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One-dimensional ultrathin nanowires (NWs) offer a great deal of promising properties for electrochemi-
cal energy storage and conversion due to their nanoscale confinement effect and high surface-to-volume
ratios. It is highly desirable to precisely design and synthesize ultrathin Ti3C; NWs in the aspect of size,
crystalline structure and composition. Here, we report a simple alkalization strategy to design the ultra-
thin Ti3C, NWs for hydrogen evolution reaction (HER) by modulating the surface-active sites. The design
principle can well improve the amount of the defect sites and ion accessibility to increase the interac-
tions between Ti3C; NWs and H*. The optimized Ti3C, NWs achieve an overpotential of 476 mV at the
current density of 10 mA/cm? and a Tafel slope of 129 mV/dec for HER catalysis, which are superior to
that of Ti3C; nanosheets and m-Ti3C,. It paves an avenue for the rational transformation of MXene bulks
to one-dimensional NWs catalysts for HER.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the increasing wastage of fossil fuels and the related en-
vironmental pollution, the clean hydrogen (H,) has attracted much
attentions as prospective green and sustainable energy due to its
high gravimetric energy density, environmental friendliness and
renewability [1,2]. The hydrogen evolution reaction (HER) from
water electrolysis has been one of the most desirable strategies
for scalable H, production, which deeply depends on the high-
performance electrocatalysts [3-5]. Inspired by the representative
structures, one-dimensional nanowires (1D NWs) enable to real-
ize the wide applications in the field of HER due to their unique
characteristics as follows [6,7]: (1) The high surface-to-volume ra-
tios contribute a relatively large active interface between the elec-
trolyte and electrode; (2) The electronic pathways in 1D NWs ac-
celerate the rate of electron transport along the long axis; (3) The
confinement effect has a positive impact on the strain relaxation
along with volume expansion/contraction while the electrochemi-
cal reaction is going on [8,9]. To date, various 1D transition metal
compounds nanomaterials such as metal alloys [10], nitrides [11],
sulfides [12], selenides [13,14] and phosphides [15,16] have been
widely utilized as cut-price and ideal alternatives to the commer-
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cial platinum (Pt)-based catalysts. The current studies indicate that
the materials with the high conductivity, easy availability, and tun-
able catalytic sites possess great prospects for the deep exploration
of high-efficiency HER catalysts. For instance, the cubic pyrite-
phase CoS, nanoparticles have exhibited a surprising overpotential
of 145 mV at the current density of 10 mA/cm? for HER as a re-
sult of intrinsic metallic features and good chemical stability [17].
However, the as-obtained efficiencies are still far less than the uni-
versal Pt catalysts. It is highly desirable to develop an assortment
of new electrode materials for highly efficient HER catalysts.
MXenes, a family of two-dimensional (2D) transition metal car-
bides, nitrides and carbonitrides, have been developed as emerging
energy materials due to the high hydrophilic surface with abun-
dant functional groups (e.g., -OH, -F, -0), and high electronic con-
ductivity (up to 15000 S/cm) [18]. To date, there are more than
twenty kinds of MXenes prepared through the chemical etching
operation by the fluoride etchant, they are mainly in the form
of 2D ultrathin nanosheets (NSs) and widely applied in the con-
struction of energy storage devices as supercapacitor and bat-
tery [19,20]. Based on the dimensional engineering on 2D MX-
ene, 1D MXene NWs with remarkable active sites display the en-
hanced electrochemical performance for HER [21,22]. For example,
Hao et al. reported 1D NWs interconnected three-dimensional (3D)
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Nb,C porous frameworks, which exhibit a relative low overpoten-
tial of 322 mV towards HER [23]. Guo et al. prepared highly active
Ti3C; nanofibers with an average width of 50 nm through the com-
bination of hydrolyzation of Ti3AlC, bulks and a subsequent hy-
drofluoric acid (HF) etching process [24]. However, the large size of
Ti3AIC, bulks prevents the full transformation of inner Ti3AlC, into
monodispersed NWs in the alkalization process. Therefore, it is still
challenging to fabricate ultrathin and monodispersed 1D NWs via
a facile and inexpensive approach.

Herein, we report a facile alkalization strategy to design Ti3C,
NWs with ample active sites for the enhanced HER performance.
The scissor role of OH~ can rationally tailor the m-Ti3C, into ul-
trathin and monodispersed 1D NWs. The design principle can im-
prove the defect sites and ion accessibility to indirectly facilitate
the interaction between Ti3C, NWs and H*. Ti3C, NWs deliver
an enhanced HER activity with a low overpotential of 476 mV at
the current density of 10 mA/cm? and a depressed Tafel slope of
129 mV/dec for HER catalysis, which is lower than that of the Ti;C,
NSs and multilayer Ti3C, (m-Ti3Cy) bulks.

TizAlC, powder (99.99 wt% purity) was purchased from 11
Technology Co., Ltd. LiF was purchased from Aladdin. HCl and
H,S04 solution (Analytically pure) were purchased from Nanjing
Chemical Reagent Co., Ltd. KOH was purchased from Sinopharm
Chemical Reagent Co., Ltd. Nafion solution was purchased from
Sigma-Aldrich Co., Ltd. SDS was purchased from Shanghai Jingchun
Reagent Co., Ltd. SDBS was purchased from Aladdin Chemistry Co.,
Ltd. PVP (wt 40000) was purchased from Sigma-Aldrich Co., Ltd.
CTAB was purchased from Sinopharm Chemical Reagent Co., Ltd.
All reagents in this work were used without further purification.

SEM image was characterized by scanning electron microscopy
(FE-SEM, Hitachi S-4800). TEM mapping image was measured by
transmission electron microscopy (Hitachi HT7700). HRTEM im-
age was operated at an acceleration voltage of 200 kV (FEI Ta-
los F200X). XRD pattern was carried out by X-ray diffractometer
(Philips X’pert Pro) with a Cu K, radiation (A = 1.5418 A). XPS was
performed on Thermo ESCALAB 250XI. The electrochemical perfor-
mance was measured on a CHI660E electrochemical working sta-
tion (Chenhua, Shanghai, China).

Preparation of m-Ti3C, bulks: Firstly, LiF (0.5 g) was dissolved
in HCl (10 mL, 9 mol/L) under stirring for 20 min. Then, the com-
mercial Ti3AlC, bulks (0.5 g) were slowly added in the mixture and
heated at 60 °C for 24 h. Afterward, the products were washed
with deionized water for five times until the pH surpasses 6. Fi-
nally, the samples were dried under vacuum for 12 h.

Preparation of Ti3C; NSs: m-Ti3C, bulks (0.1 g) were dispersed
in deionized water (10 mL) and sonicated (60 kHz, 360 W) for 1 h.
The dispersion was centrifuged at 3500 rpm for 1 h and collected
for the further application.

Preparation of Ti3sC, NWs: First, m-Ti3C, bulks (0.08 g) were
dispersed in KOH aqueous solution (12 mL, 9 mol/L), and Ar was
adopted to remove air for 30 min. Then, the mixture was con-
tinuously stirred for 72 h at 35 °C in a sealed state. Next, the
products were washed with deionized water and centrifuged at
6000 rpm/min for 5 min each time. Finally, the precipitation was
dispersed in deionized water (20 mL) and sonicated (53 kHz,
150 W) for 10 min. After centrifuged at 1000 rpm for 30 min, the
supernatant Ti3C, NWs were collected.

Electrochemical measurements: A polished glassy carbon (GC)
electrode was served as working electrode while a carbon rod and
a Ag/AgCl electrode filled with saturated KCl solution were used
as counter and reference electrode, respectively. The electrode was
prepared by mixing 2.5 mg of the active materials (i.e., d-Ti3C;, ul-
trathin Ti3C; NSs and ultrathin Ti3C, NWs) in a solution contain-
ing 400 pL deionized water, 100 pL ethanol and 10 pL of Nafion
(5 wt%) solution, following by ultrasonication (53 kHz, 150 W) for
20 min. 3 pL of the dispersion was deposited on the surface of a
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Fig. 1. (a) Schematic diagram of the preparation of ultrathin Ti3C, NWs. (b) SEM
image, (c) TEM image and (d) HRTEM image of Ti3;C, NWs. Inset of (d) is the corre-
sponding SAED image. (e) XRD patterns of Ti;C; NWs, m-Ti3C, and Ti3AlC,. Inset:
Tyndall effect of Ti;C, NWs colloidal solution.

glassy carbon (GC) electrode and dried naturally at room temper-
ature. The LSVs for HER were recorded at a sweep rate of 5 mV/s
without passing inert gas exhaust. LSV is automatically corrected
with 90% iR-compensation.

The synthetic procedure for Ti3C, NWs is schematically de-
picted in Fig. 1a. There is a two-step preparation process includ-
ing thermo-assisted etching and alkalization. First, m-Ti3C, bulks
are typically synthesized via one-step HF etching of Al atoms from
the ternary layered Ti3AIC, phases (Fig. 1a and Fig. S1 in Support-
ing information). XRD pattern demonstrates the successful remove-
ment of Al atom layers from Ti3AIC, bulks (Fig. 1e). Then, the alka-
lized Ti3C, NWs can be prepared through the continuous stirring
of m-Ti3C, bulks in 9 mol/L KOH solution for 72 h. In this process,
the abundant OH~ can rationally tailor the exposed scissor sites of
2D NSs, and thus resulting in the morphology transformation into
ultrathin 1D NWs. The morphology and structure of TizC, NWs are
investigated by scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and X-ray photoelectron spectroscopy
(XPS). SEM image in Fig. 1b shows that Ti3C; NWs have a length
ranging from submicrometer to several micrometers. TEM image in
Fig. 1c clearly displays that Ti3C, NWs have a width of 5-10 nm.
A high-resolution TEM (HRTEM) image shows a highly crystalline
structure and an interlayer spacing of 0.187 and 0.2 nm, demon-
strating the successful transformation from m-Ti3C, bulks. The cor-
responding selected area electron diffraction (SAED) image further
demonstrates the high crystallinity (inset of Fig. 1d). All peaks in
the XRD pattern of ultrathin Ti3C, NWs agree well with the m-
Ti3C, bulks, demonstrating the pure phase (Fig. 1e).
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Fig. 2. (a) Structure diagram of Ti3C; NWs. (b) XPS survey spectrum. High-
resolution spectra of (c) Ti 2p, (d) O 1s and (e) C 1s.

XPS measurement is carried out to identify the chemical struc-
ture of Ti3C, NWs (Fig. 2). It shows that Ti3C, NWs contain the
main elements of Ti, C, O, F and K (Fig. 2b). No Al elements are
observed in the etched Ti3C, products (Fig. 2b), indicating the
full removal of Al layers during the etching process. In the high-
resolution Ti 2p spectrum (Fig. 2c), the representative peaks at
455.5 eV, 458.3 eV, 464.1 eV and 461.3 eV are assigned to Ti
2pyj, and Ti 2p;p, in Ti—C bond, Ti—O bond and Ti(Il), respectively,
which is in good agreement with the previous literature [25]. Re-
markably, the high-resolution O 1s spectrum can be deconvoluted
into two peaks at 529.8 eV and 531.5 eV, which are corresponding
to the oxygen-containing functional groups (i.e., -O and -OH) exist-
ing at the surface of Ti3C, layers (Fig. 2d) [18]. The C 1s for Ti3C,
sample is fitted with four doublets cantered at 281.5 eV, 284.5 eV,
285.0 eV and 288.5 eV, which are assigned as C-Ti, C sp2, C-OH and
C=0 respectively, (Fig. 2e) [26]. An obvious peak at 295.3 eV and
292.6 eV are assigned to the K 2py, and K 2p3,, ascribing to the
anchor of K* in the defect sites [27]. The elements detected in XPS
spectra well match with the structure diagram, further proving the
successful synthesis of Ti3C, NWs.

To get insight into the chemical transformation mechanism of
Ti3sC, NWs, TEM image is employed to characterize the interme-
diates collected at 24 h. The epitaxial ultrathin NWs are observed
after the alkalization of KOH (Figs. 3a and b) shows the HRTEM im-
ages of Ti3C, NSs in the edges of m-Ti3C, bulks. Their lattice fringe
spacing of 0.26 nm is corresponding to the (101) interplanar spac-
ing (Fig. 3c) [28]. This result indicates that the crystalline struc-
ture of unconverted Ti3C, is well maintained before transforming
into NWs. The SAED is consistent with the previous report (Fig. 3d)
[29]. The removement of Al layer is important for achieving the ul-
trathin NWs since the m-Ti;C, precursor generates crevices at the
surface of Ti-C sites and subsequently cleaves into ultrathin NWs.

The effects of the amount of m-Ti3C,, the kind of surfactants
and the concentration of KOH on the alkalization reaction are in-
vestigated in control experiments. First, when the amounts of m-
Ti3C, bulks increases to 90 mg, they experience an insufficient
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Fig. 3. (a) TEM image, (b,c) HRTEM images and (d) SAED image of Ti3C, interme-
diate at the reaction time of 24 h.

transformation with residual samples (Fig. S2a in Supporting infor-
mation). When the amounts of m-Ti;C, bulks decreases to 70 mg,
they show a smooth surface and have no obvious transformation
into 1D NWs (Fig. S2¢ in Supporting information). That is because
the alkalization process results in the production of the shorter
TizC; NWs, which are more difficult to separate during centrifuga-
tion, resulting in a large proportion of unconverted m-Ti3C, in the
final products. Then, the influence of the different surfactants in-
cluding polyvinyl pyrrolidone (PVP), sodium dodecyl sulfate (SDS),
cetyltrimethyl ammonium bromide (CTAB) and sodium dodecyl
benzene sulfonate (SDBS) is also investigated (Fig. S3 in Support-
ing information). As a result, 2D Ti3C, NSs are obtained in all sys-
tems. The intercalation of surfactants in the m-Ti3C, is beneficial
to the easy peel off of Ti3C; NSs from the m-Ti3C, bulks, whereas
it also prevents the exposure of the shearing sites and thus pre-
venting the formation of 1D NWs. Next, the different concentra-
tions of KOH are also explored to treat the m-Ti3C, bulks (Fig.
S4 in Supporting information). When KOH concentration increases
from 9 mol/L to 10 mol/L, m-Ti3C, bulks are partially converted
into Ti3C, NWs (Figs. S4a-d). As the KOH concentration raises to
11 mol/L, a large number of m-Ti3C, bulks still exist (Figs. S4e and
f). It is mainly attributed that the excessive KOH will experience
the passivation of the cleavable sites. In the control experiment,
TisC, NSs were fabricated via the exfoliation of m-Ti3C;, which
have a lateral size of 1 pm (Figs. S6a and b in Supporting informa-
tion). The colloidal solution shows obvious Tyndall effect, and thus
proving the good stability (Fig. S6a). The HRTEM image shows that
TizC; NSs have the lattice spacing of 0.213 nm (Fig. S6¢ in Sup-
porting information) [30,31], and the corresponding SAED image
further demonstrates the high crystallinity (Fig. S6¢) [32]. When
the ultrathin Ti3C; NSs act as precursors, the ultrathin Ti3C; NWs
only form on the surface through the epitaxial transformation (Fig.
S5 in supporting information). The presence of KOH makes TizC,
NSs flocculate into 3D networks, which hinders the further trans-
formation of NWs [33].

The HER activity of the monodispersed Ti3C, NWs is mea-
sured using a standard three electrode electrochemical system in
0.5 mol/L H,SO4 (Fig. 4). Fig. 4a displays the linear sweep voltam-
metry (LSV) curves of Ti3Cy NWs, Ti3C, NSs and m-Ti3C, for HER
at 90% iR correction. Ti3C, NWs deliver a low overpotential of
476 mV at 10 mA/cm?2, which is much lower than that of Ti;C,
NSs (543 mV) and m-Ti3C, (659 mV). The enhanced electrochemi-
cal performance is resulted from the abundant active sites [24,34].
To further understand the kinetics process, Tafel plots are used to
explore the possible steps (Fig. 4b). Ti3C; NWs have a Tafel slope
of 129 mV/dec, which is lower than that of the m-Ti3C, bulks
(196 mV/dec) and Ti3C, NSs (174 mV/dec), respectively. The fast
kinetics of Ti3C, NWs are mainly attributed to the high ion ac-
cessibility in 1D structure and low internal contact resistance [35].
TisC, NWs manifest a relatively stable and superior performance
in acidic electrolyte, which is superior to the previously reported
works (Table S1 in Supporting information).
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Fig. 4. (a) The LSV curves at initial state (solid line) and at 90% iR correction (dot-
ted line). (b) Tafel plots at 90% iR correction. (c) Nyquist plots of blank GC, Ti;C,
NWs, Ti3C; NSs and m-Ti3C,. (d) LSV curves of TizC, NWs before and after 1000
cycles.

To better understand the interface property and intrinsic ac-
tivity of Ti3C, NWs and reveal the electron-transfer kinetics in
HER, the electrochemical impedance spectroscopy (EIS) is carried
out and the Nyquist plots are displayed in Fig. 4c. The semicir-
cle portion at higher frequency is corresponding to the electron
transfer-limited process [36]. The semicircle diameter reflects the
charge transfer resistance (Rc¢). It can also be obtained by fitting
the impedance spectra to the referencing equivalent circuit. It is
found that the R of Ti3C, NWs (7.08 2) is much lower than that
of Ti3C, NSs (11.84 ©2) and m-TisC, (31.99 2), this is due to the
fact that the strongly electronegative fluorine functional group is
replaced by a hydroxyl group and the hydrophilicity is enhanced
[25,37], suggesting that the NWs can shorten the diffusion path-
way for electrons, promote the charge transfer at the interface,
and enhance HER performance [38-40]. The Ti3C, NWs also dis-
play good cyclic stability before and after 1000 cycles (Fig. 4d). It is
mainly ascribed to the synergic effect between unique 1D structure
and abundant defect sites. Overall, the mechanism is involved in
the following aspects [41,42]: (1) The -OH group terminations can
adsorb the H30* ion and electron to produce an H atom, which
experiences the continuous combination for H, molecule; (2) The
defect sites facilitate the desorption of H* as well as assist the dis-
sociation of H,O, making it proceed on a lower potential energy
surface.

To further take advantage of 1D NWs, the freestanding Ti3C,
NWs film is fabricated through the vacuum-assisted filtration of
Ti3C, NWs dispersion on a filter membrane (Fig. 5a). Its integrity
can be well maintained after bending at a large angle, demonstrat-
ing a good flexibility and foldability (Figs. 5b and c). The cross-
sectional SEM image in Fig. 5d indicates that a uniform cross-
linking state exists in the freestanding films, showing a thickness
of ~3 pm. The surface morphology of the Ti3C, NWs films displays
the well-interconnected networks of 1D NWs (Fig. 5e). It is ex-
pected to facilitate the rapid ionic/electronic transport and shorten
the transport pathways. Cyclic voltammetry (CV) curves of Ti3C,
film electrode are measured at a scan rate of 100 mV/s between
-0.3 V and 0.4 V (Fig. 5f). After 200 cycles, CV curves are well over-
lapped. The HER polarization curves in Fig. 5g deliver an overpo-
tential of 528 mV at 10 mA/cm?2, which can be well maintained
after 1000 cycles. It is hypothetical that the ions transport can be
greatly facilitated by the nanoporous structure in the film due to
the shortened ion pathways [43-45]. The freestanding Ti3C, NWs
film also shows great potential applications in the fields of photo-
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Fig. 5. (a-c) Digital photographs of flexible Ti3C; NWs film. (d) Cross-sectional SEM
image and (e) top-view SEM images of Ti3;C, NWs film. (f) CV curves of Ti;C; NWs
film in 0.5 mol/L H,SO,4 at a scan rate of 100 mV/s. (g) LSV curves of Ti;C; NWs
film in 0.5 mol/L H,SO,4 at a scan rate of 5 mV/s.

catalysis [46], electromagnetic interference shielding [47,48], bat-
tery [49] and sensor [50,51].

In summary, we have designed ultrathin and monodispersed
Ti3C; NWs via chemical transformation of m-Ti3C, bulks in KOH
solution. The rational tailor of OH~ results in abundant active sites
in the ultrathin 1D NWs. In comparison with common Ti3C; NSs,
the greatly improved active sites lead to the enhanced HER activ-
ity. As a result, the ultrathin Ti3C, NWs deliver a low overpotential
of 476 mV at a current density of 10 mA/cm?, a depressed Tafel
slope of 129 mV/dec and low electrochemical resistance. Besides,
the Ti3C, NWSs show a long-term cycling stability. This synthesis
method can further apply to prepare other MXene NWs owing to
the large MXene family members, and MXene NWs are promising
for applications in batteries, supercapacitors, catalytic and other re-
lated fields.
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