derived from melamine, can be significantly enhanced by deco-
rating Pt single atoms in its matrix, benefiting from the pumping effect of
isolated Pt centres on photo-excited charge carriers. The formed Pt-N
coordination plays a crucial role in efficiently promoting charge car-
riers’ separation, thereby reducing their recombination after the deco-
ration Pt single atom on the host of MCNN. Moreover, the incorporation
of Pt particles on MCNN results in a red shift in the absorption spectrum,
indicating a higher light absorption capacity as compared to pure
MCNN. Furthermore, the enlarged surface area after Pt single atom
decoration promoted mass transferring. As such, the highest
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Fig. 5. (a) PL spectra, (b) EIS curves and (c) photocurrent of MCNN, Pt-MCNN-3.0 % and Pt-MCNN-6.0 %, (d) hydrogen evolution of MCNN and Pt single atom
loaded MCNN in photoreforming of glucose aqueous solution, (e) hydrogen production on Pt-MCNN-3.0 % and Pt nanoparticles loaded on MCN and MCNN in
photoreforming of glucose aqueous solution, and (f) stability test of Pt-MCNN-3.0 % in photoreforming of glucose aqueous solution.
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Fig. 6. The proposed mechanism of photoreforming of glucose over Pt-MCNN-3.0 %.

performance (201.23 ymol g~ 1), which is 59 times higher than pristine
MCNN, is achieved on Pt-MCNN-3.0 %, which remarkably outperformed
MCNN and MCN supported Pt nanoparticles catalysts. This study offers
advanced photocatalysts in utilizing solar energy and biomass for green
hydrogen generation.
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