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a b s t r a c t

Maximizing solar energy utilization is a persistent challenge in photo catalysis, which determines sustain-

able solar-driven photocatalytic process. Photo thermal-coupled photo catalysis is considered as a promis-

ing solution to tackle the issues of sustainable energy scarcity and environmental pollution by harvesting

the full-spectrum solar energy. Herein, a highly efficient photo thermal-accelerated photo catalysis system

is elaborately established, in which the assembled carbonized stick/Nb2C MXene evaporator can heat wa-

ter into vapor and the integrated g-C3N4 photocatalyst further enables high-efficiency photocatalytic hy-

drogen production. The designed hyperboloid wood-based architecture possesses a multiphase interface

of water steam/catalyst/hydrogen to reduce the transport resistance of hydrogen gas in liquid and ulti-

mately maximize the output of hydrogen energy. Consequently, this coupled photothermal-photocatalytic

system achieves a stable solar evaporation rate of 2.16 kg m-1 h-1 under one sun irradiation and highly

efficient hydrogen-evolving rate of 3096 μmol g-1 h-1. This work paves a way to explore the improve-

ment of photocatalytic hydrogen production by synergic photothermal effect for potential applications in

renewable solar energy utilization and hydrogen production.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Solar energy is considered as an inexhaustible source for energy

conversion development due to its abundant reserves and renew-

able capacity. The efficient utilization of sustainable solar technol-

ogy is of great significance in mitigating freshwater scarcity and

the energy crisis [1,2]. Photothermal and photocatalytic hydrogen

production are two ubiquitous schemes for solar energy utiliza-

tion. Photothermal conversion technology is a direct approach to

capture and utilize solar energy for achieving available thermal

energy [3,4]. Photocatalytic conversion normally involves captur-

ing solar energy to evolve hydrogen energy with high combustion

calorific value [5]. Nevertheless, the non-directional conversion be-

tween solar and thermal energy inevitably weakened its capture

of high-frequency ultraviolet spectra [6,7]. Coincidentally, due to

the limitation of the energy band structure of the semiconduc-

tor photocatalysts, traditional photocatalytic hydrogen production
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can only utilize limited high-frequency solar spectrum (generally

< 600nm) [8]. Consequently, to maximize the overall solar en-

ergy utilization, the rational and efficient design of photothermal-

photocatalytic synergistic system that can targetedly absorb differ-

ent frequencies of solar photons, is extremely critical.

The natural-derived porous wood has become an ideal sub-

strate material on account of the exclusive microchannels for water

transmission, low thermal conductivity, and easy processing char-

acteristics [9–11]. Wood-based solar system can be endowed with

multifunctional characteristics via surface carbonization or coating

solar absorption materials such as carbon-based materials, metal

plasma nanomaterials, and semiconductors [12–14]. Graphitic car-

bon nitride (g-C3N4), as a typical two-dimensional semiconductor

material, has triggered extensive concerns in photocatalytic wa-

ter splitting owing to its moderate bandgap, non-toxicity, excel-

lent stability, and low cost [15]. However, the rapid recombina-

tion of photogenerated carriers on single-component g-C3N4 and

easy agglomeration of g-C3N4 greatly impede the process of pho-

tocatalysis hydrogen production [16]. Typically, integrating appro-
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priate co-catalysts with g-C3N4 has been demonstrated as a rea-

sonable and efficient strategy to improve the photocatalytic activ-

ity of g-C3N4 [17,18]. Nb2C MXene, as an effective co-catalyst, has

aroused remarkable attention owing to excellent conductivity, hy-

drophilicity, and low Fermi level [19,20]. Through hydrophilic func-

tional groups on the layered surface, Nb2C can readily form close

connections with various semiconductors. The Schottky barrier at

the coupling interface between Nb2C and semiconductor can be

used as an electron reservoir to promote the separation of pho-

toinduced electrons and holes [21,22]. Moreover, remarkable metal

conductivity of Nb2C enables the rapid separation of photogener-

ated carriersm, and the two-dimensional layered structure of Nb2C

can provide abundant active catalytic sites and further improve the

photocatalytic performance of g-C3N4. Accordingly, to promote and

optimize the utilization of the solar full spectrum, the reasonably

assembled of photocatalysis system (g-C3N4 catalyst and MXene

co-catalyst) and photothermal system (wood substrate) is highly

desirable for capturing solar photons of different wavelengths.

Herein, inspired by the synergy of solar-driven photo catalysis

and photo thermal effect, a novel assembled hyperboloid wood-

based system is elaborately designed, which effectively integrates

hydrogen-evolving photo catalyst g-C3N4 with nanostructured

Nb2C that acts as co-catalyst and also possesses photo thermal ef-

fect to simultaneously drive the removal of hydrogen production

and solar steam generation with high efficiency. Nb2C-g-C3N4 is a

MXene-derived heterojunction, in which Nb2C is in-situ anchored

on porous g-C3N4 via the NHx-Nb bond, has been adhered tightly

on the wood superficies by chemical cross-linking. The specialized

designs of catalyst loading in wood surface ingeniously confine the

Nb2C-g-C3N4 at the water/air interface to implement thermal lo-

calization, which enormously reduce the heat loss of bulk water.

The annular tilt structure on the surface of the hyperbolic evapo-

rator can enable the evaporator to effectively capture multi-angle

solar photons. Moreover, the temperature difference between the

upper and bottom Hyperboloid regions forms air convection, ac-

celerating the generation of steam. The regional high concentration

steam flow can be splitted into hydrogen by the catalyst loaded on

the surface of the stick, forming a mixed multiphase interface of

steam/catalyst/hydrogen and water/catalyst/hydrogen. This multi-

phase photocatalytic-photo thermal system reduces the transmis-

sion resistance of hydrogen and the barrier of solid-liquid interface,

thus improving the photocatalytic hydrogen production rate.

Benefiting from the materials selection and structure-guided ra-

tional design, the resulting hyperboloid-shaped wood-based multi-

functional system (S-NC-CW) achieves a high solar evaporation rate

of 2.16 kg m-1 h-1, and acquires an efficient hydrogen-evolving rate

of 3096 μmol g-1 h-1. Such an integrated system of solar evapora-

tion and photocatalytic hydrogen evolution highlighted the seam-

less integration of water, solar energy, and fuel, opening a window

for comprehensive application of solar energy technology.

The design procedure of a wood-based system for solar-driven

water-heat-hydrogen production is graphically portrayed in Fig. 1.

Namely, NC-CW system is conceptually assembled with pho-

tothermal and catalytic Nb2C-g-C3N4 nanoparticles and natural

water-receptive wood stick substrates. The Nb2C-g-C3N4 nanopar-

ticles efficient solar-hydrogen conversion with laminar g-C3N4

as photo-redox main catalyst and Nb2C nanosheets as auxiliary

catalyst for enhancing photogenerated electron-hole pair separa-

tion. Nb2C nanosheets are synthesized by etching and exfoliation

of bulk Nb2AlC (MAX) (Fig. S1a in Supporting information). As

shown in Fig. 2a, Figs. S1b and c (Supporting information), the Al

atomic layer inside the precursor MAX was selectively etched and

separated to form multilayer accordion-like MXene via the simul-

taneous action of NH4F and HCl. Afterwards, the interlayer spacing

of MXene was enlarged by the intercalation of tetrapropylam-

monium hydroxide (TPAOH) and ultrasonication sonication under

N2 atmosphere, then the thin layers or single layer of Nb2C was

obtained and served as a platform for the growth of g-C3N4. Even-

tually, the flake-like g-C3N4 (Fig. 2b) was successfully in-situ grown

on Nb2C nanosheets by electrostatic self-assembly of precursors

and high-temperature calcination. The composite microstructure

morphology and phase composition of Nb2C-g-C3N4 was observed

by SEM and TEM. As demonstrated in Figs. 2c and d, two different

species of thin nanosheets stacked with each other. Moreover, the

locally amplified transmission image (yellow box) further demon-

strated the obvious interface connection between Nb2C and g-C3N4

nanosheets (Figs. 2e and f). The obvious lattice spacing of 0.27nm

was assigned to the (042) plane of Nb2C, while the amorphous re-

gion was pertained to g-C3N4 [23]. Moreover, the energy-dispersive

X-ray spectroscopy (EDX) mapping images in Fig. 2g revealed the

uniform distribution of C, N and Nb elements in the nanosheets,

which further manifested the in-situ growth of g-C3N4 on Nb2C

sheet. In addition, the surface morphology and element distribu-

tion of NC-2 coated carbonized stick (NC-CW) are shown in Fig. 2h,

Fig. 1. Synthesis process of assembled hyperboloid wood-based bifunctional system.
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Fig. 2. (a) The magnification SEM of the Nb2C. (b) The magnification SEM of the g-C3N4. (c) The magnification SEM of the NC-2. (d-f) TEM images of NC-2. (g) The

corresponding energy dispersive spectrometer (EDS) elemental maps of C, N, and Nb in NC-2. (h) The magnification SEM of the NC-CW and the corresponding energy

dispersive spectrometer (EDS) elemental maps of C, N and Nb.

which revealed the close adhesion of Nb2C-g-C3N4 nanoparticles

on the stick surface. Furthermore, the dual phase characterization

of XRD and XPS further validated the successful in-situ recombi-

nation of Nb2C-g-C3N4. For Nb2C MXene, the strongest diffraction

peak (103) located at 38.8° completely disappeared after etching,

confirming the removal of Al layer [24,25]. Meanwhile, the (002)

peak corresponding to the main crystal plane shifted from 12.76°
to 7.56°, which indicated the increase of interlayer distance and

the successful exfoliation of thin Nb2C nanosheets [26]. Besides,

the synthesized Nb2C-g-C3N4 demonstrated the diffraction peaks

of Nb2C and g-C3N4, indicating the efficacious structural coupling

of the two components (Fig. 3a), which was consistent with full-

scale XPS survey spectrum in Fig. 3b. The XPS spectra of different

catalysts in the C1s, O1s, and Nb 3d regions were deconvoluted

and were demonstrated in Fig. 3c. For C 1s spectrum, the peaks in

g-C3N4 located at 284.3 eV, 285.8 eV, and 287.6 eV correspond to

C–C, C–NHx, and N-C=N, respectively [27,28]. After compounded

with Nb2C, the peaks ascribed to C–C, C–NHx, and N-C=N shifts to

the lower energies, which manifested the formation of composite

interface between the two components. Meanwhile, the N1s high-

resolution spectra of Nb2C-g-C3N4 also showed a negative shift for

the C-N=C in the triazine ring, N-(C)3, C-NH3, and π-excitation

relative peaks to bare g-C3N4, which further affirmed the carrier

migration and interface interaction from Nb2C and g-C3N4. Be-

sides, the Nb 3d spectra of NC-2 can be deconvoluted into four

main peaks at 203.3, 204.7, and 209.4 eV which correspond to the

Nb3d5/2, Nb3d5/2, and Nb-C, respectively [29,30]. In comparison

with pure Nb2C, all the Nb-related peaks in the NC-2 exhibit an

obvious shift to higher energies, which could be attributed to the

electronic migration by Schottky interfaces between the Nb2C and

g-C3N4 atoms and resulted in the generation of the heterojunction.

Subsequently, the isocyanate coated on the surface of the stick was

condensed under ultraviolet light, and then heterojunction photo-

catalyst was successfully attached to the stick surface through the

polyurethane bond, as shown in the infrared absorption bands at

827 cm−1 and 1234 cm−1 (Fig. S1d in Supporting information) [31].

Apart from the phase validation of the catalyst heterojunction,

the hydrophilicity and optical characteristic of the wood-based

system were further investigated to expound its feasibility for so-

lar multifunctional applications. As shown in Fig. S2a (Supporting

information), the NC-CW after carbonization and catalyst loading

still inherited excellent wettability of wood, which guaranteed the

rapid transmission of water from the bottom to the solar evap-

oration interface. Besides, solar absorbance of different systems

was determined based on the integral fitting of the UV–vis-NIR

diffusive spectra within the wavelength range of 400–2500nm

(Fig. S2b in Supporting information). The average solar absorption

of DW, CW, NC-DW, and NC-CW was 85.9%, 91.1%, 85.5%, and

90.5%, respectively. Owing to the high solar absorptivity, the aver-

age optical-contact surface temperature of the dried NC-DW was

markedly increased up to 55.2 °C within 10min under one sun il-

lumination and finally reached a steady state temperature of about

58.4 °C after 60min (Figs. S2c and d in Supporting information).

Subsequently, the wooden sticks were woven into raft and hyper-

boloid shapes through different copper wire weaving processes

(Fig. S3a in Supporting information). The catalyst particles on the

surface of the self-assembled wood stick vertical evaporator did

not occur obvious shedding phenomenon during the long-term

water immersion process, which further verified the stability of

the catalytic adhesion layer (Fig. S3b in Supporting information).

Noticeably, the bottom water could be continuously transported

to the top of the S-NC-CW via the natural transmission channel,
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Fig. 3. (a) XRD spectra of Nb2AlC, Nb2C, g-C3N4, and NC-2. (b) Survey spectrum of g-C3N4, Nb2C, and NC-2 and high-resolution spectra of (c) C 1s, N1s, and Nb 3d.

which could be testified by the side views of infrared thermal

images within one hour (Fig. S3c in Supporting information). The

superior solar absorption characteristics along with the excellent

photothermal conversion made the assembled stick system an

ideal candidate for solar multi-functional applications.

The solar evaporation performance of the assembled stick sys-

tem could be evaluated by recording the weight loss of water with

constant time interval under simulated solar sources. The specific

experimental device was schematically shown in Fig. 4a. The wa-

ter evaporation rates of the P-NC-DW, P-NC-CW, S-NC-DW, and

S-NC-CW under one sun irradiation were determined to be 1.70,

2.06, 1.86, and 2.16 kg m-2 h-1 after 10min evaporation stabiliza-

tion (Fig. 4b). Ultrafast water evaporation was attributed to the re-

duction of evaporation enthalpy in delignified wood, as confirmed

by the dark field experiment [28]. The measured equivalent wa-

ter vaporization enthalpy for DW, CW, NC-DW, and NC-CW were

1590, 1610, 1480, and 1502 J-1 g-1, respectively (Fig. S4a in Support-

ing information). Furthermore, the energy conversion efficiency (η)
of the evaporators could be further calculated by the measured

evaporation rate and evaporation enthalpy [32]. The calculated en-

ergy conversion efficiencies of P-NC-DW, P-NC-CW, S-NC-DW, and

S-NC-CW were 75.05%, 92.35%, 82.35%, and 95.56%, respectively

(Fig. S4b in Supporting information), and the solar water evapo-

ration performance of the S-NC-CW was superior to the reported

wood-based evaporation systems [33–41] (Table S1 and Fig. S4c in

Supporting information). Meanwhile, the evaporation rate of S-NC-

CW remained almost unchanged in 10 evaporation cycles, show-

ing stable and efficient solar evaporation performance (Fig. S4d in

Supporting information). Furthermore, we have conducted the out-

door test under natural sunlight for investigating the practical solar

evaporation performance of the S-NC-CW solar absorber. As shown

in Fig. S5 (Supporting information), the outdoor evaporation ex-

periment was carried out in a typical sunny environment in Nan-

jing, China. The environmental temperature, humidity, solar inten-

sity, atmosphere pressure, and wind velocity were recorded in real

time every half hour. The average solar flux during the outdoor test

was 0.52 kW-1 m-1, and the average evaporation rate of the device

was 1.1 kg m-1 h-1 over the outdoor practical test. Therefore, S-NC-

CW was selected as the optimum material for further research in

solar multifunctional system.

Based on the above efficient solar photothermal performance of

evaporators, integrating photocatalytic hydrogen production with

photothermal effect would enormously expand the multifunc-

tional utilization of wood-based system. The hydrogen evolution

performance of Nb2C-g-C3N4 photocatalysts and assembled stick

evaporators under simulated solar irradiation was examined to

validate the possibility of cooperative photothermal-photocatalytic

application. As demonstrated in Figs. S6a and b (Supporting in-

formation), the pristine g-C3N4 revealed limited photocatalytic

hydrogen evolution performance (605 μmol g-1 h-1), attributing

to its poor charge separation rate. As expected, the admission

of Nb2C significantly improved the photocatalytic activity of the

catalyst, with the highest photocatalytic hydrogen production rate

(3617 μmol g-1 h-1) when the molar ratio of g-C3N4 to Nb2C was

100, 6 times higher than pure g-C3N4 (NC-0). Highly conductive

Nb2C accepted and transmitted the electrons to suppress electron

diffusion and accelerate the separation of photogenerated carriers.

Furthermore, excessive Nb2C content in NC-3 was prone to stack

agglomeration, which reduced the contact area with g-C3N4,

and ultimately weakened the ability of charge transfer and the
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Fig. 4. (a) Schematic illustration of the equipment of solar evaporation. (b) The mass loss of water over time. (c) Time-course hydrogen evolution performance and (d)

corresponding hydrogen evolution rates of P-NC-DW, P-NC-CW, S-NC-DW, and S-NC-CW.

photocatalytic performance of heterojunction. Therefore, NC-2

heterojunction catalyst was eventually selected to coat on the

stick surface for endowing additional photocatalytic performance.

On the one hand, the synergistic effect of photo thermal effect on

photo catalysis could be clearly examined by coating NC-2 catalyst

on the wood substrate with different carbonization states (Figs. 4c

and d, Fig. S6c in Supporting information). On the other hand, by

comparing the hydrogen production effect on the self-assembled

evaporators with the plane and vertical structure, the localized

high-concentration steam generated by the multiphase system in

the vertical hyperboloid structure could significantly accelerate

photocatalytic hydrogen production. Ultimately, the hydrogen

evolution of the S-NC-CW could be significantly further improved

to 3096 μmol g-1 h-1. In addition, the cycle durability of the

S-NC-CW under continuous sunlight irradiation further verified its

stable photocatalytic hydrogen production performance (Fig. S7a

in Supporting information). Moreover, we have detected the phase

of the catalyst after long-term photocatalytic reaction by SEM

and XRD. As shown in Fig. S7b (Supporting information), char-

acteristic peaks of Nb2C and C3N4 were still existed in the NC-2

catalyst after long-term photo thermal and photocatalytic reaction.

Meanwhile, the morphology of NC-2 has no significant change by

scanning electron microscopy after long-term photo thermal and

photocatalytic reaction, which further verified the stability of the

Nb2C-C3N4 catalyst (Fig. S7c in Supporting information).

To better clarify the superiority of NC-2 photocatalytic activ-

ity, the catalytic properties of g-C3N4 and NC-2 were compared

and analyzed by the electrochemical impedance spectra and tran-

sient photocurrent response under visible light illumination. As

shown in Fig. S8a (Supporting information), the curvature diam-

eter of semicircle was proportional to charge transfer resistance

of photo catalyst [42]. The smaller circular segment span of NC-

2 heterojunction demonstrated the smaller charge-transfer resis-

tance compared with pure g-C3N4. Similarly, NC-2 illustrated the

higher intensity of photocurrent cyclic signal in Fig. S8b (Sup-

porting information), corresponding to the optimized separation

efficiency of photo excited electron-hole pairs [43,44]. The opti-

mization of the heterojunction performance was attributed to the

strong interaction between Nb2C and g-C3N4 interfaces, which ac-

celerated the charge separation and transfer during the forma-

tion of Schottky junction. Additionally, the actual band structure

of Nb2C-g-C3N4photo catalyst could be calculated by UV–vis dif-

fuse reflectance spectroscopy and Mott–Schottky curve [45,46]. The

Tafel curves converted by the diffuse reflection spectrum conver-

sion revealed that the band gaps of g-C3N4 were 2.69 eV (Fig. S8c

in Supporting information). The amalgamation of Nb2C into g-C3N4

significantly reduced the band gap (Eg), attributing to the inten-

sified visible light absorption capacity of the composite materi-

als relative to the individual g-C3N4 (Fig. S8d in Supporting infor-

mation). Moreover, the flat-band potential (Efb) of g-C3N4 in the

Mott–Schottky plot was −1.12V versus Ag/AgCl, corresponding to

−0.51V versus normal hydrogen electrode (vs. NHE) [47] (Fig. S8e).

Typically, the conduction band potential (CB) was higher than Efb
(NHE) of n-type semiconductor for 0.3 eV [48]. Thus, the CB of g-

C3N4 was −0.81V (vs. NHE), and the valence band potential (VB)

was 1.90V (vs. NHE) calculating by band gap (2.74 eV) of g-C3N4

(Fig. S8f).

In summary, the hyperboloid-shaped wood-based multifunc-

tional system (S-NC-CW) was successfully assembled by surface

carbonization and catalyst loading. The S-NC-CW system was cus-

tomized with broadband solar absorption, excellent inbuilt water

transmission structure, and efficient photocatalytic activity which

would be desirable for high solar-to-thermal conversion and ex-

cellent catalytic hydrogen generation. The water evaporation rates

of the S-NC-CW could reach up to 2.16 kg m-1 h-1 under one sun

irradiation, corresponding to the efficient energy conversion effi-

ciency of 95.56%. Moreover, the gaseous water molecules generated

by evaporation were decomposed into hydrogen through the Nb2C-
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g-C3N4 catalyst attached to the stick surface, and the hydrogen

evolution could be significantly further optimized to 3096 μmol

g-1 h-1 by synergistic promotion of photothermal effect. This solar-

to-energy multifunctional conversion system provides an advisable

approach for addressing the issues of worldwide renewable energy

and freshwater scarcity.
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