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ABSTRACT: Anchoring platinum catalysts on appropriate sup-
ports, e.g., MXenes, is a feasible pathway to achieve a desirable
anode for direct methanol fuel cells. The authentic performance of
Pt is often hindered by the occupancy and poisoning of active sites,
weak interaction between Pt and supports, and the dissolution of
Pt. Herein, we construct three-dimensional (3D) crumpled
Ti;C,T, MXene balls with abundant Ti vacancies for Pt
confinement via a spray-drying process. The as-prepared Pt
clusters/Ti;C,T, (Ptc/Ti;C,T,) show enhanced electrocatalytic
methanol oxidation reaction (MOR) activity, including a relatively
low overpotential, high tolerance to CO poisoning, and ultrahigh
stability. Specifically, it achieves a high mass activity of up to 7.32 A
mgp, ', which is the highest value reported to date in Pt-based

Homogeneous OH-
concentration

High OH-
concentration™

electrocatalysts, and 42% of the current density is retained on Ptc/Ti;C,T, even after the 3000 min operative time. In situ
spectroscopy and theoretical calculations reveal that an electric field-induced repulsion on the Ptc/Ti;C,T, interface accelerates the
combination of OH™ and CO adsorption intermediates (CO,4,) in kinetics and thermodynamics. Besides, this Ptc/TiyC,T, also
efficiently electrocatalyze ethanol, ethylene glycol, and glycerol oxidation reactions with comparable activity and stability to

commercial Pt/C.

B INTRODUCTION

The development of fuel cells has been considered an
important approach to achieve carbon neutrality.1_6 Owing
to their high energy density, low cost, and convenient
transport, direct methanol fuel cells (DMFCs) are promising
devices for energy conversion in portable electronic devices
and electronic vehicles.””” High dosages of precious metal
catalysts and poor operation durability are the inevitable
obstacles to large-scale commercialization.'”~"* As one of the
most promising catalysts, extensive efforts are devoted to
controlling the nanostructures and compositions of platinum-
based materials, thus improving the specific activity and
durability.">™"” Constructing Pt—M alloys like PtNi,"*"”
PtPd,”° PtRu,'” PtCu,>’ and PtFe,” with specific ratios
between Pt and M, as well as diverse nanostructures like
nanowires,”> nanosheets,”* specific facets,”>° and core—shell*”
structures, have been implemented to tune the adsorption
strength of the CO intermediate (CO,q,). The amelioration
behaviors can be derived from the strong absorption capacity
of additional metal units to hydroxyl groups (OH,4), which
act as an oxidant to bind and activate CO,4."”***’ However,
even with the optimization strategies mentioned above, only
the Pt sites around the addition metal units are capable of
tolerating CO poisoning, while the Pt sites far from the
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additional metal atom are still stuck with CO,4 due to the loss
of connection with additional metals. Consequently, extra
strategies beyond utilizing an external water oxidation catalyst
are urgently needed.

Placing Pt units on the substrates, which can promote the
dissociative adsorption process of H,O molecules to form
OH,4, is considered to be an effective method to improve
durability.”****" Huang et al.”® designed Pt—Ni(OH),—
graphene electrocatalysts, in which Ni(OH), serves as an
assistant for water dissociation and graphene provides high
electric conductivity. Nevertheless, even though the Pt
nanocrystals grow on both Ni(OH), nanoparticles and
graphene, only those loaded on Ni(OH), can resist CO
poisoning. In addition, Pt units may also nucleate and grow
outside the substrates. Hence, the substrates’ ability to adsorb
and anchor Pt units plays an important role in constructing
uniform supported catalysts. MXenes are a group of two-
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Figure 1. (a) Scanning electron microscopy (SEM) image of Ptc/Ti;C,T,. (b) HAADF-STEM image and corresponding energy-dispersive
spectrometry (EDS) mapping of Ptc/Ti;C,T,. (c) HAADF-STEM image of Ptc/Ti;C,T,. (d, ¢) HAADF-STEM image and corresponding linear
intensity profiles of Ptc/TiyC,T,. (f) XRD patterns of Ti;AlC,, Ti;C,T,, and Ptc/TiyC,T,.

dimensional materials with high conductivity and rich terminal
groups (—O, —OH, —F), showing great promise in energy
storage and conversion.”” > After being etched by HF
solutions, atomic Ti defects are formed on the surface and
have a negligible effect on the metallic conductivity.*’ It has
been confirmed that single metal atoms could be located at the
atomic defects and form a strong metal—carbon bond.***
Therefore, MXenes represent promising potential as a support
for metal electrocatalysts.

Herein, we construct three-dimensional (3D) crumpled
Ti;C,T, MXene balls decorated with ultrafine Pt clusters via
the spray-drying method for a high-efficiency methanol
oxidation reaction (MOR). A 3D crumpled structure
suppresses the agglomeration of Ti;C,T, and maximizes the
exposure of Pt sites. With the assistance of spectroscopies and
density functional theory (DFT) calculations, the charge
transfer between Pt clusters and Ti;C,T, is revealed. Also, in
situ spectroscopy and electrochemical characterizations un-
cover the ion migration behavior near the catalyst surface,
which deeply affect the methanol oxidation performance of Pt
sites. The resultant Ptc/Ti;C,T, catalysts show a lower
overpotential and about twofold increases in mass activity
compared to commercial 20% Pt/C and achieve a huge
improvement in durability.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization of Electro-
catalysts. Ti;C,T, MXene nanosheets were prepared through
etching Al layers from the Ti,AIC, MAX phase using HF
solution etching, followed by tetramethylammonium hydroxide

(TMAH) intercalation and ultrasonic stripping.””*"** As

shown in Figures S1 and S2, the accordion-like Ti;C,T,
MXene nanosheets with a hole-rich morphology were obtained
due to the etching of HF. During the process, a small portion
of Ti atoms on the surface peeled off with the etched Al layers,
where the Ti-deficient sites were created.”” To decorate Pt
clusters onto Ti;C,T,, a certain proportion of chloroplatinic
acid hexahydrate solutions and Ti;C,T, nanosheet aqueous
solutions was mixed uniformly and then delivered to spray-
drying equipment. The drying process of two-dimensional
(2D) materials is usually accompanied by an obvious
agglomeration phenomenon, causing the blocking of active
sites. Using the spray-drying technique,” the ultrafast solvent
vaporization process converts the 2D nanosheets into 3D
crumpled balls (Figures la and S3), which effectively reduces
the occurrence of agglomeration. With the reducibility of Ti
defects,”® Pt** would be reduced and bonded strongly with C
atoms. The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images and the
corresponding energy-dispersive X-ray (EDX) elemental
mappings also manifest that the Pt units are evenly distributed
on the Ti;C,T, surface (Figure 1b). When the mass fraction of
Pt units reduces to 0.6 wt %, Pt single atoms would be formed
on the Ti;C,T, surface (namely, Pts/Ti,C,T,). As shown in
Figure S4, Pt atoms are anchored on the same path as Ti
atoms, and significant Ti defects can be found on the surface,
indicating that the Pt atoms occupy the Ti-deficient sites. As
the Pt loading increases, the Pt clusters show up but are still in
a good distribution (Figure lc), which benefits from the
ultrafast drying process from spray-drying. The uniform size of
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Figure 2. (a) High-resolution Pt 4f XPS spectra of Ptc/Ti;C,T, and Pts/Ti;C,T,. (b) Normalized Pt L;-edge XANES for Ptc/Ti;C,T,, Pts/
Ti3C,T,, Pt foil, and PtO,. (c) White line peak fitting analyses of Pt L;-edge XANES spectra of Ptc/Ti;C,T,. (d) FT ky(R) Pt Ly-edge EXAFS
spectra for Ptc/TiyC,T,, Pts/Ti;C,T,, Pt foil, and PtO,. (e) WT for the Pt L;-edge EXAFS signals for Ptc/Ti;C,T,, Pts/Ti;C,T,, Pt foil, and PtO,.

about 1.5 nm for Pt clusters was recorded by linear intensity
profile analysis (Figure 1d,e), and no peaks of Pt can be found
in X-ray diffraction (XRD) patterns because of the extra-small
size (Figure 1f).

Electronic States of Pt Units in Ptc/Ti;C,T,. X-ray
photoelectron spectroscopy (XPS) and X-ray absorption
spectroscopy (XAS) were adopted to analyze the electronic
states of Pt single atoms and clusters on the surface of Ti;C,T,.
The high-resolution XPS spectra of the Pt 4f spectrum in
Figure 2a indicate that the oxidation state of Pt in Pts/Ti;C,T,
may be +2, while Pt(0) is dominant in Ptc/Ti;C,T,. However,
when the size of Pt is reduced to a single atom, the highest
occupied molecular orbital (HOMO) is shifted down with
respect to the Fermi level (Eg), which enlarges the band gap
and stabilizes the initial state, thus resulting in the positive shift
in binding energy. So, the valence state of Pt in Pts/Ti;C,T,
should be higher than 0 but lower than +2.** The C Is
spectrum of Ti;C,T, and Ptc/Ti;C,T, consists of three peaks
set at the binding energies of 282.9, 284.5, and 286.9 eV, which
can be assigned to C—Ti/Pt, C—C, and C—O, respectively
(Figure SS). The high-resolution Ti 2p spectrum shows four
pairs of representative and similar peaks in Ti;C,T, and Ptc/
TiyC,T, (Figure $6).*° 1t is worth noting that the peak
intensity of TiO,_,F,, in Ti;C,T, is higher than that of Ptc/
Ti;C,T,, meaning that the filling of Ti defect by Pt units
reduces the surface instability of Ti;C,T,, thus reducing the
degree of surface oxidation. A similar phenomenon also exists
in the O 1s spectrum (Figure S7). The X-ray absorption near-
edge structure (XANES) spectra of Pt Li-edge reveal the
intensity of the white line peak for Pts/Ti;C,T, and Ptc/
Ti;C,T, between those of Pt foil and PtO, (Figure 2b). The
average oxidation number of Pt can be obtained by integrating
the white line intensity of the Pt L-edge.”® From the fitting
results (Figures 2c and S8), the white line area of Ptc/Ti;C,T,
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is located between Pt foil and Pts/Ti;C,T,, and the fitted
average oxidation number of Pt in Ptc/Ti,C,T, is 0.58.
However, considering the size effect, the valence state of the Pt
cluster should be less than +0.58 but higher than 0.**
Moreover, an additional fitted peak (peak B) can be detected
in Ptc/Ti;C,T,, which may be ascribed to the excitation of
electrons from the C/O 2p shell to the Pt 5d shell, suggesting
that the Pt clusters are in an electron-deficient state. Figure 2d
shows the Fourier transform extended X-ray absorption fine
structure (FT-EXAFS) for Pt Lj-edge of Ptc/TiyC,T,, Pts/
Ti;C,T,, and references. The spectra of Ptc/Ti;C,T, display
the main peak at 2.5 A, which can be assigned to the first shell
of Pt—Pt scattering.*”** Two main peaks at about 1.9 and 1.5
A of Pts/Ti,C,T, are associated with Pt—C and Pt—0O,”
respectively, and the Pt—Pt contribution is absent. EXAFS
wavelet transform (WT) analysis of the Pt Li-edge was
adopted to further verify the coordination structure. As shown
in Figure 2e, only one intensity maximum at ~4.5 A™" related
to the Pt—C coordination is observed in Pts/Ti,C,T,.*> The
intensity of Pt—O coordination is located between 4 and 8 A~
in PtO,. Combining the surface-adsorbed oxygen-containing
group on Ti;C,T, and the results of EXAFS, we may identify
that Pt in Pts/Ti;C,T, is coordinated with C and O atoms.
Ptc/Ti;C,T, exhibits a contour map similar to Pt foil with a
distinct intensity maximum at ~13 A™" corresponding to the
Pt—Pt coordination, and no discernible intensity of Pt—C/O
coordination can be identified. However, from the HAADEF-
STEM image in Figure lc, we can find many Pt single atoms
on the Ti;C,T, surface. Thus, the Pt single atoms and Pt
clusters coexist and the absence of Pt—C/O coordination in
WT may be attributed to the very high intensity of Pt—Pt
coordination.

Electro-oxidation of Methanol. To evaluate the electro-
chemical activity of Ptc/Ti;C,T,, we choose MOR as a model
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Figure 3. (a) CV curves of Ptc/Ti;C,T, and Pt/C in 1 M KOH. (b) CV curves of Ptc/TiyC,T,, Pts/Ti;C,T,, Ti;C,T,, and Pt/C in 1 M
methanol/1 M KOH. (c) Mass activity of Ptc/Ti;C,T, and Pt/C. (d) Histograms of the mass and specific activities of different catalysts. (e, f)
Durability test of Ptc/Ti;C,T, and Pt/C in 1 M methanol/1 M KOH. (g) ECSA test of Ptc/Ti;C,T, and Ti;C,T,.

reaction. Pt-based electrocatalysts usually exhibit superior
activity toward the electrocatalytic MOR, but the activity is
easily blocked by CO poisoning.”**’ We compare the MOR
activity of Ptc/Ti;C,T, and Pts/Ti;C,T, with commercial 20%
Pt/C catalysts in alkaline electrolytes. Before conducting the
MOR test, Ptc/Ti;C,T, and Pt/C were activated and cleaned
in Ar-saturated 1 M KOH until a stable cyclic voltammetry
(CV) curve was obtained. Figure 3a shows the representative
hydrogen adsorption and desorption on Pt in Ptc/Ti;C,T, and
Pt/C. Obviously, the electrochemical surface area (ECSA) of
Ptc/Ti;C,T, is lower than that of Pt/C, which may be ascribed
to the low loading of Pt clusters (4.1 wt % determined by
inductively coupled plasma-optical emission spectroscopy,
ICP-OES). Interestingly, Ptc/Ti;C,T, shows lower hydrogen
adsorption/desorption and oxygen adsorption/desorption
potential than Pt/C. It means that the Pt species in Ptc/
Ti;C, T, prefer to bind OH™ rather than H*. Introducing 1 M
methanol, Ptc/Ti;C,T, and Pt/C each display one anodic
peak, respectively, during the forward and reverse scanning
(Figure 3b), corresponding to the respective oxidation process
of methanol and its intermediates. Notably, Ptc/Ti;C,T,

15532

demonstrates a maximum current density of 38 mA cm™

lower than that of Pt/C (73 mA cm™2), and the current density
of Pts/Ti;C,T, and Ti;C,T, is negligible (Figure S9).
Compared by the mass activity, Ptc/Ti;C,T, achieves a
mass-specific activity of 7.32 A mgp, ' (Figure 3c), nearly three
times more than that of Pt/C (2.86 A mgp, '), which is the
highest value among the currently recorded Pt-based electro-
catalysts (Figure 3d and Table S1). Besides, the onset potential
of Ptc/Ti;C,T, is significantly lower than Pt/C, indicating the
higher adsorption and activation ability of Ptc/Ti;C,T, to
methanol molecules.

Durability performance is a key issue that limits the practical
application of Pt-based electrocatalysts, and most of them
reported are subject to rapid deactivation within thousands of
seconds (Table S1). Through an accelerated durability test, the
current density of Ptc/Ti;C,T, is slowly decreasing while that
of Pt/C decreases rapidly with the CV cycles increasing
(Figure 3e). After 100 CV cycles, 69% of the initial maximum
current density could be reserved for Ptc/Ti;C,T, much
better than Pt/C (35%). Long-term operation stability was
verified by chronoamperometric (i—t) at —0.1 V vs Hg/HgO.
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Within 100 min, the current density of Pt/C has lost over 80%
(Figure 3f). However, Ptc/Ti;C,T, retained a higher current
density (95%) than Pt/C after the 100 min test, and 42% of
the initial current density can be reserved even if the operative
time is extended to 3000 min, indicating the high tolerance to
CO poisoning. After the durability test, the Pt clusters on Ptc/
Ti;C,T, do not show obvious particle enlargement (Figure
S10). These results indicate that benefitting from the structural
stability and high CO oxidation rate, Ptc/Ti;C,T, shows
ultrahigh durability. The ECSA tests (Figures 3g and S11)
show that Ptc/Ti;C,T, possesses more ion adsorption sites.
We believe that it is concerned with the interaction between Pt
clusters and the Ti;C,T, substrate.

Study on Reaction Mechanisms of Electrocatalysts.
To further understand the origin of the high MOR
performance of Ptc/Ti;C,T,, we conducted in situ attenuated
total reflection infrared (ATR-IR) spectroscopy and DFT
calculations. Thin-film electrocatalyst electrodes were prepared
and placed on the flat plane of a ZnSe hemicylindrical prism
and pressed by a Ti rod (Figure S12). By collecting the
evanescent wave signals, we successfully observed the variation
of reaction intermediates. The ATR-IR proceeded in 1 M
KOH aqueous solution with 1 M CH;O0H at the potential of

—0.8 to 0.1 V vs Ag/AgCl, and the acquired spectra are
displayed in Figure 4a,b. A downward enhancement band at
1022 cm™ is detected in both Ptc/Ti;C,T, and Pt/C,
corresponding to the C—OH stretching vibration of methanol,
and it can be attributed to the consumption of methanol. The
C—OH and OCO symmetric stretching bands of *COOH
(one of the reaction intermediates) between 1300 and 1400
cm™! are detected in Ptc/Ti;C,T, at —0.3 V and enhance with
increasing potential.”>>' Correspondingly, the correlation
bands in Pt/C appear at —0.1 V, and the intensity at 0.1 V
is lower than that of Ptc/Ti;C,T,. The antisymmetric
stretching vibration bands of OCO at 1580—1630 cm™ in
Ptc/TiyC,T, are also higher and appear earlier than that of Pt/
C. These results clearly confirm that Ptc/Ti;C,T, possesses
high absorption and activation capacity to methanol. It also
noted that distinct negative-going bands at 3700—3730 cm ™
are detected in Pt/C but not in Ptc/Ti;C,T,. These bands can
be assigned to the stretching mode of the O—H group (H,0).
Considering that the signal of the evanescent wave decreases
with the increase of the penetration depth,”” the collected IR
signal is mainly from the electrolyte rather than the electrode
surface. Therefore, the appearance of O—H bands in Pt/C is
attributed to the consumption of OH™ in electrolytes to
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oxidize the CO,q4, on the Pt/C surface. Conversely, CO,4; on
Ptc/Ti;C,T, may be oxidized by OH™ near the surface of the
electrode. Interestingly, { potential tests (Figure 4c) reveal the
low OH™ concentration near the Ti;C,T, surface. Combining
the results of in situ ATR-IR and { potential, it is speculated
that a low OH™ concentration near the Ti;C,T, surface and a
high OH™ concentration near the Pt cluster surface are formed.

DFT calculations were implemented to further comprehend
the MOR reaction mechanism on Ptc/Ti;C,T, and Pt/C.
First, we constructed the Ptc/Ti;C,T, and Pt(111) models
(Figures S13 and S14) to explore the activity of Ptc/Ti;C,T,
and Pt/C catalysts. From the charge density difference
displayed in Figure 4d, it can be seen that 2.17 electrons
transfer from the Pt cluster to the Ti;C,T, substrate, indicating
that the Pt cluster is positively charged, while the Ti;C,T,
substrate is negatively charged. The electron-rich substrate may
generate a strong surface electric field to repel the anions such
as OH™ away from the Ti;C,T, surface, while the positively
charged Pt clusters would attract OH™ to facilitate further
oxidization of *CO. It is further demonstrated in Figure 4e
that OH™ can be easily adsorbed to the exposed Pt cluster
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compared with the electron-rich Ti;C,T, surface, which
facilitates the oxidization of *CO through binding OH™ from
the aqueous medium. The CO resistance can be clearly
explored by CO stripping voltammetry.” Figure 4f displays
two typical oxidation peaks at —0.341 and —0.305 V in the first
anodic scan for Pt/C, which can be attributed to the CO
oxidation at different sites. Like Pt/C, Ptc/Ti;C,T, also bears
two distinct CO oxidation peaks (Figure 4g), whereas the
oxidation peaks are located at a lower potential (—0.39 and
—0.324 V) with a smaller peak area. The lower CO adsorption
capacity and onset potential suggest that CO is more weakly
adsorbed on the surface of Ptc/Ti;C,T, and is more easy to be
oxidized. These results reveal that Ptc/Ti;C,T, is capable of
high tolerance to CO poisoning and thus exhibits ultrahigh
MOR activity and durability.

To further verify the conjecture, we put a hydroxyl on the
surface of Ptc/Ti;C,T, and Pt(111) without applied potential.
As shown in Figure 4h, the adsorption energy of OH™ on the
Pt cluster of Ptc/Ti;C,T, is lower than that on Pt(111). The
hydroxyls consumed in the early stage of the reaction mainly
come from the surface of the electrode, which is in great
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agreement with the results of in situ ATR-IR. This certifies a
strong attractive effect of Ptc/Ti;C,T, for OH™ and thus
accelerates the kinetics of OH™ transfer for further oxidizing
CO,4s on Pt clusters. The MOR process, including *CH;0H,
*CH,OH, *CHOH, *COH, *CO, and *COOH intermedi-
ates, is investigated on Ptc/Ti;C,T, and Pt(111) displayed in
Figures S13 and S14. The corresponding Gibbs free-energy
profile is present in Figure 4i. We found that the addition of
OH™ on *CO to form the *COOH intermediate is the rate-
determining step (RDS) in the MOR.>* Furthermore, the free-
energy change of *COOH formation (0.66 eV) on Ptc/
Ti,C,T, is lower than 0.77 eV of Pt(111). Then, *COOH
intermediates can be more easily oxidized to CO, on the Pt
cluster of Ptc/Ti;C,T,, which is consistent with CO stripping
experiments. Therefore, with these theoretical calculations, it
can be proved that Ptc/Ti;C,T, has excellent catalytic
performance for the MOR through kinetic and thermodynamic
acceleration.

Based on the results of electrochemical tests, in situ
characterizations, and theoretical calculations, we propose the
mechanism of MOR that the strong surface electric field
generated by the electron-rich Ti;C,T, substrates produces
repulsion between Ti;C,T, and hydroxyls (Figure S). The
introduced repulsion promotes the migration of hydroxyls
away from the Ti;C,T, surface and results in a high local
hydroxyl concentration around the anchored Pt clusters, thus
enhancing the activated ability of Pt clusters to CO,4,. On the
contrary, for the MOR catalyzed by Pt/C, the evenly
distributed hydroxyls in electrolytes are free to take part in
the MOR via the conventional Eley—Rideal mechanism.
Consequently, Ptc/Ti;C,T, exhibits higher MOR activity and
durability than Pt/C.

Apart from the MOR, the activity of other alcohol oxidation
reactions on Pt catalysts also suffer from CO poisoning.***
We further examined ethanol, ethylene glycol, and glycerol
oxidation reaction (EOR, EGOR, and GOR) on Ptc/Ti;C,T,.
Surprisingly, Ptc/Ti;C,T, also exhibits ultrahigh activity in
these reactions. Although the area current densities of Ptc/
TiyC,T, are lower than those of Pt/C (Figure 6a—c), the
ultrahigh mass activity of 3.4, 15.1, and 5.6 A mgp, ' was
recorded for EOR, EGOR, and GOR, respectively (Figure 6d—
f). Moreover, Ptc/Ti;C,T, maintains 71, 84, and 64% of the
initial mass activity after 100 cycles of CV test for EOR,
EGOR, and GOR, respectively. By contrast, Pt/C only retains
49, 43, and 42% of initial mass activity, further verifying the
high activated capacity to CO,4, in Ptc/Ti;C,T,.

B CONCLUSIONS

In summary, combining theoretical and experimental results,
we have successfully introduced a surface electric field to
improve the resistance to CO poisoning of Pt clusters of Ptc/
Ti;C,T, catalysts and ultrahigh activity and durability for the
MOR have been achieved. Due to the charge transfer from Pt
clusters to Ti;C,T, substrates, a strong electric field is
generated on the surface of electron-rich Ti;C,T, and then
produces an interface repulsion. The field-induced repulsion
leads to a high local hydroxyl concentration around the Pt
clusters and promotes the CO,q, activation. In addition, the 3D
crumpled ball structure suppresses the stacking of Ti;C,T, and
enlarges the contact area between catalysts and electrolytes,
ensuring the effect of the electric field. The high activity and
durability of Ptc/Ti;C,T, to other alcohol oxidation reactions
also confirm the enhancement effect of field-induced repulsion
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to the CO tolerance. Constructing high local hydroxyl
concentration on the electrocatalyst surface is a promising
strategy for a small molecule oxidation reaction involving CO
poisoning, and the effectiveness under industrial conditions
needs to be further explored.
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