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Among the transition metal dichalcogenide family, two-dimensional
(2D) PtTe, has emerged as a promising electrocatalyst for the hydrogen
evolution reaction (HER), due to its high edge catalytic activity,
excellent conductivity and chemical stability, etc. However, the active
sites of 2D PtTe, synthesized on conventional planar insulating sub-
strates are limited to the edges, and the traditional synthetic method is
not compatible with low-cost batch production. Herein, we report the
large-area uniform growth of stereoscopic PtTe, nanosheets on highly
conductive, carbon cloth substrates featuring abundant active sites
and tunable thicknesses (from ~3.0 nm to bulk state), via a facile
chemical vapor deposition route. We find that the stereoscopic struc-
ture of PtTe, on the carbon fiber surface can facilitate efficient
electron transport from the conductive carbon cloth to the active
edge sites of the PtTe, nanosheets along the in-plane direction. And
the catalytic activity can be significantly improved by increasing the
average nanosheet thickness from ~ 3.0 to 7.5 nm, leading to an ultra-
low overpotential of ~38.8 mV at the current density of 10 mA cm™2
and a rather low Tafel slope of ~59.2 mV dec™. Hereby, this work is
expected to deepen our understanding of the thickness-dependent
catalytic activity of 2D layered materials, and stimulate further struc-
ture design and synthesis explorations of 2D catalysts on 3D templates
for highly efficient water splitting related applications.

Among the huge transition metal dichalcogenide (TMDC) family,
two-dimensional (2D) PtTe, has drawn tremendous attention, due
to its unique properties (e.g., type-Il Dirac fermion," excellent
conductivity* and robust air stability®), and various applications in
electrocatalysis,* terahertz emission, mid-infrared photodetection,’
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etc. As electrocatalysts in the hydrogen evolution reaction (HER), 2D
PtTe, nanosheets exhibit high edge catalytic activities, due to the
ultra-low hydrogen adsorption Gibbs free energy (~0.09 eV by
theoretical calculations).” Intriguingly, distinguished from com-
mon TMDCs (e.g., MoS,° and ReS,) with fewer d-electrons, the d
orbitals of group-10 metal atoms were nearly fully occupied, and
the p, orbitals of interlayer chalcogen atoms of related TMDCs were
highly hybridized. This resulted in strong interlayer interactions,
and strong thickness-dependent electronic structures/properties.”
The catalytic activity of group-10 metal related TMDCs should
hereby correlate with their thicknesses and edge sites, since thicker
flakes expose more catalytically active sites and exhibit tunable
band gaps (even to zero). For example, PtSe, displays an exceptional
bandgap transition (from ~1.28 to 0.23, and 0 eV) from monolayer
to trilayer and bulk state,® enhanced conductivity from bilayer
(~4 x 10*S m™ ") to twenty layers (~2 x 10> Sm™"),? and relatively
high catalytic activities.”

Similarly, 2D PtTe, also displayed a semiconducting-to-
metallic transition (bandgap ~0.5-0 eV) from monolayer to
bilayer."® It crossed from a 2D metal to a three-dimensional
(3D) type-II Dirac semimetal with increasing thicknesses from
2-3 to 4-6 layers, for molecular beam epitaxy (MBE) derived
PtTe, films."" Besides affecting the electronic structure, the
thickness of PtTe, also determines the loading amount of Pt,
which makes identifying an optimal PtTe, nanosheet thickness
crucial for maximizing the HER activity while reducing the noble
metal usage. In addition, theoretical predictions revealed that
the catalytically active sites of intrinsic 2D PtTe, for the HER
were situated on the edges, while its basal plane was inert.'> So
far, PtTe, islands,’® nanosheets® and thin films® have been
achieved on 2D planar substrates (e.g., 6H-SiC(0001), mica and
Si0,/Si) by MBE, CVD or thermal-assisted conversion routes."?

Compared with 2D planar nanosheets, catalysts with stereo-
scopic structures (e.g., CoS, microwires or nanowire arrays and
vertically-oriented MoS,, TaS,,"* NbS," and PtSe,'® nanosheets)
can expose more edge sites, facilitate the depinning and releasing
of H, bubbles from the catalyst surfaces, and improve the overall
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HER performance. In addition, the stereoscopic structures can
enable efficient electron transport from conductive substrates to
the active edge sites of TMDCs along the in-plane direction, which
can avoid the interlayer potential barrier effect.'* Motivated by
these results, we have designed a facile atmospheric-pressure CVD
(APCVD) route to achieve the direct synthesis of stereoscopic
PtTe, nanosheets with tunable thicknesses on low-cost, scalable,
highly conductive carbon cloth (CC) substrates. Carbon fibers
with highly curved surfaces were selected to induce high density
nucleation, and the stereoscopic growth of 2D PtTe, nanosheets.
A metal-precursor pre-coating strategy was developed to guarantee
the uniform, controllable supply of metal precursor, thus enabling
the uniform growth of stereoscopic PtTe, nanosheets, in line
with the recent batch production of 2D materials. The achieved
3D hybrids were selected as perfect candidates to explore the
thickness-dependent electrocatalytic properties in the HER. Over-
all, this work is envisioned to propel spatial structural design and
performance improvement in PtTe,-based catalysts.

The APCVD growth of 3D vertically-oriented 1T-TaS,"* and
1T-PtSe,'® nanosheets was realized by our group, by using
nanoporous gold (NPG) as a substrate (Fig. S1, Fig. S2, SI).
Herein, commercial carbon cloth (CC) is selected as the sub-
strate for the growth of stereoscopic PtTe, nanosheets (Fig. 1a),
since commercial CC is woven from carbon fibers (Fig. 1b),
showing good conductivity, excellent thermal/chemical stability
and low-cost, etc. Moreover, the 3D curved surfaces (Fig. 1c) can
provide large surface areas, enabling stereoscopic nucleation
and growth of PtTe, nanosheets (Fig. 1c and d). The uniform
feeding of the metal precursor is also a key step, which was
realized by dripping well-optimized PtCl,/HCI solution onto the
CC substrate followed by a drying process (Fig. 1e).

A facile APCVD route was then executed, by using Te powder
as the precursor (Fig. S3, SI). After APCVD growth (Te precursor
at ~650 °C), the chemical composition of the as-grown samples
was first determined by X-ray photoelectron spectroscopy (XPS)
(Fig. 1f). The Pt 4f,;, and 4f;;, peaks occur at binding energies
of ~72.5 and ~75.8 eV, while the Te 3ds,, and 3dj, peaks
appear at ~573.2 and ~583.6 eV, respectively. These results
agree well with the reported XPS spectra of mechanically
exfoliated 1T-PtTe, flakes, confirming the successful synthesis
of 1T-PtTe,. Notably, the other two peaks at ~575.6 and
586.0 eV are assigned to Te-O bonds (Fig. S4, SI), possibly
due to the formation of TeO, and its sub-oxide form (TeO,_,).?

The volatilization temperature of the Te precursor was found
to be an essential parameter for modulating the growth mor-
phology of PtTe,. The PtCl,@CC with the PtCl, loading mass of
~0.8 mg cm > was first selected, under the same growth
temperature of ~700 °C for ~15 min, but with different
volatilization temperatures of Te. By gradually increasing the
temperature of Te from ~500 °C, to ~550 °C, to ~600 °C,
sparsely distributed PtTe, nanosheets (~30 nm in edge size)
(Fig. 1g), high density irregular shaped flakes (~100 nm)
(Fig. 1h), and regular shaped flakes (truncated triangles or hexa-
gons) were obtained on the carbon fibers (Fig. S5, SI), respectively.
At ~650 °C, the PtTe, nanosheets showed increased thickness to
~150 nm, and uniform truncated triangular or hexagonal shapes

This journal is © The Royal Society of Chemistry 2025
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Fig.1 APCVD growth of stereoscopic PtTe, nanosheets on the highly
corrugated surfaces of carbon cloths (CCs) inner weaved by carbon fibers.
(a) Schematic illustration of the synthesis strategy for stereoscopic PtTe,
nanosheets on CC, by combining a facile metal precursor pre-coating
strategy with a subsequent APCVD process. (b) Large-scale SEM image of
the CC substrate. (c) SEM image of carbon fiber bunches. (d) SEM image of

the corrugated carbon fiber surface. (e) SEM image of carbon fibers after
being pre-coated with the PtCl, precursor (loading mass: ~0.8 mg cm™3).

(f) XPS spectra regarding Pt and Te elements for the as-grown samples
(Te precursor at ~650 °C and PtCl, loading mass of ~0.8 mg cm™2).
(9)-(i) Representative SEM images of as-grown PtTe, nanosheets on
carbon fibers (PtCl, loading mass of ~0.8 mg cm™2) at different Te
precursor temperatures of ~500 °C (c), 550 °C (d), and 650 °C (e),
respectively. (j) Side-view SEM image of the as-grown PtTe, nanosheets
on carbon fibers revealing their stereoscopic structures. Inset: Corres-
ponding SEM image of the cut CC substrate with the blue curve indicating
the cut edge.

(Fig. 1i). In addition, the contrasts of the PtTe, nanosheets
gradually deepened with increasing Te temperature, indicating
the increased nanosheet thicknesses, as similarly reported for the
growth of few-layer WS, flakes.

According to the representative side-view SEM image, the
PtTe, nanosheets were vertically or inclinedly grown on the
highly curved surfaces of the carbon fibers, showing stereo-
scopic structures (Fig. 1j) (Fig. S6, SI). This growth behaviour is
similar to the CVD growth of HfS, on SiO,/Si'” or VSe, on
sapphire. The growth of PtTe, should follow the dangling-bond-
assisted self-seeding growth mechanism. Altogether, under the
uniform supply of metal precursor, an optimal Te precursor
temperature (i.e., ~650 °C) is crucial for achieving large-area
uniform, stereoscopic PtTe, nanosheets with regular shapes on
carbon fibers.

At the optimal Te temperature (~ 650 °C), the morphologies
of PtTe, are investigated with varying loading mass of PtCl,
precursor (from ~0.2 to 2.0 mg cm ). Notably, the PtTe,
nanosheets present hardly changed flake sizes (Fig. 2a-c,
~150 nm), showing the unique stereoscopic configurations
with truncated triangular or hexagonal shapes. Notably, similar
nucleation densities (~35 nanosheets pm~?) and large-scale
uniform morphologies can be achieved (Fig. S6-S9, SI), possibly
due to the uniform supply of metal precursor via the designed
metal precursor pre-coating strategy. As reported previously,
the in-plane (Eg) and out-of-plane (A;z) modes of 2D PtTe,
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Fig. 2 Thickness-controllable growth and Raman characteristics of
stereoscopic PtTe, nanosheets on carbon fibers (achieved by adjusting
the loading mass of PtCl, precursor). (a)—(c) Representative SEM images of
as-grown PtTe, nanosheets (with Te precursor hold at ~650 °C) under
different PtCl, loading masses of ~0.2 (a), 0.4 (b), and 2.0 mg cm~2 (c),
respectively. (d)-(g) Raman spectra captured from as-grown PtTe,
nanosheets with different PtCl, loading masses of ~0.2 (d), 0.4 (e),
0.8 (f) and 2.0 mg cm~2 (g), respectively. (h) Corresponding statistical
distribution of the E5 peak positions extracted from (d)-(g), showing a
continuous redshift with increasing PtCl, loading, and average thickness
evolution from ~3.0 to >12 nm.

redshift with increasing thicknesses.” Herein, a series of
Raman spectra were collected to extract the E; peak positions
(Fig. 2d-h) and average thickness of the PtTe, flakes. With
increasing PtCl, loading amounts from ~0.2 to 0.4, 0.8, and
2.0 mg cm 2, the E, peaks redshift from ~117.7-114.2 cm ' to
114.6-112.9, 112.6-111.6, and 110.5-110.2 cm’l, corres-
ponding to average thicknesses of ~3.0, 5.0, 7.5, and
>12 nm, respectively (Fig. 2d-g).

In summary, by adjusting the PtCl, precursor amount,
thickness-controlled growth of large-area uniform, stereoscopic
PtTe, nanosheets can be achieved on CC substrates. When
directly used as electrocatalysts in the HER, electron transport
from the carbon fibers to the active edge sites can be realized
through in-plane rather than from out-of-plane directions
(needs to overcome the interlayer potential barrier). This
enables 2D stereoscopic PtTe, nanosheets as perfect platforms
in electrocatalytic related explorations.

High-resolution transmission electron microscopy (HR-TEM)
and energy-dispersive X-ray spectroscopy (EDS) characterizations
were then performed to examine the crystal quality and chemical
composition of the CVD-derived PtTe, nanosheets. As shown in
Fig. 3a, PtTe, nanosheets are distinguished in the low-magni-
fication TEM image, presenting truncated triangular or hexago-
nal shapes. The stacked form arises from aggregation of
nanosheets from the transfer process, due to the van der Waals
interlayer interaction. The selected-area electron diffraction
(SAED) pattern (Fig. 3b) presents a single set of diffraction spots
with six-fold symmetry, suggesting the hexagonal crystal struc-
ture. Moreover, the HR-TEM image of the PtTe, nanosheets
(Fig. 3c, d and Fig. S10 in SI) demonstrates a perfect lattice with
a spacing of ~0.201 nm, consistent with the lattice spacing of
the (110) plane of the 1T-PtTe, flakes.> Additional EDS mapping
images confirm the large area uniform element ratio of Pt/Te
~1:1.94 (Fig. 3e-h). Overall, the CVD-derived stereoscopic PtTe,
nanosheets possess a 1T-phase structure and high -crystal

quality.
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Fig. 3 Representative TEM and EDS characterizations of the PtTe,
nanosheets after being transferred onto the Cu grid, showing the rather
high crystal quality. (@) Low-magnification TEM image of the PtTe;
nanosheets. (b) Corresponding SAED pattern captured from the red circle
region in (a), indicating the single-crystal nature of the hexagonal-shaped
PtTe, nanosheets. (c) Corresponding HR-TEM image (captured from the
orange circle in (a)). (d) Zoomed-in HR-TEM image of the green square
in (c), showing a lattice spacing of ~0.201 nm. (e)-(g) Corresponding EDS
elemental mapping images regarding Pt and Te elements, and the mixture
of Pt and Te captured from (a). (h) Corresponding EDS spectrum of the
selected area in (e).

Furthermore, the as-grown stereoscopic PtTe, nanosheets
on CC substrates with different thicknesses are directly used
for the electrocatalytic HER (schematic image in Fig. 4a). The
polarization curves of the stereoscopic PtTe, nanosheets are
displayed in Fig. 4b, with average thicknesses varying from
~3.0 nm (PtCl, ~0.2 mg cm™?), 5.0 nm (PtCl, ~0.4 mg cm ™ ?),
and 7.5 nm (PtCl, ~0.8 mg cm?) to the bulk state (>12 nm)
(PtCl, ~2.0 mg cm ?). Notably, the overpotentials at the
current density of 10 mA ecm ™2 (1,,) significantly decrease from
~65.6 to 48.5 to 38.8 mV (from ~3.0 nm to 5.0 nm to 7.5 nm),
and the Tafel slopes (extracted from the linear portions of the
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Fig. 4 Thickness-dependent catalytic activity of stereoscopic PtTe,
nanosheets on CC substrates. (a) Schematic illustration of the HER process.
(b) Polarization curves of stereoscopic PtTe, nanosheets with different
thicknesses from ~3.0 nm (PtCl, ~0.2 mg cm™), to ~5.0 nm (PtCl
~0.4mgcm™3), ~7.5 nm (PtCl, ~0.8 mg cm~2) and bulk (>12 nm) (PtCl,
~2.0 mg cm™2), with the bare CC substrate as a reference. The i, values
are ~65.6, 48.5, 38.8 and 37.5 mV, respectively. (c) Corresponding Tafel
plots of different samples in (b) showing Tafel slope values of ~95.8, 76.3,
59.2 and 58.1 mV dec?, respectively. (d) EIS Nyquist plots of different
samples in (b). (e) Polarization curves of stereoscopic PtTe, nanosheets
(PtCl, ~0.8 mg cm™2, 7.5 nm thick) before and after 3000 cycles of CV
tests. The overlapping curves confirm the robust stability of the catalyst. (f)
SEM image of the stereoscopic PtTe, nanosheets (~7.5 nm thick) on a CC
substrate after CV tests.
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polarization curves) decrease accordingly from ~95.8 to 76.3 to
59.2 mV dec™ ' (Fig. 4c). The exchange current density (/o)
(calculated by extrapolating the Tafel plot) (Fig. 4c) increases
from ~2.0 to 2.17 to 2.29 mA cm 2, possibly due to the
increased active sites for the HER with increasing thicknesses.
As a result, the catalytic activity of the stereoscopic PtTe,
nanosheets can be enhanced with increasing the PtTe, thick-
nesses in a suitable range. Further electrochemical impedance
spectroscopy (EIS) measurements were also performed to show
the electrode kinetics (Fig. 4d), and the charge transfer resis-
tances (R.) vary from ~0.46 to 0.38 to 0.18 Q, accordingly. This
indicates the faster electron transfer of the stereoscopic PtTe,
on CC during the HER process.

However, with increasing the thickness from ~7.5 nm to
bulk (=12 nm), the 5, Tafel slope, J, and R values change a
little from ~38.8 to 37.5 mV, from ~59.2 to 58.1 mV dec™?,
from ~2.29 to 2.32 mA cm 2, and from ~0.18 to 0.16 Q
(Fig. 4b-d), respectively. This nearly stable catalytic property
is possibly due to the limited exposure of active edge sites in
thicker nanosheets (>7.5 nm). Additionally, the long-term
stability of the stereoscopic PtTe, nanosheets is further evalu-
ated by cyclic voltammetry (CV), which shows a negligible
difference before and after 3000 cycles (Fig. 4e). And the PtTe,
nanosheets maintain the initial morphology after the HER tests
(Fig. 4f). A comparison of the HER performances of various
TMDC-based catalysts is also performed (Table S1, SI). The
stereoscopic 2D PtTe, nanosheets (~7.5 nm thick) exhibit
superior catalytic properties to many reported 2D TMDC-
related catalysts, and comparable to noble-metal-based electro-
catalysts. As a result, the developed 2D stereoscopic PtTe,
nanosheets on CC substrate systems can present relatively
high electrocatalytic activity, low noble metal usage, excellent
durability, facile production process, etc.

In summary, we have developed a facile APCVD route for the
controllable growth of large-area uniform, thickness tunable
stereoscopic PtTe, nanosheets on CC substrates. The thickness-
dependent catalytic activity is unveiled to find ultrathin
nanosheets with relatively high catalytic properties, while pos-
sessing low noble metal use amount. Notably, nanometer-thick,
stereoscopic 3D PtTe, nanosheets can exhibit superior catalytic
properties to many 2D TMDC catalysts, and comparable proper-
ties to noble-metal-based catalysts, showing the advantages of
relatively high electrocatalytic activity, low noble metal usage,
excellent durability, and facile production process, etc. Briefly,
this catalytic system can serve as a practical model for examin-
ing the thickness-dependent catalytic activity, the internal
mechanism and the property modulation of group-10 metal-
related TMDCs. This work should promote the direct synthesis
and application exploration of related catalysts in various
energy related fields.
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