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ABSTRACT: The conventional thermal treatment systems typically feature low ramping/cooling rates, which
lead to steep thermal gradients that generate inefficient, nonuniform reaction conditions and result in
nanoparticle aggregation. Herein, we demonstrate a continuous fly-through material synthesis approach using a
novel high-temperature reactor design based on the emerging thermal-shock technology. By facing two sheets
of carbon paper with a small distance apart (1—3 mm), uniform and ultrahigh temperatures can be reached up t%
to 3200 K within S0 ms by simply applying a voltage of 15 V. The raw materials can be continuously fed

through the device, allowing the final products to be rapidly collected. As a proof-of-concept demonstration,
we synthesized Pt nanocatalysts (~4 nm) anchored on carbon black via this reactor at ~1400 K. Furthermore,
we find it features excellent electrocatalytic activities toward methanol oxidation reaction. This work offers a
highly efficient platform for nanomaterials synthesis at high temperatures.
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B INTRODUCTION

Nanomaterials, such as alloys,1 metallic oxides,” and inorganic
compounds’ with narrow particle size distribution and unique
physiochemical properties have attracted significant research
interest for catalysis,’ energy storage,’ and optoelectronic
devices.® For example, the development of metal nanocatalysts
with high activity and durability is mandatory in the field of fuel
cells. In order to meet the requirement, numerous synthetic
strategies have been developed in recent decades,””” such as
electrochemical deposition,'’ solvothermal/hydrothermal
method,"""? solution combustion,"* and solid thermolysis.'*"*
However, these conventional synthetic routes generally suffer
from long sintering time, high energy consumption, complex
procedures, or critical reaction conditions."®™"

Meanwhile, thermal treatment is an important approach to
achieve metal nanocatalysts from the salt precursors, while the
particles are prone to aggregate during the long heating
process.”’~>* As we know, traditional muffle and tube furnaces
with convective heating can transfer heat from the heated mantle
to the reactant precursors.”*~*’ However, the low ramping and
cooling rates (generally <100 K min~") tend to result in large
thermal gradients through the bulk reactant and therefore
uneven reaction conditions.”*~>' This is a commonly encoun-
tered problem during nanomaterials synthesis, particularly when
scaled-up, as nanoparticles tend to aggregate with a broad size
distribution due to their large surface energies at high
temperatures and long reaction time.””~>* Recently, thermal-
shock technology was proposed to overcome the limitation of
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low ramping/cooling rates of traditional methods.”>™>" The
ultrahigh ramping/cooling rates (up to 10° K s™') enable the
rapid synthesis of well-dispersed ultrafine nanoparticles. Despite
these advantages, it remains challenging to achieve continuous,
scale-up synthesis of nanoparticles using this thermal-shock
technology, as generally this method is not continuous in
synthesis and relies on the materials being conductive films.
Herein, we demonstrate a continuous fly-through high-
temperature reactor (up to ~3200 K) for the synthesis of
supported nanoparticles. This method can not only apply to the
high-temperature synthesis of materials being powders but also
accomplish the continuous synthesis of nanoparticles. The
reactor features a simple design of two face-to-face carbon paper
films separated by a small distance (1—3 mm), which can
generate ultrahigh temperatures via Joule-heating. By flowing
metal salt precursors on carbon between these heating sheets
under gravity and the carrier gas, the high temperature rapidly
decomposes these raw materials into metal nanoparticles
anchored on the carbon substrate (e.g., porous carbon black
particles). In this way, we are able to continuously produce
homogeneous nanocatalysts at a large scale, as shown schemati-
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Figure 1. Schematic illustration of the fly-through high-temperature reactor, in which raw materials (precursor loaded carbon black (CB) powder)
rapidly flow down between two joule-heated carbon sheets under the force of gravity and the carrier air gas. The precursor salts are in situ thermally
decomposed to metallic nanoparticles uniformly anchored on carbon black.

cally in Figure 1. This reactor features a large reaction space, a
uniform, controlled temperature distribution, and continuous
heating, enabling ultrafast decomposition of diverse precursors
for a universal process. As a proof-of-concept demonstration, we
synthesized Pt nanoparticles anchored on carbon black via this
continuous fly-through high-temperature reactor at a temper-
ature of 1400 K. We can use methanol oxidation to evaluate the
resulting Pt nanoparticles (~4 nm in size) as an anodic catalyst,
in which we observed excellent electrocatalytic activity and
stability. This work sheds light on the rapid yet versatile strategy
for the fabrication of monodispersed and size-controlled
nanocatalysts for direct methanol fuel cell and other renewable
energy storage technologies.

The reaction setup (90 mm X 60 mm X 3.6 mm) was
assembled using glass slides, copper foil, and carbon paper, as
shown in Figure Sla. The glass slides serve to constitute the
framework of the reactor, in which we adhere to a layer of copper
foil to rapidly dissipate heat and protect the reactor structure.
We then attached two layers of carbon paper (0.19 mm thick) to
the two sides of the reactor framework with silver paste, used the
glass slides to fix the top and down sides, and then covered a
layer of copper foil to be the conductive poles. The schematic
diagram of the fly-through high-temperature reactor is pictured
in Figure S1b. The carbon paper, as an effective blackbody, is a
principal component of the reactor and can serve as a radiative
heating source.

Figure 2a displays an optical photograph of the working
reactor under high temperature. An electrical input power
source was adopted to control the temperature and heating time
of the reactor. We measured the spatial temperature distribution
of the reactor by a high-speed camera recorded at 4000 frames
per second, which allowed us to estimate the temperature to be
~2300 K according to the color ratio pyrometry technique (see
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Methods for details, Supporting Information).** By changing
the voltage applied to the two carbon sheets, we demonstrated
the reactor could achieve temperatures ranging from 1100—
3200 K during the joule heating process (Figure 2b), as
indicated by the increasing light emission with the higher input
current. Figure S2a further shows the reactor’s temperature over
time, in which it rapidly increased to 2000 K within 50 ms and
remained at 2300 K for about 200 ms. When we shut the power
supply off, the reaction temperature decreased to 1500 K within
25 ms. Accordingly, we calculated the heating and cooling rates
to be as high as 10* K s™'. Figure 2c displays the recorded
temperature vs time curve for the reactor at 3200 K.

We used an optical fiber at the side of the reactor to capture
the thermal radiation spectra so as to further detect the
temperature and cycling performance of the reactor, as shown in
Figure 2d—f and Figure S2. Figure 2d illustrates a typical time-
controlled trajectory of the reactor for about 1 s, where the
working procedure of the reactor can be clearly divided into
three stages: a rapid temperature ramping step, a short and stable
temperature holding process, and an instantaneous cooling
process. In addition, the thermal radiation source of carbon
paper can work continuously for 60 min without any
degradation, indicating its excellent thermal stability under the
high temperature (Figure 2e). The cycling performance of the
reactor is shown in Figure 2f in which the light emission curves
maintain the same shape, suggesting the excellent stability of the
reactor even after 600 cycles.

We further characterized the carbon paper with dimensions of
67 mm X 7 mm X 0.17 mm in the fly-through high-temperature
reactor. We monitored the temperature distribution for the
carbon paper under a current pulse (a low temperature) in the
air by an infrared radiation (IR) camera (Figure 3a). The
temperature obtained from the carbon paper increased from
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Figure 2. High-temperature properties of the fly-through reactor. (a) Optical photograph and corresponding spatial temperature distribution image of
the reactor at 2300 K. (b) Photographs of a typical reactor under various temperatures. (c) The temperature versus time curve of a typical reactor
heating at 3200 K. (d) The temporal evolution of light intensity for the 1 sjoule heating process. (e) The stability and (f) the cycling performance of the

reactor.

room temperature to ~570 K. Notably, the heat distributed
effectively throughout the entire carbon paper. These results
indicate that carbon paper as the reactor’s principal component
serves as a highly effective thermal radiation source, which could
help promote chemical reaction for material synthesis. We also
measured the mechanical properties of the carbon paper via
tensile testing to evaluate its reliability (Figure 3b). The stress—
strain curve of the carbon paper displays linear deformation
behavior before tensile failure. Compared with the plastics, the
strength of the reactor heating source is high enough for the fly
thr03119g4}é high-temperature synthesis of nanomaterials (Figure
3c).>”

The optical photographs in Figure 3d,e for the carbon paper
before and after heating to over 3000 K for 10 min indicate the
shape and bendability of carbon paper can be maintained after
the heating to over 3000 K for 10 min. We also investigated the
stability of the carbon paper by scanning electron microscopy
(SEM). As shown in Figure 3f, the original carbon paper is
composed of entangled carbon fibers of 6—9 pm in diameter.
The interconnected carbon fibers provide a conductive network,
facilitating electron transport and thermal conduction through-
out the material, which is critical to achieving rapid heating/
cooling rates and uniform temperature distribution with a small
temperature gradient. High-magnification SEM imaging reveals
these carbon fibers consist of gullies and trenches on the surface.
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After Joule heating to over 3000 K, we examined the
morphology of the carbon paper by SEM again. Compared
with the original morphology, there is no obvious structural
change (Figure 3g) of the carbon fiber, indicating the good
stability of the carbon fibers and the carbon paper overall as a
high-temperature heating source.

To understand the practicality of this continuous fly-through
high-temperature reactor, we demonstrated the preparation of
Pt nanoparticles anchored on carbon black under high-
temperature conditions (Figure S3). Figure 4a shows the
commercial carbon black, which consists of a large number of
spherical-like particles (Figure 4b). After mixing with Pt salt
solution and subsequent freeze-drying, the morphology of Pt
salt-carbon black precursor maintained the original morphology
of carbon black without observable changes (Figure 4c). We set
the working temperature of the reactor to be 1400 K by adjusting
the input current (Figure 4d). The temperature over time of the
reactor is shown in Figure S4. The reactants then flew down
through the high-temperature reactor under the force of gravity
and carrier air gas (Figure 4d), allowing the reacted products to
be easily collected from the outlet (Figure 4e).

We investigated the morphology of the as-resulted Pt
nanoparticles anchored on the carbon black (Pt NP/C) using
SEM (Figure 4f) in which the product is composed of a large
number of spherical-like particles approximately 40 nm in size,
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Figure 3. Stability and structural properties of the carbon paper as the principle thermal radiation component of the reactor. (a) IR temperature
distribution mapping image of the reactor under a low current pulse. (b) The stress—strain curve of the carbon paper. (c) Comparison of the tensile
strength of the carbon paper with other materials, such as acrylonitrile—butadiene—styrene copolymer (ABS), polycarbonate (PC), and polypropylene
(PP). Optical photographs and SEM images of the carbon paper (d,f) before heating and (e,g) after heating to over 3000 K for 10 min.
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Figure 4. Continuous fly-through synthesis of Pt nanoparticles anchored on carbon black using the home-built high-temperature reactor. (a) Digital
photograph of carbon black. SEM images of (b) carbon black, and (c) carbon black coated with Pt salts. (d) Photograph image and schematic
illustration of the synthesis of Pt nanoparticles anchored on carbon black at ~1400 K using the high-temperature reactor. (e) Digital photograph, (f)
SEM image, and (g) TEM image of the Pt NP/C synthesized using the fly-through high-temperature reactor. (h) Histogram of the Pt nanoparticle size

distribution. (i) High-resolution TEM of Pt NP/C.

which mainly correspond to carbon black, while the Pt
nanoparticles could not be observed. However, transmission
electron microscopy (TEM) images show the uniformly
dispersed Pt nanoparticles on the carbon black substrate (Figure
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4g), which were an average of ~4 nm in size (Figure 4h). The
high-resolution TEM image in Figure 4i reveals a lattice fringe
spacing of ~0.23 nm, corresponding to the (111) plane of cubic
Pt (JCPDS No. 87-0646). Moreover, inductively coupled
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Figure S. (a) CV curves of the Pt NP/C sample synthesized by the fly-through high-temperature reactor compared to that of commercial Pt/C in 0.1 M
HCIO,. (b) The CV and (c) peak current density after certain cycles and the (d) average chronoamperometry current density of both samples in 0.1 M

HCIO, + 0.1 M methanol electrolyte.

plasma (ICP) analysis was utilized and the Pt loading in Pt NP/
C is calculated to be 13.0 wt %, which is consistent with the
energy-dispersive X-ray (EDX) result (14.0 wt %). In addition,
Pt NP/C-HT was synthesized at a relatively high temperature
(~1700 K), and the Pt particle size is ~7 nm (Figure SS). From
the results, we can conclude that the fly-through high-
temperature reactor is able to synthesize ultrasmall nanomateri-
als in a highly efficient and continuous manner. We anticipate
that more universal metal or alloy nanocatalysts can be
synthesized through this continuous fly-through high-temper-
ature treating process via altering the carbon substrate, salt
precursors, the reaction temperature, and/or time.

We further tested the electrocatalytic performance of the Pt
NP/C synthesized via the fly-through method, as shown in
Figure S. The Pt NP/C possesses typical cyclic voltammogram
(CV) curves similar to that of commercial Pt/C (Figure Sa) with
a hydrogen underpotential deposition (Hupd) peak in the
potential range of 0.05—0.4 V and an OH adsorption peak in the
potential region of 0.7—1.1 V. The Pt loading is kept identical
(~30 ug/cngeo) for both the Pt NP/C and commercial Pt/C
materials, the electrochemical active surface area (ECSA) values
derived from the Hupd region are 1.63 and 1.42 cm” (27.7 m*/g
pe and 24.1 m’/g p,) for Pt NP/C and commercial Pt/C,
respectively. Notably, when tested in the same 0.1 M HCIO, +
0.1 M methanol electrolyte, the Pt NP/C shows significantly
enhanced methanol oxidation reaction (MOR) activity and
stability compared to those of the commercial Pt/C, as shown in
Figure Sb. Pt NP/C possesses an onset potential at 0.35 V, which
is ~120 mV lower than that of the commercial Pt/C. Meanwhile,
the peak current of Pt NP/C is almost two times higher than that
of the commercial Pt/C (1.05 mA/cm’gcgs versus 0.55 mA/
cm’gcgs). The ECSA and peak current for the as-obtained Pt
NP/C-HT sample are 1.53 cm’ and 0.92 mA/cm’gcg,,
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respectively, the performance is higher than that of commercial
Pt/C but lower than that of Pt NP/C (Figure S7).

Moreover, Pt NP/C also exhibits enhanced stability for MOR,
in which the corresponding peak current is 0.55 mA/cm’gcgs
after 1000 cycles with a higher current retention of 56.5% in
comparison to a retention of 44.8% by the commercial Pt/C
under the same testing conditions (Figure Sc). Notably, the CV
curves of the Pt NP/C sample tested at different times, also the
chronoamperometry current densities of the samples and the
corresponding error bars are shown in Figure S6, indicating the
measurement results are repeatable. Finally, Figure 5d shows the
average current of the samples during chronoamperometry
measurements, in which Pt NP/C is significantly superior to
commercial Pt/C. For example, Pt NP/C showed 3.7- and 1.9-
fold improvement in the current density compared to the
commercial Pt/C at 0.55 and 0.65 V, respectively. The above
results indicate that the Pt NP/C possesses a better methanol
oxidation performance than that of commercial Pt/C, further
confirming the effectiveness of our fly-through high-temperature
synthesis method for high-performance nanocatalysts produc-
tion.

B CONCLUSION

In this study, we have demonstrated a novel continuous fly
through reactor for nanomaterial synthesis at ultrahigh reaction
temperatures of up to 3200 K. The reactor allows raw materials
to be reacted at high temperature in a continuous manner for the
rapid synthesis of nanomaterials at large scale. The reaction
temperature can be controlled by simply tuning the input
current. As a proof-of-concept demonstration, we successfully
synthesized a large amount of Pt nanoparticles anchored on
carbon black with an average size of ~4 nm at ~1400 Kin a rapid
and continuous fashion. The resulting Pt nanoparticles
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anchored on carbon black exhibited enhanced electrocatalytic
activity and stability in the methanol oxidation reaction,
demonstrating superior capability compared with the commer-
cial Pt/C electrocatalyst. This approach can be extended to the
synthesis of other metal nanocatalysts beyond Pt, such Ru, Ir, Nj,
Co, and their corresponding metal alloys, providing a feasible
and convenient strategy for the continuous high-temperature
synthesis of nanomaterials for energy application and beyond.
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