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ABSTRACT: Exploiting cost-effective hydrogen evolution reac-
tion (HER) catalysts is crucial for sustainable hydrogen
production. However, currently reported nanocatalysts usually
cannot simultaneously sustain high catalytic activity and long-term
durability. Here, we report the eflicient synthesis and activity
tailoring of a chainmail catalyst, isolated platinum atom anchored
tungsten carbide nanocrystals encapsulated inside carbon nano-
tubes (Pt;/WC,@CNTs), by confined flash Joule heating
technique. The instantaneous carbothermal reduction reaction
enables the millisecond formation of Pt;/WC, nanostructures from
CNT-encapsulated polyoxometalates, where nanotubes serve as
both heating conductors and robust chainmails. The Pt;,/WC,@
CNTs exhibit prominent catalytic performance toward acid HER
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with a low overpotential of 45.2 mV at 10 mA cm™* and long-term durability over S00 h of continuous running. Mechanism studies
reveal the strong metal—support interaction on Pt;/WC, optimizes the charge redistribution at the Pt;—W,C interface and the
hydrogen adsorption/desorption behavior. This study offers a potential avenue for ultrafast and activity-controllable synthesis of

highly stable single-atom catalysts.
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ydrogen energy is regarded as a promising clean energy

source, and has the potential to address the energy
concern caused by excessive consumption of fossil fuels.' > In
recent years, the electrochemical hydrogen evolution reaction
(HER), which can produce hydrogen from water in an efficient
and environmentallg?r sustainable way, has aroused extensive
research interest.™® At present, one of the main challenges
faced by HER is the slow reaction kinetics; hence, highly active
and robust electrocatalysts are indispensable.””"' Noble metal
platinum (Pt) is regarded as the benchmark catalyst for HER
owing to its unique electronic structure and optimal binding
energy with hydrogen. However, the scarcity and high cost of
Pt limit its broader application.lz_lg In recent years,
considerable efforts have been devoted to exploit promising
alternatives of conventional platinum-based catalysts.”'® One
strategy is to prepare nonprecious metal based HER catalysts,
such as Fe, Ni, W, Mo, etc.,'”~>° whereas these catalysts often
suffer from degradation of catalytic activity and durability
during long-term operation. Another approach is to reduce the
Pt content by using alloy catalysts or single atom catalysts
(SACs).*' > So far, atomic Pt species have been immobilized
on various carriers such as carbon nanostructures and
transition metal oxides/sulfides/phosphides/carbides with
appropriate metal—support interactions to form SACs.>*73!
The single Pt center can bond with adjacent atoms to help
regulate local geometrical/electronic configurations, thereby
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catalyst.

Among various SAC carriers, tungsten carbides have been
widely investigated as their d-band electronic states are similar
to Pt-group materials.””*° For instance, Li et al. reported WC,-
FeNi as a kind of highly efficient catalyst for oxygen evolution
reaction, in which WC, were employed to stabilize atomic or
biatomic metals (Fe, Ni, or FeNi).”’ Recently, Lin et al.
synthesized a Ru SAs/WC, catalyst where atomical Ru atoms
were anchored on the surface of tungsten carbide nano-
crystallites.”® Ru was proved to alleviate OH blocking and
boost alkaline HER activity by the strong puncture effect.
These advances demonstrate the feasibility and efficiency of
tungsten carbides as SAC carriers for high performance
electrocatalysts. Despite all this, the preparation of these
catalysts typically involves a long period of pyrolysis, the
individual metal atoms are easy to aggregate into clusters or
nanoparticles and thus, impeding the large-scale production

comparable catalytic performance to bulk Pt
3334
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Figure 1. Schematic diagram for synthesis of the Pt;/WC @CNT catalyst by the CFJH technique.

W,C (101)
d=0.23 nm

Figure 2. Micromorphology of the Pt,/WC,@CNTs. HRTEM images of CNTs (a), {NOPt}/{PW,}@CNTs (b), and Pt;,/WC,@CNTs (c, d).
(e) AC-HADDF-STEM image of Pt,/WC,@CNTs. (f) Intensity analysis of line profiles 1 and 2 in (e). HADDF-STEM image (g) and
corresponding elemental mapping images (h—j) of Pt;/WC ,@CNTs.
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Figure 3. Fine structure of Pt;/WC,@CNTs. (a) XRD pattern of Pt;/WC,@CNTs, WC,@CNTs, and {NOPt}/{PW,}@CNTs. The PDF
references are W,C, PDF#35—0776, and WC,_,, PDF#20—1316. (b) Raman spectra of {PW,}@CNTs, {NOPt}/{PW,,}@CNTs, WC,@CNTs,
and Pt;/WC,@CNTs. The blue and purple shadows depict the D and G bands, respectively. (c) XPS fine spectra of W 4f in {PW,,}@CNTs,
{NOPt}/{PW,}@CNTs, and Pt;,/WC,@CNTs. (d) XPS fine spectra of Pt 4f in {NOPt}/{PW,,}@CNTs and Pt;/WC ,@CNTs. Pt L;-edge
XANES spectra (e) and k*-weighted FT-EXAFS spectra (f) of Pt,/WC,@CNTs, Pt foil, PtO,, and H,PtCl,. The WT-EXAFS images were of Pt foil

(g), PtO, (h), and Pt;/WC ,@CNTs (i).

and application of WC,-based SACs. On another hand,
previous studies have revealed that exposed W carbide
nanocrystallites are unstable and tend to react with H,O to
form W oxides.”” This would cause both structure and activity
degradation of prepared SACs during continuous operation in
aqueous media. Therefore, it is of great importance to design
and construction of highly active and robust WC,-based SACs,
whereas it remains a serious challenge.

As an emerging ultrafast synthesis method, Joule heating
technique has received tremondous interests for the rational
preparation of nanomaterials in a controllable, eco-friendly,
and scalable wa1y.40’41 Herein, we report the ultrafast confined
synthesis of Pt;/WC, nanostructures inside multiwalled carbon
nanotubes (MWCNTs) via confined flash Joule heating
(CFJH) technique, forming Pt;/WC,@CNT chainmail cata-
lyst. The well-defined WC,, carriers are converted from the
polyoxometalate (POM) clusters inside nanotubes through an
instantaneous carbothermal reduction reaction in less than 1 s,
accompanied by the incorporation of isolated Pt atoms in the

carbide framework. The Pt content and CFJH parameters are
optimized to achieve the millisecond modulation of the HER
catalytic performance. Impressively, the optimal Pt;/WC.@
CNT catalyst exhibits prominent HER performance with high
catalytic/mass activity, rapid reaction kinetics, and long-term
durability, superior to that of commercial Pt/C catalyst.
Catalyst Synthesis. Figure 1 depicts the synthesis
schematic of the Pt;/WC,@CNT chain-mail catalyst based
on the CFJH technology. First, a certain amount of MWCNTs,
tetraammonium platinum hydroxide (H,;,N,O,Pt-xH,0O, de-
noted as {NOPt}), and phosphotungstic acid hydrate
(H;0,40PW,,-«H,0, denoted as {PW,,}) are assembled into
the catalyst precursors of {NOPt}/{PW,}@CNTs, where
{NOPt} and {PW,,} molecules are encapsulated inside the
nanotube cavities via a mild host—guest chemistry strategy.*”
The infrared spectra of these samples are shown in Figure SI.
Subsequently, the WC, crystals are converted from {PW,,}
clusters inside MWCNTs through a highly efficient carbo-
thermal reduction reaction, accompanied by the anchoring of
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individual Pt atoms within the carbide framework. The entire
CFJH process is free of any solvents and special gases, and
completed with carbon nanotubes as both templates and
heating conductors. During the reaction, a high current pulse
up to 326 A brings the sample temperature up to 3700 K at a
discharge voltage of 130 V, which then rapidly drop to room
temperature within 500 ms. Based on thermogravimetric
analyses (Figure S2), the encapsulation efficiency of Pt;/WC,
inside CNTs is determined as ~23.5%.

According to the scanning electron microscopy (SEM)
image (Figure S3) and high-resolution transmission electron
microscopy (HRTEM) image (Figure 2a), MWCNTs have the
diameter of 5S—10 nm with few sidewalls (less than 10 layers).
After decorating {NOPt} and {PW,} molecules, the dark dots
inside the nanotubes are clearly visible (Figure 2b). The
subsequent CFJH treatment enables the ultrafast conversion of
{NOPt}/{PW,,} into Pt;/WC, nanostructures in MWCNTs.
The CNTs-encapsulated Pt;/WC, nanostructures have the
particle size of 2—5 nm (Figure 2c, d), which is largely
dependent on the inner diameter of nanotubes, demonstrating
the well-defined encapsulation of these nanostructures within
nanotubes.

The existence form of Pt species is further examined by
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC-HAADF-STEM). Many
individual bright spots are visible within the crystal framework
of carbides (Figure 2e), indicating the atomical dispersion of
Pt. The lattice spacing of 0.23 nm can be ascribed to the (101)
crystal plane of W,C with a hexagonal phase. Some regions of
the carbides present an amorphous structure, which maybe due
to the ultrahigh cooling rate (>10* K s™') during the CFJH
process. It has a major effect on the formation of crystal or
glassy phases.” The intensity profiles in Figure 2e indicate that
Pt atoms partially replace W sites in the WC, carrier (Figure
2f). Energy-dispersive X-ray spectroscopy (EDS) elemental
mapping images show the inner dispersion of W and Pt
elements inside the MWCNTSs and an even distribution of Pt
over the WC, carriers (Figures 2g—j).

Catalyst Characterization. Extensive characterizations
were performed to depict the composition and structure of
the Pt;,/WC,@CNTs. First, X-ray diffraction (XRD) was
conducted to unveil the structure evolution during the CFJH
synthesis (Figure 3a). Two detectable diffraction peaks at 26 =
16.1° and 33.8° are ascribed to (NH,),Pt(OH) inside the
nanotubes. After the CFJH reaction, the signals of (NH,),Pt-
(OH)4 disappear, accompanied by the formation of WC,
peaks. The encapsulated tungsten carbides are composed of
binary phases, including hexagonal W,C and cubic
WC,_,.>%*** No characteristic signals of metallic Pt are
observed, further implying that Pt species are atomically
dispersed in the carbide crystals. Without the addition of
(NH,),Pt(OH);, the synthesized WC,@CNT hybrid shows a
similar XRD profile as that of Pt;,/WC @CNTs, proving that
the incorporation of isolated Pt atoms does not change the
crystal phase of tungsten carbides.

Figure 3b presents the Raman spectra of {PW,}@CNTs,
{NOPt}/{PW,} @CNTs, as well as their derived WC,@
CNTs and Pt;,/WC @CNTs after CFJH. The intensity ratio of
the D band at ~1350 cm™" to the G band at ~1590 cm™" (Ip/
I;) is employed to assess structure defects of carbon materials.
The confined carbides are formed through the carbothermal
reduction reaction between {PW,,} molecules with nanotubes.
This process would lead to the formation of structure defects

for MWCNTs. Interestingly, the Ip/Ig values of Pt;/WC @
CNTs and WC,@CNTs are lower than those of {NOPt}/
{PW,}@CNTs and {PW,}@CNTs, respectively. This is
probably attributed to the high instantaneous temperature of
CFJH techni?ue that is capable of repairing the CNT defects
(Figure S7).* XPS fine spectra of W 4f in different samples are
presented in Figure 3c. The two peaks at 32.6 and 34.2 eV of
Pt,/WC,@CNTs ascribe to the W 4f,,, and W 4f;,, of W—C
bond, while the peaks with higher binding energies of 36.1 and
38.4 eV are assigned to the W 4f;,, and W 4f;,, of W—0 bond,
originating from the partial surface oxidation of nanosized
tungsten carbide.* Then, for Pt, the XPS fine spectra of Pt 4f
in {NOPt}/{PW,}@CNTs can be deconvoluted into two
peaks at 73.7 and 77.0 eV, which are assigned to the Pt 4f,,
and Pt 4f;, states of Pt**, respectively (Figure 3d). A peak at
~80 eV may be attributed to the Pt species with high valence
state.”” Noteworthy, we observe two distinctive peaks at 72.2
and 75.6 eV for Pt;/WC @CNTs, indicating that the valence
state of atomically dispersed Pt species is close to zero.**

The localized electronic structure and coordination environ-
ment of Pt;/WC ,@CNTs were further determined by the X-
ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS). As depicted in Figure
3e, a prepeak arisen in XANES curve of the Pt;/WC, @CNTs
can be due to the nonplanar configuration of Pt species in the
WC, lattice.”" The near-edge absorption of Pt;/WC,@CNTs
is located between H,PtCly and Pt foil and closer to Pt foil,
confirming the average valence state of isolated Pt atoms
approaches to zero. This analysis is consistent with the XPS
results mentioned above. The R-space curve of Fourier-
transformed (FT) k*-weighted extended X-ray absorption fine
structure (EXAFS) of the Pt,/WC,@CNTs is displayed in
Figure 3f. The R-space fine spectrum of H,PtCly exhibits a
strong peak at around 1.9 A, which is attributed to the Pt—Cl
bond. In addition, there is a prominent peak of Pt—O at 1.6 A
for PtO,, and Pt—Pt at 2.4 A for the Pt foil.*” Notably, we find
two distinct coordination peaks at 1.6 and 2.2 A for Pt;/WC,@
CNTs, which are attributed to Pt—C and Pt—W bonds,
respectively.’”>" No visible Pt—Cl or Pt—Pt signals are
detected, signifying the stabilization of isolated Pt atoms in
the WC, framework. Figure 3g—i depicts the wavelet-transform
EXAFS (WT-EXAFS) analyses of Pt foil, PtO,, and Pt/
WC,@CNTs. From the contour images, Pt;/WC.@CNT
shows the maximum intensity at ~4.5 A™' (Pt—C) and a
second maximum at ~8.7 A™' (Pt—W), different from the Pt
foil (~8.5 A™!, Pt—Pt) and PtO, (~4.6 A~!, Pt—0).’” These
results explicitly prove that Pt atoms are anchored in the
carbide substrate and coordinated with C (first shell) and W
(second shell) atoms to form SACs.

Structure Modulation and Electrocatalytic Activity.
The rapid synthesis capability of CFJH enables the precise
tunability of Pt;/WC @CNT structures, which have been
controlled by changing the CFJH voltages (Figures S9—S13).
The linear sweep voltammetry (LSV) polarization curves and
Tafel plots are depicted in Figure S14. The Nyquist plots in
Figure S15 indicate the favorable HER kinetics of Pt;,/WC @
CNT-130 V with low charge transfer resistance (R.).
Furthermore, the double layer capacitance (Cy) is determined
from the cyclic voltammetry (CV) curves (Figure S16), and
Pt;/WC,@CNT-130 V presents the highest Cy value of 13.1
mF cm™?, implying the highest number of active centers. Its
overall performances are compared with those of the reported
acidic HER catalysts (Figure S17 and Table S1).
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Figure 4. HER performance and theoretical investigation. (a) HER LSV polarization curves at a scan rate of 10 mV s™". (b) Overpotential at the
current density of 10 and 200 mA cm™2 (c) Mass activity of Pt,/WC,@CNTs in comparison with 20 wt % Pt/C. (d) Fitting curve of the k*
weighted Pt L;-edge EAXFS spectrum for Pt;/WC @CNTs. Inset: model of the local coordination structure. Top view (e) and side view (f)
images of Pt;/W,C with different charge density; the yellow and cyan regions represent charge accumulation and charge depletion, respectively. (g)
PDOS of W,C and Pt;/W,C, with aligned Fermi level. (h) Calculated Gibbs free energy for H* adsorption on W,C, Pt;/W,C, and Pt. (i) CV
curves of Pt;,/WC ,@CNTs, WC,@CNTs, Pt;/WC,/CNTs, and WC,/CNTs in N,-saturated 0.5 M H,SO, medium.

According to the above analyses, Pt;/WC @CNT obtained
at 130 V shows the best HER performances, and thus, it is
further tested and compared with the commercial Pt/C
benchmark. The LSV polarization curves and corresponding
overpotentials are shown in Figure 4a,b. The overpotentials of
Pt;/WC,@CNTs are 45.2 and 238.9 mV under the current
densities of 10 and 200 mA cm™?, respectively, significantly
superior over WC,@CNTs, indicating the important role of
isolated Pt atoms in HER. The Tafel slope of Pt;/WC, @CNT
catalyst (38.0 mV dec™") is much lower than the commercial
Pt/C and other catalysts, implying the fast HER kinetics
(Figure S18). Pt;/WC @CNTs exhibits a lower R, value of
4.8 Q than WC,@CNTs (16.5 Q, Figure S19), evidencing a
strong interaction between Pt atoms and carbide supports,
which leads to faster charge transfer at the catalyst/electrolyte
interface.”” The CV curves of different samples are shown in
Figure S$20, and Pt;/WC,@CNT has the largest Cy value,
indicating the highest electrochemical active surface area and
abundant active sites.

We also prepared a series of catalysts to investigate the effect
of Pt loading on the electrochemical performance of the
catalysts (Figures S21—S26). These findings suggest that the
optimal catalytic activity is achieved when the {NOPt} dosage
is 30 mg. The mass activity and turnover frequency (TOF) of
the optimal Pt;/WC @CNT catalyst are analyzed (Table S2,
Figures 4c, S27—S529). Our Pt;/WC,@CNT catalyst achieves a
mass activity of 9.01 A mgp, ' at 150 mV, which is ~3.9 times
higher than that of the 20 wt % Pt/C benchmark (MA,, =
2.30 A mgp, ). Furthermore, it presents a higher TOF value
(5.06 H, s™') at 100 mV than the Pt/C catalyst (1.33 H, s™").
These results clearly demonstrate the high intrinsic catalytic
activity of the Pt;/WC ,@CNTs in an acidic HER.

Mechanism and Structure—Activity Relationship. To
elucidate the mechanism of the electrocatalytic activity of the
single-site Pt;/W,C nanostructure, density functional theory
(DFT) calculation was conducted to further clarify the metal—
support interactions. First, based on the AC-HADDF-STEM
and XRD results, we employed the (101) crystal plane of W,C
as the basic model for WC, and Pt;/WC,. Then, based on
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catalysts.

extensive experimental evidence, including AC-HAADF-STEM
imaging, EXAFS analysis, and the corresponding fitting results
(Figure 4d and Table S3), the atomic configuration of Pt; on
the WC, carrier is defined as a Pt atom substituting the W
atom and coordinating with surrounding C and W atoms,
forming the atomically dispersed Pt;/WC, catalyst (inset in
Figures 4d, $30, S31).

The calculated charge density difference (Figure 4e,f) of the
Pt;/WC, hybrid demonstrates distinct charge delocalization
and redistribution between atomic Pt and W atoms. The Pt
incorporation induces the electron transfer from the tungsten
carbide to the Pt center. Figure 4g provides the projected

density of states (PDOSs) of pure WC, and Pt;/WC,. The
PDOSs of Pt-d do not have a significant contribution value
because of the ultralow loading of a single Pt atom, whereas it
can still alter the W-d and total PDOSs. Concurrently, the
calculated Gibbs free energy of H* adsorption (AGy:) in
Figure 4h exhibits a AGy value of —0.54 eV for pure WC,. In
striking contrast, Pt;/W,C shows a AGy: value of—0.04 eV,
which is closer to zero and comparable to that of bulk Pt
(111), indicating the high intrinsic activity of Pt;/W,C.** This
is mainly due to the strong metal—support interaction between
the atomic Pt center and the tungsten carbide carrier. The
introduction of single-atom Pt in tungsten carbide not only
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optimizes the charge distribution in Pt—W,C interface, but
also improves the H adsorption/desorption behavior, which
synergistically promotes the HER thermodynamics and
kinetics, leading to its high overall performance.”’54 To verify
this, the desorption of underpotential deposited hydrogen
(Hypq) of different catalysts was conducted to evaluate the
hydrogen binding energy (HBE). As shown in Figure 4i, the
H,,q peak of Pt;/WC,@CNTs (0.048 V) is negative to that of
WC,@CNTs (0.082 V), indicating a weaker HBE due to the
strong Pt,—W,C interaction, which is helpful for H
recombination in the HER process.’>**

Long-Term Durability and Stability. We conducted the
oxidation decay experiments at a potential of 1.2 V (Figure Sa).
The current decays of WC . @CNTs and WC,/CNTs are over
50%, implying severe surface oxidation for pure carbides. In
contrast, Pt;/WC,@CNTs demonstrate a much lower current
decay of 10.3%, indicating most of the isolated Pt catalytic
centers are preserved. The long-term durability of Pt;,/WC @
CNTs, Pt;/WC,/CNTs, and Pt/C were evaluated by
chronopotentiometry tests at a current density of 10 mA
cm™% Compared with the commercial Pt/C catalyst and Pt,/
WC,/CNTs, the Pt;/WC,@CNTs achieve more excellent
stability over 500 h with a high current density retention up to
95.2% (Figures Sb,c and S32). These results demonstrate that
the CNT encapsulation effectively enhances its catalytic
stability, and the encapsulation of Pt;/WC, in nanotubes
provides a potential armor to avoid structure degradation
during the catalytic reactions.

Furthermore, we characterized the catalysts after an aging
test. The W 4f and Pt 4f spectra (Figure Sd,e) of Pt;,/WC,@
CNT catalyst are almost consistent with the initial profiles,
indicating that there are no significant changes in the valence
state and coordination environment of W and Pt species.
However, severe oxidation is observed for the carbide substrate
of the Pt;/WC,/CNTs catalyst (Figure S33). The HRTEM
image of the Pt;,/WC @CNTs after durability measurement
shows the persistence of the structure (Figure 5f), where Pt/
WC, are still confined within the nanotube cavity, and the EDS
elemental mapping shows the uniform dispersion of W and Pt
elements inside the CNTs (Figures Sg—j). These analyses
confirm the robust and stable structure of the Pt;/WC, @CNT
catalyst.

Lastly, the stability of such chainmail catalysts is compared
with other reports. As shown in Figure Sk and Table S4, the
continuous operation time of our Pt;/WC,@CNTs is much
longer than others at 10 mA cm”?, evidencing the long-term
stability of the designed Pt,/WC @CNT chainmail catalyst.
Overall, the stability of Pt;/WC,@CNTs can be ascribed to
the strong metal—support (Pt-carbide) interactions with robust
coordination and the nanoconfinement effect of MWCNTS,
which can effectively protect the inner carbides from chemical
degradation in acidic HER.

We propose an efficient and robust chainmail catalyst of Pt,/
WC,@CNT, which is prepared by the CFJH method in less
than 1 s. The carbothermal reduction reaction triggers the
transition of polyoxometalates into well-defined WC,, carriers
anchored with Pt atoms inside carbon nanotubes. The strong
metal—support interaction of Pt;/WC, induces stabilization
and activation of Pt atoms on the WC, carrier, thus achieving
greatly enhanced HER activity: the single-site Pt;,/WC @CNT
catalyst demonstrates a low overpotential of 45.2 mV at 10 mA
cm™ in an acidic environment. The mass activity and TOF
values are 9.01 A mgp, ' and 9.17 s™" at 150 mV, respectively,

which are ~3.9 times higher than that of the commercial Pt/C
catalyst benchmark. The nanoconfinement of CNT chainmails
endows high stability for the encapsulated Pt;/WC, nano-
crystallites during a long-term durability test over 500 h. This
work not only achieves rapid chainmail catalyst preparation
with high intrinsic activity and durability, but also proposes a
unique structure design. We envision broad applicability of the
CFJH technique in the ultrafast and structure-controllable
synthesis field by utilizing the high instantaneous temperature,
rapid heating/cooling rate, and nanoconfinement effect.
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