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Aerosol spray coupled with high-temperature pyrolysis is an emerging technique for continuous
manufacturing of nanomaterials at large scale that demonstrates extremely high production efficiency.
Current aerosol spray techniques using a tube furnace can only attain a low temperature range
(generally <1500 K), rendering limited products as well as inhomogeneous heating within the
comparatively bulky furnace chamber (typical dimensions of �2 cm in diameter and �40 cm in
length), which leads to difficulties in product quality control. Here we report a “droplet-to-particle”
aerosol technique coupled with a high-temperature (�2000 K) micro-channel reactor, which provides
�100-times smaller dimensions compared to conventional tube furnaces, enabling homogeneous and
high-temperature nanomaterial manufacturing. To demonstrate the unique capability of this
carbonized wood micro-channel reactor, we successfully synthesized multielement high entropy
alloy/oxide nanoparticles (which typically require a high temperature (2000 K) to achieve uniform
elemental mixing) in a continuous and support-free manner. Droplets atomized from themultielement
precursors fly through the micro-channels heated to 2000 K by Joule heating with a residence time of
only tens of milliseconds with a high energy conversion efficiency (>95%), during which salt
decomposition and particle nucleation/growth occur. The high temperature critically enables
homogeneous mixing of elements in the resultant nanoparticles and the short residence time is key
to suppress particle growth and agglomeration. Compared with the traditional aerosol spray pyrolysis,
the carbonized wood reactor can achieve a record high temperature (�2000 K), a much shorter
residence time (�tens of milliseconds), highly efficient, uniform heating, and provide a platform for
continuous nanomaterial manufacturing for a broad range of applications.
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Introduction
Nanoparticles have been explored for many important techno-
logical fields, such as energy storage, plasmonics, catalysis, and
biomedical engineering, demonstrating unique and superior per-
formance compared with their bulk counterparts [1–7]. The rapid
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and scalable manufacturing of these nanomaterials is critical to
enable wide applications but still remains a challenge. Aerosol
spray pyrolysis is a powerful “droplet-to-particle” nanomanufac-
turing method that employs atomized solution-based precursors
by pumping an aerosol flow through a heating zone continu-
ously for large-scale production of nanoparticles in various states
[8–12]. A variety of compounds, including metals [13], metal oxi-
des [14,15], and carbon-based materials [16,17], have been syn-
thesized using aerosol spray pyrolysis, which demonstrates
several advantages including good scalability, low cost, high
yield, simple operation, and the production of a wide diversity
of materials with different stoichiometry, morphology, porosity,
particle size, etc. [8,16,18]. However, current aerosol spray pyrol-
ysis techniques typically rely on a tube furnace as the heating ele-
ment, which generally can reach temperatures of just <1500 K
and tends to be overly bulky (diameter �2 cm, length �40 cm)
for nanomaterial synthesis, resulting in low heating efficiency
and poor quality control [19–24].

In this work, we introduce a “droplet-to-particle” aerosol
spray synthesis method that overcomes these limitations by cou-
pling the aerosol generator with a record-high temperature
(�2000 K) micro-channel reactor to achieve homogeneous and
rapid nanomaterial manufacturing. By employing this continu-
ous aerosol flow technique, substrate-free products can be col-
lected for large-scale high-temperature nanomaterial
manufacturing. The newly developed continuous 2000 K aerosol
synthesis technique has the following advantages: (1) each
micro-channel has a diameter of �200 mm and a length of
�4 mm, which is �100-times smaller compared with the dimen-
sions of a typical tube furnace chamber. (2) Such compact size
FIGURE 1

(a) Schematic of the droplets transporting through the carbonized wood micro-c
the droplet-to-particle evolution in an individual wood micro-channel, which se
maps of HEA PdRuFeNiCuIr nanoparticles. Scale bar: 200 nm.
enables more homogenous heating and a significantly reduced
residence time of only tens of milliseconds. (3) The micro-
channel reactor is triggered by electrical Joule heating, which
can easily achieve a temperature of �2000 K in a highly efficient
manner (>90% conversion from the input power to radiation).
(4) The size of the as-synthesized nanoparticles can be tailored
by the kinetic control of the process (e.g., temperature, precursor
concentration). (5) Such a superior heating capability (high tem-
perature, tens of milliseconds duration, and uniform heating in
the micron-sized channels) enables the continuous synthesis of
process-demanding nanomaterials, such as high entropy alloy
(HEA) and high entropy oxide (HEO) nanoparticles. Note that
HEAs/HEOs have recently emerged as chief contenders in a broad
range of applications, including catalysis and energy storage [25–
30], and their synthesis critically depends on achieving high
temperatures and short residence times to enable homogeneous
mixing of elements and suppressed particle growth/agglomera-
tion, respectively. Therefore, we believe our carbonized wood
micro-channel reactor may be ideal for the synthesis of such
materials.
Results and discussion
In a typical synthesis (Fig. 1a), we used a collision nebulizer to
generate an aerosol stream of droplets as small as 1 mm in diam-
eter (see Supporting Information for more details). Metal salt pre-
cursors in the aerosolized solution are homogeneously mixed in
the resulting droplets, which are then propelled by the argon car-
rier gas through the micro-channel of the carbonized wood reac-
tor. Upon the application of an electrical current to the reactor,
hannels heated to 2000 K via the carrier gas. (b) Magnified schematic view of
rves as a micro furnace. (c) HAADF-STEM image and HAADF-EDS elemental
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the droplet within its interior are effectively heated to 2000 K
almost instantaneously due to their small size and the confined
dimensions of the wood micro-channels. The high temperature
drives the decomposition of the metal salt precursors and the for-
mation of nanoparticles with a uniform solid-solution phase
(Fig. 1b). With this technique, we were able to synthesize homo-
geneously mixed HEA PdRuFeNiCuIr nanoparticles in a continu-
ous manner, as confirmed using the high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) and energy dispersive X-ray spectroscopy (HAADF-EDS)
mapping, which demonstrates the uniform mixing of all six ele-
ments (Fig. 1c).
FIGURE 2

(a) Photograph of the carbonized balsa wood, in which the bright dots are from
view SEM image of the wood micro-channels, looking down the length of the tre
a wood micro-channel. Scale bar: 100 mm. (d) Photograph of the carbonized woo
heated to 2000 K. (f) Average temperature of the carbonized wood vs. the applie
carbonized wood micro-channel. (i) Temperature distribution of the 1300 K conv
1-, and 10-times the diameter of the tube. (j) Temperature distribution of the car
sections equal to ¼-, ½-, 1-, and 10-times the diameter of the wood micro-cha
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Balsa wood, one of the lightest trees in the world with an
approximately 73% void volume [31], was carbonized for use as
the micro-channel reactor (Fig. S1). The individual vessel chan-
nels of the balsa wood can be seen by the naked eye (Fig. 2a)
and provide ideal geometries for the aerosol droplets to pass
through for particle synthesis. These numerous oval-shaped ves-
sel channels that run along the tree growth direction (Fig. 2b, c)
feature an average effective diameter of �200 mm, which is �200-
times larger than the droplet sizes of the generated aerosol
(�1 mm), but 100-times smaller than a conventional tube fur-
nace. Detailed scanning electron microscopy (SEM) images of
the carbonized wood micro-channels at different magnifications
the passage of light through the open channels. Scale bar: 3 mm. (b) Top-
e growth direction. Scale bar: 0.5 mm. (c) Cross-sectional view SEM image of
d heated to 2000 K. (e) Temperature measurement of the carbonized wood
d power. (g) Schematic of a conventional tube furnace. (h) Schematic of the
entional tube furnace down its length and at cross-sections equal to ¼-, ½-,
bonized wood micro-channel heated to 2000 K down its length and at cross-
nnel.



TABLE 1

Comparison between a conventional tube furnace and our 2000 K micro-
channel reactor for aerosol spray pyrolysis.

Comparison Conventional Micro-channel
reactor

Channel diameter �2 cm �200 mm
Channel length �40 cm Highly tunable, �mm
Temperature distribution Not uniform Uniform
Temperature limitation <1500 K �2000 K
Reaction rate Low High
Residence time >1 s �tens of milliseconds
Capability to synthesize HEA Weak Strong

R
ES

EA
R
C
H
:
O
ri
g
in
al

R
es
ea

rc
h

Materials Today d Volume 35 d May 2020 RESEARCH
are shown in Fig. S2. We can also cut the wood perpendicular to
the tree growth direction at different lengths in order to tune the
residence time of the aerosol droplets in the wood micro-
channels from several milliseconds to tens of milliseconds. Dur-
ing nanoparticle synthesis, a constant electrical power is applied
to the carbonized wood to provide Joule heating (Fig. 2d) in a
highly efficient manner (>90% conversion). The resulting tem-
perature distribution in the wood is shown in Fig. 2e, easily
reaching 2000 K, as measured by a pyrometer (see details in the
Supporting Information) [32]. Furthermore, we can control the
temperature by tuning the applied power (Figs. 2f and S3). When
the applied power is over �600 W, the temperature of the wood
can be as high as �2000 K.

Besides the higher temperature limit, the micro furnace of the
wood micro-channels is far superior to conventional furnaces in
terms of its ability to achieve a significantly decreased residence
time. Under the same flow rate, the residence time of the aerosol
droplets in a conventional furnace can be 2–3 orders of magni-
tude higher than that in the wood micro-channels. For example,
the residence time of the aerosol at a flow rate of 5 L/min in a
conventional furnace with a length of 40 cm is �1.6 seconds
while that in a wood micro-channel with a length of �4 mm is
only �16 milliseconds. In addition, it is likely that prolonged
heating could lead to further growth of the nanoparticles [27].
With the higher temperature limit of the micro-channel reactor,
the reaction rate will be greatly increased and thus the reaction
can be completed in a shorter residence time. A shorter residence
time can also prevent particle sintering due to less accumulated
heat.

Moreover, the heating efficiency of the carbonized wood is
much higher than that of a conventional furnace due to the sig-
nificantly reduced dimensions. Comparisons of the dimensions
of a conventional tube furnace and the carbonized wood
micro-channel are illustrated in Fig. 2g and 2h, respectively.
The 100-times smaller dimensions of the wood micro-channel
should result in more efficient and uniform heating. To deter-
mine whether this is the case, we conducted simulations on
the temperature distributions along the tube furnace (based on
the maximum temperature that the furnace could achieve
(1300 K)) and carbonized wood micro-channel (based on
2000 K), respectively. Side views of the simulated objects are
shown in Fig. 2i for the conventional furnace (detailed in
Figs. S4) and 2j for the micro-channel reactor (detailed in
Fig. S5) with the same carrier gas inlet velocity of 0.265 m/s.
The temperature distribution simulations show that the temper-
ature can increase to 2000 K in the carbonized wood micro-
channel in less than 1 ms (Fig. 2j), while for the conventional
furnace the temperature increase is much more sluggish
(Fig. 2i). Selected simulation results of the temperature profiles
along the cross-section of the conventional furnace and the
wood micro-channel at distances along their lengths equal to
¼-, ½-, 1-, and 10-times the diameter of each object are also
shown in Fig. 2i and Fig. 2j, respectively. In Fig. 2i, at the length
of �0.5 cm (corresponding to ¼ of the conventional furnace’s
diameter), the temperature at the center of the cross-section is
only �350 K. Even at a length of �20 cm (10-times the diameter
of the furnace), the temperature at the center of the cross-section
is only �900 K. However in Fig. 2j, at �50 mm down the length of
the micro-channel (equal to ¼ of the diameter), the temperature
at the center of the cross-section reaches �1400 K. At the length
of �200 mm of the micro-channel (equivalent to its diameter),
the temperature at the center of the cross-section reaches
�2000 K. In addition, when the temperature of the wood
micro-channel is 2000 K, the carrier gas can be heated to
�2000 K within 0.1 milliseconds while the aerosol droplets can
be heated to�2000 K within 1 millisecond (Fig. S6a). In this case,
the heating rate of argon can be as high as 107 K/s and the heat-
ing rate of the aerosol can be as large as 105–106 K/s. The high-
temperature argon will accelerate the heating of the aerosol since
there is a positive temperature gap between them. In contrast, for
the conventional furnace, although it seems that the aerosol can
be heated up to 1300 K within 0.01 s, the heating of the argon is
much slower (Fig. S6b). The negative temperature gap between
them leads to less efficient heating of the aerosol particles and
thus the actual temperature increase of the aerosol is slowed.

Our micro-channel reactor demonstrates several distinct fea-
tures compared to the conventional tube furnace, as outlined
in Table 1: (1) tube size reduction by 100-times, which leads to
(2) better temperature uniformity; (3) higher temperature limit
driven by electrical Joule heating; (4) significantly increased reac-
tion rate due to the high temperature; (5) 2–3 orders of reduced
duration time to suppress nanoparticle segregation and sintering
and (6) the strong capability to synthesize HEA/HEO particles.

In addition, besides balsa wood, other types of carbon-based
materials with micron-sized channels can be used as micro-
reactors for the continuous synthesis including: (1) different
wood species with assorted channel geometries (e.g., poplar
wood with channel diameter on the order of �100 mm); (2) wood
with artificially drilled pores to achieve the desired pore size and
numbers; (3) highly crystalline 3D printed carbon frameworks,
e.g., reduced graphene oxide (rGO).

A wide variety of materials can be synthesized via the car-
bonized wood reactor so long as the precursors can be atomized
into droplets. As proof-of-concept, we synthesized and character-
ized HEA and HEO nanoparticles, which can primarily be
obtained by rapid high-temperature heating and cooling [27].
Equal amounts of MClxHy (M = Co, Ni, Pd, Ru, Ir) precursors
(0.05 M in ethanol) were atomized into droplets. After passing
through the carbonized wood micro-channel reactors heated to
2000 K via the carrier gas, spherical CoNiPdRuIr HEA nanoparti-
cles were synthesized (Figs. 3a, S7). Since the HEA nanoparticles
are derived from droplets that feature a log-normal distribution,
the size of the particles also demonstrates a log-normal distribu-
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FIGURE 3

(a) HAADF-STEM image and HAADF-EDS elemental maps of a quinary HEA nanoparticle (CoNiPdRuIr). Scale bar: 20 nm. (b) High-resolution TEM image with
fast Fourier transform analysis (inset) of the CoNiPdRuIr HEA-NPs, showing a typical FCC structure. (c) HAADF-STEM image and HAADF-EDS elemental maps of
a ten-element HEA nanoparticle (AuCoCuIrPtMnMoNiPdRu). Scale bar: 20 nm. (d) HAADF-STEM image and HAADF-EDS elemental maps of a quinary HEO
nanoparticle (ZnCoMnNiCuOx). Scale bar: 100 nm.
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tion, with a mean diameter of �160 ± 5 nm (Fig. S7). More than
75% of the particles have diameters less than 200 nm. Addition-
ally, elemental analysis shows that the different elements are
evenly dispersed within the particles (Fig. 3a). No apparent ele-
mental segregation or phase separation was observed. To avoid
the possibility of oxidation, argon is used as the carrier gas which
flows through the synthesis system. After synthesis, the HEA
nanoparticles are collected in the glovebox and stored properly
in Ar to avoid oxidation. Using high-resolution transmission
electron microscopy (TEM), we determined the lattice spacing
of a CoNiPdRuIr nanoparticle was 2.28 Å, which matches well
with the typical FCC metal structure of the (1 1 1) plane
(Fig. 3b). As a comparison, we atomized the same precursors
and passed them through a conventional furnace, which was
set to 1300 K. However, using this method, the particles demon-
strated severe phase separation between PdRuIr and CoNi
(Fig. S8). This observation proves that the superior heating capa-
bility of the wood micro-channel reactor enables HEA formation.

Our droplet-to-particle synthesis also enables the formation of
more complex HEA materials that have been challenging to syn-
thesize by traditional methods. Previously reported HEA particles
have been primarily composed of noble metals [27,33]. However,
HEA composites composed of all transition metals have superior
mechanical properties, but are commonly produced by welding
from bulk metal alloys which is cost-prohibitive [34,35]. Using
our technique of transporting an aerosol through the 2000 K car-
bonized wood micro-channel reactor, we demonstrate the ability
to synthesize substrate-free, homogeneously mixed HEA
nanoparticles composed of all transition metals (e.g., CrMnFe-
CoNi; Fig. S9). This technique can also be extended to the prepa-
ration of even more complex HEA nanoparticles, such as those
containing ten dissimilar elements (Au, Co, Cu, Ir, Pt, Mn, Mo,
Ni, Pd, Ru). We note that there are significant physicochemical
110
property differences in these elements in terms of their atomic
radii, melting/boiling points, and preferred crystal structure, as
well as their metal precursors, which demonstrate different
chemical reduction potentials and physical decomposition tem-
peratures (Table S1). Despite these challenges, the combination
of the aerosol spray with our micro-channel reactor enables the
homogenous distribution of the ten elements within the result-
ing HEA nanoparticles (Fig. 3c).

Besides HEAs, we were also able to successfully synthesize
HEO nanoparticles using metal nitrates as precursors. Similar to
the preparation of HEAs, equal amounts of Mx(NO3)y (M = Mn,
Co, Ni, Cu, Zn) precursors (0.05 M in ethanol) were atomized
into droplets. After rapidly transporting through the micro-
channel reactor, solid ZnMnCuCoNiOx HEO particles formed
with homogeneously distributed elements (Fig. 3d). The HEO
particle size analysis featured a log-normal distribution with a
mean diameter of �184 ± 15 nm (Fig. S10). X-ray diffraction
(XRD) showed that the five elements (Mn, Co, Ni, Cu, Zn) were
entropy-stabilized on the cation sublattice in a single-phase rock
salt structure (Fig. S11) [36].

In all syntheses, we observed no aggregation between parti-
cles. It has been reported that the characteristic coagulation time
is �100 s when synthesizing 100 nm particles using a conven-
tional atomizer that produces droplets in a concentration of
�106 particles/cm3 [8]. The estimated characteristic coagulation
time is 5–6 orders of magnitude longer than the residence time
in the micro-channel reactor. Therefore no significant aggrega-
tion should be expected.

A detailed schematic of this droplet-to-particle synthesis made
possible by the carbonized wood micro-channel reactor is illus-
trated in Fig. 4a. After the precursor solutions are atomized into
droplets, they are transported via the carrier gas into the natural
channels of the carbonized wood heated to 2000 K where they



R
ES

EA
R
C
H
:
O
ri
g
in
al

R
es
ea

rc
h

FIGURE 4

(a) Proposed mechanism of HEA formation inside the carbonized wood micro-channel reactor. (b) SEM of CoNiPdRuIr HEA particles synthesized at different
temperatures. Scale bar: 1 mm. (c) Size distributions and log-normal fittings of the CoNiPdRuIr HEA nanoparticles synthesized at different precursor
concentrations (0.05 M and 0.1 M). The fit parameters are listed in Tables S2 and S3. (d) AuCuNiPtPd HEA nanoparticles collected on a PVDF membrane after
5 min continuous synthesis. (e) CrMnFeCoNi HEA powder collected in a vial after 6 h continuous synthesis.
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are thermally decomposed to form particles. As in regular aerosol
synthesis [37], while the droplets flow in the micro-channels, the
leftover solvent in the droplets rapidly evaporates upon heating
so that each droplet evolves into a uniform and dense metal salt
particle. Upon further heating, our hypothesis is that the metal
salts decompose into metals and chlorine gas since the tempera-
ture exceeds their decomposition temperature. Additionally,
because �2000 K is above the melting point but below the boil-
ing point of most metals, it is reasonable to assume that within
each droplet the metallic elements tend to mix in the liquid
phase to form a liquid metal alloy. Considering the residence
time in the carbonized wood micro-channels is only �16 ms,
the liquid metal alloy particles are rapidly quenched down to
room temperature after exiting the reactor, which enables the
homogeneous elements mixing alloy state to be maintained,
allowing us to collect HEA particles at room temperature.

We also conducted control experiments to understand the
kinetic control of this droplet-to-particle process. Fig. 4b demon-
strates how the temperature affects the nucleation of CoNiP-
dRuIr HEA nanoparticles. When the temperature of the
carbonized wood micro-channel reactor is �1400 K, it is too
low to fully pyrolyze the droplets, resulting in particles that are
in irregular shape. In addition, we clearly observed phase segrega-
tion in the nonuniform surfaces of these materials due to the low
temperature, likely because only some noble metal salts with low
decomposition temperatures (Pd, Ru, Ir) could be fully decom-
posed and nucleated, forming the bright dots shown on the sur-
face of these materials in Fig. 4b. When we increased the
temperature to �1600 K, regular round particles are produced,
however, phase segregation can still be seen on the surface. In
contrast, when the temperature is high enough (i.e., �2000 K),
the decomposition rate is significantly enhanced and the decom-
position of the metal salts can be completed (Fig. 4b). In addi-
tion, only at sufficiently high temperatures (�2000 K) can a
homogeneous liquid alloy be formed. After rapid quenching,
homogeneous high entropy mixing is obtained.

We further explored how the size distribution of the HEA
nanoparticles (CoNiPdRuIr) could be tailored by tuning the con-
centration of the precursors. Fig. S12 shows HEA nanoparticles
synthesized using precursors of different concentrations (0.1 M
and 0.05 M) and their size distributions are shown in Fig. 4c.
The results indicate that the particle size increases with the con-
centration of precursors, in which those made using a higher
concentration (0.1 M) had a larger mean diameter of �194 nm
compared to those made with lower concentration (0.05 M),
which were only 147 nm on average. These findings show that
the particle size can be tuned kinetically.

The 2000 K droplet-to-particle synthesis demonstrates two
obvious advantages: (1) it is substrate-free and (2) it is continuous
and therefore amenable to large-scale fabrication. All of the par-
ticles can be collected in-line using a polyvinylidene fluoride
(PVDF) membrane which is installed inside of a stainless-steel fil-
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ter holder. Fig. 4d illustrates AuCuNiPtPd HEA nanoparticles col-
lected on PVDF membrane for 5 min. Free powders of the HEA
nanoparticles can then be obtained by carefully scratching the
PVDF membrane with a spatula in the glovebox as we demon-
strated by collecting CrMnFeCoNi HEA nanoparticles in a vial
during their continuous synthesis over 6 hours at lab scale
(5 L/min flow rate of Ar; Fig. 4e). At this flow rate, the production
rate is on the order of �100 mg/h.

Combining the advantages of low cost, simplicity, and low
waste emission, the aerosol spray pyrolysis method is highly suit-
able for continuous large-scale manufacturing of high-quality
HEA nanoparticles. For large-scale HEA production, a more pow-
erful aerosol nebulizer, often used in the aerosol industry due to
the higher aerosol generation rates, can be employed. Larger car-
bon materials with aligned micro-channels are expected as heat-
ing elements for potential large-scale manufacturing. Highly
crystalline 3D printed rGO has such potential due to its long life-
time [38].
Conclusion
In this work, we demonstrate a droplet-to-particle synthesis tech-
nique by coupling an aerosol spray with a high-temperature
(�2000 K) reactor made using carbonized balsa wood featuring
numerous aligned micron-sized channels. The carbonized wood
micro-channel reactor is driven by electrical Joule heating that
can easily achieve a temperature greater than 2000 K with a high
energy conversion efficiency. In addition, the 100-times reduc-
tion in the reactor geometry (micro-channel vs. tube furnace)
ensures uniform heating for nanomaterial manufacturing. As a
proof-of-concept demonstration, we synthesized uniform ele-
mental mixed HEA and HEO nanoparticles in a substrate-free
manner for the first time. The high temperature critically enables
homogeneous elements mixing in the resultant nanoparticles
and the short residence time suppresses particle growth and
agglomeration. Compared with conventional pyrolysis, the
2000 K carbonized wood micro-channels provide several key fea-
tures: (1) �2000 K heating for high-temperature chemistry; (2)
more uniform and efficient heating with smaller channel dimen-
sions; and (3) a shorter residence time on the scale of tens of mil-
liseconds to enable transient nanomaterial structural
stabilization and prevent particle agglomeration. In addition,
this technique also offers good tunability in terms of flow rate,
carrier gas, temperature, and precursor concentration. As a result,
particles with a diverse array of compositions and sizes can be
synthesized. Additionally, this droplet-to-particle method via a
carbonized wood micro-channel reactor allows products to be
collected continuously, which demonstrates the potential for
large-scale high-temperature nanomaterial manufacturing.
Materials and methods
Material synthesis
All the precursors were purchased from Sigma Aldrich: palladium
(II) chloride (�99.9%), ruthenium(III) chloride hydrate (99.98%),
iron(III) chloride hexahydrate (�98%), nickel(II) chloride hex-
ahydrate (�98%), copper(II) chloride dihydrate (99.0%), irid-
ium(III) chloride hydrate (99.9%), cobalt(II) chloride
hexahydrate (98%), molybdenum(V) chloride (95%), tin(II) chlo-
112
ride (98%), chloroplatinic acid hydrate (�99.9%), manganese(II)
chloride monohydrate (�97%), gold(III) chloride trihydrate
(�99.9%) and zinc(II) nitrate hexahydrate (98%), manganese
(II) nitrate hydrate (98%), cobalt(II) nitrate hexahydrate
(�98%), copper(II) nitrate hemi(pentahydrate) (98%), nickel(II)
nitrate hexahydrate (�98.5%). Balsa wood was purchased from
Specialized Balsa Wood, LLC and cut to a length of 100 mm,
width of 40 mm, and thickness of �6 mm (Fig. S1a and b). The
balsa wood was first stabilized at 533 K for 2 h in air and then car-
bonized at 1273 K for 2 h in argon (Fig. S1c and d), after which its
thickness shrank to �4 mm. To make the carbonized wood into
the heating element used in the aerosol spray high-temperature
experiments, the carbonized wood first needs to be polished on
each side using silicon carbon paper-600 with water in order to
expose the channels by hand for �1 min. The polished car-
bonized wood was then sonicated in ethanol several times to
remove the polishing debris, followed by drying in an oven at
333 K for 20 min. For the aerosol spray pyrolysis in the car-
bonized wood micro-channel reactor, all HEA and HEO particles
were synthesized based on the precursors of MClxHy or Mx(NO3)-

y, respectively, in equivalent ratios dissolved in ethanol. The pre-
cursor solutions were atomized into small droplets by a collision
nebulizer from CH Technologies (USA), Inc. at a tunable flow rate
with argon as the carrier gas. Nominally 1 mm droplets were gen-
erated, which were then flowed through a diffusion dryer, where
most of the solvent was absorbed, leaving solid precursor parti-
cles which were then passed through the �2000 K wood heating
zone to produce the HEA/HEO particles. The final product was
collected on a Millipore PVDF membrane with a pore size of
0.65 mm installed inside of a 47 mm in-line stainless steel filter
holder (PALL Corporation). Powders were obtained by scratching
carefully from the PVDF membrane with a spatula in the glove-
box. The carbonized wood was electrically heated to 2000 K by
connecting two copper electrodes with silver paste. A Volteq
HY 6020EX power supply acted as the external power source.
The applied voltage ranged from 0 to 60 V and the current ran-
ged from 0 to 20 A.

Material characterization
The microstructure and morphology of the prepared samples
were measured by a Hitachi SU-70 FEG-SEM at 10 kV and a JEOL
TEM/STEM ARM 200CF equipped with HAADF and annular
bright field (ABF) detectors. A 22 mrad probe convergence angle
was used to perform STEM imaging. HAADF images were
acquired using the JEOL ARM 200CF with a 90 mrad inner-
detector angle. An Oxford Xmax 100TLE windowless X-ray
detector was used to collect the EDS results. XRD was performed
using a D8 Advanced (Bruker AXS, WI, USA) with a scan rate of
3�/min.

Temperature measurement of the carbonized wood micro-
channel reactor
The temperature of the carbonized wood micro-channel reactor
during heating was measured based on color ratio pyrometry
using a Vision Research Phantom Miro M110 high-speed camera
with video recorded at 4000 frames per second. Calibration was
achieved by a Newport Oriel 67,000 Series Blackbody Infrared
Light Source. By taking ratios of the raw channel intensities,
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most dependent variables associated with the intensity can be
eliminated except for those regarding the channel gain (wi),
emissivity (e), and spectral response (vi) of the camera at individ-
ual wavelengths and channels [39]. Ratios for theoretical pixel
intensity were calculated for the calibration temperature with
Eq. (1).

Ii
I j
¼ wi

R
L e; k;Tð Þvi kð Þdk

wj

R
L e; k;Tð Þvj kð Þdk ð1Þ

in which Ii is the intensity of a channel. Calibration factors Cgr

(green/red), Cbg (blue/green), and Cbr (blue/red) can be obtained
by comparing the measured values to the theoretical ones as
shown in Eq. (2) [32].

Ii
I j

� �
¼ Cij

I i
I j

� �
/

ð2Þ

At each pixel, to recover values for the red, green, and blue
channels, the demosaicing routine in MATLAB was used with
the camera’s Bayer color filter array. To estimate the temperature,
three color ratios were used simultaneously by minimizing their
summed error with a further thresholding used to eliminate
summed errors corresponding to a temperature error of
>�110 K. For the temperature profile, only unsaturated pixels
above the black level and within the error threshold were used
to report the mean and median temperatures of the frame for a
contiguous area of at least 10 acceptable pixels. The temperature
of the micro-channel reactor was calculated by fitting the emit-
ted light spectra according to the gray body radiation and the fol-
lowing equation:

Bk k; Tð Þ ¼ cegray
2hc2

k5
1

ehc=kkBT � 1
ð3Þ

in which kB is the Boltzmann constant, k is the wavelength, h is
Planck’s constant, c is the speed of light, egray is the gray body
emissivity and scaling constant c and temperature T are fitting
parameters for this equation.
Temperature mapping simulation methods
The numerical studies of the heat transfer from the heating
sources (conventional furnace and carbonized wood) to the
argon carrier gas were carried out in a commercial CFD package
ANSYS-Fluent 18.1 (Double precision, 2D axisymmetric model).
The Re number was calculated to be <2300 for both cases. There-
fore, the laminar model was used for the simulations. The diam-
eter of the conventional tube furnace was set to 2 cm, while the
diameter of the wood micro-channel was set to an effective diam-

eter of 192.8 mm, which was calculated using D ¼ 4Ac
P , where Ac

and P are the flow cross-sectional area and the wetted perimeter,
respectively [40]. The length-to-diameter ratio of both the fur-
nace tube and the carbonized wood micro-channel reactor was
set to 20:1, and the inlet velocity was set to 0.265 m/s for both
cases. The wall temperatures were set to 1300 K and 2000 K for
the tube furnace and wood micro-channel, respectively.

The temperature change of the aerosol particle was simulated
using the transient thermal model in ANSYS 18.1. The relative
velocity between the aerosol particle and argon was assumed to
be 0. The heat transfer between argon and the aerosol particles
was not considered. The diameter of the aerosol particle was set
to 1 mm.
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