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Abstract: MXene is an emerging class of two-dimensional
(2D) layered transition metal carbides or nitrides. Due to
the highly tunable components and surface functional
groups, it holds great potential in electrocatalytic hydrogen
evolution reaction ( HER). However, MXene nanosheet
suffers from a strong tendency to restack and a lack of
active edge sites. In this work, the porous Ti,C,T, was
synthesized by an oxidation and etching two-step strategy
and then characterized by a series of spectroscopic
techniques. The obtained porous Ti,C,T, possesses a large
number of in-plane pores. This not only creates abundant
active edge sites but also enhances the mass transfer and
increases the accessibility of the active sites. Compared with
Ti,C,T,, in a 0.5 mol/L H,SO, electrolyte, the porous
Ti,C,T, shows a 65. 6% higher electrochemical surface area
(ECSA) (440 mF/cm*), a 95.2% lower charge transfer
resistance ( 12.8 ), and a 69.8% lower Tafel slope
(144 mV/dec) , and thus exhibits lower overpotential with
good stability at a current density of 10 mA/cm’. At the
same time, the HER performance of the porous Ti,C, T, can
be further enhanced by near-infrared laser irradiation based
on the localized surface plasmon resonance effect.
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0 Introduction

Hydrogen is a renewable and green energy source,
serving as a potential alternative to traditional fossil fuels,
meeting the demands of  sustainable  social
development' . Electrochemical water splitting via the
hydrogen evolution reaction ( HER) is considered as the
most economical and efficient method for hydrogen
production”’. Pt-based noble metal materials have
attracted great attention due to their efficient HER
performance'® | but high cost and scarcity hinder their
large-scale applications'®'. Therefore, the rational design
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of economically efficient HER electrocatalysts is an
important research topic at present’. MXene is an
emerging class of two-dimensional ( 2D ) layered
transition metal carbides or nitrides"""* with excellent
conductivity' ™ | highly tunable composition'"’ and
surface functional groups ", holding great potential in
HER'"'. However, MXene nanosheet has a high aspect
ratio structure, which mainly exposes in-plane sites with
poor activity, leading to poor intrinsic activity'™" .
Moreover, due to the strong van der Waals forces
between 2D nanosheets''”) , MXene tends to restack**" |
which hinders ion transport and reduces the accessibility
of active sites, further degrading its electrochemical
performance .  Therefore, enhancing the HER
performance of the MXene materials is an urgent
task "

Recently, MXene nanofibers™ and MXene
quantum dots have been developed as efficient HER
catalysts. Electrochemical analysis reveals that the edge
sites of MXene possess a different coordination
environment from the in-plane sites, which exhibit a
more optimized electronic structure in HER, reducing the
reaction barrier and significantly enhancing the intrinsic
activity of MXene. Additionally, Wu et al."* found that
MXene possesses localized surface plasmon resonance
effects in the visible-near-infrared spectral region. The
resulting intense photothermal effect and hot-electron
injection reduce the endothermic enthalpy, activation
energy and interfacial charge transfer resistance of HER,
and thus significantly improve the HER performance.
Therefore, designing MXene materials with a large
number of exposed active edge sites and modulating them
with external physical fields is an effective way to
enhance their HER performance.

This work reports an in-plane pore engineering
strategy to enhance the HER performance of Ti,C,T,.
The porous Ti,C, T, is synthesized by an oxidation and
etching two-step strategy. The generation of a large
number of in-plane pores increases active edge sites,
enhances the mass transfer and also improves the
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accessibility of active sites, synergistically enhancing
the HER performance of the porous Ti,C,T,.
Moreover, benefiting from the localized surface
plasmon resonance effect of Ti,C,T , its HER
performance is further enhanced under near-infrared
laser irradiation.

1 Materials and Methods

1.1 Materials

Ti,AlC,, dimethyl sulfoxide (DMSO) and LiF were
supplied by Adamas Pharmaceuticals Inc., USA.
CuSO, -5H,0 and Nafion were purchased from Sigma-
Aldrich ( Shanghai) Trading Co., Ltd., USA. H,O0,,
HF, HCI and other routine chemicals were supplied by
Shanghai Hushi Laboratorial Equipment Co., Ltd.,
China.
1.2 Synthesis of Ti,C,T,

Ti,C,T, was synthesized by the modified minimally

intensive layer delamination (MILD) method''"’. First,
2.5 g Ti,AlC, and 4 g LiF were added to a sealed
polytetrafluoroethylene bottle. Then 50 mL HCl (9 mol/L)
was slowly added to the above solution within 10 min to
alleviate the initial overheating reaction. The reaction
system was successively transferred to a 35 C oil bath
and then stirred for 24 h. The etched Ti,C, T was washed
with a large amount of water to remove acid, metal ions
and LiF until the pH value of the supernatant reached 7.
Subsequently, the obtained Ti,C,T, precipitation was
added to a solution composed of 30 mL H,O and 200 mL
DMSO. Later, the resulting Ti,C,T, colloidal solution
was centrifuged and washed with water twice. Then, the
obtained Ti,C,T, colloidal dispersion was subjected to
centrifugation at 3 500 r/min for 40 min to remove any
aggregates. Finally, the obtained Ti,C,T, solution with a
mass concentration of 39 mg/mL was collected and stored
at 4 C for the following experiments.

1.3 Synthesis of porous Ti,C,T,

The porous Ti,C,T, was synthesized via the
oxidation and etching two-step strategy reported by our
group'"”. Firstly, 120 wL CuSO, solution (1 mol/L)
and 60 pL H,0, were added into Ti,C,T_  solution
(1.54 mL) and stirred for 30 min to obtain Ti,C,T /TiO,
composites. Subsequently, the obtained Ti,C,T /TiO,
composites were collected by centrifugation, washed with
water three times and then dispersed into 60 mL water.
Then 8 mL HF was added to fully remove TiO,.
Finally, after stirring for 30 min, the products were
collected by centrifugation and washed with water three
times.

1.4 Material characterizations

Transmission electron microscopy ( TEM ) images
were taken on a microscope ( JEOL2100F, JEOL Ltd.,
Japan) at a voltage of 200 kV. X-ray diffraction

(XRD) patterns were obtained using a powder X-ray
diffractometer ( D8, Bruker, Germany ). Fourier
transform infrared ( FTIR) spectra were recorded using
a spectrometer ( Nicolet 7000-C, Thermo Fisher,
USA) with the KBr pellet method. X-ray photoelectron
spectroscopy ( XPS) measurements were performed on an
XPS spectrometer ( Escalab250Xi, Thermo Fisher,
USA). Ultraviolet-visible ( UV-Vis) absorption spectra
were acquired using a UV-Vis spectrometer ( UV-1900i,
Shimadzu, Japan).
1.5 Electrochemical measurements

The electrochemical measurements were conducted
with an electrochemical workstation ( Model636A,
Princeton Applied Research, USA ). The working
electrode was prepared by dropping a certain amount of
catalyst slurry onto the glassy carbon electrode. The
catalyst slurry was prepared as follows. The product
(5 mg) was added to the mixture of 950 pL ethanol and
50 L Nafion, followed by ultrasonication for 30 min to
disperse the catalyst evenly. Then, the catalyst slurry
(12 pL) was dropped onto the glassy carbon electrode by a
pipetting gun to obtain the catalyst loading at 0.3 mg/cm’.
By changing the catalyst slurry amount, the catalyst with
different loadings including 0.1, 0.2, 0.3 and
0.5 mg/cm” was fabricated for the electrochemical
measurements. The corresponding porous Ti,C,T,
samples were denoted as porous Ti,C,T -0.1, porous
Ti,C,T -0.2, Ti,C,T -0.3 and
Ti,C,T -0. 5, respectively. The cyclic voltammetry (CV)
was recorded with a scanning rate of 50 mV/s for several
cycles until it was stable. In all measurements, linear
sweep voltammetry ( LSV ) tests were carried out with
internal resistance compensation, and the presented
potential values were calibrated to a reversible hydrogen
electrode (RHE).

Eye =E

porous porous

+ 0.197 + 0.059 x pH,

RHE Ag/AgCl

where E,. is the electrode potential against RHE;
EAg/AgCI
electrode.

The stability of the catalyst was characterized
using a chronoamperometry method at a current
density of 10 mA/cm®. Electrochemical impedance
spectroscopy ( EIS) was implemented in a frequency
range of 0.1 to 105.0 Hz. From the above
measurement data, the corresponding double-layer
capacitance, electrochemical surface area (ECSA) and
Tafel slope were calculated.

To evaluate the influence of the localized surface
plasmon resonance effect on HER performance, an
infrared light was fixed at 5 cm from the electrode, and
an 808 nm near-infrared laser was used to irradiate the
surface of the catalyst at a laser power of 5 W to test its
HER performance in different electrolyte
environments.

is the applied potential against the Ag/AgCl
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2 Results and Discussion

2.1 Morphological analysis of Ti,C,T, and porous
Ti,C,T,

TEM images ( Fig. 1) demonstrate that Ti,C,T,,
Ti,C,T /TiO, and the porous Ti,C,T, present ultrathin
2D layered structures. Ti,C,T_ nanosheets are smooth and
flat (Fig. 1(a)). By contrast, TiO, quantum dots are
uniformly inlaid across the whole Ti,C,T, nanosheets
(Fig.1(b)). With further etching, densely distributed
nanopores throughout the nanosheets are viewed on the
surface of the porous Ti,C,T, (Fig.1(c)), indicating
the successful fabrication of in-plane pores.

Fig. 1 TEM images of samples at different magnifications:
(a)Ti;C,T,; (b) TiyC,T,/TiO,; (c) porous Ti;C,T,

2.2 Structural analysis of Ti,C,T, and porous

Ti,C,T,

The XRD pattern ( Fig. 2) of Ti,C,T, presents
several characteristic diffraction peaks corresponding to
(002), (004), (006), (008), (0010) and (0012)
crystal planes, which are attributed to the stacking of 2D
nanosheets. In comparison, the porous Ti,C,T  only
exhibits one obvious characteristic diffraction peak
corresponding to (002) crystal plane. Furthermore, this
peak exhibits a leftward shift, indicating an increased
interlayer spacing in the porous Ti,C,T ™",

Fig.2 XRD patterns of Ti;C,T, and porous Ti,C, T,

The FTIR spectra of Ti,C,T, and the porous Ti,C,T,
(Fig.3) exhibit peaks at 1 000—1 500 cm™' and 2 800—
3 700 cm™', corresponding to the characteristic peaks of
the C—C bonds and the O—H bonds, respectively. The
peak at 1650 — 1 750 ¢cm™' corresponds to the C=0
bonds. Those similar peaks indicate the oxidation and
etching treatments do not obviously change the surface
functional groups.

Fig.3 FTIR spectra of Ti;C,T, and porous Ti,C, T,

The XPS spectra of Ti,C,T (Fig. 4(a)) and the
porous Ti,C,T ( Fig. 4 (b)) show that both materials
contain Ti, C, O, Cl and F elements. Ti*, Ti*", Ti*
and Ti"" species are observed in the Ti 2p XPS spectra of
Ti,C,T, ( Fig. 4 (¢ )) and the porous Ti,C,T,
(Fig.4(d) ), which can be assigned to Ti atoms bound
to terminal oxygen-containing groups, Ti atoms bound to
OH terminals, Ti atoms in Ti,C,OH - H,O complexes,
and Ti atoms in TiO,, respectively. In comparison with
Ti,C, T, the porous Ti,C,T, exhibits a significant
increase in Ti*" content, indicating the formation of more
TiO,. The reason is that the porous Ti,C,T, possesses
more edge sites and a larger surface area, which
facilitates the oxidation of Ti,C,T . This result indicates
that the porous Ti,C,T, enhances the intrinsic activity of
Ti,C,T,.
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Fig.4 XPS spectra; (a) full XPS spectrum of Ti;C,T,; (b) full XPS spectrum of porous Ti,C,T,; (c) Ti 2p XPS spectrum of

Ti,C,T,; (d) Ti2p XPS spectrum of porous Ti,C,T,

The UV-Vis spectra (Fig. 5) present that the porous
Ti,C,T, at different mass concentrations (20, 60 and
100 wg/mL) all exhibit a broad and strong plasma
absorption band centered at 820 nm, consistent with the
results in previous reports ** . According to Lambert-Beer
law, the extinction coefficient of the porous Ti,C,T, is
calculated to be 20.75 L/( g+ cm), significantly higher

Fig.5 UV-Vis spectra of porous Ti;C,T, at different mass concentrations

than that of the reported photothermal agents at similar
wavelengths'***/. This indicates that the porous Ti,C,T,
also exhibits a significant local surface plasmon resonance
effect, which can generate substantial photothermal
conversion and thermal electron implantation effects under
808 nm near-infrared laser irradiation, and then greatly
enhance its electrocatalytic HER performance.
2.3 HER performance testing and analysis

Figure 6 shows the effect of the porous Ti,C,T,
loading on HER performance. The overpotentials ( at
10 mA/cm?®) for different loadings of 0.1, 0.2, 0.3 and
0.5 mg/cm® are 660, 600, 540 and 550 mV,
respectively. It can be seen that with the increase of
catalyst loading, the catalytic performance increases and
then decreases, and the best HER performance was
obtained at 0.3 mg/cm®. It is possible that with low
loading, the catalyst is not enough to cover the whole
working electrode, causing insufficient active sites and
resulting in degraded performance. In contrast, high
loading leads to over-stacking of catalysts, reducing
proton transport efficiency and also leading to deteriorated
performance. Therefore, the catalyst loading used in this
work is determined as 0. 3 mg/cm”.
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Fig. 6 LSV curves of porous Ti;C,T, at different loadings in

0.5 mol/L H,SO,

The HER performances of Ti,C,T, and the porous
Ti,C, T, were further evaluated in different electrolyte
environments' ™ . LSV curves of Ti,C,T, and the porous
Ti,C,T, in 0.1 mol/L HCIO,, 0.1 mol/L KOH,
0. 05 mol/L H,SO, and 0.5 mol/L H,SO, are shown in
Fig.7. The porous Ti,C,T, shows the best HER
performance in 0. 5 mol/L H,SO, with a current density
of 26 mA/cm” at the 600 mV overpotential. However,
only 10.2, 6.7 and 7.9 mA/cm’® can be reached in
0.1 mol/L HCIO,, 0.1 mol/L KOH and 0.05 mol/L
H,SO,, respectively. Moreover, the HER performance
of the porous Ti,C,T, is better than that of Ti,C,T, in all
these four electrolyte environments.

Fig.7 LSV curves of Ti,C,T, and porous Ti,C, T, in different electrolyte environments: (a) 0.1 mol/L HCIO,; (b) 0.1 mol/L

KOH; (¢) 0.05 mol/L H,SO,; (d) 0.5 mol/L H,SO,

To investigate the operational stability of the porous
Ti,C,T, in 0.5 mol/L H,SO,, a long-term stability test
was conducted at a current density of 10 mA/cm®. As
shown in Fig. 8, due to the electrolyte wetting and catalyst
activation process, the overpotential of the porous Ti,C,T,
shows a slight decrease in the initial stage and then
stabilizes to operate over 20000 s. The overpotentials of
the porous Ti,C,T  before and after activation were
recorded as 569 mV and 530 mV, which were still superior

to those of Ti,C,T (653 mV and 601 mV). Hence, the
formation of in-plane pores in porous Ti,C,T, did not
compromise the stability of its electrochemical HER.

To understand the better HER performance of the
porous Ti,C, T  compared to Ti,C,T , the CV curves of
Ti,C,T, (Fig.9(a)) and the porous Ti,C,T, (Fig.9(b))
were measured at different scanning rates. The potential
range was set within an interval of 0 — 100 mV ( vs.
RHE).
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Fig.8 Potential-elapsed time curves of samples in 0. 5 mol/L H,SO,: (a) Ti;C,T,; (b) porous Ti,C,T,

Fig.9 CV curves of samples in 0. 5 mol/L H,SO, at different scanning rates in potential range of 0—~100 mV (vs. RHE) :

(a) TiyC,T,; (b) porous Ti;C,T,

The linear fitting curves of the capacitive current
density at 50 mV ( vs. RHE) as a function of CV
scanning rate are shown in Fig. 10. The double-layer
capacitance of the porous Ti,C,T_ is 15. 4 mF and that
of Ti,C,T, is 9.3 mF. Furthermore, the ECSA of the

Fig. 10  Linear fitting curves of capacitive current density
| J,-J. | as a function of CV scanning rate (J, is

anodic current density; J, is cathodic current density)

porous Ti,C,T, at 50 mV (vs. RHE) is 440. 0 mF/cm’
(Fig.11), which is 65. 6% higher than that of Ti,C,T,
(265.7 mF/cm”). This indicates that the porous Ti,C,T,
possesses a larger ECSA and more active sites compared
to Ti,C,T ..

Fig. 11 ECSA values of Ti;C,T, and porous Ti;C,T, at
50 mV (vs. RHE)
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The Tafel slope curves of the catalysts were also
simulated ( Fig. 12). The Tafel slope of the porous
Ti,C,T, is 144 mV/dec, which is 69. 8% lower than
that of Ti,C,T (477 mV/dec), suggesting superior
HER kinetics for the porous Ti,C,T, compared to
Ti,C,T..

Fig. 12 Tafel slope curves of Ti;C,T, and porous Ti;C,T, in

0.5 mol/L H,SO, (E is potential; j is current density)

Furthermore, the EIS technique was employed to
investigate the interfacial reaction and kinetic process of the
electrode during the HER process (Fig. 13). The radius of
the EIS curve for the porous Ti,C,T, (12.8 Q) is notably
smaller than that for Ti,C,T, (265.0 ), indicating that
the porous Ti,C, T, has smaller charge transfer resistance and
faster reaction kinetics. These results collectively
demonstrate that the introduction of in-plane pores in porous
Ti,C,T, can enhance its HER catalytic activity.

At last, the influence of localized surface plasmon

resonance effect on the HER performance of the porous
Ti,C,T, in 0. 5 mol/L H,SO, was evaluated by irradiating
the surface of the working electrodes with an 808 nm
near-infrared laser lamp. It was found that along with the
increase of the laser power, the HER performances of both
Ti,C,T, and the porous Ti,C,T, improved ( Fig.14 ).
Notably, when the overpotential reached 700 mV, the
current density of Ti,C,T, at a laser power of 5 W was
near 50 mA/cm’®, whereas the current density of the
porous Ti,C,T, at a laser power of 5 W achieved
80 mA/cm”. These results suggest that both Ti,C,T, and
the porous Ti,C,T, exhibit localized surface plasmon
resonance effects. However, due to its more active edge
sites and larger specific surface area, the porous Ti,C,T,
exhibits better HER performance.

Fig. 13 EIS curves of Ti;C,T, and porous Ti;C,T, in 0.5 mol/L
H,SO, (Z' is real part of impedance; Z” is imaginary part of

impedance)

Fig. 14 LSV curves of samples in 0. 5 mol/L H,SO, at different laser powers: (a) Ti;C,T,; (b) porous Ti;C,T,

3 Conclusions

In this work, we report an in-plane pore engineering
strategy to enhance the HER performance of Ti,C,T..
The porous Ti,C, T  was synthesized by an oxidation and

etching two-step strategy, and the micro-morphology and
electrochemical properties were characterized. The
obtained porous Ti,C, T possesses a large number of in-
plane pores. This not only creates a large number of
active edge sites, but also enhances the mass transfer and
improves the accessibility of the active sites, greatly
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enhancing the

electrocatalytic - HER  performance.

Compared to Ti,C,T,, the porous Ti,C,T, shows a higher
ECSA (440 mF/cm®), a lower charge EIS (12.8 Q)
and a lower Tafel slope (144 mV/dec), and thus
exhibits lower overpotential with good stability at a
current density of 10 mA/cm®. Meanwhile, the localized
surface plasmon resonance effect can be exploited to
further enhance the electrocatalytic HER performance of
the porous Ti,C,T under near-infrared laser irradiation.
This work provides a novel strategy to enhance the
electrocatalytic HER performance of MXene.
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