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Photothermally driven decoupling of gas evolution
at the solid-liquid interface for boosted
photocatalytic hydrogen productiont
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The slow mass transfer, especially the gas evolution process at the solid-liquid interface in photocatalytic
water splitting, restricts the overall efficiency of the hydrogen evolution reaction. Here, we report a novel
gas—solid photocatalytic reaction system by decoupling hydrogen generation from a traditional solid—
liquid interface. The success relies on annealing commercial melamine sponge (AMS) for effective photo-
thermal conversion that leads to rapid water evaporation. The vapor flows towards the photocatalyst cov-
ering the surface of the AMS and is split by the catalyst therein. This liquid—gas/gas—solid coupling system
avoids the formation of photocatalytic bubbles at the solid-liquid interface, leading to significantly
improved mass transfer and conversion. Utilizing CdS nanorods anchored by highly dispersed nickel
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atoms/clusters as a model photocatalyst, the highest hydrogen evolution rate from water splitting reaches
686.39 umol h™%, which is 5.31 times that of the traditional solid-liquid—gas triphase system. The solar-
to-hydrogen (STH) efficiency can be up to 2.06%. This study provides a new idea for the design and con-
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struction of efficient practical photocatalytic systems.

Introduction

The growing global energy demand and related environmental
issues have driven the pursuit of renewable and environmen-
tally friendly energy. Hydrogen, which can be produced from a
variety of raw materials, is widely considered as a promising
energy carrier to replace fossil fuels."” Currently, photo-
catalytic water splitting for hydrogen evolution has been
widely considered as a feasible method to convert solar energy
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into chemical energy.>'® Despite many efforts made in the
past, such as the development of multifunctional
photocatalysts,'*™** the construction of heterojunctions™™®
and the loading of co-catalysts,'®>" the efficiency of photo-
catalytic hydrogen evolution is still very low. Traditionally, in
photocatalytic water splitting for hydrogen evolution, the
photocatalyst is usually first dispersed into water with stirring,
and then the generated photoelectrons of the photocatalyst
can be employed to drive the hydrogen evolution reaction
under light illumination. This typical solid-liquid-gas triphase
system usually generates undesirable defects, which hinder its
practical application. First, the absorption and scattering of
sunlight by water leads to insufficient utilization of
sunlight.?>?* Second, the slow gas desorption process in the
traditional solid-liquid-gas triphase reaction system also
greatly limits the progress of the photocatalytic reaction.
Bubbles dispersed on the surface of the photocatalyst and reac-
tion system can not only reduce the intensity of light radiation
through light scattering and reflection, but also inhibit the
exposure of active sites on the surface of the photocatalyst,
thus affecting the absorption of light by the photocatalyst and
slowing down the speed of photocatalytic water splitting for
hydrogen evolution.>*** Third, thermodynamically, the photo-
catalyst has a high interfacial barrier in the adsorption process
of liquid water molecules,”®*” and the recovery and utilization
of powder photocatalyst are complicated and will cause certain
losses.>**®

Another important reason for the low solar energy con-
version efficiency of photocatalytic water splitting is the
unsatisfactory solar spectral response range. The research
of photocatalysis mainly focuses on ultraviolet and visible
light, while near-infrared light, which accounts for more
than 50% of solar energy, has been ignored for a long
time.”** The technology of photothermal conversion is
regarded as a promising pathway to broaden the spectral
response range of solar energy used for photocatalysis.
Generally, carbon-based materials can absorb visible light
and near-infrared light to effectively convert solar energy
into heat energy, which has been widely used in the con-
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struction of evaporators.’*™*' Recently, Li’s group developed
a photocatalysts/C-wood biphase system using carbon-based
materials as vapor generators, which exhibited superior
performance for photocatalytic hydrogen evolution com-
pared to the traditional triphase photocatalytic system.>®?”
Moreover, Chang’s group designed K-SrTiO;-loaded TiN
silica wool at the water-air interface. The STH efficiency of
this gas-solid system is 1.81%, which is more than twice
that of liquid water splitting.**> Overall, further develop-
ment of photothermal systems for efficient photocatalytic
water splitting for hydrogen evolution is particularly
necessary.

Here, we report a novel gas-solid photocatalytic reaction
system by decoupling hydrogen generation from a tra-
ditional solid-liquid interface, which revealed low cost and
excellent photocatalytic hydrogen evolution performance.
First, with the introduction of highly dispersed nickel
atoms/clusters onto CdS nanorods (xNC) by a photo-depo-
sition method, the recombination of photogenerated car-
riers can be greatly inhibited. Furthermore, commercial
melamine sponge (MS) was precisely annealed in air to
obtain carbon sponge, forming a solar vapor generator
with strong photothermal effect and highly porous network
structure as well as excellent hydrophilicity. At room temp-
erature, the solar-vapor conversion efficiency achieved by
the 1INC/AMS system can be 72.33% under the simulated
sunlight illumination (AM 1.5G) of one-sun intensity.
Ultimately, the 1NC/AMS system, employing AMS as a solar
vapor generator and INC as an excellent photocatalyst, has
a maximum hydrogen evolution rate of 686.39 pmol h™,
which is 5.31 times that of solid-liquid-gas triphase
systems, and its corresponding solar-to-hydrogen efficiency
is as high as 2.06%. This gas-solid photocatalytic reaction
system with sufficient utilization of the solar energy spec-
trum can well overcome the inherent defects of traditional
triphase photocatalytic systems, thus significantly improv-
ing the efficiency of photocatalytic water splitting. This
work provides an avenue to develop high-efficiency and
low-cost photocatalytic systems.
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Fig. 1 (a) SEM image, (b) TEM image and (c) HRTEM image of 1NC; (d) and (e) SEM images of AMS and INC/AMS.

Results and discussion

First, CdS nanomaterials as H,-evolving photocatalysts were
synthesized by the solvothermal method.** In addition, in
order to further improve the photocatalytic activity of CdS,
highly dispersed nickel atoms/clusters were anchored onto
CdS. Furthermore, the morphology of the 1NC was investigated
by scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). CdS nanomaterials (Fig. 1a and b) are
obvious nanorods with an average diameter of about 30 nm
and a length of 1-2 pm. Compared to the pure CdS, the mor-
phology of the 1NC has no obvious change and no obvious Ni
nanoparticles are observed on these rod-like structures.
Similar results can be discovered from the HRTEM images
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with the lattice fringes of 1NC and CdS (Fig. 1c and Fig. Sicft).
The elemental mapping distribution images demonstrate the
existence of Cd and S in pure CdS (Fig. S1d-f}), and confirm
that the uniformly dispersed nickel atoms/clusters are success-
fully anchored to CdS (Fig. S27). In addition, the X-ray diffrac-
tion (XRD) patterns and Raman spectra of pure CdS and 1NC
only display the typical diffraction peaks of CdS (Fig. S3a and
bt), indicating that the original structure of CdS cannot be
modified with the loading of nickel atoms/clusters.

XPS analysis was carried out to study the surface chemical
composition and electronic structure of the photocatalysts.
These spectra, shown in Fig. S4,1 are all calibrated according
to the binding energy of graphitic carbon (C-C, 284.8 eV). The
XPS survey measurement spectrum of 1NC shows the presence
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of Cd, S and Ni elements (Fig. S4at), which is in accordance
with the result of the EDX analysis. For the Cd 3d spectrum of
pure CdS, the two evident peaks located at 404.6 and 411.3 eV
can be assigned to Cd 3ds, and Cd 3dj., respectively
(Fig. S4bf¥). In the S 2p high-resolution XPS spectrum, S 2p;,
and S 2p,,, at the binding energies of 161.0 and 162.2 eV are
the typical features of sulfide ions in CdS (Fig. S4ct).**** For
the Ni 2p high-resolution XPS spectrum, the two peaks appear-
ing at 856.2 and 873.9 eV are contributed to by the binding
energies of Ni 2ps, and Ni 2py,, respectively (Fig. S4df).*’
Additionally, compared to the XPS spectra of pure CdS, the
peaks of Cd 3d and S 2p for INC moving towards higher
binding energies indicate that electrons transfer from CdS to
Ni atoms/clusters at the interface (Fig. S4b and ct), which is
mainly ascribed to their strong interfacial interaction.

The photocatalytic hydrogen evolution performance of
these photocatalysts was evaluated using triethanolamine as a
sacrificial reagent under light illumination. In the traditional
solid-liquid-gas triphase system, the photocatalytic hydrogen
evolution rate of 1NC is 129.24 umol h™*, which is 7.36 times
that of CdS (Fig. S57). It is well known that the effective separ-
ation of photogenerated charges is crucial to the photocatalytic
activity, which can be explored from the perspective of charge
carrier dynamics. The  steady/transient-state  photo-
luminescence (PL) emission spectra of the as-prepared
samples are shown in Fig. S6.7 Compared with pure CdS, the
1NC sample shown in Fig. S6af reveals obvious PL quenching
due to the rapid transfer of electrons from CdS to nickel
atoms/clusters, indicating the inhibition of photogenerated
carrier recombination. Moreover, the time-resolved transient
PL decay spectra show a longer average lifetime (z,y,) of charge
carriers of 1INC with respect to the pure CdS (Fig. S6b and
Table S1f), suggesting a more efficient charge transfer for
1NC.***” This consistent conclusion can also be supported by
the photoelectric response upon repeated on/off illumination
cycles (Fig. S7at). Clearly, the transient photocurrent density
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of 1NC is much higher than that of pure CdS, again providing
reasonable evidence for the introduction of nickel atoms/clus-
ters to promote the charge transfer. The EIS Nyquist plot of
INC has a smaller arc radius in comparison to that of pure
CdS (Fig. S7b¥), indicating that it has smaller charge transfer
resistance. In summary, the introduction of highly dispersed
nickel atoms/clusters on CdS leads to the prolongation of
charge lifetime and the boosted separation of photogenerated
charges, which is conducive to improving the photocatalytic
activity.

Inspired by the photothermal effect to further improve the
photocatalytic performance of CdS and 1NC, we fabricated a
gas-solid photocatalytic reaction system that can decouple
hydrogen generation from a traditional solid-liquid interface.
The black AMS was obtained by annealing original white MS
in air at 400 °C for 1 hour (Fig. S8t). The original MS has a
highly porous network structure with uniform pores
(Fig. S9at). The prepared AMS still maintains an obvious
porous network structure but with reduced pore size after
annealing (Fig. S9bt), and the volume shrinkage of AMS is
about 60% compared to the original MS. The photocatalyst/
AMS system was constructed by uniformly coating the surface
of AMS with a mixed solution containing PVDF and photo-
catalyst. The addition of PVDF ensures that the photocatalyst
adheres to the skeleton of the AMS surface uniformly and
avoids falling to the bottom of the AMS as well. SEM images
show that 1NC nanorods are uniformly attached to the smooth
porous skeleton of AMS after the solution-dropping procedure
(Fig. 1d and e). The elemental mapping distribution images of
1NC/AMS also reveal that Cd, S and Ni elements are homoge-
neously dispersed on the AMS skeleton (Fig. S10f). The XRD
patterns of AMS, 1INC and 1NC/AMS are shown in Fig. S11,}
again confirming the successful loading of 1NC nanomaterials
onto AMS. As shown in Fig. S12,7 SEM images of the CdS/AMS
system with different magnifications further indicate that the
photocatalyst has been successfully coated on the surface of

Dr Naixu Li is a full professor at
the School of Chemistry and
Chemical Engineering, Southeast
University. He received his B.S.
(2007) and Ph.D. (2014) degrees
in Chemical Engineering and
Technology  from  Southeast
University, China. He started as
an  assistant  professor  at
Southeast University in 2014,
and was promoted to full pro-
fessor in 2023. His current
research interests focus on semi-
conductor  photocatalysis  for
energy and environmental applications, including photocatalytic
hydrogen production from water splitting, CO, reduction to hydro-
carbon fuels, water and air purification, and so on.

Naixu Li

Nanoscale, 2024, 16,152-162 | 155


https://doi.org/10.1039/d3nr04937j

Published on 08 December 2023. Downloaded on 6/23/2026 4:07:20 AM.

Paper

AMS. Besides, Fig. 2a shows the Raman spectra of the original
MS and AMS. For the original MS, the intense peak at
978 cm ™" is the characteristic peak of the breathing vibrational
modes of the triazine ring in melamine, which is consistent
with spectra in previous reports.*® After annealing at 400 °C
for 1 h, the peak located at 978 cm™" disappears and two new
peaks assigned to the carbon D-band and G-band appeared.
The G-band around 1580 cm™" is the feature of graphitic
layers, while the D-band around 1350 cm™" corresponds to dis-
ordered carbon or defective graphitic structures.*>®° In
addition, in the XRD spectrum of AMS, the broad peak
between 20° and 30° indicates that AMS contains semi-ordered
carbon (Fig. $111).*® These results indicate that the original
MS is successfully carbonized.

To evaluate the light absorption capacity of these samples,
the absorption spectra were recorded over a range of 300 to
1500 nm, as shown in Fig. 2b. First of all, compared with pris-
tine CdS, the absorption of visible light and infrared light in
INC can be enhanced with the addition of nickel atoms/clus-
ters. Second, compared with MS, AMS has stronger broadband
absorption of sunlight with an absorbency of near to 100%. As
shown in Fig. S13,f the surface temperature of AMS can be
stabilized at about 125 °C under one-sun illumination in air,
indicating the strong photothermal effect of AMS compared
with the original MS. Third, the 1NC/AMS system exhibits
excellent light absorption similar to that of pure AMS in the
wavelength range of 300 to 1500 nm, indicating that our con-
structed system can make full use of sunlight. After a few
minutes of light illumination, the temperature of the 1NC/
AMS system stabilizes at about 70 °C due to the balance
between the heat energy generated by the absorption of sun-
light and the heat energy consumed by the evaporation of
liquid water (Fig. 2c). In addition, we accurately measured the
surface temperature of the 1NC/AMS system during photo-
catalytic hydrogen evolution using a thermocouple (Fig. S147).
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In the first few minutes of light illumination, the surface temp-
erature of 1NC/AMS rapidly increased and was maintained at
about 70 °C thereafter, providing additional evidence for the
above deduction. The detailed photocatalytic process based on
this gas-solid photocatalytic reaction system by decoupling
hydrogen generation from a traditional solid-liquid interface
is illustrated in Fig. 2d. At the beginning, AMS converts liquid
water into water vapor through the photothermal effect under
light illumination, and then 1NC photocatalysts decompose
the vapor into hydrogen.

To further research the surface wettability of these prepared
samples, contact angle measurements were carried out.
Obviously, the smaller contact angle contributed by AMS
reveals the superhydrophilicity of its surface (Fig. 3a). The
highly porous structure together with excellent hydrophilicity
of AMS ensures the continuous supply of water to the hot
zone, contributing to enhancing the photothermal evapor-
ation. In the absence of PVDF, the surface of the 1NC/AMS
system still exhibits admirable hydrophilicity (Fig. 3b), which
indicates that the 1NC photocatalyst can effectively adsorb
gaseous water molecules and decompose them into hydrogen.
The surface of the 1NC/AMS system shown in Fig. 3c becomes
weakly hydrophobic due to the addition of PVDF, which can
prevent excessive liquid water coming into contact with the
photocatalyst and facilitate the release of vapor. In order to
ensure sufficient vapor supply during the photocatalytic
process, solar water evaporation test experiments were con-
ducted under simulated sunlight illumination (AM 1.5G) con-
ditions of one-sun intensity. The typical curves of mass change
along with time for different systems under the same optical
concentration are shown in Fig. 3d. Under light illumination,
the water evaporation rates of 1NC, 1NC/MS, and 1NC/AMS
were found to be 0.39, 0.48 and 1.01 kg m™> h™', corres-
ponding to solar-vapor conversion efficiencies of 28.16%,
34.24%, and 72.33%, respectively (Fig. 3e). These results prove
that the 1NC/AMS system can provide sufficient vapor to
support the photocatalytic process.

The hydrogen evolution device of the gas-solid photo-
catalytic reaction system is shown in Fig. 4a. It is obvious that
the total reactor is filled with vapor under light illumination,
which demonstrates the successful construction of the desired
decoupling system. Accordingly, we first investigated the effect
of CdS load mass on the photocatalytic hydrogen evolution
rate in the CdS /AMS system (Fig. 4b). The highest hydrogen
evolution rate can be achieved when 50 mg of CdS is loaded,
while further increasing the mass of photocatalyst leads to sig-
nificantly decreased hydrogen evolution rates. Basically, as
shown in Fig. S15,1 excess photocatalyst will block the pores of
AMS and weaken the photothermal effect of AMS, thus inhibit-
ing the release of vapor. In this case, the achieved hydrogen
evolution rate of CdS/AMS can be 169.88 pmol h™', an
improvement of 8.68 times compared to the triphase CdS
nanorods system (Fig. 4c). Notably, when the CdS/AMS system
is completely immersed in water, the hydrogen evolution rate
only remains at 9.19 pmol h™", which can be explained by the
significant barrier caused by hydrogen bubble desorption in

This journal is © The Royal Society of Chemistry 2024
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(a) Raman spectra of MS and AMS. (b) Absorption spectra of CdS, INC, MS, INC/MS, AMS and 1INC/AMS in the range from 300 to 1500 nm.

The light absorption (1-T-R) of MS, INC/MS, AMS and INC/AMS was calculated based on the measured reflectance (R) and transmittance (T) of MS,
INC/MS, AMS and 1INC/AMS. (c) Infrared radiation thermal image from the INC/AMS system under light illumination. (d) A schematic diagram of a
gas—solid photocatalytic reaction system by decoupling hydrogen generation from a traditional solid—-liquid interface.

water. In addition, compared with CdS/AMS, the hydrogen
evolution rate of CdS/MS can be decreased to 36.59 pmol h™"
due to the weak light absorption of MS. After 3 hours of light
illumination, no hydrogen evolution signal was detected on
AMS (Fig. S16%), confirming that the photocatalytic activity of
AMS can be ignored.

A comparison of hydrogen evolution rates of xNC/AMS
systems with different Ni contents is shown in Fig. 4d. When
the Ni loading on CdS is 1 wt%, the hydrogen evolution rate
can reach the highest value of 686.39 pmol h™". The hydrogen
evolution rates of the triphase 1NC nanorods system, 1NC/
AMS-sink system and 1NC/MS system are 129.24, 21.75, and
317.02 pmol h™', respectively (Fig. 4e). The variation trend of
hydrogen evolution rate under different systems is consistent
with the results obtained from systems using pure CdS as the
photocatalyst, verifying the universality of the decoupled
photocatalysis system constructed in this study. The STH
efficiency of this 1INC/AMS system is calculated to be 2.06%,
compared to only 0.39% for the triphase 1NC nanorods
system. In order to understand the proton source of 1INC/AMS
reduction, D,O was used to replace H,O during the photo-
catalytic HER process. Due to the presence of the H/D isotope

This journal is © The Royal Society of Chemistry 2024

effect, the release rate of D, decreases to 271.67 pmol h™'
under the same experimental conditions (Fig. S177), indicating
that the source of H, is aqueous protons.”’ > In addition, the
effect of temperature on photocatalytic hydrogen evolution
activity based on this system was also investigated. It was
found that without light illumination, hydrogen cannot be
detected even if the reaction is maintained at 70 °C for a long
time (Fig. S1871), confirming that the photocatalytic reaction
cannot be triggered by heat. Under light illumination, as the
temperature increases from 35 °C to 100 °C, the hydrogen evol-
ution rate can be increased from 129.24 pumol h™' to
271.06 pmol h™" (Fig. 4f), and the enhancement of photo-
catalytic performance at higher temperature is consistent with
previous reports.>* It is worth noting that even if the tempera-
ture of the triphase 1NC nanorods system is raised to 100 °C,
the photocatalytic hydrogen evolution rate is still far lower
than that of the 1NC/AMS system, which indicates that temp-
erature is not a determinative factor in improving the photo-
catalytic activity of the 1NC/AMS system. The photocatalytic
hydrogen evolution rates of the triphase CdS nanorods system
at different temperatures can also serve as additional evidence
to support the above conclusions (Fig. S197). Thus, it is safe to

Nanoscale, 2024, 16,152-162 | 157


https://doi.org/10.1039/d3nr04937j

Published on 08 December 2023. Downloaded on 6/23/2026 4:07:20 AM.

Paper

11.7°

NP

View Article Online

o

40

0.0
£ -0.21
g
5 0.4
D
C
2061
o
@ —o—1NC
8081 —o—1INCIMS
—o— 1NC/AMS
-1.04
0 10 20 30
Time (min)

50

= -80
< 1.04 g)
E 3}
20.8- -60§
2 e
©0.61 X
g 0.48 34.24 -40 5"
2044 0.392816 o)
S &
= 20~
> 0.2 2
i

v 0.0- L0

60 1NC 1NC/MS 1NC/AMS

Nanoscale

Fig. 3 Water contact angle measurement over the (a) AMS, (b) INC/AMS/NP, and (c) INC/AMS. (d) Evaporation mass loss of INC, INC/MS and INC/
AMS for 1 h under the simulated sunlight illumination (AM 1.5G) of one-sun intensity. () The average evaporation rates and the corresponding solar-

vapor conversion efficiencies of INC, INC/MS and 1INC/AMS.

o

a o N
o O o
o O O
(2]
[e]
&
w
©

396.21

N
o
k=1

300

Rate of H, evolution (umol h™')

o
o o
—
—

328.95

200169.88 | I
0.1

0.5 1 2
wit% Ni

Fig. 4

3

(op

©
o

Rate of H, evolution (umol h™")

o

(0]

- w S o ~
o o a (=3 o
o o o o o

Rate of H, evolution (umol h™')

o

a
N

>

~
o

@w
@

10 20 30 40 50 60 70 80 90
Photocatalyst mass (mg)

686.39 |

317.02

4.31 times

-
N
2
[NJ
=

2175
Al

1NC 1NC/AMS-sink INC/MS 1NC/AMS

(@)

Rate of H, evolution (umol h™")

—

Rate of H, evolution (umol h™")

-
©
o

Y
[
N

76

38

300

250

200

100

50-

2
I
§
&

TB68times
17.49 times

o
36.59

1738 949

| = |
CdS CdS/AMS-sink CdS/MS CdS/AMS

271.06

198.65

129.24

35 70 100
Reaction temperature (°C)

(@) A photograph of the hydrogen evolution device of the gas—solid photocatalytic reaction system. (b) Mass loading-dependent photo-

catalytic hydrogen evolution rates for the CdS/AMS system (area: 7.07 cm?). (c) A comparison of hydrogen evolution rates in the triphase CdS nano-
rods system, CdS/AMS-sink system, CdS/MS and CdS/AMS gas—solid biphase reaction system. (d) A comparison of hydrogen evolution rates in the
xNC/AMS gas—solid biphase reaction system using CdS loaded with different contents of Ni as the photocatalyst. (€) A comparison of hydrogen evol-
ution rates in the triphase 1INC nanorods system, INC/AMS-sink system, INC/MS and 1INC/AMS gas—solid biphase reaction system. (f) Temperature-
dependent photocatalytic hydrogen evolution rates for the triphase INC nanorods system.
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say that the conversion of liquid water to vapor plays a decisive
role in enhancing the hydrogen evolution of this decoupled
photocatalytic reaction system.

In order to further understand the underlying mechanism
of enhanced photocatalytic hydrogen evolution by this gas—
solid photocatalytic reaction system, DFT calculations of the
Gibbs free energy of the H, evolution reaction (HER) were
carried out. Generally, the HER involves three reaction steps:
the adsorption of water molecules, the adsorption of hydrogen
atoms and the generation of hydrogen. The calculation models
for the optimal adsorption configurations of water molecules
and hydrogen atoms on CdS and 1NC are shown in Fig. S20
and Fig. S21.1 For a better comparison, the Gibbs free energy
of the CdS and 1NC triphase system working on two tempera-
ture levels of 25 °C and 100 °C has been calculated (Fig. 5a
and b). In the CdS and 1INC triphase system, the Gibbs free
energy of the adsorption process of water molecules at 100 °C
(—0.249 and —0.339 eV) is lower than that at 25 °C (—0.274 and
—0.379 eV), indicating that the high reaction temperature is
thermodynamically conducive to the adsorption of water mole-
cules on the photocatalyst. Meanwhile, high temperature can
kinetically promote the transport of water molecules and
reduce the transport resistance of hydrogen.*® It is notable
that the largest increase of Gibbs free energy (the rate-limiting
step) occurs in the water decomposition step where water in its

a
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adsorbed state (*H,O) acquires an electron and is reduced to
protonic hydrogen (*H). It is obvious that the Gibbs free
energy barrier of the rate-limiting step is significantly reduced
after the modification of CdS by Ni, demonstrating that the
successful construction of the 1NC composite photocatalyst is
of great significance for activating the H-OH bond of adsorbed
water by reducing the apparent activation energy of water split-
ting.>® Furthermore, the Gibbs free energy barrier of the rate-
limiting step significantly decreases from 0.659 eV to 0.235 eV
when the hydrogen evolution reaction changes from the solid-
liquid-gas triphase at 100 °C to the gas-solid biphase
(Fig. 5b), indicating that the decomposition process of gaseous
water in the biphase system is smoother than that of liquid
water in the triphase system, leading to the accelerated photo-
catalytic hydrogen evolution reaction.

In addition, from the perspective of the reaction kinetics
between the photocatalytic reaction interface and the liquid
phase system, the nucleation, growth, and desorption pro-
cesses of bubbles play significant and complex roles in the
whole photocatalytic process. Generally, the bubbles dispersed
on the surface of the catalyst and reaction system can weaken
the intensity of light illumination and affect the absorption of
light by photocatalysts through their scattering and reflection
characteristics. Second, the bubbles generated on the surface
of the photocatalyst are subjected to the pressure of the sur-
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o
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Fig. 5 The calculated Gibbs free energy for the HER of the (a) CdS and (b) INC photocatalyst in the triphase system at different temperatures (25
and 100 °C), and in the gas—solid biphase system. (c)—(e) Photographs of bubbles on the INC/AMS surface immersed at different depths below the
liquid level of water observed under a microscope: (c) 5 mm, (d) 1 mm, (e) 0 mm. (The surface of INC/AMS is slightly higher than the liquid level of

water.)
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rounding liquid system as well as the adsorption force of the
photocatalyst. These active sites of the photocatalyst cannot
come into contact with the liquid phase system when the
bubbles cannot be desorbed from the surface of the photo-
catalyst to the external system, thus limiting the adsorption of
water molecules and photocatalysts and reducing the rate of
photocatalytic hydrogen evolution.*” In order to further investi-
gate the desorption of bubbles during photocatalysis, bubbles
on the surface of 1NC/AMS immersed at different depths
below the liquid level of water were accurately observed in situ
under a high-resolution microscope. When the surface of 1NC/
AMS is 5 mm away from the liquid level of water, the diameter
of bubbles on the surface of 1NC/AMS is about 300 pum
(Fig. 5c). Interestingly, the diameter of bubbles on the surface
of 1INC/AMS can be decreased to about 60 pm when this dis-
tance is reduced to 1 mm (Fig. 5d). This is because as the
height of liquid water into which the 1NC/AMS surface is
immersed decreases, the bubbles generated by the photo-
catalytic hydrogen evolution reaction are subjected to less
pressure from the surrounding liquid phase system.
Correspondingly, it is not necessary for them to spend longer
time growing into larger bubbles, and the buoyancy generated
is sufficient to overcome the adsorption force of photocatalysts
and the pressure of the surrounding liquid phase system to
achieve desorption. Moreover, when the surface of INC/AMS is
covered by vapor instead of liquid water, the formation of
bubbles on the surface of 1NC/AMS cannot be observed
(Fig. 5e), indicating a lower hydrogen transfer resistance in
this system and timely contact between active sites of the
photocatalyst with water molecules. These results clearly
demonstrate that the 1NC/AMS system can provide a very favor-
able environment for the desorption of hydrogen bubbles at
the active sites of photocatalysts, thus promoting the smooth
process of the photocatalytic hydrogen evolution reaction. In
short, in our study, the efficient photothermal materials manu-
factured combined with reasonable reaction system design can
realize the transformation of the photocatalytic reaction
system from the solid-liquid-gas triphase to the gas-solid
biphase, greatly reducing the transport resistance of hydrogen
at the interface, lifting the mutual restriction between the reac-
tion rate of the photogenerated electron interface and the rate
of bubble desorption, and fundamentally changing the slow
mass transfer process at the triphase photocatalytic interface.

Conclusions

In summary, we have constructed a photothermally induced
gas-solid photocatalytic reaction system with high solar spec-
tral utilization by using a novel xNC photocatalyst and low-cost
AMS as solar vapor generator. The new-type 1NC/AMS system
achieves an excellent hydrogen evolution rate of 686.39 umol
h™", 5.31 times that of the traditional solid-liquid-gas triphase
system, with the corresponding STH efficiency being up to
2.06%. Compared with the triphase system, this biphase
system reduces the Gibbs free energy barrier of the HER
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thermodynamically, greatly reduces the hydrogen transport re-
sistance at the interface kinetically, avoids the formation of
photocatalytic bubbles at the solid-liquid interface, and funda-
mentally changes the slow mass transfer and conversion
process at the triphase photocatalytic interface. This work pro-
vides a new strategy to improve the performance of photo-
catalytic reactions by establishing a new-type reaction system
for accelerating the mass transfer and conversion.
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