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Anchoring Sub-Nanometer Pt Clusters on Crumpled Paper-
Like MXene Enables High Hydrogen Evolution Mass

Activity

Yucai Wu, Wei Wei, Ruohan Yu, Lixue Xia, Xufeng Hong, Jiexin Zhu, Jiantao Li, Lei L,

Wei Chen, Yan Zhao,* Liang Zhou,* and Ligiang Mai*

Platinum (Pt)-based electrocatalysts are the benchmark catalysts for hydrogen
evolution reaction (HER); however, they are limited by the scarcity and high
price. Introducing an adequate substrate to disperse and anchor Pt-based
species is a feasible pathway to improve the utilization efficiency. Herein, a
quick and continuous spray drying route is proposed to fabricate 3D crumpled
Ti;C,T, MXene loaded with sub-nanometer platinum clusters (Pt/MXene). The
3D crumpled structure inhibits the restacking of layered MXene nanosheets
and guarantees the fully exposure of Pt clusters. The as-prepared catalyst
exhibits excellent HER performances comparable to commercial Pt/C,

hydrogen energy has become one of the
most promising technologies due to its
high heating value and environmental
friendliness.l. Hydrogen evolution reac-
tion (HER) is a part section of electro-
chemistry water splitting. Compared to
the oxygen evolution reaction, the HER
has faster kinetics as well as lower overpo-
tential.”! Noble metals like platinum (Pt)
have been proved as benchmarking cata-
lysts for HER.I3] However, the high price

including a low overpotential of 34 mV to reach a current density of

10 mA cm™2, a superior mass activity (1847 mA mgp, "), a small Tafel slope
(29.7 mV dec™), and a high turnover frequency (10.66 H, s7'). The improved
activity of Pt/MXene can be attributed to the charge transfer from Pt clusters
to MXene, which weakens the hydrogen adsorption, as evidenced by the den-
sity functional theory calculations. The present contribution proposes a novel
strategy to anchor low-mass-loading sub-nanometer precious metal clusters
on crumpled MXene with fully exposed active sites for catalysis.

1. Introduction

With the rapid development of society, the energy issue has
received increasing attention. Owing to the unsustainability
of fossil fuels and limitations of wind, tide, and solar energy,
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and rareness of Pt resources hamper
the widespread application. Reducing
the dosage and size of Pt in catalysts are
promising strategies to tackle this bottle-
neck. However, with the reduce of size
to sub-nanometer scale, the Pt particles
tend to aggregate, leading to deteriorated
activity. Placing Pt species on appropriate
substrates would be a promising tactic to
stabilize Pt sub-nanometer clusters.*
MXenes, first reported in 2011, are a
new type of 2D transition metal carbides
and nitrides. Benefited from its unique physiochemical features,
such as high conductivity, affluent surface termination groups,
outstanding hydrophilicity, and synthetic diversity, MXene
has attracted great attention in secondary batteries,”! superca-
pacitors,®! electromagnetic shielding,” sensors,® and photo/
electrocatalysts.l”) In addition, defects can be formed on the
surface during the etching process of MAX, and they can serve
as anchoring sites to confine noble atoms/clusters.' The high
specific surface area of MXene guarantees the high dispersion of
noble metal catalysts. The high conductivity and surface termi-
nation groups may bring strong interactions between the MXene
and noble metals, effectively modulating the catalytic activity.
Thus, MXene would be a model carrier to support precious metal
catalysts like Pt. Nevertheless, MXene nanosheets are inclined to
self-stacking because of the relatively high surface energy and
strong interlayer van der Waals force, which prevents the expo-
sure of catalytic active sites. Conventional drying processes could
not avoid the agglomeration. Novel drying techniques, such as
spray-drying and freeze-drying are able to remit the self-stacking
of MXene nanosheets. Especially, the spray drying is a quick
and continuous technique to transform the 2D nanosheets into
3D crumpled paper-like structures, which could minimize the
aggregation and maximize the exposure of active sites.

© 2022 Wiley-VCH GmbH
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Herein, we report a quick and continuous spray drying route
to construct 3D crumpled paper-like MXene with sub-nanom-
eter Pt cluster decorations. The Pt species were spontaneous
reduced and immobilized on the MXene nanosheets, and the
3D crumpled structure not only minimizes the self-stacking/
agglomeration of 2D MXene nanosheets but also maximizes
the exposure of Pt catalysts. The Pt/MXene demonstrates effi-
cient HER performance, including a diminutive overpotential
of 34 mV at the conventional current density of 10 mA cm™
and distinguished mass activity of 1847 mA mgp . Such perfor-
mances surpass the commercial Pt/C catalyst (265 mA mgp "
at the overpotential of 50 mV). Theoretical calculations uncover
that the interaction between Pt cluster and MXene ensures
appropriate Gibbs hydrogen adsorption free energy (AGy:),
which is beneficial for the HER activity.

2. Results and Discussion

The preparation route of Pt/MXene electrocatalyst is sche-
matically shown in Figure 1a. In short, accordion-like Ti;C,T,
MXene was fabricated by HF etching of the Ti;AlC, precursor,
which removes the Al layer.™ After tetramethylammonium
hydroxide intercalation and ultrasonic delamination, few-layer
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Ti;C,T, nanosheets can be obtained. To synthesize Pt/MXene
catalysts, the Ti;C,T, colloid suspension was mixed with dilute
H,PtCly-6H,0 solution and spray dried.'”l Owing to the exist-
ence of low-valence-state Ti (II and III) in the Ti;C,T, MXene,
the Pt (IV) species were spontaneously reduced to single atom
Pt and sub-nanometer Pt clusters and immobilized near the
defects.l¥!

Figure S1 of the Supporting Information presents the scan-
ning electron microscopy (SEM) images of the MAX, accor-
dion-like Ti;C,T, MXene, freeze-dried Ti;C,T, MXene, and
spray-dried Ti;C,T, MXene. Interestingly, the samples obtained
by freeze-drying and spray-drying exhibit completely dif-
ferent morphologies (Figure Slc,d, Supporting Information).
The freeze-dried sample (denoted as F-Ti;C,T,) exhibits an
agglomerated morphology. By contrast, the spray-dried sample
(denoted as S-Ti3C,T,) exhibits a 3D corrugated paper-like mor-
phology, which can be ascribed to assembly and collapse of 2D
Ti;C, T, nanosheets caused by the evaporation of solvent during
the spray-drying process.

SEM image shows the 3D crumpled structure of Pt/MXene
(Figure 1b), suggesting that the introduction of H,PtCly in pre-
cursor solution does not alter the morphology of the product.
Transmission electron microscopy (TEM) picture in-depth
affirms the 3D crumpled structure (Figure S2, Supporting

Pt/MXene

H,P(Cl;.6H,0
==
Spray drying

O TiO Al@® C O (-0,-0H-F)(_) Pt
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Figure 1. a) Schematic illustration for the preparation of Pt/MXene. b) SEM images of Pt/MXene. c,d) HAADF-STEM images of Pt/MXene and e) the

EDX elemental mappings.
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Figure 2. a) XRD patterns of the Ti;AlC,, F-Ti;C,T,, S-Ti;C,T,, and Pt/MXene. b) Magnified XRD patterns showing the 26 region from 5° to 10°.
c) Raman spectra of Pt/MXene and S-Ti;C,T,. d) Pt 4f XPS spectrum of the Pt/MXene. ) Normalized Pt L;-edge XANES and f) FT ksy(R) Pt L;-edge

EXAFS spectra for Pt/MXene, Pt foil, and PtO,.

Information). High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) and energy dis-
persive X-ray (EDX) elemental mapping were used for further
studying the distribution of Pt on Ti;C,T, MXene. As displayed
in Figure 1c,d, the sub-nanometer Pt clusters with uniform size
evenly anchored on the surface of MXene. Inevitably, some
single-atomic Pt also present on the surface. The EDX map-
pings also confirm that the Pt clusters and single atoms dis-
perse homogeneously on MXene (Figure le). As is well-known,
Ti defects could be formed on the surface of MXene during
the HF etching, and can serve as sites to anchor metal atoms.
Thus, we speculate that the Pt atoms are trapped by Ti defects.
Through inductively coupled plasma-optical emission spectros-
copy test, the Pt loading amount is determined to be =2.9 wt%.

The as-prepared Ti;C,T, MXene suspension exhibits obvious
colloidal property and there is no obvious sediments in the
suspension after 42 days as shown in the optical photographs
(Figure S3a, Supporting Information).! The good stability in
solution may profit from the strong electrostatic repulsions
between few-layer MXene. However, the multilayer MXene
often leads to sediments and restacking behavior. Zeta potential
is chosen to further study the stability of the as-prepared Ti;C, T,
MXene colloidal suspension. The Zeta potential of the initial
Ti;C,T, MXene colloidal solution is —21.4 mV, whereas the solu-
tion standing for 42 days shows a Zeta potential of —19.6 mV
(Figure S3b, Supporting Information), certifying the favorable
stability. The surface charge density of MXene decreases
after drying, either freeze-drying or spray-drying, which may
caused by the alteration of termination groups during drying
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(Figure S3c, Supporting Information). The surface charge den-
sity further decreases after Pt loading, which may be caused by
the charge transfer between MXene and the Pt.

The F-Ti;C,T, nanoflakes manifest a specific surface area of
1.9 m? g! as determined by Brunauer-Emmett-Teller (BET) N,
sorption (Figure S4, Supporting Information).!”! On the con-
trary, the 3D crumpled S-Ti;C,T, MXene exhibits a larger BET
surface area of 72 m? g7!, which is almost quadruple that of
F-Ti3C,T,. The increase in specific surface area suggests that
the assembly of 2D MXene nanosheets to 3D crumpled struc-
ture can effectively avoid their restacking. The obtained various
specimens are further characterized with the aid of X-ray dif-
fraction (XRD). The (104) diffraction peak of Ti;AlC, disappears
after HF etching, suggesting the successful removal of Al layers
(Figure 2a).% Meanwhile, the (002) peak of Ti;AlC, MAX phase
at 9.7° shifts to a lower angle of 6.2° for F-Ti;C,T, (Figure 2b).
Compared to the F-Ti;C,T,, the (002) diffraction of S-Ti;C,T,
presents a further shift toward lower angles (6.2° for F-Ti;C,T,,
5.9° for S-Ti3C,T,) and broadening, indicating the increased
interplannar spacing and decreased layer thickness of S-Ti;C,T,
MXene.”] No characteristic diffractions for Pt can be observed
in the XRD pattern of Pt/MXene, which can be ascribed to
the ultrafine size and relatively low loading amount of Pt
(=2.9 wt%). Raman spectroscopy (Figure 2c) provides further struc-
tural information on S-Ti3C,T, and Pt/MXene. Specifically, the
peak at 155 cm™ of Pt/MXene corresponds to the A;, symmetry
out-of-plane vibrations of the Ti;C,T,. The strong peak at about
206 cm™ can be attributed to the A;; mode of Ti;C,0,,! while
the band at 623 cm™ corresponds to the E, mode of Ti;C,F,.l""
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Besides, the representative Raman band at 405 cm™ of Ti;C,T,
is also observed.

In order to dissect the chemical states and surface groups
on the samples, X-ray photoelectron spectroscopy (XPS) was
adopted. A certain amount of F termination groups exist in the
sample as evidenced from the XPS survey spectrum of S-Ti;C,T,
MXene (Figure S5 and Table S1, Supporting Information). As
for the high-resolution Pt 4f spectra of Pt/MXene, the peaks at
71.0 and 74.3 eV are referred to Pt 4f;, and Pt 4f5),, respec-
tively (Figure 2d).?%) From the Al 2p spectra (Figures S6a and
S7a, Supporting Information), we can know that the etching
process fully removes the Al layer from the MAX precursor.l?!
The Ti 2p spectrum of [Ti3AlC; MAX can be divided into three
bonding types, that is Ti—Al, Ti—C, and Ti—O (Figure S6b and
Table S2, Supporting Information). As for the Pt/MXene, the
Ti 2p spectrum shows four 2p;;,~2p;,; doublets, corresponding
to Ti—C, C—Ti**—(0/OH), C—Ti**—(O/OH), and TiO,_F,,.
(Figure S7b and Table S3, Supporting Information).??) Among
these Ti species, the C—Ti**—(O/OH) shows the largest portion,
which is caused by the surface oxidation of MXene nanosheets.
Given the existence of Ti%" in the Ti;C,T, MXene, it is deduced
that the [PtClg)*~ ions were reduced to Pt by such highly reduc-
tive Ti species. For the C 1s signal of Pt/MXene, components at
283.1, 284.5, and 2871 eV appointed as C—Ti/Pt, C—C, and C—O
bonds, respectively (Figure S7c, Supporting Information).’3]
For the O 1s of Pt/MXene, the Ti—O, TiO,_F,, C—Ti—0,
and C—Ti—OH are located at 528.1, 528.9, 530.3, and 531.1 eV,
respectively (Figure S7d, Supporting Information).l?4

To get further insight into the electronic states and coordina-
tion environment of the Pt species on MXene, X-ray absorption
spectroscopy was performed. Figure 2e exhibits the normalized

Pt L;-edge X-ray absorption near-edge structure (XANES) curves
of Pt foil, PtO,, and Pt/MXene. The intensity of optimized Pt/
MXene is apparently lower than that of PtO,, but overlaps with
that of Pt foil, demonstrating that the Pt species on MXene exist
in the form of Pt® (consistent with the XPS result). The magni-
fied pre-edge profiles further confirm this conclusion (Figure S8,
Supporting Information). The Fourier-transform extended X-ray
absorption fine structure spectroscopy (EXAFS) of Pt/MXene
shows a distinct Pt-Pt peak (Figure 2f). A minor Pt-O peak can
also be observed at 1.62 A, suggesting the Pt clusters might be
stabilized by Ti-O surface termination groups on MXene.

The HER performance of Pt/MXene was carried out through
a representative three-electrode equipment in 0.5 m H,SO,
electrolyte with a virgin graphite rod as the counter electrode.
Figure 3a indicates the HER polarization plots of S-Ti;C,T,
MXene, Pt/C, and Pt/MXene. The S-Ti;C,T, MXene shows poor
HER performance, and it demands an overpotential of 247 mV
at the same current density of 77;,. With the loading of Pt, the
Pt/MXene demonstrates nearly zero onset potential (7onse) and
the lowest overpotential of 34 mV to reach the specific current
density (7739). The above results are comparable to the state-of-
the-art commercial Pt/C electrocatalyst (37 mV). Furthermore,
at a higher current density of 100 mA cm2, the expectant Pt/
MXene also exhibits a low overpotential of 185 mV ((Figure 3b).
The current densities of Pt/MXene and Pt/C are normalized
to the loading of Pt to investigate the mass activity of catalysts,
which can more objectively reflect the catalytic activity. As shown
in (Figure 3¢, the Pt/MXene exhibits much better HER perfor-
mance in mass activity compared with the business-like 20 wt%
Pt/C. Specifically, the Pt/MXene demonstrates a mass activity
of 1847 mA mgp, ! at the overpotential of 50 mV, which is seven
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Figure 3. a) Polarization curves of MXene, Pt/MXene, and Pt/C. b) Specific activity of MXene, Pt/MXene, and Pt/C at jip and jipo. ¢) Mass activity of
Pt/MXene and Pt/C. d) Tafel slope derived from (a). e) Double-layer capacitance (Cy) plots of MXene, Pt/MXene, and Pt/C. f) EIS spectra of MXene

and Pt/MXene.
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Pt, H, O, F, Ti, and C, respectively. ) The calculated free energy diagram for hydrogen evolution on Pt/TiCO, Pt(111), TiCO, and Pt/TiCO-F. Annotation:
TiCO refers to the MXene with oxygen termination groups. TiCO-F refers to the MXene with oxygen and fluorine termination groups.

times to than that of Pt/C. The results indicate that the Pt clus-
ters anchored on 3D crumpled MXene are capable of delivering
higher HER mass activity than industrialized Pt/C catalyst, and
the 3D crumpled structure of MXene with maximized exposure
of Pt are responsible for the superior mass activity.

To explore the reaction kinetics of the as-prepared catalysts,
we calculate the Tafel slope to analyze the rate-determining
step during the HER process. Generally, the HER in acid solu-
tion can be broadly divided into two steps. The first one is
that protons received electrons to form intermediates (Volmer
reaction: H" + e~ — H"), and the next step is the different des-
orption path of intermediates hydrogen (Heyrovsky reaction:
H* + H* + e~ — H, or Tafel reaction: H* + H* — H,).”® The
Tafel slopes of Pt/MXene and Pt/C are 29.7 and 29.4 mV dec™
(Figure 3d), respectively. From the Tafel slope value manifests
that the Pt/MXene electrocatalyst follows the Volmer—Tafel
mechanism with a fast primary discharge step but restricted to
a slow recombination step.

The electrochemically active surface area (ECSA) test was
performed to calculate the double-layer capacitance (Cy)
(Figure S9, Supporting Information).?®! The Pt/MXene pos-
sesses a significantly higher Cy (26.5 mF ¢cm™) than Pt/C
(20.1 mF cm™), indicating the larger ECSA of Pt/MXene
(Figure 3e). The enlarged ECSA of Pt/MXene illustrates that more
active sites are exposed and thus enhances the HER performance,
which is benefited from the 3D crumpled paper-like structure
of MXene. The turnover frequency (TOF) is a significant indi-
cator to estimate the intrinsic activity of electrocatalysts. The
Pt/MXene exhibits high TOF values of 10.66 H, s at the over-
potential of 200 mV, which is remarkably higher than that of
the state-of-the-art Pt/C electrocatalyst (Figure S10, Supporting
Information). Electrochemical impedance spectroscopy (ELS) is
adopted to further scrutinize the HER kinetics behavior.*” The
Pt/MXene reveals a smaller charge transfer resistance than the
S-Ti;C,T, MXene (Figure 3f), which may be associated with the
high conductivity of MXene substrate and the electron interac-
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tion between Pt clusters and MXene. The stability is an impor-
tant factor for HER catalyst. Over 10 000 s continuous chro-
nopotentiometry measurement, the Pt/MXene shows a small
potential drop of only 9 mV (Figure S11, Supporting Informa-
tion). In addition, the microstructure of Pt/MXene maintains
well after the durability test((Figure S12, Supporting Informa-
tion). On the contrary, the performance of commercial Pt/C
decreases obviously after 6000 s. Compared with earlier reports
on Pt-based or MXene-based HER catalysts, the constructed Pt/
MXene composites show obviously lower overpotential toward
HER in acidic solution (Figure S13, Supporting Information).
We further carried out density functional theory (DFT) compu-
tations to get more insight into the interaction between Pt clusters
and MXene (TiCO and TiCO-F). The models of Pt/TiCO-F-H, Pt/
TiCO-H, Pt(111)-H, and TiCO-H are constructed for DFT simu-
lation (Figure S14, Supporting Information). The partial density
of state (PDOS) shows that the d-band center of Pt in Pt/MXene
(Pt/TiCO-F) is closer to the Fermi level than that of Pt (Figure 4a),
suggesting the antibonding orbital offers more contribution and
results in an adsorption capacity that is neither too strong nor too
weak.?8l The red rectangular areas represent the combination of
Pt and H. With positive shift for Pt/TiCO-F, the binding capacity
of Pt to H is weakened. The Bader charge distribution clearly
shows that the electrons transfer from Pt clusters to the TiCO-F
matrix, resulting in +0.53 positive charge per Pt site, and thus
impairs the Pt—H bonding (Figure 4b). As shown in (Figure 4c,
the Gibbs free energy for hydrogen adsorption (AGysx) of TiCO is
calculated to be —0.31 eV, indicating the strong hydrogen adsorp-
tion on TiCO. Due to weakened hydrogen adsorption, the calcu-
lated AGy« for Pt/TiCO-F is only 0.05 eV, which is lower than Pt
(111) (—0.18 eV) and Pt/TiCO (-0.13 eV). From the above discus-
sions, it is concluded that the introduction of oxygen and fluo-
rine termination groups on MXene can effectively enhance the
interaction with Pt clusters and thus the electronic states. The
weakened hydrogen adsorption leads to easier hydrogen desorp-
tion and insures the superior HER catalytic activity of Pt/MXene.
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3. Conclusion

In summary, an efficient Pt/MXene HER electrocatalyst fea-
turing sub-nanometer Pt clusters anchored on 3D crumpled
paper-like MXene has been constructed. With a low platinum
loading amount of 2.9 wt%, the obtained Pt/MXene catalyst
demonstrates an HER performance comparable with mer-
cantile Pt/C catalyst with an exorbitant platinum loading
amount of 20 wt% in terms of overpotential and Tafel slope.
Moreover, the Pt/MXene demonstrates a mass activity of
1847 mA mgp, ! at the overpotential of 50 mV, seven times
to that of commercial Pt/C. Meanwhile, DFT computations
reveal the electron transfer from Pt to MXene with the ter-
mination groups of oxygen and fluorine, which weakens the
hydrogen adsorption on Pt and facilitates its desorption. This
study provides insight on the rational design of low-Pt cata-
lysts for HER.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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