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ABSTRACT: PtSe, is a transition metal dichalcogenide (TMD)
material with a broad range of applications, such as sensors,
electronics, and catalysis. Although 2D monolayers of PtSe, have
been widely studied, the synthesis of controlled PtSe, nanoparticles
(NPs) is still unexplored. Here, the new strategy to synthesize
PtSe, NPs was to react Pt NPs with selenium in a liquid state
inside a homemade closed reactor. Afterward, the PtSe, NPs
reaction with butyllithium led to cleavage of the covalent bond
along the ab-plane of 2D material (intralayer) and broke the PtSe,
long-range structure. The result was a PtSe, nanomaterial with a
greater concentration of defects having only the short-range
ordering but keeping the local structure, as proved by Raman and
ePDF analyses. X-ray photoelectron spectroscopy revealed a higher
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contribution from defects (Pt 4f ~72 eV) for PtSe, compared to the crystalline PtSe, chemical environment (~73.2 eV), probably
due to the creation of edges on the surface of PtSe,. PtSe,, and PtSe, NPs’ performance toward the hydrogen evolution reaction
(HER) application was tested, which indicated a better efficiency than bulk PtSe,. However, the disordered PtSe, sample has better
electrocatalytic activity, as the number of defects and increased edge exposure create more active sites. Therefore, the results
reported here indicate that PtSe, NPs can be produced using a fast and simple method compared to standard selenization processes,
and the activation toward the HER was further enhanced by defect engineering.

Bl INTRODUCTION

In the past decades, the ability to synthesize nanomaterials and
explore their unique properties has evolved to control
nanomaterials’ morphology, achieving new or exciting
phenomena." Within the universe of controlled nanomaterials,
2D materials could be pointed out as one of the most
promising alternatives for high-end electronics, spintronics,
optoelectronics, energy harvesting, flexible electronics, etc.” ™
Transition metal dichalcogenides (TMDs) are semiconducting
materials with the general formula MX,, with M being a
transition metal atom and X a chalcogen atom (S, Se, or Te).
TMDs have a distinctive layered structure with strong covalent
bonds within the monolayers and weak van der Waals (vdW)
interactions between layers, making them an excellent platform
for developing 2D structures for these applications.” Although
the TMDs include several different materials with unique
properties based on their phase structure and chemical
composition,™® the group-6 TMDs with 2H (semiconducting)
phases, such as MoS, and WSe, have been subject to intense
studies in the recent literature due to their robustness.” '
According to theoretical predictions, group-10 TMDs (e.g,,
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PtSe, and PtS,) may also be highly desirable materials for
photocatalytic, hydrogen evolution,"' and optoelectronic
devices.” Recent studies have also identified these materials
as candidates for exotic electronic structures, presenting
quantum topological properties. This property allows insulat-
ing behavior in the bulk while possessing metallic surface states
when defects are induced.”””'* Regarding TMD’s energy
application for hydrogen evolution reaction (HER), the basal
plane sites are less active for electrocatalytic reactions
compared to edges and defects serving as additional important
catalytic sites.'”” 2D TMDs, which expose mostly the inactive
basal plane, have been extensively investigated for HER, but
there have been only a few reports on TMD nanoparticles
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Figure 1. Synthesis and characterization of PtSe, NPs. (a) Schematics representing colloidal synthesis of Pt NPs followed by solid-state synthesis of
PtSe, NPs in the homemade reactor; (b) XRD for Pt NPs showing the Rietveld refinement of the cubic cell (Fm3m); (c) TEM of Pt NPs; (d)
HRTEM of Pt NPs showing the well crystalline nanocrystals with lattice fringe of the (111) planes; (e) XRD for PtSe, NPs and Le Bail refinement
for the trigonal space group (P3ml); inset shows a model of the indexed NP shape with its average crystallite size calculated for the [001] and
[100] directions; (f) TEM of PtSe, NPs; (g) HRTEM image showing the top-view aligned in the [001] zone axis of a single PtSe, NP and the
indexed crystallographic planes (100) and (010) with spacing of 3.2 A. (h) HRTEM image showing the side-view ([110] zone axis) of a PtSe, NP
and its lattice fringe for (001) plane with spacing of 5.2 A. The scale bar is (c) 100, (d) 5 (inset 2 nm), (f) 100, (g) 2, and (h) 5 nm.

(NPs).'® Considering the advantage of having more exposed
edges and surface defects, PtSe, NPs emerge as an interesting
class of TMDs for HER applications.

Bulk PtSe, materials, including single crystals or polycrystal-
line material TMDs, are synthesized using sealed quartz tubes
under vacuum either by chemical vapor transport methods or
flux."”"® Most of those procedures have been used for decades
to grow TMD materials, but the synthesis of controlled TMD
NPs has not been extensively explored apart from 2D
materials. Generally, the synthesis of PtSe, thin films or
monolayers involves molecular beam epitaxy, chemical vapor
deposition (CVD), or atomic layer deposition techniques, the
latter being a specific method within CVD.'”*° Those methods
lead to high quality, thickness, and chemical control over PtSe,
materials; however, they require a highly controlled environ-
ment and equipment.**' For HER, the 2D TMDs synthetized
by those methods require defect induction to improve the
catalytic performance.”” Alternatively, bulk PtSe, can be
exfoliated to produce 2D thin films or monolayers instead of
directly growing 2D TMDs by CVD methods. The weak vdW
interactions along the c-axis, [001] crystallographic direction of
1T/2H structures,”® can be broken through mechanical
(scotch tape process), electrochemical, or chemical exfoliation
methods to obtain 2D nanomaterials.”*** Notably, one of the
most explored chemical processes is based on the lithium
intercalation employing n-butyllithium (Bu-Li),** in which the
small alkali metal donates electrons to the host material and
penetrates its interlayers. The exfoliation occurs by a reaction
of the intercalated product with water in an ultrasonic
bath,””*® generating hydrogen and separating the 2D
layers.””*" At the same time, Bu—Li also creates defects in
the TMD product, as it has been reported that the
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concentration of defects depends upon the amount of Bu—Li
used.””*" Short-time intercalations can also form dislocations
at the edges of the solids;”> transmission electron microscopy
(TEM) experiments indicated that alkali ion insertion causes
strain and defects are created to relax its lattice.****

PtSe,’s electrochemical performance can be enhanced by the
presence of defects and lowering its size.'*>° PtSe, NPs have
a higher surface/volume ratio compared to bulk, and,
compared with 2D TMDs, NPs have a greater portion of the
surface area composed by edges, leading to higher edge
exposure. In the context of HER application, the H adsorption
energy is much lower for the edges of a monolayer 1T-PtSe,
(Gibbs free energies AGH* = 0.07 eV) compared to the basal
plane (AGH* = 1.07 €V)."> Consequently, it is expected that
PtSe, NPs show improved electrochemical efficiency compared
to those of even 2D TMDs. Additionally, instead of creating
defects on the basal plane of 2D TMDs,”” which are time-
consuming and costly, defect engineering directly on PtSe,
NPs can combine both HER performance requirement in a
single catalyst. In this sense, it is known that Bu—Li treatment
creates defects, and its reaction with PtSe, NPs is yet to be
pursued. Therefore, controlling the reaction time is crucial for
managing defects in the structure, especially in small particles
subjected to similar conditions.

Our work explored the synthesis of PtSe, NPs by the
selenization of the previously synthesized Pt NPs and its
reaction with n-Bu—Li creating nanomaterials with no atomic
long-range ordering (LRO, which has atomic periodicity longer
than three unit cells)*® and subsequently investigated the
material as catalysts for HER. TEM, X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, and pair distribu-
tion function from electron diffraction (ePDF) were used to
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fully characterize the atomic structure of PtSe, NPs and, by
intentionally creating defects on PtSe,, to correlate their
atomic structure with their catalytic performance toward the
HER.

B RESULTS AND DISCUSSION

PtSe, NPs were synthesized by following a two-step procedure
shown in Figure la. In the first step, Pt NPs were synthesized
from the thermal decomposition of Pt(acac), in oleylamine,
which acts as the solvent, reducing agent, and surface ligand,
whereas oleic acid was used as the second ligand. X-ray
diffraction (XRD) results and the Rietveld refinement prove
the formation of the cubic phase of metallic Pt, as shown in
Figure 1b. TEM images were analyzed to determine the size,
structure, and morphology of the NPs. The Pt NPs exhibited a
predominant spherical shape, as shown in Figure lc, and an
average diameter of 23.9 nm, as shown in Figure SI.
Additionally, HRTEM images revealed the lattice fringes of
Pt with a d-spacing of 2.20 A indexed to the (111) planes, as
shown in Figure 1d. HRTEM also showed that Pt NPs are
monocrystalline particles with low concentrations of defects
such as twins and stacking faults.

The second step was the selenization of the Pt NPs by a
solid-state reaction. The Pt NPs were mixed with excess of
elemental Se and heated at 400 °C for 2 h using a homemade
reactor, as shown in Figure la. The closed reactor designed
was efficient, allowing for the complete selenization of Pt NPs.
Rietveld refinement of the final PtSe, nanomaterial revealed
the trigonal sudovikovite structure (P3m1, PDF 18-0970) with

of 8.9%, as shown in Figure le. XRD analysis also confirms
that all Pt NPs were consumed in the reaction, forming PtSe,),
without metallic Pt remains or other secondary phases. As seen
in Figure 1f, PtSe, NPs present an anisotropic shape that
resembles nanoplates, which translates into an anisotropic peak
broadening in the XRD pattern combining sharp and
broadened peaks. The crystallite size calculated using Scherrer
equation from the (001) direction (vdW distances, height) and
the (100) direction, resulting in 14.5 nm of height and 36.0 nm
of lateral size, respectively. This result is consistent with the
morphology shown in TEM images with dimensions of around
30 nm (length, ab-plane) and 13 nm (height, c-axis), as shown
in Figure If.

HRTEM analyses were performed to further enhance our
understanding of the PtSe, structure. HRTEM images of the
top view (Figure 1g) and side view (Figure 1h) of individual
PtSe, particle NPs are presented. The fast Fourier transform
(FFT) images and the crystallographic structure representation
on the [001] (top view) and [110] (side view) directions are
shown along with the HRTEM images to illustrate the
observations. On the top-view image, the (001) facet displays
the indexed directions [010] and [100] with calculated lattice
distances d(g;0) (3.2 A) and d(,0p) (3.2 A), which matches with
the known sudovikovite structure. Also, the angle between
[010] and [100] vectors (~60°) also agrees with the structure,
corroborating the indexed [001] zone axis. In the side-view
image shown in Figure 1h, the d(;) lattice fringe measured
(5.20 A) is slightly larger than the interplanar distance dyy of
the (001) plane (5.08 A), showing that the vdW layers of PtSe,
NPs present a small relaxation related to size effects. Apart
from the observed lattice distances calculated, the PtSe, NPs
are highly crystalline, with a low concentration of crystallo-

graphic defects.
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Comparing the initial Pt NPs and final PtSe, NP
morphologies, it was observed that the product did not
maintain the spheroidal form. Wang et al. showed that PtSe,
NPs obtained via the thermal selenization process of the
previously synthesized Pt nanocubes preserved the original
shape.”” Also, looking at NPs dimensions (7.5 nm for Pt and
11.5 nm for PtSe,) from Wang’s results,’” the calculated ratio
from the predicted volume of PtSe, from Pt selenization
(calculated from the Pt number of mols and the expected PtSe,
volume, V. = 1940 nm®) and the observed PtSe, average
volume (V,,, = 1520.9 nm®) is close to the ideal value around
1. Wang’s result indicates that one individual Pt nanoparticle
creates a single PtSe, nanocube after the thermal selenization
process. Here, the average spherical Pt NPs (23.9 nm),
averaged from the distribution shown in Figure S1, led to PtSe,
NPs with different morphologies compared to the previously
Pt seeds, showing a nanoplate shape with a 36.0 nm (ab-plane)
diameter and 14.5 nm height (c-axis direction). Analyzing the
reaction pathway, the ratio from presumed calculated from
reaction stoichiometry (V. = 32.874 nm®) and observed (V,
= 14.759 nm®) volume of PtSe, was around 2.2, which
indicates that each individual Pt seed generates other ~2 PtSe,
particles, as shown in Figure S2. Here, not only the shape of
PtSe, was different from the seed but also the reaction of
spherical Pt seeds in liquid selenium leads to a PtSe, nanoplate
with mass, or number of moles, lower than the predicted value,
indicating that fragmentation of the PtSe, particle occurs
during the selenization process.

Analyzing several HRTEM images, it was observed that
PtSe, NPs display some specific facets, as shown in Figure S3.
Looking at HRTEM images at the [100] or [110] zone axis,
here called the side view of PtSe, nanoplates, no facets related
to (100) or (110) were found, as those facets should have a
90° angle to the basal plane (001). Instead, two facets with
angles around 4S5 and 37° were present and indexed to (223)
and (112), respectively. The calculated angles for facet (223),
44.5° and (112), 37.5°, are close to the observed values, and
Figure S4 illustrates the atomic arrangement on those facets.
Analyzing these results, a sketch of PtSe, morphology is
illustrated in Figure le and compared to a nanoplate having
facets (100) or (110), as shown in Figure S3, to emphasize that
the final PtSe, shape resembles the one presented in Figure le.
As the height of PtSe, is smaller than the ab-plane, a possible
fragmentation reaction pathway could occur by the cleavage of
the vdW layers, generating more than one PtSe, particle by one
Pt seed. The final proposed model is presented in Figure S2,
indicating that one individual Pt (25.5 nm) can generate more
than one nanoplate, exposing the facets (223) and (112) with
a mean diameter of 35.7 and 14.5 nm of height. Based on the
Wulf construction (Wulffs theorem), a nanomaterial with a
given volume will present a specific shape attempting to
minimize the total surface free energy. Several considerations
should be made based on the process of synthesis, temper-
ature, surface composition (ligands attached to the surface),
and environment. However, here, the selenization process of Pt
NPs in a liquid selenium reaction (excess of Se) led to PtSe,
nanoplate preferably exposing the vdW facets (001) and the
(223) and (112) facets, different from the thermal selenization
observed by Wang et al.*”

To create the defects in PtSe, NPs’ structure, we conducted
a liquid-phase reaction with Bu—Li assisted by water
sonication, tuning the reaction, and the ultrasonic bathing
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SIDE-VIEW

TOP-VIEW

Figure 2. TEM and SEM images of Bu—Li-treated PtSe, NPs (PtSe, sample) showing two HAADF-STEM images of an intermediate reaction
product in (a) side view and (b) top view [001] direction; (c) SEM image of the agglomerated material in the final product; (d) BF-TEM image of
the fully broken structure; (e) HRTEM showing the presence of the SRO structure for the PtSe, sample; (f) EDS-STEM mapping of a fully broken
structure. The scale bar is (a) 10, (b) 10, (c) 500 (inset S00 nm), (d) 50, (e) S, and (f) SO nm.

time. The product of this process was the cleavage of the
covalent PtSe, bonds (here named PtSe,), as seen by an
intermediate state throughout the reaction of Bu—Li
characterized by HRSTEM-HAADF and displayed in Figure
2a,b. Looking at a side view of an individual PtSe, nanocrystal
around the [110] zone axis, which is orthogonal to the
(001),qw planes, the covalent bond within the vdW layers is
being broken with an angle of 44° from the (001),4y plane,
indicating that the cleavage facet is the (223), as shown in
Figure 2a. The inset also shows the (001),qy planes with the
green arrow in the [001] direction and the broken bounds
region with increased contrast of the (101) planes. After
breaking the LRO of nanocrystals, the visible contrast for
(001),4w planes becomes weaker and the (101) planes (Ioo
peak of diffraction) are easily seen in the TEM images.
Looking at the top view of a single NP, as shown in Figure 2b,
the broken bounds are seen as an alternate shadows contrast
(darker and brighter contrast) parallel to (010) and (110)
planes (around 120° of interplanar angle), shown using the red
and orange lines, respectively. These shadow lines seen at the
[001] direction are also parallel to the (223) plane,
corroborating the indexation previously discussed at the side
view. Instead of exfoliating the PtSe, NPs on the [001]
direction, which was supposedly the weaker bound in the
layered vdW structure,*” the Bu—Li reaction led to the rupture
Pt—Se bonds in ab-plane layers. Similar results have been
previously reported in the literature, showing that chemical
exfoliation with Bu—Li can affect the intralayer bonding
between metals and chalcogenides and distort the octahedral
structure of TMDs, such as MoS,.*" Other works have shown
that the method can be ineffective for exfoliating selenides and
tellurides without causing structural defects, as is the case of
this study.”* Previously, TEM results also reported the creation
of “cracks” on the MoS, structure, which are a result of lattice
relaxation after the creation of strain by lithium insertion.”>**
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The SEM image of the PtSe, sample shows agglomerated
regions resembling amorphous disordered materials, and the
inset is presented to highlight the morphology of PtSe, in the
absence of the previous PtSe, NPs shape, as shown in Figure
2c. TEM/scanning TEM (STEM) was used to understand the
atomic short-range ordering (SRO) (first atomic neighbors)43
of the PtSe, sample, as shown in Figure 2d—f. TEM images of
PtSe, resemble the shape of its precursor PtSe, NPs with no
visible LRO (lattice fringes). Instead, high-frequency contrast,
dark and clear regions within the particle are seen, indicating
low crystalline regions like clusters. Figure 2e presents the
HRTEM image that shows a crystalline PtSe, structure keeping
only the atomic SRO. An FFT image of this area revealed the
frequencies of the (101) and (110) planes of the P3m1 PtSe,
phase with d,; values of 2.7 and 1.9 A, respectively. On the
HRTEM image, it is possible to visualize small areas where the
(101) aligned planes are seen on regions of few nanometers. As
the (101) plane is the facet with a higher structure factor
intensity Fj; (I;o0 on XRD), the HRTEM result revealed only
those lattice fringes and the (001) vdW frequencies were not
directly visualized by HRTEM. These analyses indicate that
the PtSe, sample is still a crystalline sample with small
crystallite sizes. STEM high-angle annular dark field (HAADF)
characterization was performed along with chemical analysis
(energy-dispersive X-ray spectroscopy, EDS) to understand the
Pt and Se atomic distribution for PtSe, samples. Figure 2f
shows a uniform distribution of Pt and Se elements around the
NPs with an atomic ratio (Se/Pt = 1.8), which is smaller than
that of PtSe, (Se/Pt = 2.4). Although EDS analysis is a
semiquantitative technique, three areas were analyzed showing
the same trend. Moreover, XPS analysis corroborates the
decrease of the Se amount for PtSe, (1.9) compared to that for
PtSe, (2.2). Both techniques indicate the formation of
selenium vacancies in PtSe, samples. The Se/Pt ratio also
points to a preservation of the low-range ordering, as
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completely amorphous PtSe, phases were synthesized in other
studies with a lower Se/Pt ratio.**

The chemical composition of the samples was probed by
XPS analysis before and after treatment with Bu—Li. Pt 4f and
Se 3d spectra are shown in Figure 3. Before treatment, PtSe,
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1@ i Vo = Pt 4f
60k - 1 Pt 4f
] 0 Se 3d
50k [ Shirley Bek
] —Fit
40k Se 3d,
] € Jds),
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Figure 3. High-resolution XPS spectra of PtSe, and PtSe, NPs for Pt
4f and Se 3d regions.

presents one main contribution from Pt 4f,/, at 73.2 eV (green
peak) due to Pt*'on the PtSe, structure and a minor
contribution of about 5% at 72.1 eV (pink peak) due to
defects on the surface of the particles or different Pt chemical
environments.”> On the Se 3d spectrum, only one species of Se
could be identified at 55.6 eV for Se 3dj),, although both
doublet peaks (3d;/, and 3d;,,) are close due to the small spin
orbit splitting. The higher intensity for the Pt4f,,, peak at 72.0
eV (orange peak) was attributed for higher contribution of
defects for the PtSe, sample induced by the Bu—Li treatment.
Although the Se 3d spectrum could be fitted with one species
at 54.8 eV (Se 3ds,,), the bands are much larger (fwhm = 1.8
€V) than for the pristine NPs (fwhm = 0.9 eV), which indicates
that more than one chemical environment for Se could be
present. The XPS result also corroborates the EDS chemical
mapping analysis from STEM, indicating a higher concen-
tration of defects after Bu—Li treatment. Finally, no indication
of metallic Pt was observed, which would be present at 71 eV.

In XRD analysis of PtSe,, the Le Bail fitting revealed the
presence of a small amount of a crystalline phase (green peaks,
13%), but most of the signal is diffuse scattering attributed to a
disordered phase (broadened orange peaks, 87%), as shown in
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Figure 4a. The absence of LRO ordering for PtSe, contributes
to the XRD peak broadening, even though HRTEM has shown
that the sample preserves the SRO. Figure 4b depicts the
Raman spectra of the PtSe, and PtSe, samples. Before Bu—Li
treatment, it was possible to observe two active Raman modes,
the E; and A, peaks at 178 and 206 cm™, which correspond to
in-plane and out-of-plane vibrations, respectively. These modes
are classified as first-order phonon emissions.*® The longi-
tudinal optical (LO) vibrational mode can also be observed at
228 cm™" as a small peak shoulder of the right side of the Ay
peak. This mode is composed of the A,,, corresponding to out-
plane, and E,, the in-plane antisymmetric vibrations. After Bu—
Li treatment, A, and E, peaks are shifted to lower energies by
1.57 cm™'. Raman spectroscopy agrees with the other
structural analyses indicating that PtSe, keeps the SRO and
their local Pt—Se atomic arrangement as proved by the
presence of A, and E, peaks. Additionally, a fourth peak at 60
cm™! appears, which was attributed to the acoustic longitudinal
(LA) mode.”” The LA peak has been reported in the literature
as originating from defects, which is expected, as the PtSe,
sample synthesized here was revealed to be a disordered
material by HRTEM.

The ePDF technique is an outstanding characterization tool
for disordered materials,** ™" which can be calculated by the
Fourier transform of the structure factor S(Q) obtained from
the electron diffraction pattern; see Figure SS. Figure 4c shows
the ePDF G(r) analysis for PtSe, indicating the absence of
atomic ordering after 1 nm. The first G(r) peak corresponds to
the Pt—Se interatomic distance at 2.47 A, and at least four
other broadened (overlapped) peaks are seen in the ePDF
data. The contribution from the first Se—Se (light blue) at 3.33
A indicated by the G(r) partials are almost absent in the PtSe,,
as the second G(r) peak has lower intensities around 3.3 A that
the simulated signal (blue) for ordered PtSe, structure,
suggesting higher atomic disorder for PtSe,. The second
G(r) peak is composed mostly of the Pt—Pt signals at 3.73 A,
as expected by the higher scattering factor for Pt atoms. Also,
no other G(r) peaks from metallic platinum or oxidation were
found in the ePDF result. All the structural characterization
performed here, such as HRTEM, Raman, and ePDF, confirm
that creating defects by reacting PtSe2 NPs with Bu—Li leads
to breaking the in-plane covalent bonds, resulting in PtSe,
nanostructures keeping the SRO of the PtSe, P3m1 phase.

The electrocatalytic performance of PtSe, and PtSe, was
investigated toward the HER and compared to Pt NPs. The
literature presents Pt/C (Pt supported in carbon) as an ideal
electrocatalyst for HER; here, Pt curves are presented as a
reference material with comparable size and electrode
preparation method. The HER polarization curves of Pt
(black), PtSe, (green), and PtSe, (orange) NPs are displayed
in Figure Sa, showing the increased catalytic performance of
PtSe, compared to PtSe, NPs. Three indicators were
considered to assess the electrochemical performance, the
onset potential, overpotential at —10 mA cm™? (jy,), and the
Tafel slope. First, the onset potential was estimated at —0.1
mA cm™ and the PtSe, showed a smaller onset at 74 mV than
PtSe, (105 mV) and, as expected, both are higher than Pt (13
mV). The jj, values for PtSe, (269 mV) and PtSe, (340 mV)
NPs demonstrate that PtSe, has better electrocatalytic
performance. The electrochemical surface area (ECSA) was
determined for PtSe, and PtSe, through measurements of the
double-layer capacitance, showing a 16% increase in the active
area after defect creation, as shown in Figure S7. The
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Figure 4. Structure analysis of the PtSe,. (a) XRD pattern with Le
Bail fitting for the PtSe, trigonal space group (green peaks) and the
diffuse scattering (orange) attributed to defected PtSe,; (b) Raman
spectrum of the PtSe, and PtSe, samples showing the typical E,, Ay,
and LO peaks for both structures and the appearance of the LA peak
at low Raman shift for the PtSe, sample. PtSe, also display a small
shift for E; and A, peaks; (c) ePDF G(r) for PtSe, NPs and simulated
PtSe, crystal of 10 A. The simulated G(r) partials are displayed
showing the Pt—Se (green), Pt—Pt (purple), and Se—Se (light blue)
contributions for the total ePDF G(r) result. The first main three
coordination shell peaks are also labeled, indicating that the SRO of
PtSe, remains preserved compared to PtSe, (P3ml).
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Figure S. HER properties of PtSe, and PtSe, NPs. (a) Linear sweep
voltammograms versus the RHE for HER on Pt, PtSe, and PtSe, NPs;
(b) Tafel plots for Pt, PtSe, and PtSe, NPs; (c) EIS for the PtSe, and
PtSe,.

. . 51,52
measurements were conducted using literature methods.

Moreover, both PtSe, and PtSe, have better efficiency than
bulk PtSe, and 2D monolayers from the literature.””* A
chronoamperometry at 0.3 V was conducted to assess the
PtSe, electrochemical stability, as shown in Figure S8, and the
chemical stability was tested by letting the NPs rest in water for
2 weeks, as shown in Figure S9. The chronoamperometry
shows a 14% efliciency decay after 20 min of reaction, most
likely due to the formation of hydrogen bubbles that prevent
mass diffusion in the catalyst/electrolyte interface. Compared
to the literature, PtSe, is a sturdy catalyst toward HER and
long-term stability is expected using specific electrolyzer
devices as thin films.">°> The Tafel slope is defined as the
increase in overpotential required to produce a significant rise
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in current density.”> For HER, the literature shows that Pt/C
NPs typically exhibit a Tafel slope of 30 to 40 mV/dec™!, and
the synthesized Pt NPs achieved a Tafel slope of 33 mV/dec™,
as shown in Figure Sb. A notable difference was observed in
the Tafel slope of PtSe, and PtSe, NPs estimated as 143 and
95 mV/dec™!, respectively. Electrochemical impedance spec-
troscopy (EIS) was performed to assess the processes
occurring in the system. As can be seen in Figure Sc, a single
semicircle is observed in the Nyquist complex-impedance plot
for both PtSe, and PtSe, NPs. Interestingly, the diameter of
the semicircle obtained for PtSe, is smaller than that measured
for PtSe, NPs, demonstrating better conductivity, which
contributes to the performance for the evolution reaction.
To gain a deeper understanding of the charge transfer
phenomena, the experimental impedance spectra were fitted
by using an equivalent circuit model (Table S1). In the
employed circuit, R represents the charge transfer resistance,
which is lower for the PtSe, confirming its better carrier
mobility. Despite having a higher Tafel slope, PtSe,
demonstrated better performance at —10 mA cm™2 due to its
superior conductivity, as observed in EIS. The improved
electrocatalytic performance shown by the chemically modified
sample is likely a result of a combination of factors. XPS has
also shown that the Pt chemical environment contribution for
Pt 4f,/, at ~72 eV is much higher than the atomic sites Pt 4f;,
at 73.2 eV for the PtSe, sample, demonstrating that the
chemical state of Pt for PtSe, is different, which could also
impact the electrocatalytic performance. The TEM analyses
proved that PtSe, exposes higher surface area with unusual
crystallographic facets, which could serve as additional active
sites for hydrogen adsorption, compared to standard catalytic
performance from the literature that probe the basal plane
(001) and its defects.”'® The disruption of the LRO for PtSe,
compared to PtSe, NPs seems to also support the enhance-
ment of charge carrier mobility, and further investigation is
necessary to understand all the influences of breaking the
structure on the electronic transport, not only on electro-
chemical reactions. The literature is scarce on HER for PtSe,
NPs, and our results can shed light on the possibility of using
PtSe, NPs as catalysts for the cathodic reaction. To
comprehend the full potential of PtSe, NPs for HER,
additional studies should be conducted.

B CONCLUSIONS

Overall, a novel method to synthesize high quality PtSe, NPs
in a fast and simple procedure is presented. Using previously
synthesized Pt NPs, the size and shape of PtSe, were
controlled, leading to crystalline nanopellets. The PtSe,
reaction with Bu—Li led to cleavage of the covalent bound
along the ab-plane of 2D monolayers (intralayer) and broke
the PtSe, long-range structure. The result was a PtSe,
nanomaterial with a small deselenization process having only
the SRO but keeping the local structure, as proved by Raman
and ePDF analyses. The XPS also revealed that an increase in a
low-coordination Pt environment occurred. Both NPs’
performance toward the HER application were tested
indicating a better efliciency compared to bulk PtSe, and 2D
monolayers from the literature. Therefore, the results reported
here indicate that PtSe, NPs can be produced in a fast and
simple method compared to the standard selenization process
being useful as an electrocatalyst toward HER. The findings
also demonstrate the potential replacement of Pt metallic
cathodes with PtSe,. Future advances in PtSe, NPs including
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dopants, defects control, and nano heterojunctions studies
could improve its performance.

B EXPERIMENTAL SECTION

Synthesis of Platinum Nanoparticles. Pt NPs were synthesized
with 0.20 mmol of platinum acetylacetonate(1I) (97%) and 1.0 mmol
of oleic acid (90%) in 10.0 mL of oleylamine (70%), which were
obtained from Aldrich Chemical. The reaction occurred in a closed
reaction system composed of a three-neck flask (50.0 mL), which was
first heated at 80 °C for 30 min under vacuum for degassing.
Afterward, the temperature was raised to 250 °C for 1 h in a nitrogen
atmosphere and then cooled to room temperature. The colloidal
solution was washed with the addition of isopropanol (heated at 40
°C), followed by centrifugation at 9000 rpm. The precipitate was
redispersed in toluene, and this purification procedure was repeated at
least 3 times. Finally, the Pt NPs product was redispersed in toluene
and stocked.

Synthesis of Platinum Selenide Nanoparticles and n-
Butyllithium Treatment. The Pt NPs were dried in vacuum and
mixed with excess selenium, approximately in a molar ratio of 4:1.
The mixture was sealed in a homemade stainless-steel reactor with an
interior of high purity alumina (AL,O;) ceramic TGA pan under an
inert N, atmosphere inside a glovebox; see Figure la for the
illustration of the reactor. The reactor was then heated to 400 °C for 2
h in a muffle furnace. After cooling, excess selenium was solubilized
with trioctylphosphine (TOP) and separated via centrifugation under
an inert condition. The material was purified by adding acetone,
followed by centrifugation at 9000 rpm and discarding of the
supernatant. This purification was repeated 3 times, and the material
was dried under vacuum for storage.

To create defects in the PtSe,, a controlled reaction was conducted
with n-butyllithium (Bu—Li, 1.6 M in hexane, Sigma-Aldrich) by
adding 1 mL of Bu—Li solution and 1 mL of hexane to 78.0 mg of
PtSe, in a glass vial. Then, the mixture was stirred at room
temperature for 10 min, followed by 15 min in an ultrasonic bath.
After this procedure, the mixture was sequentially washed with
hexane, acetone, and deionized water to eliminate the LiOH
byproduct.

Material Characterization. TEM and high-resolution TEM
(HRTEM) images were obtained on a JEOL JEM-2100F operating
at 200 kV. STEM, electron X-ray dispersive spectroscopy (EDS)
mapping, and HAADF analyses were carried out on the Thermo
Fisher/FEI Titan Cubed Themis double corrected microscope
operating at 300 kV. The ePDF analysis was calculated using the
method previously optimized by our group, and the detailed
procedure can be found elsewhere.”*™*° Briefly, by collecting 16
electron diffraction images, the Gatan DigitalMicrograph Software
(GMS 3) was used to align and sum, and after the azimuthal
integration, the I(Q) experimental data were obtained.”” The eRDF
software>® was used to calculate the structural factor S(Q); see Figure
SS in the Supporting Information and the final ePDF G(r) result. PDF
G(r) simulation was calculated using the T. Proffen and R.B. Neder
software DISCUS.*”*® XRD data were collected in a Bruker D8
Advance ECO using a Cu Ka (4 = 0.15406 nm) source, a linear
detector LYNXEYE XE (PSD of 2.948°), a primary optics (2.5° axial
soller and 0.6 mm slit), and a secondary optics (2.5° axial soller and
5.4 mm slit). Raman spectroscopy data were collected using a XploRA
PLUS Confocal Raman Spectrometer using a 638 nm laser and
grating of 2400 gr/mm. XPS experiments were performed with K-
alpha surface analysis (Thermo Scientific) equipment with an Al Ka
X-ray source (1486.6 eV) and a flood gun. The investigated area was
an ellipse of approximately 300 ym in diameter, and three different
areas of each sample were examined. Ten scans for high-resolution
spectra were carried out for Se 3d and Pt 4f, with a pass energy of 50
eV, energy step size of 0.10 eV, and a dwell time of 50 ms. Peaks were
fitted by using the Avantage software (Thermo Scientific). The
binding energy of the spectra was corrected with that of adventitious
carbon C 1s (C—C and C—H) at 284.8 eV.
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Electrochemical Characterization. The electrochemical meas-
urements were conducted by using a standard three-necked
electrochemical cell. For the working electrode, a dispersion of
PtSe, NPs in a mixture of 2-propanol and deionized water was applied
onto a glassy carbon electrode. The amount of dispersion deposited
was precisely measured to achieve a coverage of 100 ug cm™2
Platinum was used as a counter electrode, and the reference electrode
was an Ag/AgCl in a saturated KCI solution. The Metrohm pAutolab
Il potentiostat was set to 10 mV s™! scan rate, and sweep was
performed from 0 to —0.6 V vs reversible hydrogen electrode (RHE).
For the electrochemical impedance measurements, a constant
potential of —0.32 V vs RHE was applied in a sweep range of 100
kHz to 1 Hz with an AC amplitude of 10 mV.
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