RESEARCH ARTICLE

W) Check for updates

Juill

www.small-journal.com

Enhanced Hot/Free Electron Effect for Photocatalytic
Hydrogen Evolution Based on 3D/2D Graphene/MXene

Composite

Qian Wang, Zhantong Ye, Xiaoyu Zhao, Hejing Wang, Shengyan Zhang, Suling Zhang,
Hongyan Liu, Yanhong Lu,* Menggai Jiao,* Yanfeng Ma, and Yongsheng Chen*

Photocatalytic hydrogen production through water splitting represents

a promising strategy to store solar energy as chemical energy. Current
photocatalysts primarily focus on traditional semiconductor materials, such
as metal oxides, sulfides, nitrides, g-C;N,, etc. However, these materials often
suffer from large bandgap and fast charge recombination, which limit sunlight
utilization and result in unsatisfactory photon conversion efficiency. Here,

a novel 3D/2D graphene/MXene (3DGraphene/MXene) photocatalyst without
metal semiconductor participant is designed, and an enhanced hot/free elec-
tron catalytic mechanism for photocatalytic hydrogen evolution is proposed.
The hot/free electrons, ejected out from 3DGraphene based on an Auger-like
light induced electron emission mechanism and enhanced by the cocatalyst
MXene Ti;C,T,, exhibit exceptional catalytic activity under wide spectrum
range from ultraviolet to visible light. The optimized 3DGraphene/MXene
composite catalyst achieves an average hydrogen production rate of 1.4

mmol h=" g_,,~". Furthermore, consistent with the proposed hot/free electron
emitting mechanism, the photocurrent rises with increasing the photon energy
from visible to ultraviolet light and the light intensity under the same frequency
range. These results indicate that using the hot electron generated from
graphene and enhanced by other 2D materials might be an effective strategy
for enhancing the activity of the photocatalytic materials for water splitting.

renewable energy and the earth’s
ecosystem.[?] Photocatalytic water split-
ting for hydrogen production is one of the
most important approaches to produce
hydrogen from solar energy.[>°/ Photocata-
lysts play a pivotal role in achieving highly
efficient hydrogen production. The photo-
catalytic process generally includes three
crucial steps, incident light harvesting,
charge separation/migration, and surface
catalytic reduction reactions. Therefore,
photocatalysts with an appropriate bandgap
for full spectrum active including the
visible light range, high electronic con-
ductivity to facilitate rapid carrier transfer
rates, and suitable surface environment
for fast chemical reaction, are required to
achieve optimal photocatalytic efficiency.l”*#!

Semiconductors, such as metal
oxides,>1%  sulfides,2]  nitrides, /1314
and covalent organic frameworks, !>
etc., with the advantages of material
diversity, structure controllability, and
performance tunability, have been widely

1. Introduction

Hydrogen, as a typical green fuel and an essential material
for chemical industry, holds significant importance for both

studied as the photocatalysts for hydro-
gen evolution through water splitting.
However, the simultaneous requirements for a large bandgap,
rapid charge-hole recombination rate, and limited absorption of
visible-near-infrared light pose significant obstacles to the devel-
opment of an efficient, practical, and renewable solar hydrogen
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production process.!'82% Despite the improvement in hydrogen
evolution efficiency achieved through tremendous studies and
many pioneering works,21-3#! the practical application of these
photocatalysts is hindered by their low yield, primarily attributed
to the suboptimal full-spectrum utilization, especially in the vis-
ible light range and sluggish charge carrier dynamics. This limi-
tation stems from the fact that hydrogen evolution reaction from
water splitting is a thermodynamically uphill reaction that relies
on the transfer of multiple electrons.[**] Therefore, to achieve ef-
ficient hydrogen production, it is highly demanded to seek al-
ternative photocatalysts with highly energetic electrons emitting
properties across a broader sunlight spectrum and rapid electron
transport capabilities simultaneously.

Graphene, a novel 2D carbon material, exhibits a unique capa-
bility to reach a reverse saturation state with high density (=10
cm=2)B381 of hot/free electrons well above the Fermi level. Fol-
lowing its distinctive Dirac band structure and an Auger-like
light-induced electron emission (LIEE) mechanism, graphene
can expel hot/free electrons from the Fermi level, even the Vac-
uum level under normal light illumination.l*”38] Exploiting this
property, highly energetic hot/free electrons generated by 3D
graphene (3DGraphene) have been used as the most powerful
and clean reducing agents for photocatalytic ammonia synthe-
sis directly from molecular nitrogen under mild conditions for
the first time by our group.l**) Building upon this mechanism,
a series of 3DGraphene based photocatalysts, integrating the in-
trinsic properties of 2D graphene sheets, have been developed
for various photocatalytic reactions, such as hydrogen evolution
from water splitting!*’! and catalytic reduction of 4-nitrophenol to
4-aminophenol.[*!] Benefiting from the enhanced photocatalytic
abilities of the highly energetic hot/free electrons, a full-spectrum
light response and improvement catalytic activities have been
achieved for 3DGraphene materials. Nevertheless, their photocat-
alytic activity is limited by the relatively low surface chemical re-
action rate due to the weak hydrophilicity of the pristine graphene
sheet. Thus, we intend to introduce a cocatalyst to 3DGraphene,
to provide an excellent hydrophilic surface and enhance the sur-
face chemical reaction rate while improving the transport of high
energetic hot/free electrons.

This is how MXene comes to play. MXene, a class of 2D
material comprising transition metal carbides, nitrides, and
carbonitrides, exhibits exceptional conductivity, superior spe-
cific surface area, tuneable terminal functional groups, hy-
drophilic surfaces, and favorable Gibbs free energy for hydro-
gen adsorption.[“>*] These unique characteristics are benefi-
cial for promoting the separation and migration of photogen-
erated carriers and increasing surface active sites. Thus, these
distinguished optoelectronic properties have rendered MXene
to emerge as a desirable cocatalyst for hydrogen production
with an obviously enhanced photocatalytic efficiency.*~*! For
example, Qiao’s group conducted a pioneering work in ex-
ploring the potential role of Ti,C,T, as a cocatalyst for the
hydrogen evolution reaction using density functional theory
(DFT) calculations.*] Also recently, Ruan et al. developed a
ternary heterogeneous photocatalyst through an electrostatic self-
assembly method utilizing MXene as the cocatalyst. The syn-
ergistic effect of homo-interface engineering and Ti,C, MX-
ene in the prepared composite resulted in significantly en-
hanced photocatalytic hydrogen evolution performance, char-
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acterized by widened light absorption and efficient carrier
transportation.>%

With these thoughts, in this study, a 3D/2D hybrid/composite
(3DGraphene/MXene) has been designed by combining the ad-
vantages of 3DGraphene with efficient high energetic hot/free
electrons emission properties and the superiority of 2D MX-
ene. The composite consisted of 2D MXene (Ti,C,T,) loaded
onto 3DGraphene, and its performance in photocatalytic hy-
drogen evolution process from water splitting under light illu-
mination was investigated. In this 3DGraphene/MXene com-
posite catalyst, the 3DGraphene component serves as an elec-
tron reservoir following the LIEE mechanism even under
visible light illumination. The MXene component acts as a
booster/cocatalyst for facilitating the transport of generated
hot/free electrons and aiding in the reduction of hydrogen on
the hydrophilic surface of the composite photocatalyst. Through
this synergistic design, a maximum average hydrogen produc-
tion rate of 1.4 mmol h™! g ~! under UV-visible light was
obtained.

2. Results and Discussion

2.1. Materials, Morphology and Structural Properties

2D Ti;C,T, and graphene oxide (GO) were prepared through
exfoliation of the Ti,AlC, phase by LiF/HCIPY and the
modified Hummer's method,?83% respectively. The bulk
3DGraphene/MXene composite material, which involved load-
ing 2D Ti,C,T, sheets onto bulk 3D cross-linked graphene
materials,*¥*1 was prepared by using the 2D GO and Ti;C,T,
materials above through a simple and easily scalable hydrother-
mal reaction followed by a freeze drying process, as shown
in Figure 1. It is worth noting that graphene here stands for
reduced graphene oxide (rGO) as it is partially reduced during
the hydrothermal process. A series of 3DGraphene/MXene com-
posite with varying proportions of MXene with 5%, 10%, 15%,
and 20% were obtained and labeled as 3DGraphene/MXene-
5, 3DGraphene/MXene-10, 3DGraphene/MXene-15, and
3DGraphene/MXene-20, respectively. Additionally, using the
same synthesis method as described above, the control samples,
including 3DGraphene without MXene and Con-MXene without
graphene, were also synthesized for the comparison.

X-ray diffraction (XRD) characterization was carried out to
study the phase and crystal structure of the prepared pristine
MXene and 3DGraphene/MXene composite. In Figure 2a, the
diffraction peak of Ti;AlC, at 20 = 39.02° disappeared after etch-
ing, and the characteristic peaks at 26 = 6.4° and 26 = 13.5° be-
ing indexed to the (002) and (004) planes of the Ti,C,T, were
shown simultaneously, indicating the removal of the interlayer
Al element and the presence of 2D Ti,C,T,.[*”] In the XRD pat-
terns of the 3DGraphene/MXene-10 composite, in addition to the
broad peak x25°-30° belonging to the (002) plane of graphene,
the diffraction peak of the (002) plane of Ti;C, T, at < 10° was re-
served, confirming successful loading of Ti,C, T, on 3DGraphene
to form the composite. In addition, the wider diffraction peak
of (002) plane and the absence of significant other peaks of
Ti,C,T, in the 3DGraphene/MXene composite demonstrated im-
proved dispersion and disordered stacking of Ti;C,T, embed-
ded in the 3DGraphene skeleton.l®”] These XRD results indicate
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Figure 1. Schematic diagram for the synthesis of 3DGraphene/MXene composite photocatalyst. A typical digital photograph at the right is presented

for the 3DGraphene/MXene product.

that Ti;C, T, and 3DGraphene maintain their intrinsic structure
within the composites.

Raman spectra were carried out to further understand the
structure of the prepared Ti;C,T, and 3DGraphene/MXene-10
composite, as presented in Figure 2b. The characteristic peak of
Ti,C,T, at 204 cm™ corresponds the A,, symmetry out-of-plane
vibrations of Ti atoms, whereas the peaks of 387 and 601 cm™!
arise from the E, group vibrations, consisting of the in-plane
(shear) modes of Ti, C, along with the surface functional group
atoms.’?*3] In the Raman spectrum of 3DGraphene/MXene
composite, all the characteristic peaks of Ti;C,T, in the range
of 200-600 cm™' are observed, indicating that the structure
of Ti;C,T, is maintained in the composite. It is worth noting
that the peaks of Ti,C,T, at 204, 387, and 601 cm™! slightly
shifted to 210, 415, and 610 cm™!, respectively, after being loaded
on the 3DGraphene surface, indicating the presence of hydro-
gen bonding and van der Waals interaction between Ti,C,T,
and 3DGraphene. At higher wavenumber, the typical peaks of
graphene, D (1347 cm™!), and G (1588 cm™?) bands are observed,
corresponding the breathing modes of six-atom rings and the
high-frequency E,, phonon at the G-point, respectively.”’]

The chemical composition and surface electronic states of
the 3DGraphene/MXene composite and the control sample of
Ti,C,T, were employed by X-ray photoelectron spectroscopy
(XPS) characterization. The XPS survey spectra are shown in
Figure 2c, where the peaks of C 1s, Ti 2s, Ti 2p, and O 1s appear
in both Ti,C, T, and 3DGraphene/MXene-10 composite, demon-
strating the formation of the composite. The high-resolution XPS
spectra of Ti 2p and C 1s provide the detailed electronic states of
the two samples, as shown in Figure 2d,e. In the fitting peaks
of Ti 2p of Ti;C,T,, the Ti 2p;, components centered at 455.3,
456.3, and 458.0 eV can be assigned to Ti—C, Ti (II) and Ti—O
bonds of Ti 2p;,, respectively. The Ti 2p,,, component located
at 461.7 and 464.9 eV corresponds to Ti—C and Ti—0.* In the
high-resolution Ti 2p spectra of 3DGraphene/MXene-10 compos-
ite, the Ti—C 2p,,, component located at 463.2 eV of the Ti;C, T,
is retained. Meanwhile, the intensity of Ti—O 2p;;, and Ti—O
2p,,, components located at 459.7 and 465.4 eV is obviously en-
hanced, indicating the interaction force between 3DGraphene
and Ti;C,T,. The high-resolution C 1s spectra of Ti,C, T, are fit-
ted with three main components, 281.2, 284.4, and 285.4 eV, be-
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ing assigned to Ti—C, C—C, and C—O bonds, respectively. For
3DGraphene/MXene-10 composite, the peaks of C—C, C—0 and
O—C=0 bonds are observed at 284.0, 285.3, and 286.5 eV, respec-
tively, representing the typical electron states of 3DGraphene. No
obvious Ti—C peak was found in the composite, caused likely
by the relatively low mass content and high embedding in the
3DGraphene bulk skeleton. To confirm the surface terminations
of the Ti,C,T,, the high-resolution spectrum in the O 1s region
was studied, as shown in Figure 2f, which could be assigned
to three components at 530.3, 531.7, and 533.2 eV, respectively.
The peaks of 530.3 and 531.7 eV can be attributed to the oxygen
in Ti—O and —OH groups,’*®! while the component at 533.2 eV
likely arises from the absorbed water. Fourier-Transform Infrared
(FT-IR) spectrum was further performed (Figure 2g). The adsorp-
tion peaks at 3436, 2929, and 1646 cm™' could be assigned to the
asymmetric stretch of —OH, asymmetric vibration of —OH, and
bending vibration of —OH, respectively.*®] The presence of Ti—C
and Ti—O bonds in the high-resolution spectra of Ti 2p and O
1s, in conjunction with the FT-IR result, demonstrates the pres-
ence of —OH termination in Ti,C, T,, indicating the formation of
Ti,C, (OH), 15!

The morphology of the composite, which depends on the
structure of precursors and the synthesis process, plays a cru-
cial role in determining the photocatalytic activity. This mor-
phology was characterized using a scanning electron microscope
(SEM). The prepared Ti,C,T, has a 2D layered structure, as
shown in the SEM image in Figure 3a. By optimizing the hy-
drothermal process, a cross-linked 3DGraphene was obtained
to serve as the skeleton in the 3DGraphene/MXene compos-
ite. Figure 3b,c depict the framework of 3DGraphene/MXene-
10 composite, consisting of 2D flexible graphene sheets as the
units, where 2D Ti,C,T, sheets attach on by probably face-to-
face based on the hydrogen bonding and the van der Waals in-
teraction. Transmission electron microscope (TEM) was further
performed for the morphology analysis of the photocatalysts.
Figure 3d shows the 2D sheet of the prepared Ti,C,T,, consis-
tent with the SEM results. From the TEM image (Figure 3e)
of the 3DGraphene/MXene-10 composite, the Ti,C,T, layers
(signed with the white dotted circles) loaded on the surface of
graphene sheets were observed. Figure 3f-i presents the en-
ergy dispersive spectroscopy (EDS) images, illuminating the
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Figure 2. Structure analyses of the prepared Ti;C,T, and 3DGraphene/MXene-10 composite. a) X-ray diffraction spectra. b) Raman spectra. c) XPS
survey spectra. d) high-resolution Ti 2p spectra. ) high-resolution C 1s spectra. f) high-resolution O 1s spectrum of MXene. g) FT-IR spectrum of
Ti;C,T,.

formation of the composites, with even distribution of Ti el-  properties of graphene. 2D Ti,C, T, layers, closely adsorbing on
ement (MXene) as expected. The morphology analysis of the the surface of graphene sheets, can benefit to the transporta-
3DGraphene/MXene composite reveals that 3DGraphene retains  tion of the high energetic free/hot electrons emitting from the
the individual 2D graphene sheet structure, thereby maintain-  graphene sheets, enhancing the photocatalytic properties of the
ing the unique and remarkable mechanical and (opto)electronic ~ composite.
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Figure 3. SEM images of a) cross section of Ti;C, T, film, and b) low-, c) high-magnification of 3DGraphene/MXene-10 composite. TEM images of d)
Ti;C,T, and e) 3DGraphene/MXene-10 composite. f-i) EDS images of 3DGraphene/MXene-10 composite.

2.2. Light-Harvesting and Photoelectrochemical Properties

The light-harvesting capability of 3DGraphene and
3DGraphene/MXene composite was evaluated by the ultraviolet-
visible DRS. As shown in Figure 4a, it can be observed that
MXene exhibits strong absorption in the visible light region.
Both 3DGraphene and 3DGraphene/MXene composite show
excellent absorption across the full ultraviolet-visible spectrum.
In the visible light range, the 3DGraphene/MXene composite
shows higher absorption ability compared to 3DGraphene alone,
attributed to the enhanced light absorption capability of MXene.
To confirm the hot/free electron enhancement effect of MXene
and its role in charge separation in the 3DGraphene/MXene
photocatalyst, photoluminescence (PL) measurements were
conducted, as shown in Figure 4b. The 3DGraphene/MXene
composite exhibited lower intensity than 3DGraphene, demon-
strating the enhanced effect of MXene in facilitating the rapid
transmission of emitting hot/free elections and their separation
from the photoinduced holes.[*’] The electrochemical impedance
spectroscopy (EIS) measurements were further performed to
clarify the electron transfer kinetics. In Figure 4c, the Nyquist
plots of 3DGraphene, Con-MXene, and 3DGraphene/MXene-10
materials exhibit similar characteristics, with a typical semicircle
and an inclined line in the low and high-medium frequency
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region, respectively. The Con-MXene sample shows the small-
est radius semicircle, indicating the lowest interfacial charge
transfer resistance and excellent electronic conductivity.l’”] This
suggests an enhanced charge transport capability of the compos-
ite catalyst due to the presence of the cocatalyst MXene, aligning
with the design strategy. According to the DRS and PLresults, the
introduction of MXene into the composite enhances the electron
separation and transfer ability of the 3DGraphene/MXene-10
materials compared with the control 3DGraphene material,
which is indicative of a faster electron transportation process
during photocatalytic hydrogen evolution process. The tran-
sient photocurrent measurements were further carried out.
As shown in Figure 4d, the photocurrent response signals of
the 3DGrahpene and 3DGraphene/MXene photocatalysts were
measured, which identify its available photogenerated hot/free
electron property under both the ultraviolet and visible light
irradiation. For the control sample of Con-MXene, no detectable
or negligible photocurrent signal was detected. Compared with
the 3DGraphene alone, the 3DGraphene/MXene-10 composites
exhibited higher photocurrent intensity under both ultraviolet
and visible light illumination, which can be ascribed to the
enhanced effect of the MXene cocatalyst. Additionally, the en-
hanced photocurrent intensity with increasing light power under
ultraviolet light illumination for both 3DGraphene/MXene-10
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Figure 4. a) ultraviolet-visible diffuse reflectance spectra and b) photoluminescence spectra of 3DGraphene and 3DGraphene/MXene. c) Nyquist
plots of the 3DGraphene/MXene-10 photocatalyst and the control samples of 3DGraphene and Con-MXene. d) transient photocurrent of the
3DGraphene/MXene-10 and 3DGraphene under ultraviolet and visible light (4 > 420 nm) respectively, the light was turned on/off every 20 s. e) transient
photocurrent of the 3DGraphene/MXene-10 and 3DGraphene under ultraviolet light illumination with different irradiation power density of 427, 207,

and 87 mW cm™2, respectively.

and 3DGraphene photocatalysts (Figure 4e) further illustrates
the hot/free electron emitting properties of these photocatalyst.

2.3. Photocatalytic Hydrogen Evolution

The photocatalytic hydrogen evolution reaction through water
splitting under light illumination and the photocatalytic activities
of 3DGraphene/MXene along with that of the control photocat-
alysts were assessed following the standard procedure using an
on-line photocatalytic reaction system equipped with gas chro-
matograph. As shown in Figure 5a, almost no hydrogen evolved
for the control Con-MXene sample, indicating that bare MXene
material does not exhibit photocatalytic activity. In contrast, the
control sample pristine 3DGraphene exhibits catalytic activity
under the light irradiation, consistent with our earlier reported
results,®>*!) and further confirming the catalytic ability of the
generated hot/free electrons. As expected, upon employing the
3DGraphene/MXene photocatalyst, a dramatically enhanced hy-
drogen evolution rate was achieved, as indicated with increased
photocurrent signals shown in Figure 4d.
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The amount of hydrogen production based on the
3DGraphene/MXene photocatalyst was observed to increase
with increasing ratio of MXene cocatalyst in the composite,
reaching a maximum of 3657 umol g, ! during the first 4 h
of the reaction for the 3DGraphene/MXene-10 photocatalyst.
However, as the mass ratio of the MXene cocatalyst in the
3DGraphene/MXene composite increased further, the hydrogen
evolution performance decreased. As discussed in the follow-
ing photocatalytic mechanism, the synergetic effect between
graphene and MXene renders the enhanced photocatalytic
performance compared with both individual components and
other materials reported in the literatures. The superior catalytic
activity of the 3DGraphene/MXene composites can be attributed
to the optimal balance between sufficient light absorption from
3DGraphene and rapid electron transfer enhanced by MXene.
With increasing MXene content in the composite, excessive
MXene cocatalyst aggregates on 3DGraphene surfaces will
block the incident light.[*’! This shielding effect reduces light
absorption by the 3DGraphene matrix. While the overall light
absorption by graphene decreases with MXene loading, the
co-catalytic enhancement of rapid electron transfer based on

© 2025 Wiley-VCH GmbH

85U8017 SUOWILLOD BA 81D 3[eotidde sy Ag peusenob afe saoie VO ‘88N Jo se|n. 10j Ariqi]8UIIUO /8|1 UO (SUORIPUOD-PUR-SWIBH WD A8 1M A1 Ul |UO//SdNL) SUORIPUOD PUe SWB | 84} 88S *[6Z02/70/80] Uo ARigiauljuo A8|Im ‘AisIBAIUN BYUeN AG £98207202 | ILUS/Z00T OT/10p/W0o"As | Areiq1jeuljuo//sdny woiy papeojumod ‘0 ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

(b)

A
(Y
-~

4000

—&— Con-MXene

35004 —o— 3DGraphene

—O— 3DGraphene/MXene-5

30001 o 3DGraphene/MXene-10
—— 3DGraphene/MXene-15

25001 s 3nGraphene/MXene-20

Amount of H, evolution (umol-g™)

www.small-journal.com

A~
20004 ///
1500
1000
500
04
0.0 1.0 2.0 3.0 4.0
Time (h)
@A,\f\(\ H
bENEN & A g :
?%%wé % Jede 9O
,,%, @’\C )&A;@ 00000 ©c
‘ilolel ©Om
2»% %%g YN
rGO Ti;C,(OH),
E,q = -0.141 ¢V E,q =-0.222 ¢V

Figure 5. Photocatalytic hydrogen evolution activities and the proposed photocatalytic mechanism based on 3DGraphene/MXene photocatalysts.
a) hydrogen evolution amount in 4 h and b) average hydrogen production rate at the different time on the series of 3DGraphene/MXene photocat-
alysts and the control samples of 3DGraphene and Con-MXene under 300 W Xe lamp illumination. c) the optimized structures and the corresponding
adsorption energies of the H, on rGO (3DGraphene) and Ti;C, (OH), surface, respectively.

MXene increases correspondingly. These competing factors
reach an optimal equilibrium at 10% MXene content, achieving
a hydrogen production rate of 3657 umol g_,,~! during the initial
4 h period.

The effect of the mass of the photocatalyst on hydrogen pro-
duction performance was also studied. As shown in Figure S1
(Supporting Information), the maximum hydrogen production
amount was obtained when the catalyst mass was 2 mg in 100 mL
reaction solution. Due to the very low density of the material, the
volume of 3DGraphene/MXene will increase greatly with the in-
crease of the weight (Figure S2, Supporting Information). Conse-
quently, a further increase in the dosage of the photocatalyst leads
to the deterioration of the photocatalytic performance, attribut-
ing to the light shielding effect of the dark 3DGraphene/MXene
composite.

The hydrogen evolution rate over different time intervals was
investigated to gain a deeper understanding of the photocatalytic
process. As displayed in Figure 5b, compared with the control
3DGraphene photocatalyst, all the 3DGraphene/MXene compos-
ite exhibit a higher average hydrogen production rate, while it
decreased with the increase of reaction time. This trend may
be inferred as that the increasing produced hydrogen molecules
at the cocatalyst surface cannot be desorbed rapidly and poten-
tially occupy active reactive sites, leading to the lower reaction
rate with the reaction going on for a long time. To confirm
this inference, the adsorption energy (E,,) of H, on rGO (sur-
face of 3DGraphene) and Ti,C,(OH), was calculated using den-
sity functional theory (DFT) method. As illustrated in Figure Sc,
Ti;C,(OH), exhibit lower E, 4 values of —0.222 eV than that of
3DGraphene surface with —0.141 eV, indicating a stronger bind-
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ing of H, on Ti;C,(OH), substrates, which is not favorable for
the desorption of the produced H, desorption from the photo-
catalyst surface. The optimal added mass of MXene cocatalyst
was found to be around 10%, with the 3DGraphene/MXene-
10 composite exhibiting the highest average rates of hydrogen
production, reaching 1427 and 914 umol h™! g, 7! in the first
0.5 and 4 h, respectively. These values are notably higher than
those of 3DGraphene alone (392 and 576 pmol h™! g_,~!) and
the other 3DGraphene/MXene photocatalysts, as well as the pre-
viously reported data (Table 1).

The stability investigation of the 3DGraphene/MXene-10 was
carried out for 5 cycles with sustaining 4 h for each cycle test
(Figure 6a). A slight damping of the hydrogen evolution amount
was observed over the cycles. To investigate the factors contribut-
ing to the reduced photocatalytic activity, the morphology and
chemical states of the 3DGraphene/MXene composites after re-
action for 5 cycles were examined. In the high-resolution O 1s
spectrum of the fresh 3DGraphene/MXene-10 (Figure 6b), the
dominant component observed was —OH. After photocatalytic
reaction for 5 cycles of total 20 h, the peak of Ti—O bond at
531.5 eV became stronger, indicating the change in the surface
chemical state during light illumination. Despite this change,
the SEM result (Figure 6c) revealed no significant change in
the overall morphology of the photocatalyst. This suggests that
the 3D structure of the photocatalyst remained unchanged af-
ter the photocatalytic cycle reactions, contributing to the sus-
tained high activity of the 3DGraphene/MXene composites. As
a result, the hydrogen evolution efficiency with 71% was kept
after 5 cycles, indicating a favourable cycling stability of the
photocatalyst.
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Catalyst Light source H, evolution rate Irradiation power Specific catalytic activity Refs.
[umol h=' g, 7] density [mW cm™2] [umol h=T g, =" MW cm=2]7]
3DGraphene/MXene 300 W Xe lamp 1427 347 4.1 This work
g-C3N,/Ti;C, T, 350 W Xe lamp (4 >400 nm) 88 - - [58]
g-C;N, /Ti;C, T, /Pt 300 W Xe lamp (A > 420 nm) 534 150 3.56 [59]
TiO, /Ti;C,T,/Cu 300 W Xe lamp 860 - - [60]
TiO,/Ti3C,T, /Ru 300 W Xe lamp (350 < 4 < 780 nm) 235 - - [61]
g-C3N, /TisC, T, 300 W Xe lamp (4 > 420 nm) 727 - - [62]
TiO,/Ti;C, T, 350 W Xe lamp 127 80 1.56 63]
CdS/Ti;C, T, Xe lamp (4 > 420 nm) 825 - - [64]
g-C3N,/Ti;C, T, 300 W Xe lamp 565 - - [65]
Ui0-66-NH, /Ti;C,T, 350 W Xe lamp 204 - - [66]
CdS/Ti;C,T, 300 W Xe lamp (A > 420 nm) 193 750 0.26 [67]
CdS/CoO/Ti; C, T, 300 W Xe lamp (A > 420 nm) 134 - - [68]
P/TiO,/Ti;C,T, 300 W Xe lamp (A > 420 nm) 684 - - 69]
TiO,-COSx/Ti;C, T, 300 W Xe lamp 950 - - [70]
TiO, /Ti;C, T, 300 W Xe lamp 783 - - [71
ZnS/Ti;C,T, 300 W Xe lamp 503 - - [72]
g-C3N,/Ti; G, T, /Pt 300 W Xe lamp 983 - - [73]
SnNb, O /Ti;C,T, /Pt 300 W Xe lamp (4 > 420 nm) 44 - - [74]
g-C3N,/Ti;C, T, Solar simulator (AM1.5) 950 - - [75]
(.a-.) 3000 (b)
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Figure 6. Stability of photocatalytic hydrogen production over 3DGraphene/MXene-10 photocatalyst under 300 W Xe lamp illumination. The reaction
was continued for 20 h, every 4 h, the reaction system was purged with Ar for 30 min to remove the produced hydrogen. b) high-resolution O 1s spectra
before and after and c) SEM image after photocatalytic reaction for 5 cycles of 3DGraphene/MXene-10. d) the proposed electron transfer pathways and
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the photocatalytic mechanism for hydrogen production on the 3DGraphene/MXene photocatalyst.
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Table 2. The average hydrogen evolution rate in the first 0.5 h for 3DGraphene and series of 3DGraphene/MXene composite.

Catalyst 3DGraphene 3DGraphene/MXene-5 3DGraphene/MXene-10 3DGraphene/MXene-15 3DGraphene/MXene-20
Hydrogen evolution rate 392 957 1427 1418 1397
[amol h~" g ]

2.4. Mechanism Analysis

Based on above experimental data and discussions, a hot/free
electron enhanced photocatalytic mechanism based on the
3D/2D graphene/MXene photocatalyst for hydrogen evolution
is proposed, as illustrated in Figure 6d. Under light illumi-
nation, the electrons are initially produced on the surface of
3DGraphene and ejected out above the Vacuum level to free
space based on its unique Dirac band structure via an Auger-
like LIEE mechanism.[7-38! Acting as clean and powerful reduc-
ing agents, these highly energetic hot/free electrons can reduce
water and produce hydrogen.[*)) Meanwhile, the induced poten-
tial on graphene could be consumed by the methanol sacrificing
agent.’?] Depending on the pathway of the electron transporta-
tion, two possible pathways for the hydrogen production are pro-
posed. Path 1 involves the direct reduction of water to hydrogen
by the photoinduced hot/free electrons on the 3DGraphene sur-
face. Alternatively, the photogenerated hot/free electrons can ef-
ficiently transfer from the 3DGraphene to the Ti,;C, T, surface be-
cause of the distinguished charge transfer ability of Ti,C, T, and
the direct face-to-face contact between the Ti;C, T, and graphene
sheets. This allows for the accumulation of hot/free electrons
on the Ti,C,T, surface, where they can participate in the re-
duction of water to hydrogen, providing abundantly hydrophilic
active sites for hydrogen production (Path 2). Based on the
two possible pathways for the hot/free electron transfer mech-
anism, the synergetic effects of the MXene cocatalyst are pro-
posed to enhance the electron transfer in the process, leading
to the significantly improved hydrogen production activity of the
3DGraphene/MXene composite, surpassing conventional semi-
conductor with MXene cocatalysts (Table 1) and both the con-
trol samples of 3DGraphene and Con-MXene. To identify the
dominant reaction path, the analysis for the hydrogen evolution
rate was conducted. Considering the effect of the stability the
photocatalyst, the average hydrogen evolution rate in the first
0.5 h for 3DGraphene and series of 3DGraphene/MXene com-
posite was selected. As displayed in Table 2, the average hydrogen
evolution rate of all 3DGraphene/MXene composite increased by
more than 1 time, with the highest value reaching 3.6 times that
of 3DGraphene/MXene-10 compared to 3DGraphene. Based on
these findings, it can be inferred that the hot/free enhance path
by MXene (Path 2) provide the dominant contribution for the hy-
drogen production.

3. Conclusion

In conclusion, a novel and unconventional 3DGraphene/MXene
water-splitting photocatalyst, without the participation of tra-
ditional semiconductors, was designed and investigated. This
photocatalyst demonstrated significantly enhanced catalytic per-
formance following a hot/free electron catalytic mechanism
due to the unique Dirac band structure and an Auger-like

Small 2025, 2407863

2407863 (9 of 12)

LIEE mechanism of 3DGraphene. A maximum average hy-
drogen production rate of 1.4 mmol h™' g_~! for the opti-
mized 3DGraphene/MXene composite was obtained. The out-
standing photocatalytic performance of the unconventional
3DGraphene/MXene composite can be ascribed to the highly
synergistic effect of the excellent capability to generate high en-
ergetic hot/free electrons from 3DGraphene component and the
quickly electron transfer ability and plentiful surface increased
active sites of the Ti;C,T, component in the composite. These
findings, based on the unique 3D/2D graphene/MXene photo-
catalyst, are expected to open up a new avenue to develop new
and effective catalysts utilizing graphene and other 2D material
for the efficient absorption and conversion of solar energy.

4. Experimental Section

Synthesis of 3DGraphene/MXene: GO and Ti;C,T, was first synthe-
sized followed by the published works. GO was prepared through the ox-
idation of natural flake graphite using modified Hummers’ method.[3%3°]
The synthesis procedure of Ti;C,T, was similar to that of the typical re-
ported method of Yury’s group.l”®] Typically, LiF (1.6 g) was dissolved in
20 mL of 9 m HCl at room temperature under stirring for 10 min. Then,
TizAlC, powder (200 mesh, 1.0 g) was slowly added to the above LiF/HCI
solution. After that, the mixture was heated to 35 °C in water bath and con-
tinuous stirring for another 24 h. The reaction suspension was subject to
be centrifuged and washed thoroughly with deionized water until pH > 6.
The obtained suspension was then sonicated for 1h in ice-water bath with
the protection of Ar atmosphere and followed centrifuged at 3500 rpm for
1 h to remove the unetched Ti;AlC,, and the delaminated Ti;C,T, was
obtained in the supernatant. For the concentration test and the SEM sam-
ple preparation, a certain amount Ti;C, T, solution was filtered through a
PVDF membrane with 0.25 um pore size and finally dried in vacuum oven
at 60 °C for 12 h. The concentrations of the prepared GO suspension and
Ti;C, T, solution was 8.60 and 6.57 mg mL™", respectively.

To prepare the 3DGraphene/MXene composites, GO suspension (70
mg) and a certain amount Ti; C, T, solution was mixed (70 mL) and stirred
for 10 min at Ar atmosphere. Then, the mixture of GO and Ti;C, T, was
sealed in a 100 mL Teflon-lined autoclave and heated up to 120 °C and
maintained for 12 h. The autoclave was then naturally cooled to room
temperature and the colloidal cylinder product with water (digital photo-
graph in Figure 1) was carefully removed from the autoclave to a beaker,
followed by freeze-dried process and the 3DGraphene/MXene compos-
ites were obtained finally. The prepared 3DGraphene/MXene composites
with different Ti;C, T, added mass (5%, 10%, 15%, and 20%) are denoted
as 3DGraphene/MXene-5, 3DGraphene/MXene-10, 3DGraphene/MXene-
15, and 3DGraphene/MXene-20 respectively. For comparison, the control
samples of 3DGraphene without MXene loading, and only Ti; C, T, without
GO added in the hydrothermal procedure (named as Con-MXene) were
synthesized through the similar process.

Catalysts Characterizations:  X-ray diffraction (XRD) patterns of the cat-
alysts were analyzed on a Bruker D8 Advance diffractometer using Cu-Ka
radiation. Raman spectra were recorded using a Horiba LabRAM HR Evo-
lution spectrophotometer with a laser of 532 nm at room temperature.
X-ray photoelectron spectroscopy (XPS) was measured on an Thermo Sci-
entific K-Alpha spectrometer equipped with a monochromatic Al Ka X-
ray source (hv = 1486.6 eV). Peak fitting was conducted using CasaXPS.
Fourier-transform infrared spectroscopy (FT-IR) was investigated using a
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Thermofisher Nicolet S50 spectrometer. Scanning electron microscopy
(SEM) analysis was carried out using a ZEISS Sigma 360 system with
an acceleration voltage of 20.0 kV. High resolution transmission electron
microscopy (HR-TEM) evaluation was performed on a FEI Talos F200X
G2 with an acceleration voltage of 300 kV. Ultraviolet-visible diffuse re-
flectance spectrum (DRS) was measured on a Hitachi UH4150 spectrom-
eter with an optics integrating sphere using BaSO, as the standard. Pho-
toluminescence spectra was carried out on an Edinburgh FLS1000 fluo-
rescence spectrometer with the excitation wavelength of 370 nm.

Photoelectrochemical ~ Measurements:  Photoelectrochemical —exper-
iments were conducted on a electrochemical workstation (Shanghai
Chenhua, CHI660E) using a standard three-electrode system, where
Pt wire and Ag/AgCl electrode were utilized as the counter and refer-
ence electrode respectively in a 0.2 m Na,SO, aqueous solution. The
working electrode was prepared by dropping the photocatalyst ink on
the fluorine-doped tin oxide (FTO) conductive glass and followed by
drying process. Briefly, the prepared photocatalyst (5.0 mg) was first
ultrasonically dispersed for 60 min in the mixture of deionized water (735
uL), ethanol (245 pL), and Nafion (20 pL, 5 wt.% in a mixture of lower
aliphatic alcohols and water, contains 45% water) solutions. Then, the
prepared suspension (20 ul) was transferred onto the FTO substrate
(1.0 X 2.0 cm?) and subject to be dried under the infrared lamp. The
transient photocurrent was performed with an applied potential of 0.35
V versus Ag/AgCl to the working electrode using a 300 W Xe arc lamp as
light source. The photocurrent signals were recorded under the different
irradiation power density of 427, 207, and 87 mW cm™2 through control-
ling the distance from the Xe lamp to the solution surface with 6, 26, and
46 cm, respectively. The visible light experiment was conducted under a
300 W Xe lamp equipped with an optical cutoff filter (A =420 nm) to elim-
inate the ultraviolet light. Electrochemical impedance spectroscopy (EIS)
was carried out in a range of 1 Hz—100 kHz with an AC amplitude of 5 mV.

Photocatalytic Hydrogen Evolution Reaction: The photocatalytic hydro-
gen production test was carried out in a top-illuminated quartz vessel
(250 mL) connected to an on-line photocatalytic reaction system equipped
with gas chromatograph (Labsolar-4Al, Beijing Perfectlight Technology
Co. Ltd.) using a 300 W Xe arc lamp (PLS-SXE) as the light source.
The prepared photocatalyst (2 mg) was first dispersed with an assistant
stirring into a mixed solution (100 mL) containing deionized water (90
mL) and the sacrificial reagent of methanol (10 mL). After that, the sys-
tem was deaerated with ultrahigh pure Ar for 30 min to remove the dis-
solved oxygen. The distance from the Xe lamp to the solution surface
was controlled at 8 cm and the incident light power density arrived at
the liquid surface is 347 mW cm~2. The photocatalytic process was pro-
ceeded under continuous stirring and the temperature of the solution was
maintained at 7 °C by the circulating cooling water around the vessel.
The amount of hydrogen evolved was determined via gas chromatogra-
phy (Zhejiang Fuli, GC9790PLUS) equipped with a molecular sieve col-
umn and thermal conductivity detector (TCD) and argon as a carrier
gas.

DFT Calculations: In this study, all DFT calculations were performed
using Vienna ab-initio Simulation Package (VASP).I”’] The projector aug-
mented wave (PAW) method(”%] was employed together with a plane-wave
energy cutoff of 450 eV to describe core-valence electron interactions. Elec-
tronic exchange and correlation effects were delineated by the general-
ized gradient approximation (GGA) in the scheme of the Revised Perdew-
Burke-Ernzerhof (RPBE).[7° A vacuum region of 20 A in z direction was ap-
plied to avoid periodic boundary condition interactions between the neigh-
boring configurations. To simulate the H, adsorption on the substrates, a
supercell of 4 x 4 x T was used and the Brillouin zone was sampled using
Monkhorst-Pack[®] scheme with a k-point mesh density of <0.03 7 A=1.n
addition, the structural edges of rGO were saturated with hydrogen bonds.
The convergence criteria for the total energy was set to 107> eV and the
force was set to 0.02 eV A~ The van der Waals interaction was adopted
according to DFT-D3 dispersion correction strategy to take the effect of
nonbonding forces into account.3 The adsorption energy (E,q;) of H,
on each monolayer was calculated by the following equation:

E,4s = E (slab/H,) — E (slab) — E (H,) m
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where E(slab/H,), E(slab), and E(H,) denote the total energies of H, ad-
sorption on the slab, an isolated slab, and a single H, molecule in the
gas phase, respectively. The negative E, 4, suggests the adsorption of H,
is exothermic, while the positive value manifests the endothermic process
of H,. The optimized adsorption configurations and adsorption energies
of H, on these surfaces are given in Figure 5c, where lower E, 4, values
mean stronger binding of H, to the substrates.
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