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ARTICLE INFO ABSTRACT

Spray pyrolysis is a scalable process to fabricate functional particles as cathode/anode materials in rechargeable
batteries from precursor solutions. However, one prerequisite of spray pyrolysis to achieve uniform particle-to-
particle composition and structure is a stable precursor solution, restricting its usage to highly soluble salts.
Otherwise, extremely acidic precursors are necessary to ease the uncontrollable hydrolysis of the salts and the
subsequent precipitation. Moreover, strong reducing agents such as H, are also needed for complete solid-state
reactions, introducing potential safety concerns. Herein, for the first time, we develop a novel process, colloidal
spray pyrolysis (CSP), which can eliminate all the prerequisites simultaneously. Our process can generate
particles directly from a multiphase precursor in mild processing conditions through in-situ solid-state
reactions. The product structure and composition can be precisely designed based on aerosol dynamics and
reaction kinetics. By applying CSP, Sn@C particles with three distinct interior nanostructures have been
synthesized and evaluated as anodes for lithium-ion batteries (LIBs) and sodium-ion batteries (SIBs). The best
performing Sn@C anode delivers 627.9 mAh/g at 2 C with capacity retention of 88.5% after 1500 cycles in LIBs
and demonstrates superior rate capability for SIBs. This novel CSP process is promising in preparing electrode
materials in LIBs and SIBs for future practical applications.
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1. Introduction

Spray pyrolysis is a scalable process with low operating cost, high
process throughput, and minimal waste production [1-3]. It has been
widely used to fabricate functional particles for many applications,
including catalysts [4], lithium-ion batteries (LIBs) and sodium-ion
batteries (SIBs) [5,6], and superconductors [7]. A stable precursor
solution with all salts dissolved is a necessity, or the precipitation in the
precursor solution during spray pyrolysis can lead to product particles
with non-uniform particle-to-particle composition and structure [8].
Therefore, it is challenging to synthesize functional particles from
aqueous solutions containing poorly-soluble or easily-hydrolyzed salts.
To resist precipitation, metal salts with strong acids and pure organic
solvents are normally used to form stable precursor solutions (Route
(D, Fig. 1) [9,10]. Hy is typically introduced into the carrier gas to
promote the complete reduction of the salts [9], or residual oxides
could be formed in the products [11,12]. However, potential safety
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concerns accompanied with the use of low flash point organic solvents
(e.g., ethanol, 13 °C), an acidic precursor, and explosive gas (H,) make
industrial-scale production difficult [13,14].

Here, we present colloidal spray pyrolysis (CSP) for the first time, a
process that can generate functional particles with uniform particle-to-
particle composition and structure from stable multiphase precursor
solutions (Route (II), Fig. 1), which could be a promising strategy to
prepare uniform electrode materials in LIBs and SIBs. The structure
and composition of particles are pre-designable based on our models.
Several distinguishable advantages of CSP make it unique when
compared to conventional aerosol processes. Unlike spray pyrolysis,
CSP can process low solubility salts, expanding the application of spray
pyrolysis to a wider range of functional materials. CSP uses an aqueous
precursor solution, with no direct addition of H, gas or pure organic
solvents, which makes CSP safer and simpler for scale-up manufactur-
ing. CSP is also different from multi-step spray drying, where colloids
are used as templates to be etched away in the end [15,16]. CSP is a
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Fig. 1. A comparison of conventional spray pyrolysis (Route I) and colloidal spray pyrolysis (Route II).

one-step process with a short residence time where colloids are
involved in in-situ solid-state reactions and structural evolution.

To evaluate the robustness of CSP, we targeted tin@carbon (Sn@C)
nanocomposite particles that are difficult to synthesize by conventional
spray pyrolysis because Sn salts are easily hydrolyzed in aqueous
solutions [17]. Sn@C nanoparticles are also promising anode materials
for LIBs and SIBs due to their high theoretical capacities (993 mAh/g
for Lis4Sn and 847 mAh/g for Na;5Sn,) and suitable working poten-
tials [9,18-20]. Guided by theoretical analysis of the aerosol dynamics
and reaction kinetics, Sn@C with different interior nanostructures of
Sn in carbon matrices, similar to pitayas, pomegranates, and chestnuts,
were synthesized by tuning the process parameters (Table 1). The
pomegranate-structured Sn@C powders exhibit superior electrochemi-
cal performance as anode materials in LIBs and SIBs. CSP with in-situ
solid-state reactions opens up new opportunities to produce uniform
composition particles with complex structures from precursors without
solubility limitations.

2. Experimental section
2.1. Sn@C fabrication by CSP

In the precursor, SnO, colloids (Nyacol, SN15ES) were added to an
aqueous solution containing sucrose (Fisher Chemical), and then
mixed with ethylene glycol (EG, Sigma-Aldrich, > 99%) to form a
150-ml-precursor solution. The mass ratio of sucrose to SnO, colloids
in the precursor was 20.2 (Sn@C pitaya), 12.1 (Sn@C pomegranate),
and 0.3 (Sn@C chestnut), as shown in Table 1. Detailed calculation
procedures to obtain the colloid concentration are presented in Note
S1.

The prepared precursor was then atomized into droplets by a home
built ultrasonic atomizer with a 1.7 MHz transducer. The droplets were

Table 1
Precursors to fabricate different structures of Sn@C particles.

Pitaya Pomegranate  Chestnut

Sucrose [Sucrose] (mol/L) 2.0x 10" 2.0 x 10" 1.0 x 1072

Mass loading (kg/L) 7.0 x 102 7.0 x 102 3.5 x 107
Sn0, [SnO,] (mol/L) 23x102 3.8x107? 7.6 x 102

Mass loading (kg/L) 3.5 x 10° 5.8 x 107 1.2 x 1072

[SnO, colloid] (#/L) 1.1 x 10*° 1.9 x 10%° 3.8 x 10*°
Sucrose/SnO, Molar ratio 8.9 5.2 0.13

Mass ratio 20.2 12.1 0.3
Viscosity of precursor (mPa s) 2.24 2.14 1.63
Concentration of ethylene glycol (M) 4.8

transported by N, gas through a quartz tube heated by a double furnace
system (two furnaces connected in series, 81.3 cm in length). The set
points of both furnaces were 750 °C. The residence time of the reactor
was 1.5 s for experiments to obtain Sn@C pitaya particles and 4.5 s for
the fabrication of Sn@C pomegranate and chestnut particles. The
residence time was tuned by changing the carrier gas flow rate into the
system. At the end of the tube, the powders were cooled to 57 °C by
quench gas (N») and collected on a polytetrafluoroethylene (PTFE)
filter (with a diameter of ~ 9.5 cm).

The residence time of our process was calculated by assuming our
reactor is a plug-flow reactor, consisting 32 sub-units of identical
length. By measuring the temperature in each sub-unit, the residence
time of the process can be calculated, which has been reported in
another paper of our group [14]. The residence time can be controlled
by tuning the flow rate of carrier gas. The production rate of powders
depends on the residence time. It varies between 0.1 g/h and 0.5 g/h.

2.2. Characterization

TEM was carried out using a JEOL 2100 LaBs TEM and a JEOL
2100 F FEG TEM equipped with Gatan image filter (GIF, Tridiem 863).
The collected powders were dispersed in ethanol and sonicated for ~
1 min. Then the mixture was added dropwise onto a lacey carbon film
coated Cu grid in order to avoid the interference of C signal from the
carbon film itself. SEM images were taken by a Hitachi SU-70 SEM.
Similar to the TEM sample preparation, the ethanol-particle mixture
was added dropwise onto a silicon wafer. In addition, a BRUKER D8
advance XRD was used to determine crystallographic information.

2.3. Electrode preparation and electrochemical measurement

Electrochemical measurements were performed using coin cells
(CR2032) assembled in an argon-filled glove box (< 1 ppm of water and
oxygen). To prepare the Sn@C electrode, Sn@C powders, carboxyl
methyl cellulose (CMC), and carbon black with a mass ratio of 70: 20:
10 were magnetically stirred for over 5 h to ensure thorough mixing.
The slurry was cast onto a thin copper foil and dried. Prior to cell
fabrication, the electrodes were dried overnight at 80 °C in a vacuum.
The coin cells were assembled with lithium foil as the counter
electrode, 1.0 M LiPF6 solution in a mixture of dimethyl carbonate
(DMC) and ethyl methyl carbonate (EMC) (1:1 volume ratio) with 10%
fluoroethylene carbonate (FEC) for LIBs or 1.0 M NaClO, solution in a
mixture of ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 by
volume) for SIBs as the electrolyte, and a polypropylene film
(Celgard3501, LLC Corp., USA) as the separator. The electrochemical
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Fig. 2. Schematic illustration of the composition control (a) and structure control (b) in CSP.

properties of the Sn@C particles were studied with a multichannel
battery-testing system (Arbin Instruments, TX, US), using charge/
discharge galvanostatic cycling from 2.0 V to 0.01 V with the loading
mass of ~ 1.0 mg em™2. The specific capacity was calculated based on
the mass of Sn@C powders. The electrochemical impedance spectrum
and cyclic voltammetry measurements were carried out on an electro-
chemistry workstation (Solartron 1287/1260) at room temperature.

3. Results and discussion

3.1. Aerosol dynamics and reaction kinetics in colloidal spray
pyrolysis

In CSP, the aqueous precursor solution containing colloids, co-
solvent, and stabilizer for colloids is first atomized into droplets. The
droplets go through a series of processes including solvent evaporation,
colloid reduction, and inter-colloid collision, forming product particles.
The particle engineering of CSP involves both the oxide-colloid
reduction and inter-colloid collision/coagulation processes (Fig. 2).
The product composition is controlled by colloid reduction (Fig. 2a).
The inter-colloid collision/coagulation determines the interior nanos-
tructure of the product particles (Fig. 2b). Although both processes
happen simultaneously during CSP, we can still model CSP in the ideal
case in which the two processes are isolated.
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3.1.1. Composition control

For the colloid reduction, the co-solvent is the main reducing agent
in CSP during its decomposition. In a multiphase system, the diffusion
of reactant gases through the colloids (Fig. 2a) may be difficult because
of the mass transport resistance. For example, Dgqs-in-sotid/ Diiquid-in-
liquia (diffusivity ratio) is as low as 1075 at 25 °C [21,22]. In many cases,
the densities of metals and their oxides are comparable. Therefore, the
colloid reduction process can be simulated by the shrinking-core model
[23]. In CSP, H, is mainly generated from co-solvent, which are
uniformly dispersed in the droplets. The concentration of Hy (Cs m2)
was assumed to be uniform. The reduction process consists of mass
transport of reactants and the chemical reaction.

Corresponding equations to calculate the time of the colloid
reduction process were derived with detail procedures in Note S2.
The chemical formula of the oxide (MOy) reduction into metal (M) can
be described as:

xH, + MO, = M + xH,0 &)
When the reduction is controlled by diffusion of H, through the
metal ash outside the oxide core, the colloid reduction time is:
_ /)MOXRZ

= (diffusion controls)
6xDC iy

e))

If chemical reaction between H, and the oxide core controls the CSP
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process, the colloid reduction time can be calculated as:

PuosR .
= M—O*n(reacuon controls)

Xkr s,H2

3

Here, D, is diffusivity of H, in the metal layer. k.. is rate constant. n
is reaction order. pyso, is the density of metal oxides. R is the colloid
radius. Based on Egs. (2) and (3), the composition of product particles
can be controlled. When the residence time of CSP process is larger
than the time required for colloid reduction, the oxide colloids can be
reduced completely into metal.

3.1.2. Structure control

The particle structure is controlled by inter-colloid collisions, as
shown in Fig. 2b. In aerosol dynamics, the colloid collision frequency
within individual droplets is a critical factor influencing the interior
structure of the product particles [24]. The collision frequency (f) of
colloids in the droplets can be expressed as [25]:

f = 8aDRN, (1) 4

where D is the viscosity of the media which can be estimated by Stokes-
Einstein formula (Eq. (5)). Eq. (4) can be expanded into Eq. (6):

b KT
67Ru 5)
4 kT
= SN
=37 ©)

k is Boltzmann constant. T is temperature. u is the viscosity of the
precursor. t is the time elapsed after the droplets enter the reactor. The
collision frequency of colloids significantly depends on the initial
colloid loading in the droplet (N.(0)). A high colloid loading results
in a high collision frequency, promoting the formation of large interior
structures. Thus, precursor solutions with higher initial colloid loading
favor denser particles, while lower colloid loading results in more
porous particles composed of smaller beads as the interior structures
[26—28]. Based on the analysis and Egs. (4)—(6), we predict that the
increasing colloid loading in the precursor solution may result in a
growth of interior structure of the product particles, from dispersed
small beads to large core, making the structure of product particles
similar to pitaya, pomegranate, and chestnut in sequence, as illustrated
in Fig. 2b.

3.2. Application of colloidal spray pyrolysis in fabricating Sn@C
particles

To test the feasibility of CSP, it was applied to produce Sn@C
particles from an aqueous precursor solution, containing SnO, colloids,
ethylene glycol (EG) as the co-solvent, and sucrose as the stabilizer
(Fig. 2a). The decomposition of EG can generate H, and CO gases
during the processing [29,30]. Sucrose acts as a stabilizer for colloids in
the precursor, carbon source, and reducing agent during its decom-
position to carbon [31,32]. Therefore, both EG and sucrose provide Hs.
The precursor was atomized into 5 um droplets (a volume mean
diameter) by a 1.7 MHz ultrasonic generator [30]. The droplets were
then transported by N, gas into two tube furnaces in series, both set at
750 °C. The SnO- colloids used in precursor solution have high
crystallinity with lattice fringes attributed to the (200) plane of SnO,
and narrow size distribution (number mean = 4.4 nm; standard
deviation = 1.3 nm, Fig. 3a-c). The SnO, colloids-sucrose-EG aqueous
precursor displayed stability with respect to precipitation for at least
2 h (Fig. S1), which is the prerequisite condition for uniform particle-
to-particle composition and structure in products [8].

Firstly, the reduction time of SnO, colloids was calculated to
understand the practicability of this process. The densities of Sn (ps,
= 7.31 g/cm3, 20°C) and SnOs (psno2 = 6.95 g/cm3, 20 °C) are
comparable [17]. Hence, the reduction time was determined based
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on Egs. (2) and (3) using shrinking-core model, as shown in Fig. 3d.
The detailed simulation procedures are presented in Note S3. The
precursor composition is listed in the Column Pomegranate in Table 1.
The calculated results are summarized and plotted in Fig. 3e. The ratio
of calculated colloid reduction time based on the diffusion-controlled
model to that based on the reaction-controlled model is ~ 107, when
colloid radius is smaller than 75 nm. Therefore, chemical reaction is
determined to be the rate-limiting step. In addition, when the residence
times are 4.5 s, 1.5 s, or 0.92 s, the maximum radii of the SnO5 colloids
that can be completely reduced are 70 nm, 23 nm or 14 nm, respec-
tively (Fig. 3e). These estimated radii are all larger than that of the
SnO, colloids we used (2.2 nm), which means theoretically SnO,
colloids can be completely converted to Sn by CSP.

Experimentally, the SnO, colloids have been successfully reduced in
CSP with the conditions we used in the simulation mentioned above, as
shown in Fig. 3f. All the peaks in the XRD diagram are pronounced and
attributed to Sn (PDF No. 01-075-9188) without the existence of oxide
phases. When the process residence time is 4.5 s, the product particles
exhibit pomegranate-like structure with beads inside the particles
(Figs. S2—3). The product particles change from spherical to fragmental
structures with decreasing residence time, which is commonly ob-
served in products by tuning the residence time of aerosol processes
[14,24].

Guided by aerosol dynamics and Egs. (4)-(6), we have also
successfully controlled the interior structure of Sn@C particles by
adjusting the initial colloid loading in the precursor (Table 1).
Consistent with the theoretical prediction, when the initial SnO,-
colloid loading increases from 1.1 x 10'° to 3.8 x 10'° colloids/L,
the interior nanostructure in the carbon matrix shifts from small beads
(pitaya-structure in Fig. 4a,d-g), through more coagulated beads
(pomegranate-structure in Fig. 4b,h-k), to large cores (chestnut-
structure in Fig. 4c,l-0), as clearly demonstrated in TEM images and
their corresponding elemental mappings. From both TEM and SEM
images (Fig. S4), particle size distributions are summarized in Fig. 4p-
v. The average size of Sn beads in C matrix is 16 nm (pitaya-
structured), 24 nm (pomegranate-structured), and 139 nm (chestnut-
structured). The increasing average size of Sn beads with colloid
loading confirms that inter-colloid collision frequency increased with
initial colloid loading. Sn@C particles show spherical morphology with
average particle diameter decreasing from 340 nm (pitaya-structured),
through 301 nm (pomegranate-structured), to 139 nm (chestnut-struc-
tured). The mass fraction of Sn in the Sn@C particles increases from
77% (pitaya-structured), through 83% (pomegranate-structured), to
89% (chestnut-structured) with decreasing the mass ratio of sucrose to
SnO, in the precursor, as shown in Fig. S5. Moreover, the pitaya-
structured particles have the highest surface area and chestnut-
structured particles display the lowest surface area, as depicted in
Fig. S6.

The formation of crystal Sn and amorphous carbon in all three
types of Sn@C particles is supported by the theoretical analysis on the
colloid-reduction (Table S1) and confirmed by the XRD measurement
(Fig. S7). Although the colloid loading varies between the three
conditions to obtain different structured Sn@C particles, the theore-
tical colloid reduction times are all smaller than the process residence
times, suggesting the colloids can be completely reduced by the CSP
(Table S1). The XRD patterns further validate this hypothesis with
noticeable peaks from Sn phase and the absent of oxide phases (Fig.
S7). The full-width at half-maximum (FWHM) of the main peak at
30.8° decreased from 0.27 (pitaya-structured), through 0.25 (pome-
granate-structured), to 0.18 (chestnut-structured), indicating that the
Sn@C chestnut particles have the largest Sn crystalline domain based
on Scherrer equation. Sn@C chestnut has the greatest degree of
crystallinity, which is attributed to the fastest nucleation and crystal
growth among the Sn@C particle production processes. This is also
consistent with the aerosol dynamic analysis that the high initial colloid
loading contributes to the high frequency of inter-colloid collision.
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To validate this aerosol dynamic analysis, we further changed the
initial SnO, colloid loading to 6.1 (mass ratio of sucrose to SnO»
colloids, Table S2), a condition between those to obtain Sn@C
pomegranate (12.1) and chestnut (0.3) particles. The Sn@C particles
fabricated at this condition (termed as intermediate) display a mix of
pomegranate-structured and chestnut-structured particles (Fig. S8),
which is consistent with our theoretical analysis. In the XRD pattern of
Sn@C intermediate particles (Fig. S7), the FWHM of the main peak at
30.8° is 0.24, which is also between those of the Sn@C pomegranate
and chestnut powders, consistent with the SnO, loading in the
precursor.

It is worth mentioning that the model in the above discussion is
based on the ideal situation where the colloid reduction and inter-
colloid collision/coagulation are isolated procedures. In reality, these
steps happen simultaneously, which means the size of colloids is
increasing due to coagulation during the reduction. Therefore, the
actual radius of the colloids that needs to be reduced is larger than the
radius of the colloids added into the precursors. A precursor solution
was also processed under the same conditions to obtain Sn@C
pomegranate-structured particles but without the addition of EG
(Cs,2 = 1.5 M). Based on the reaction kinetics, the colloid reduction
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time is 0.3 s, which is smaller than the process residence time (4.5 s).
Thus, theoretically, SnO, colloids should be completely reduced.
However, residual SnO, exists in Sn@C particles synthesized from
the EG-free precursor, as demonstrated by a weak SnO, peak in the
XRD diagram (Fig. S9). This phenomenon implies that EG is the main
reducing agent in the CSP process and is crucial in tuning the
composition of the products. Different from adding highly flammable
H, gas as the reducing agent in the conventional spray pyrolysis [9], we
used EG as a reducing agent in CSP, which can address the potential
safety concerns. In addition, the in-situ formed H, from the decom-
position of EG can be controlled by tuning the EG concentration in the
precursor solution. Therefore, using EG as the cosolvent and reducing
agent is an efficient strategy, which was also confirmed by previous
works [14,30]. Furthermore, the coagulation of the colloids increases
the difficulty of complete reduction of the colloids. However, our model
can still be applied to screen the colloids that can be processed by CSP
and pre-design product structures.

The possibility of collision between the product particles should
also be considered. The collision rates between Sn@C product particles
in all three scenarios were also calculated and shown in Table S3 and
Note S4. Significantly longer collision/coagulation half-lives than
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process residence times indicate negligible collisions between Sn@C
particles, verifying the one-droplet-one-particle model [33].

As discussed in above, sucrose produces reducing gases during its
decomposition and also results in the formation of carbon [31], which
serves as the framework in Sn@C particles. As shown in Fig. 5a-h, the
edge of the chestnut-structured particles is encapsulated by crystalline
carbon layers, revealing long-range ordered lattice fringes with spacing
of 3.1-3.3 A (Fig. 5a-c). It is consistent with the results that the inter-
layer distance in the stacked carbon layers is around 3.3 A [34,35]. The
strong C signal in electron energy loss spectroscopy (EELS) spectra
(Fig. 5i-j) validates the Sn.qCspen Structure of chestnut-like particles.
The EELS spectral feature of C K-edge from both the edge and center of
the chestnut particle display clear n* peaks at ~ 284 eV (Fig. 5i-j),
which are excited from C atoms with the sp? coordination environment
[36]. For the Sn@C pomegranate, the stacking of C layers can only be
found in the localized region (Fig. 5d-f). In EELS spectra, weak s*
signals and peaks are observed in Fig. 5i-j. For the pitaya-structured
particles, the crystalline carbon layers are difficult to be observed
around the Sn beads (Fig. 5g-h). m* signals and peaks are also
insignificant in EELS spectra (Fig. 5i-j). Raman spectra of Sn@C
pitaya, pomegranate, and chestnut are consistent with TEM and
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EELS observations with Sn@C chestnut showing the highest D/G peak
ratio and most pronounced 2D peak (Fig. S10). Contrarily, Sn@C
pitaya exhibits the lowest D/G peak ratio and negligible 2D peak.

Compared to reported Sn-based functional particle engineering,
CSP exhibits distinguished advantages including simple operating
procedures, short processing time, mild reducing conditions, and
better control of product structure and composition (Table S4). The
increasing concentration of co-solvent in the precursor solution can
tune the product from oxides to metals. Moreover, the desired product
structure (pitaya-like, pomegranate-like, or chestnut-like) can be
achieved by adjusting the colloid loading in the precursor solution.
Based on Egs. (2) and (3), the product composition processed by CSP
significantly depends on the size of input colloids (R), material
properties (pprox, Des ki), the concentration of reducing agent (C; p2),
and the process residence time. Generally, oxide colloids with small
size, low density, high diffusion coefficient of reducing gas in the
colloids, and high reaction coefficient of reduction are easily reduced to
metals. For example, with the same colloid size and concentration of
reducing agent as we used in this work, oxide colloids with higher
reaction coefficients, which can be found in Ellingham diagram [37],
may also be reduced to metals by CSP.
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Fig. 5. Carbon frames in Sn@C particles. (a-h) TEM images of chestnut-structured (a), pomegranate-structured (d), and pitaya-structured (g) particles with its corresponding HRTEM
images (b)-(c), (e)-(f), and (h), respectively. The HRTEM images were taken from the areas marked by red color boxes. (c,f) Higher magnification images of areas in (b) and (e),
respectively. (i) STEM-HAADF images (left) and EELS line scan results (right) of chestnut-, pomegranate-, and pitaya-structured particles (from top to bottom). The scale bars in
HADDF images are 100 nm. (j) EELS spectra of C K-edge extracted from position A (left) and B (right) of (i).

3.3. Electrochemical performance of Sn@C anodes in LIBs

The Sn@C particles are promising anode materials for LIBs because
Sn is an electrochemically active component with a high capacity (The
theoretical specific capacity of Sn is 993 mAh g™* for LIBs) [38,39] and
the elastic carbon matrix can effectively act as a sponge to alleviate the
mechanical stress accompanying the volume change of Sn, which is a
critical factor to influence the electrochemical performance of Sn-based
anodes [38,40-42]. The interior nanostructures of the three Sn@C
particles produced by CSP have significant impacts on the initial
Coulombic efficiency (CE) and cycling stability, as shown in Fig. 6.
The voltage profiles in the voltage range of 0.01-2 V of the three Sn@C
anodes in the first charge/discharge cycles for LIBs are obtained at a
current of 1/10C (1C = 993 mA/g). Sn@C pomegranate anode
displays the highest initial CE of 74.3% (Fig. 6a). The electrochemical
properties of the three Sn@C anodes in LIBs were also evaluated by
cyclic voltammetry (CV) as shown in Fig. S11. Broad reduction peaks at
~0.85V are observed in the first cathodic scan of the three Sn@C
anodes, but disappear in the subsequent cycles, which could be
ascribed to the formation of a solid electrolyte interphase (SEI) layer
at the electrode/electrolyte interface [43,44]. In the CV curve, e.g., Sn@
C pomegranate anode, three small reduction peaks at 0.31, 0.37, and
0.61V can be attributed to the insertion of Li into Sn to form Li,Sn
alloys. By comparison, the anodic CV scan of Sn@C pomegranate
anode shows four peaks at 0.48, 0.64, 0.73, and 0.79 V attributed to
Li»»>Sns to Li,Sns, LiSn, Li>Sns, and Sn, respectively, suggesting the
reversible delithiation reaction of amorphous Li,Sn phase to the
amorphous Sn [38]. Both cathodic and anodic curves overlap in the
following CV scans, indicating the high reversibility and excellent
overall cycling stability of the Sn@C anodes.
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The rate performance of three Sn@C anodes at different current
densities ranging from 1/20 C to 5 C is illustrated in Fig. 6b. Sn@C
pomegranate anode exhibits a high capacity, about 500 mAh g™! even
at 5 C. Furthermore, a capacity of 865 mAh g~! can be retained when
the current density is reduced back to 1/10 C after charging/dischar-
ging for 35 cycles at various current densities, demonstrating that the
Sn@C pomegranate anode is highly robust and can tolerate the current
changes. The exceptional rate capability of the Sn@C pomegranate
makes it promising for practical applications that demand high power
capacity and energy density. Contrarily, the Sn@C chestnut displays
poor initial CE and rate performance (Fig. 6a-b), because the solid Sn@
C structure is not able to tolerate the expansion of large Sn core during
the lithiation process after long-term cycling. The electrochemical
performance of Sn@C anodes in the voltage range of 0.01-1.0 V has
also verified that Sn@C pomegranate anode has higher capacity (~
757 mAh g™1) and relatively superior stability (Fig. S12a-c) than the
Sn@C chestnut anode. A lower capacity of Sn anode was obtained
because of the decreasing operation voltage range. After 10 cycles at
0.1 C, the distinct charge/discharge plateaus were obviously observed
due to the delithiation/lithiation reaction of amorphous Li,Sn phase
(Fig. S12d-f), and the capacity of Sn@C pomegranate anode could also
retain 738 mAh g™! after 10 cycles (97.5% capacity retention of the
second cycle). The irreversible capacity loss of Sn@C composites
occurred in the first cycle due to the SEI formation.

The reaction kinetics of the three Sn@C anodes during lithiation/
delithiation were evaluated using electrochemical impedance spectro-
scopy (EIS) after full delithiation to 2 V during the first cycle. As shown
in Fig. 6¢, the high-frequency semicircle corresponds to Ry, (interface
resistance), including R.; (charge transfer resistance) and Rggy (SEI
resistance) (R, = Rsgr+Rey), while the low-frequency line represents
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Fig. 6. Electrochemical performance of LIBs anodes fabricated from Sn@C particles. (a) Charge/discharge profiles of the Sn@C pitaya, pomegranate, and chestnut anodes at the first
cycle. (b) Rate capacity performance of the Sn@C anodes between 0.01 V and 2.0 V at various rates (1/20-5 C). (¢) Nyquist plots of the electrodes of the Sn@C anodes at 2 V. (2’ and Z"’
denote real and imaginary parts, respectively). (d) Long-term cycling stability of the Sn@C electrodes at a current density of 1/10 C for the initial three cycles and at 1 C or 2 C for the
following cycles. The inset is cycling performance of the Sn@C anodes for the initial 100 cycles at 1 C. (e-n) Schematic summaries of structural evolution during lithiation/delithiation
and TEM images of pitaya-structured (e-g), pomegranate-structured (h-j), and chestnut-structured (k-n) particles in anodes after 100 cycles in rate performance test.

ion diffusion resistance [45,46]. The diameter of the semicircle at high
frequency for the Sn@C pomegranate anode is smaller than those of
the Sn@C pitaya and chestnut anodes. As summarized in Table S5, the
lower interface impedance of the pomegranate Sn@C anode (14.15 Q)
compared with those of Sn@C pitaya (21.85 Q) and chestnut (23.26 Q)
can be attributed to an enhanced charge transfer reaction due to both
relatively small Sn@C particles size (301 nm) and well-dispersed Sn
particles in elastic carbon matrix (Fig. 4b,u,v). This is consistent with
the order of the rate capabilities of the Sn@C electrodes as shown in
Fig. 6b. Moreover, electron transfer ability is enhanced by the elastic
carbon, resulting in better rate performance and connection of active
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materials [47].

The long-term cycling stability of three Sn@C anodes was evaluated
at 1 C after activation for the initial 3 cycles at 1/10 C (inset of Fig. 6d).
The capacity of Sn@C chestnut anode endured the most significant
capacity decay at the initial 100 cycles. In contrast, the Sn@C pitaya
and pomegranate anodes retained highly stable electrochemical per-
formance after 100 charge/discharge cycles. Similarly, the Sn@C pitaya
also exhibited good cycling stability due to its nanostructured Sn and
elastic carbon framework, which can support the large volume change
during lithiation process, after capacity decay in first 5 cycles. Long-
term cycling performance (Fig. 6d) of the Sn@C electrodes were
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Fig. 7. Electrochemical performance of SIBs anodes fabricated from Sn@C pomegranate particles. (a) Charge/discharge profiles for Sn@C pomegranate anode at different current
densities. (b) Cyclic voltammetry curves of Sn@C pomegranate anode in SIB at a scan rate of 0.1 mV/s. (c) Rate capability of Sn@C pomegranate anode in SIB.

evaluated at a high rate of 1 C and 2 C. The capacity retention of Sn@C
pomegranate anode can be maintained at 627.9 mAh/g even after 1500
cycles, corresponding to 88.5% capacity retention at 2 C. In Table S6, a
detailed comparison is presented to show that the Sn@C pomegranate
anode has superior electrochemical performance when compared with
the reported Sn-based anodes in the similar operation voltage range.
The Sn@C pitaya anode also displayed a stable cycling performance,
which could be maintained at 400 mAh g™' after 500 cycles, about
72.8% of initial capacity at 1 C. Contrarily, for the Sn@C chestnut
anode, the capacity dropped rapidly after only 200 cycles to less than
200 mAh g~L. Therefore, the electrochemical performance of Sn@C in
LIBs could be effectively controlled by CSP.

As reported, the volume expansion of Sn could be ~ 260% [38,40—
42], thus the superior cycling and rate performance of Sn@C pome-
granate anodes are attributed to the excellent structural stability,
originated from the well distributed Sn beads within relative small
Sn@C particles. To effectively accommodate for the volume change in
Sn@C, both diameters of Sn@C particle and interior Sn bead should be
small, while the Sn@C particle size is more crucial in cycling stability
(Fig. 6e,h,k). As demonstrated in Fig. 4, the pomegranate-structured
particles have smaller Sn@C particle size but larger interior Sn size
(301 nm and 24 nm, respectively) than pitaya-structured particles
(340 nm and 16 nm, respectively). The smaller pomegranate-struc-
tured particle in Sn@C pomegranate anode ensures better cycling
stability than Sn@C pitaya anode. Although chestnut-structured par-
ticles have the smallest Sn@C particle size (139 nm), the significantly
large Sn core (close to 139 nm) can seriously damage the Sn@C
composite particles (Fig. 6k), resulting in quick capacity decay.
Therefore, the pomegranate-structured Sn@C particles have sufficient
and well-defined internal space to tolerate the expansion of Sn beads in
the elastic carbon frames without deteriorating the structural integrity
of the anode (Fig. 6h). To test this hypothesis, the particle structures of
Sn@C anodes were characterized by TEM (Fig. 6) and SEM (Fig. S13)
after 100 cycles in rate performance tests. The Sn@C pitaya and
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pomegranate anodes maintained stable structures with spherical shape
of Sn@C particles, which are similar to those before the electrochemi-
cal test (Fig. 6f-g and i-j, respectively). However, cracking or fracture in
the Sn@C chestnut anode was observed as shown in Fig. 61-n.

To further validate our theory, the Sn@C intermediate anode was
tested for electrochemical performance. Since Sn@C intermediate
particles are comprised of structures between pomegranate-structured
and chestnut-structured particles, Sn@C intermediate anode in theory
should have a structural and cycling stability between Sn@C pome-
granate and chestnut anodes, which was verified experimentally in the
electrochemical performance testing (Fig. 6b,d) and the structure
characterization of the anode after the electrochemical test (Fig. S14).

3.4. Electrochemical performance of Sn@C pomegranate anodes in
SIBs

Although the volume expansion of Sn-based anodes in SIBs is 420%
[48], the Sn@C pomegranate anodes for SIBs present excellent
electrochemical performance, as shown in Fig. 7. The galvanostatic
discharge/charge profiles at various current densities in rate-capability
tests are depicted in Fig. 7a. The first discharge/charge capacities of
Sn@C pomegranate anode are 726.8 and 503.6 mAh g™! at 0.05 C (1 C
= 847 mA/g). Even at increased current densities, the discharge/charge
profiles of Sn@C pomegranate anodes in SIB still exhibit significant
voltage plateaus corresponding to the sodiation/desodiation process
(Fig. 7a). Impressively, the first CE reaches 69.3%, which is relatively
high compared to reported Sn@C anodes in SIBs [45,49-51], confirm-
ing that the Sn@C pomegranate structure alleviates detrimental
reactions between Sn and electrolyte during the sodiation process.
However, the first cycle capacity loss could not be avoided because of
the formation of SEI layer, which is consistent with the CV curve of the
Sn@C pomegranate anode (Fig. 7b) and other previous studies of Sn@
C anodes in SIBs [51,52]. In Fig. 7¢c, Sn@C pomegranate anode in SIBs
was galvanostatically discharged and charged at different current
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densities from 0.05 C to 5 C. The cell could deliver 487.3, 378.0, 293,
237.6, 197.2, 120.4mAh g™ at 0.1C, 0.2C, 0.5C, 1C, 2C and 5 C,
respectively. In particular, the capacity could be recovered to its
original value when the rates were set back to 0.1 C, 0.2 C and even
1 C after 100 cycles, respectively. This clearly substantiates that the
sodiation reaction in Sn@C pomegranate anode is highly reversible.

Furthermore, to better understand the thermodynamics and reac-
tion kinetics of Sn@C pomegranate anodes during the electrochemical
test in LIBs and SIBs, the galvanostatic intermittent titration technique
(GITT) measurements have been performed, as shown in Fig. S15. The
quasi-equilibrium for lithiation in LIBs is from 0.14 V to 0.07 V (Fig.
S15a), lower than that of sodiation (0.30— 0.11 V) in SIBs (Fig. S15b).
The average resistance of the in Sn@C pomegranate anode in SIBs is
more than 2 times higher than that in LIBs (Fig. S15f,g), indicating the
relatively poor electrochemical sodiation/desodiation kinetics in SIBs
compared with LIBs, which explain the inferior electrochemical
performance of SIBs than that of LIBs.

4. Conclusion

We have successfully developed a general strategy to synthesize
multicomponent particles by CSP. This process is fundamentally
different from the conventional aerosol processes where only highly
soluble salts, pure organic solvents, and extreme reducing conditions
are favored. By applying CSP, a wider range of functional materials can
be produced at low cost, with safer process conditions, and facile
operating procedures. A specific example of the application of CSP was
presented to generate Sn@C particles for LIBs and SIBs anodes, which
is difficult to obtain by conventional methods. Although this work only
utilized Sn as the example, CSP is applicable to other elements.
Furthermore, the model we developed provides a better understanding
of the particle formation mechanism in the aerosol processes.
Meanwhile, this model can also be utilized to prescreen the colloids
that can be processed by CSP and design the process variables to obtain
desired products. With the guidance of theoretical analysis of the
colloid-reduction kinetics and aerosol dynamics, Sn@C particles with
controllable interior structures (pitaya, pomegranate and chestnut-
structured) were produced through complete reduction of the SnO,
colloids by in-situ solid-state reaction. The Sn@C pomegranate anodes
displayed excellent battery performance with 88.5% (1500 cycles; 2 C)
capacity retention for LIBs and exhibited superior rate capability for
SIBs, which are among the best performance for Sn-based anodes
reported to date.
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