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ty and Ins
A B S T R A C T

Designing efficient electrocatalysts with low Pt loadings for hydrogen evolution reaction (HER) is
urgently required for renewable and sustainable energy conversion. Here, we report a strategy that Pt
nanoparticulates are spontaneously immobilized on porous MXene/MAX monolith as HER catalysts by
utilizing the redox reaction between Ti3C2[58_TD$DIFF]Tx MXene and [PtCl4]2� in H2PtCl6 aqueous solution. By taking
advantage of homogeneously distributed Pt nanoparticulates on highly electrically conductive porous
Ti3C2[58_TD$DIFF]Tx/Ti3AlC2monolith, the as-prepared electrocatalysts showhigh catalytic performance for hydrogen
evolution. Specifically, the binder-free electrocatalysts have Pt loadings as low as 8.9mg/cm2, with low
overpotential of 43mV at a current density of 10mA/cm2 and low Tafel slope that three times lower than
porous Ti3C2[58_TD$DIFF]Tx/Ti3AlC2 without Pt loading. This strategy offers a new approach to constructing ultra-low
Pt-loading HER catalysts on the basis of in situ redox reaction between noble metal ions and MXenes.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Hydrogen is one of the most important clean energy sources
with high energy density of 120–140MJ/kg [1,2]. Efficient and safe
hydrogen production technology is the prerequisite for usage of
hydrogen energy. Among the hydrogen production methods,
electrocatalytic water splitting is regarded to be efficient and
sustainable [3–5]. It proceeds by hydrogen evolution reaction
(HER) via the reduction of protons or water [6,7]. Up to now,
considerable endeavors have been devoted to developing many
types of non-noble metal catalysts for HER, such as metal sulfides,
metal carbides, metal phosphides, metal oxides or hydroxides to
replace the noble metal Pt [7]. Unfortunately, none of them
outperforms Pt with highly efficient, low overpotential and fast
kinetics in HER. Considering the low abundance of Pt on the earth
[8,9], reducing the nanostructures or even atomically distributed
Pt centers supported on catalysts could significantly decrease Pt
usages and maximize atom efficiency [10,11].

MXenes are a large family of two-dimensional materials that
are synthesized by selectively etching off the “A” layers from the
layered ternary carbides or carbonitrides known as MAX phases
[12–14]. MAX phases have a general formula of Mn+1AXn (n =1, 2,
3), where M represents a transition metal; A is usually an IIIA or
IVA element; and X stands for C and/or N [15–17]. At the expense
titute of Materia Medica, Chinese
of the A removal in fluoride-containing acidic solution, the “MX”
layers are left behind with surface functional groups [18], they are
named as MXenes. Earlier studies have demonstrated that several
types of MXenes themselves exhibit good catalytic activity for
HER such as Ti2CTx [19] and Mo2 [62_TD$DIFF]CTx [20]. Moreover, extensive
efforts have been devoted to the reduction of noble-metal ions
using MXenes without external reducing agent [21]. The
spontaneous redox reaction makes the noble metals firmly
anchor on the surface of MXenes. These noble metals include but
not limit to: Pt, Pd, Ag and Au. Noble metals/MXenes composites
have shown high performance in some fields such as surface-
enhanced Raman spectroscopy [21], catalysis [22–24], electro-
chemical energy storage [25,26], wastewater treatment [27,28]
and sensing applications [29,30]. Especially, single platinum
atoms can immobilize on Mo2TiC2[58_TD$DIFF]Tx MXene by electrode position
technique and show excellent electrocatalytic activity for HER,
which highlights a new approach for high efficiency utilizing Pt as
catalyst [31].

In addition to the choice of catalyst, controlling the surface
morphology and dispersion of the catalyst to expose active sites
are equally important for enhancing HER performance. Notably, in
the electrochemical test and practical applications, polymer
binders like Nafion or polytetrafluoroethylene are usually used
to immobilize the catalysts on the electrode surfaces in case of the
destruction from hydrogen bubbles. Whereas, these polymer
binders may block active sites, inhibit diffusion and increase the
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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electron transfer resistance [32]. Thus, designing binder-free
catalyst with homogeneous noble metal nanoparticulates distrib-
uted on the support is believed to be a hopeful strategy to obtain
high performance catalyst for HER.

Herein,we report the fabrication of binder-freeHER catalysts by
using porous Ti3C2[58_TD$DIFF]Tx MXene/Ti3AlC2 hybrid monolith as catalyst
support and Pt nanoparticulates as active sites. In the manner of
spontaneous redox reaction between Ti3C2[58_TD$DIFF]Tx MXene and [PtCl6]2�

complex ions, the Pt nanoparticles anchored on the highly
electrically hybrid support exhibit high catalytic performance
with low overpotential and good stability even with very low Pt
loadings. This preliminary study provides a new strategy for
developing highly efficient HER catalysts.

Fig.1 shows the schematic of Pt immobilized on porousMXene/
MAX hybrid monolith for HER. The porous MXene/MAX hybrid
monolithwas prepared from a porous Ti3AlC2matrix. To obtain the
porous Ti3AlC2 matrix, a Ti3AlC2/MgO composite was firstly
prepared by reactive hot pressing of the blended powders of Ti,
Al, graphite and MgO at 1450 �C for 1h. The as-prepared Ti3AlC2/
MgO composite was then cut into pieces with the dimensions of
13mm�8.4mm�1mm. Considering the good stability of MAX
phases in hydrochloric acid solution [33], these pieces were
subsequently immersed into 1mol/L hydrochloric acid solution to
eliminate MgO through forming water soluble MgCl2, leaving
porous Ti3AlC2 as thematrix. After that, the porous Ti3AlC2 cuboids
were partially etched in 40%HF aqueous solution to generate a thin
layer of Ti3C2 [58_TD$DIFF]TxMXene on the outmost surface of the Ti3AlC2 grains
composing of the porous MAX monolith. Very importantly, the
interesting structure, i.e., Ti3C2[58_TD$DIFF]Tx MXene endogenously grown on
the Ti3AlC2, enables the firm bonding between Ti3C2 [58_TD$DIFF]Tx and Ti3AlC2

matrix and guarantees the good electronic conduction for HER.
Finally, the porous Ti3C2 [58_TD$DIFF]Tx/Ti3AlC2 hybrid monolith was immersed
into 1mL of H2PtCl6 aqueous solution to trigger the spontaneous
redox reaction between Ti3C2 [58_TD$DIFF]Tx and [PtCl6]2�. As a result, Pt
nanoparticulates were firmly anchored on the surface of Ti3C2 [58_TD$DIFF]Tx
MXene. Two concentrations of H2PtCl6 aqueous solutions were
selected as 0.1 and 1mmol/L to prepare two types of porous Ti3C2[58_TD$DIFF]

Tx/Ti3AlC2 monoliths with different Pt loadings, which are denoted
as Ti3C2[58_TD$DIFF]Tx@0.1 Pt and Ti3C2[58_TD$DIFF]Tx@1Pt, respectively. The corresponding
Pt loadings do not exceed 8.9mg/cm2 or 88.9mg/cm2 for Ti3C2[58_TD$DIFF]

Tx@0.1 Pt and Ti3C2[58_TD$DIFF]Tx@1Pt, respectively. The optical photographs
of the as-prepared samples are shown in Fig. S1 (Supporting
information).

[(Fig._1)TD$FIG]

Fig. 1. Schematic of preparation of Ti3C2[58_TD$DIFF]Tx@Pt catalysts. Firstly, Ti3AlC2/MgO pieces
were immersed into hydrochloric acid solution to eliminate MgO, leaving porous
Ti3AlC2 as the matrix. After that, the porous Ti3AlC2 were partially etched in 40% HF
aqueous solution to generate Ti3C2[58_TD$DIFF]Tx MXene on the surface of porous Ti3AlC2.
Finally, the porous Ti3C2 [58_TD$DIFF]Tx/Ti3AlC2 compositeswere immersed intoH2PtCl6 aqueous
solution to trigger the spontaneous redox reaction between Ti3C2 [58_TD$DIFF]Tx and [PtCl6]2�.
As shown in Fig. S2 (Supporting information), the Ti3AlC2/MgO
composite was prepared by using MgO as pore forming agent. To
the best of our knowledge, the Ti3AlC2/MgO composite was
reported in the literature for the first time. Considering the MgO is
inert to many MAX phases, the method report in this work may be
applicable to fabricate other MAX phases/MgO composite. With
immersion in diluted hydrochloric acid solution, the MgO as pore
forming agent was completely removed, giving rise to porous
Ti3AlC2 monolith. Fig. S3 (Supporting information) exhibits the
morphology and energy dispersive spectroscopy (EDS) elemental
mapping of Ti3AlC2/MgO composite. As shown in Fig. S4 (Support-
ing information), after 1mol/L hydrochloric acid solution treat-
ment, almost all the MgO were eliminated, leaving the micron-
sized holes on the surface of Ti3AlC2, which is well identified by
EDS elemental mapping results and in consist with the XRD results
(Fig. S2). The present method represents a facile approach to
prepare porous MAX phases. As shown in Fig. S5 (Supporting
information), the Raman spectra of Ti3AlC2/MgO composite and
porous Ti3AlC2 are comparable in terms of well-recognized Raman
bands assignable to Ti3AlC2 [34,35], which unambiguously
indicates that the near surface of Ti3AlC2 grains are still highly
lattice ordered and hydrochloric acid solution treatment do not
introducemany defects on the surface of Ti3AlC2 grains. Due to the
strong diffraction from Ti3AlC2 and much less contents of Ti3C2 [58_TD$DIFF]Tx
MXene and Pt, the diffraction peaks of Ti3C2[58_TD$DIFF]Tx MXene and Pt were
hardly observed (Fig. S6 in Supporting information). In stark
contrast, as a surface sensitive analysis method, Raman spectros-
copy recognizes strong Raman peaks belonging to Ti3C2 [58_TD$DIFF]Tx MXene
[12,36,37], as shown in Fig. S7 (Supporting information). Upon
loading Pt, the Raman bands of MXene for the Ti3C2[58_TD$DIFF]Tx@0.1 Pt are
observable, while they are invisible for the Ti3C2 [58_TD$DIFF]Tx@1Pt.

To understand the spontaneous formation of Pt nanoparticu-
lates on Ti3C2 [58_TD$DIFF]Tx MXene, we comprehensively investigated the
porous Ti3C2[58_TD$DIFF]Tx/Ti3AlC2 hybrid monolith before and after H2PtCl6
aqueous solution treatment. Fig. 2 shows the XPS spectra for Ti 2p
and Pt 4f of porous Ti3C2 [58_TD$DIFF]Tx/Ti3AlC2 and Ti3C2[58_TD$DIFF]Tx@1Pt. As shown in
Fig. 2a, the functional groups of �O increased while �OH
decreased after H2PtCl6 aqueous solution treatment, which proves
the valence of Ti increased in MXene [36,38], as a result of electron
donation from Ti. Correspondingly, the Pt 4f peaks corresponding
to metallic Pt is well recognized for the sample after 1mmol/L
H2PtCl6 aqueous solution treatment. The formation ofmetallic Pt is
believed to the reduction of Pt cations as the result of accepting
electrons from Ti3C2[58_TD$DIFF]Tx MXene.

According to morphological analysis by scanning electron
microscopy (SEM), the surface of as-etched porous Ti3AlC2 exhibits
typicalmorphology ofMXeneswith alignedmicroslits (Figs. 3a and
[(Fig._2)TD$FIG]

Fig. 2. XPS analysis of (a) Ti 2p in porous Ti3C2[58_TD$DIFF]Tx/Ti3AlC2, Ti3C2 [58_TD$DIFF]Tx@1Pt and (b) Pt 4f
in porous Ti3C2[59_TD$DIFF]Tx/Ti3AlC2, Ti3C2 [58_TD$DIFF]Tx@1Pt.



[(Fig._3)TD$FIG]

Fig. 3. Low magnification SEM images of (a) porous Ti3C2[58_TD$DIFF]Tx/Ti3AlC2, (c)
Ti3C2 [58_TD$DIFF]Tx@0.1 Pt, (e) Ti3C2[58_TD$DIFF]Tx@1Pt and high magnification SEM images of (b) porous
Ti3C2 [58_TD$DIFF]Tx/Ti3AlC2, (d) Ti3C2 [58_TD$DIFF]Tx@0.1 Pt, (f) Ti3C2 [58_TD$DIFF]Tx@1Pt.
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b). With low Pt loadings, for Ti3C2 [58_TD$DIFF]Tx@0.1 Pt, it is morphologically
hard to identify the presence of Pt on the surface of MXene
within the resolution of SEM (Figs. 3c and d). With the assistance
of transmission electron microscopy (TEM), the existence of Pt
ultra-small nanoparticulates has been confirmed in Fig. S8
(Supporting information). In stark contrast, with high Pt loadings,
for Ti3C2 [58_TD$DIFF]Tx@1Pt, Pt nanoparticles are distributed on the surface of
porous Ti3C2 [58_TD$DIFF]Tx/Ti3AlC2, which are morphologically observed by
SEM (Figs. 3e and f).

The HER activities of the catalysts were evaluated in a three-
electrode system containing 0.5mol/L H2SO4 aqueous solution.
Fig. 4a exhibits the polarization curves of porous Ti3AlC2, porous
Ti3C2 [58_TD$DIFF]Tx/Ti3AlC2, Ti3C2 [58_TD$DIFF]Tx@0.1 Pt and Ti3C2 [58_TD$DIFF]Tx@1Pt respectively. The
potential to reach HER current density (j) of �10mA/cm2 is a key

[(Fig._4)TD$FIG]

Fig. 4.
curves and (b) corresponding Tafel plots of porous Ti3AlC2, porous Ti3C2 [58_TD$DIFF]Tx/Ti3AlC2
and Ti3C2 [58_TD$DIFF]Tx@Pt; (c) Potential vs. time (V–t) curve of Ti3C2 [58_TD$DIFF]Tx@0.1 Pt recorded for 10h
at the current density of –10mA/cm2

Electrochemical HER performance characterizations. (a) HER polarization

.

HER performance metric [10]. The porous Ti3AlC2 and porous
Ti3C2 [58_TD$DIFF]Tx request the overpotentials of �251mV and �219mV vs.
reversible hydrogen electrode (RHE) for j =�10mA/cm2 electrode
current respectively. In stark contrast, the overpotentials to
reach �10mA/cm2 are 43mV and 37mV for Ti3C2[58_TD$DIFF]Tx@0.1 Pt and
Ti3C2 [58_TD$DIFF]Tx@1Pt respectively. The close overpotentials indicate that
MXene@Pt exhibit high catalytic activity even at very low
platinum loadings, which is critical for future commercial
applications. Higher Pt loadings show better performance on
high current density (Fig. S9 in Supporting information). To gain
insights on the HER kinetics for these catalysts, the Tafel slopes
were calculated. As is presented in Fig. 4b, the Tafel slope of porous
Ti3AlC2 is 148mV per decade (mV/dec) while the porous Ti3C2 [58_TD$DIFF]Tx/
Ti3AlC2 is 292mV/dec. As high-performance pseudosupercapaci-
tor material, Ti3C2[58_TD$DIFF]Tx MXene will generate capacitance before HER.
In another word, the reaction between H+ ions in H2SO4 aqueous
solution and �O functional groups of Ti3C2 [58_TD$DIFF]Tx contributes the
current before HER [36]. That is the reason why the Tafel slope of
Ti3C2 [58_TD$DIFF]Tx MXene is higher than porous Ti3AlC2 even though the
porous Ti3C2[58_TD$DIFF]Tx/Ti3AlC2 shows lower overpotential for HER at the
same current density. Upon loading Pt on MXene, the Tafel slops of
Ti3C2 [58_TD$DIFF]Tx@Pt decrease overtly and are 80mV/dec and 89mV/dec for
Ti3C2 [58_TD$DIFF]Tx@0.1 Pt and Ti3C2 [58_TD$DIFF]Tx@1Pt, respectively. The higher loading
means that [PtCl6]2� complex ions obtain more electrons from Ti
in Ti3C2 [58_TD$DIFF]Tx MXene and more �OH functional groups convert to �O
functional groups. This makes Ti3C2 [58_TD$DIFF]Tx@1Pt possesses higher
current density than Ti3C2 [58_TD$DIFF]Tx@0.1 Ptbefore HER so that the Tafel
slope of Ti3C2 [58_TD$DIFF]Tx@Pt increase when Ti3C2[58_TD$DIFF]Tx were loaded more Pt.
Furthermore, electrochemical impedance spectroscopy (EIS) was
performed to investigate the kinetics of the various samples.
Fig. S10 (Supporting information) shows the spectra that collected
at the potential of �5mV vs. RHE. The Ti3C2Tx@0.1 Pt exhibits
similar kinetics behavior to porous Ti3C2 [58_TD$DIFF]Tx/Ti3AlC2 because of the
low Pt loadings. In stark contrast, Ti3C2 [58_TD$DIFF]Tx@1Pt shows downward
arc at low frequency region, which is related to HER. The difference
in electrochemically active surface areas (ECSAs) of various
samples was also evaluated via a simple cyclic voltammetry
method. Interestingly, the Ti3C2 [58_TD$DIFF]Tx@0.1 Pt exhibits the highest value
rather than Ti3C2 [58_TD$DIFF]Tx@1Pt, which suggests that the HER is more
dependent on the contents of Pt nanoparticulates than ECSAs
(Fig. S11 in Supporting information). A long-term stability testing
on Ti3C2 [58_TD$DIFF]Tx@0.1 Pt was also carried out by means of galvanostatic
test. As is shown in Fig. 4c, Ti3C2 [58_TD$DIFF]Tx@0.1 Pt shows low voltage
increasing over 10h at a constant current density (10mA/cm2)
operation.

In summary, we have fabricated Pt-immobilized partially
etched MXene/MAX hybrid monolith as high-performance cata-
lysts for HER through the spontaneous redox reaction between
[PtCl6]2� and MXene. This strategy takes the advantages of the
good stability of MAX phases in acidic solution, high electronic
conductivity and firm bonding between MXene and MAX phase.
The catalyst shows low overpotential vs. RHE (43mV for�10
mA/cm2) based on low Pt loadings (lower than 8.9mg/cm2). This
work not only provides the strategy to fabricate Pt-based catalyst
for HER, but also paves avenues to further exploration and design
of highly efficient catalysts based on noble metals and porous
MXenes/MAX phases monoliths for other reactions.
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