NANO 5

pubs.acs.org/NanolLett

Universal, In Situ Transformation of Bulky Compounds into
Nanoscale Catalysts by High-Temperature Pulse

Shaomao Xu, Yanan Chen, Yiju Li, Ajjiang Lu, Yonggang Yao, Jiagi Dai, Yanbin Wang, Boyang Liu,
Steven D. Lacey, Glenn R. Pastel, Yudi Kuang, Valencia A. Danner, Feng Jiang, Kun Kelvin Fu,

and Liangbing Hu*

Department of Materials Science and Engineering, University of Maryland College Park, College Park, Maryland 20742, United States

© Supporting Information

ABSTRACT: The synthesis of nanoscale metal compound
catalysts has attracted much research attention in the past
decade. The challenges of preparation of the metal compound
include the complexity of the synthesis process and difficulty
of precise control of the reaction conditions. Herein, we report
an in situ synthesis of nanoparticles via a high-temperature
pulse method where the bulk material acts as the precursor.
During the process of rapid heating and cooling, swift melting,
anchoring, and recrystallization occur, resulting in the
generation of high-purity nanoparticles. In our work, the
cobalt boride (Co,B) nanoparticles with a diameter of 10—20
nm uniformly anchored on the reduced graphene oxide (rGO)
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nanosheets were successfully prepared using the high temperature pulse method. The as-prepared Co,B/rGO composite
displayed remarkable electrocatalytic performance for the hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER). We also prepared molybdenum disulfide (MoS,) and cobalt oxide (Co;0,) nanoparticles, thereby demonstrating that
the high-temperature pulse is a universal method to synthesize ultrafine metal compound nanoparticles.
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D ue to increasing global energy consumption, alternative
energy sources are a high priority to replace non-
renewable fossil fuels." Hydrogen has been considered the most
promising replacement for fossil fuels due to its ultrahigh
energy density and negligible amount of greenhouse gas
emission.”® The hydrogen production through water splitting
by electrocatalysis is regarded as the most promising
method.”™” The conventional electrocatalysts used in water
splitting are noble metal-based materials, including platinum
(Pt), ruthenium (Ru), palladium (Pd), and iridium (Ir).'°~"
However, the high cost of these catalysts inhibits the large-scale
applications. Researchers have made numerous efforts to
explore the replacement of noble metals with low-cost catalysts
as well with favorable electrochemical performance. Transi-
tional metal chalcogenides,B_19 oxides,”*™** and other transi-
tional metal compounds (carbides, nitrides, borides, phos-
phides, etc.) with relatively low cost have be widely investigated
recently.23’24 However, conventional preparation processes are
usually involved with high pressure and temperature, such as
the hydrothermal method and programmed heating in a tubular
furnace, which are complicated and sensitive. A fast and
effective method to synthesize metal compound nanoparticles
is appealing for the future development and commercialization
of high-performance electrocatalysts.

In this work, for the first time, we report an easy and rapid
synthesis method to produce nanosized catalysts directly from a
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bulk precursor. To demonstrate this method, cobalt boride
(Co,B) catalyst nanoparticles were produced and studied.** ¢
The bulk Co,B precursor (micron size) can be converted to
ultrafine nanoparticles with a diameter of 10—20 nm by the
high temperature pulse.”’ After the high temperature treatment,
the nanosized Co,B catalysts are evenly distributed across the
rGO sheets. The Co,B nanoparticles/rGO composite film
shows an excellent electrochemical performance of water
splitting and superior cycling stability. We also successfully
prepared the molybdenum disulfide (MoS,) and cobalt oxide
(Co030,) nanoparticles using the high-temperature pulse. The
high-temperature pulse method offers a new synthesis route
toward nanoscale metal compound catalysts.

Results and Discussion. Our high-temperature pulse
method used to synthesize nanoscale Co,B is illustrated in
Figure 1. The Co,B bulk precursor was prepared through the
reaction of sodium borohydride (NaBH,) with cobalt acetate
(CoAc,) solution, which is reported in other literature.”**” The
formed Co,B microparticles were mixed with graphene oxide
solution with continuous stirring. The mixture was then casted
onto a flat glass slide and prereduced to form the Co,B bulk/
rGO composite film. The Co,B bulk is uniformly dispersed into
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the rGO film (Figure la and S1). After treatment of a high-
temperature pulse using the Joule heating under argon
atmosphere (temperature: 1900 K; time: 1 s), the Co,B
microparticles are successfully converted into ultrafine nano-
particles with a diameter of ~20 nm (Figure 1b). No obvious
change in the Co,B weight and no remnants of the Co,B

sremm micropowders were observed after the heat pulse treatment.
1 second pulse _ Note that the structure of nanoparticles/rGO composite film
has been successfully employed in a range of applications
including catalysis.**~*

The light emission spectra associated with the Joule heating
process is shown in Figure 2a. The temperature was determined
by the radiation intensity emitted by the sample in relation to
blackbody theory. The highest heating temperature reached
1933 K based on the spectral radiation fitting. The temperature

(a) (b)

ramp time for the high-temperature pulse treatment is as short
as a few milliseconds (Figure 2b). Note that the cooling time is
within a similar time frame. The swift heating and cooling steps

Figure 1. Schematic of Co,B nanoparticle synthesis by a novel high-
temperature pulse treatment. (a) After the chemical reaction between
NaBH, and CoAc,, Co,B microparticles are wrapped within the rGO

film. (b) After the high-temperature pulse procedure, the Co,B lead to the rapid melting and recrystallization of Co,B,
microparticles transform into ultrafine nanoparticles with a diameter of respectively. Therefore, this unique synthesis method enables
~20 nm that uniformly decorate on the rGO sheets. The inset shows the formation of nanosized Co,B even though a bulk precursor
the crystal structure of Co,B, which is maintained after the high- was employed. Additionally, due to the short current pulse
temperature pulse. flowing through the rGO film, the rGO becomes exfoliated.

Thus, some wrinkled features on the rGO sheets form due to
the heating pulse (Figure 2b insets).
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Figure 2. Characterization of the heating procedure and the resulting material. (a) Light emission spectra during the temperature ramp stage. A final
temperature of 1933 K is reached during the heating. (b) Light intensity and current applied throughout the short high-temperature pulse. Insets are
digital photos of the rGO with Co,B before, during and after the heating pulse, respectively. (c) SEM image of the rGO film surface before the high-
temperature pulse. The Co,B are microsized particles. (d) SEM image of the rGO film surface after the high-temperature pulse. The Co,B
nanoparticles (10—20 nm) are evenly distributed on the rGO sheets. Insets show the size distribution of the nanoparticles. (e) Cross-sectional SEM
image of the rGO film before the high-temperature pulse, where large Co,B particles are embedded between the rGO layers. (f) SEM image of
several rGO film layers after the high-temperature pulse. The Co,B nanoparticles are densely packed throughout the rGO layers.
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The morphology of the Co,B-embedded rGO film before
and after the high temperature pulse was studied via scanning
electron microscopy (SEM) (Figure 2c—f). Before the heating
pulse, Co,B particles (tens of micrometers in diameter) covered
the surface of the rGO film (Figure 2c) as well as occupied
spaces between the graphene-like layers (Figure 2e). After a
rapid one-second heating pulse, the microsized Co,B particles
transformed into uniformly distributed nanoparticles across the
entire rGO film surface (Figure 2d). Note that the morphology
of the rGO film after heat pulse treatment is different from the
pristine rGO film (Figure S2). Numerous Co,B nanoparticles
decorating the rGO film can be observed, which are absent on
the pristine rGO films. A uniform nanoparticle distribution is
crucial to offer abundant electrochemical active sites during the
water splitting process. The detailed calculations of the active
surface of the Co,B/rGO film are shown in the Supporting
Information (Figure S3). Beyond the surface layer, the inner
rGO film layers are also decorated with Co,B nanoparticles.
Figure 2f reveals the morphology of these inner layers, which
coincides with the catalyst-decorated surface layer. The
interlayer spacing of the rGO increased after the heating
pulse due to the current flow. The structure enables the
accessibility of electrolyte to the inner of the rGO film, which
can improve the catalytic activity of the as-prepared material.
The narrow size distribution of the Co,B particles (10—20 nm)
further enhances the contact between the water molecules and
the catalytically active nanoparticles (Figure S4). These unique
teatures validate Co,B nanoparticle-decorated rGO as a suitable
catalyst material for the electrolysis of water splitting.

The composition of the Co,B nanoparticles was confirmed
by energy-dispersive X-ray (EDX) and X-ray diffraction (XRD)
analyses. The EDX spectrum (Figure S5a) shows distinct peaks
corresponding to the energy of boron, carbon, and cobalt. The
atomic ratio between cobalt and boron is nearly 2:1, which is
consistent with the stoichiometric value of the reported
compound: Co,B. Figure S5b shows an XRD peak at 45.8°
which corresponds to the (211) of Co,B. This is the
characteristic J)eak for Co,B and confirms its crystallographic
structure.”*~”° The peaks at 27° and 29.4° are consistent with
previously reported XRD peaks for reduced graphene
oxide.”>** Thus, it can be concluded that the crystal structure
of the Co,B nanoparticles remains unchanged after a high-
temperature pulse.

TEM and elemental maps confirm the structure and
composition of the synthesized Co,B catalyst. Figure 3a—b
shows that 10—20 nm particles are uniformly distributed and
embedded within the rGO film, which is consistent with the
SEM images. Note that the Co,B nanoparticles are spherical
with a diameter of 20 nm. In the high-resolution TEM image, a
lattice spacing of 2.1 A is obtained (Figure 3c). This value is
consistent with the structure of Co,B as well as previous
reports.”* The elemental map of the Co,B nanoparticle also
matches well with the qualitative distribution of cobalt (Figure
3d—e). Therefore, the facile and rapid high-temperature pulse
method is capable of synthesizing nanosized metal compounds
directly from bulk precursors.

The unique morphology introduced by the high-temperature
pulse method leads to significant improvements in catalytic
activity. The electrochemical tests for HER and OER as well as
the overall water splitting performance of the as-prepared
catalyst material are shown in Figure 4. For the HER activity
test, the Co,B-decorated electrode acts as the cathode. Figure
4a shows an onset HER overpotential as low as 33 mV.
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Figure 3. TEM images of Co,B nanoparticles after the high
temperature pulse. (a—b) TEM images showing that the particles
are evenly distributed on the rGO film with a uniform size around 20
nm. (c) High-resolution TEM image indicating the lattice spacing of
the Co,B particle is 2.1 A. (d) Dark-field image of the nanoscale Co,B.
(e) EDX map of the elemental cobalt where the distribution matches
well with the nanoparticles synthesized with the high-temperature
pulse treatment.

Additionally, at an overpotential of 260 mV, the current density
reaches 100 mA/cm? which places the synthesized Co,B
nanoparticles among the most effective HER catalysts.ss_39
The HER activity of the Co,B/rGO composite film increases
remarkably compared to bare rGO film (Figure S6). Note that
the current density of the Co,B nanoparticles is five times
higher compared to the same material synthesized via different
routes,** indicating the remarkable advantage of the high-
temperature pulse synthesis. The Tafel slope can be used to
analyze the reaction mechanism and rate-limiting step.’**°
According to the Bulter—Volmer kinetics, the Tafel slope of
118, 39, or 29.5 mV/dec indicates that the Volmer, Heyrovsky,
or Tafel reaction is rate-determining, respectively. In our work,
for the HER, the Tafel slope is 96 mV/dec, which suggests that
the HER occurs through the Volmer—Heyrovsky mechanism.

The long-term stability of the catalyst material is another
important parameter. Linear sweep voltammetry (Figure S7) as
well as constant potential tests under harsh conditions (Figure
4c) are employed to study the stability of the synthesized Co,B
nanocatalyst. After 1000 cycles, there is a slight overpotential
shift of 25 mV, which corresponds to an overpotential of 380
mV at 100 mA/cm?® and illustrates the excellent stability of the
Co,B nanoparticles under prolonged operation. When a
constant overpotential of 170 mV is applied to the Co,B
electrode, the current density remains at a constant value of 18
mA/cm? with no decay after a 10 h period. The results indicate
that the Co,B nanoparticles act as a stable HER catalyst and can
sustain long-term application under a high work load. The same
materials prior to the high-temperature pulse treatment do not
exhibit catalytic activity. Thus, the reported synthesis method
enables the formation of nanocatalysts with an excellent
electrolytic activity.

Similar tests were performed when the Co,B nanoparticle
operated as the anode (OER reaction) during the electrolysis of
water. Figure 4d displays an onset potential of 1.59 V (vs RHE)
for the oxygen evolution reaction, which corresponds to an
onset overpotential as low as 360 mV. The calculated Tafel
slope is extremely low (85.4 mV/dec), which corresponds to
excellent OER activity (Figure 4e). Note that the OER activity
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Figure 4. Catalytic activity of the synthesized Co,B nanoparticles. (a) Polarization curve of the HER reaction in a 0.5 M H,SO, solution. (b)
Polarization curve of OER in a 1 M KOH solution. (c) Tafel plot of the HER test with a Tafel slope of 96 mV/dec. (d) Tafel plot of the OER test
with a Tafel slope of 85.4 mV/dec. (e) Constant voltage test for HER. No current density decay was observed after 10 h, indicating remarkable HER
stability. (f) Constant voltage test for OER. After a short activation period, the current density reaches a stable value of 13.5 mA/cm” No current
density decay was observed after 1S h, indicating excellent OER stability. The dashed line indicates the activation period. (g) Schematic showing the
water splitting experimental setup. The Co,B nanoparticles embedded in rGO are used as both the anode and the cathode for electrolysis. (h) Linear

sweep voltammetry curve of the overall water splitting process.

of the Co,B nanocatalyst coincides with a previously reported
value for Co,B synthesized via a more conventional route.”*
When an overpotential of 380 mV is applied to the electrode,
the current density reaches a constant value of 13.5 mA/cm*
and remains unchanged for 15 h after a short activation period
(Figure 4f). The remarkable activity and sustainability of the
synthesized Co,B nanoparticles under long-term operation is
comparable to some of the best OER catalysts reported to
date."*™"

To demonstrate the use of Co,B as both the anode and the
cathode in the water splitting process, a single electrolyzer was
employed. A schematic of the experimental setup is shown in
Figure 4g. Figure 4h shows the polarization curve of the overall
water splitting process. The potentials at 10, 50, and 100 mA/
cm? are 1.67, 1.87, and 2.03 V, respectively. The low potentials
at high current densities indicate the excellent bifunctionality of

the Co,B nanocatalyst. Therefore, the synthesized Co,B
nanoparticles/rGO film electrode via the high-temperature
pulse method is a highly active bifunctional HER/OER catalyst
with remarkable stability.

To understand the nanoparticle formation mechanism of the
high-temperature pulse synthesis method, a theoretical model
was developed. Molecular dynamics (MD) simulations were
adopted to compare with the aforementioned experimental
results. The Forcite module, within Material Studio, was
employed with a universal force field and medium quality to
ensure balance between computational cost and modeling
precision. First, an amorphous Co,B bulk was constructed
using a supercell of 384 atoms. Since the pulse heating time is
miniscule, the abrupt increase in temperature is simulated
through MD calculations. When the Co,B is rapidly heated
above 1900 K, the material melts and is trapped by defects
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(oxygen-containing functional groups) on rGO sheets. When
the high temperature pulse stops (cooling process), the Co,B
nanoparticles are in situ formed. Figure S8 shows the melting
and reconstruction of the Co,B crystalline structure based on
the radial distribution function (RDF). The vacuum seam
formed during the cooling duration results in the separation
between Co,B nanoclusters.

The effect of heating time is essential to synthesizing
catalytically active materials with excellent performance.
Specifically, faster heating is required to achieve nanoscale
catalysts with more uniform particle distributions. When a short
pulse (1 s) is applied to the Co,B material, the diameter of the
obtained Co,B nanoparticles is about 20 nm. However, when
the heating time is extended to 1 min, the clusters grow to a few
hundred nanometers in diameter. We hypothesize that, during
the high-temperature pulse, the Co,B melts and is trapped by
the defects on the rGO sheets. When the pulse is off (cooling
process), the Co,B nanoparticles are in situ formed. To obtain
the lowest surface energy, sphere-like nanoparticles with good
crystallinity are formed. When the heating time increases, the
defects on the rGO sheets will decrease. During the cooling
period, there are fewer defects to trap Co,B nanoparticles.
Therefore, the Co,B nanoparticles will aggregate, and the size
will increase. Figure Sa—Db illustrates the heating processes and
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Figure 5. Effect of heating time on the synthesized material. (a) The
light intensity during the one second high-temperature pulse heating.
Inset shows that the Co,B forms separate nanoparticles based on the
simulation results. (b) The light intensity during the 1 min high-
temperature treatment. Inset shows that the Co,B nanoparticles
agglomerate and form larger clusters. (c) SEM image of the Co,B
synthesized after a 1 min heat treatment. The nanoparticles
agglomerate under prolonged heating time, which confirms the
importance of the rapid one second synthesis. The large clusters
observed are consistent with the simulation in panel b. (d)
Comparison of the HER activity between Co,B synthesized with a
one second high-temperature pulse and by prolonged 1 min heating.
The prolonged heating results in loss of catalytic activity, confirming
the crucial role of a short heating pulse.

the respective morphologies of the Co,B during the high-
temperature pulse treatment. With the increase in heating time,
the size of the Co,B nanoparticles increases, and the Co,B
nanoparticles gradually aggregate (Figure S9). Our simulation
results match well with the SEM image shown in Figure Sc
since the profile of the connected nanoclusters denotes a coral-
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like morphology. The heating time also has an extensive effect
on the particle’s catalytic activity. The HER activities of Co,B
synthesized with a one second high-temperature pulse as well as
prolonged 1 min heating is compared in Figure S5d. Specifically,
the sample under prolonged heating has a much lower catalytic
activity due to the agglomeration of Co,B nanoparticles. These
results indicate that controlling the heating time of the high-
temperature treatment is crucial to achieve a suitable
morphology and catalytic activity of the resulting material.
Herein, we point out that the synthesis method reported
here is not unique to Co,B nanoparticles. To demonstrate the
universality of the proposed method, molybdenum disulfide
(MoS,, Figure 6a—b) and cobalt oxide (Co;0,, Figure 6c—d)

Figure 6. Universality demonstration of the high-temperature pulse
method. SEM images of (a—b) MoS, and (c—d) Co;0, nanoparticles
synthesized by rapid high-temperature treatment.

nanoparticles were also successfully synthesized using the high
temperature pulse. XRD measurements (Figure S10) confirm
the crystal structures of the synthesized materials. The tested
XRD patterns match the standard curves of MoS, and Co;0,,
respectively, and no other impurity peaks are observed.'”'®*
Compared to the previously reported high-temperature
methods for preparing nanoparticles, our high-temperature
pulse with rapid heating and cooling contributes to the fast
formation of ultrasmall nanoparticles. Additionally, Joule
heating is much more efficient than conventional heating
methods (thermal-radiation heating: energy- and time-consum-
ing).*”** Therefore, a range of compound nanoparticles can be
successfully synthesized directly from bulk precursors via the
high-temperature pulse method, which can be applied in
catalytic applications and beyond.

Conclusion. In summary, for the first time, we reported a
simple and universal in situ preparation method to directly
convert the precursors of compound bulk to nanoparticles
using the high-temperature pulse. Compared with the conven-
tional high-temperature preparation methods, the high-temper-
ature pulse is facile, fast, and efficient. During the fast process of
preparation, swift melting, anchoring, and recrystallization
occur successively, which can generate numerous high-purity
nanoparticles. The ultrafine cobalt boride (Co,B) nanoparticles
uniformly dispersed on the rGO sheets were successfully
synthesized using the high-temperature pulse method (temper-
ature: 1900 K; time: 1 s). The obtained Co,B/rGO composite
film showed superior electrocatalytic performance for water
splitting. In our work, the MoS, and Co;0, nanoparticles were
also successfully prepared using the heat pulse, which
demonstrates that the universality of the high-temperature
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pulse method. The preparation method of a high-temperature
pulse is a promising approach to rapidly and efficiently prepare
compound nanoparticles.
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