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H I G H L I G H T S

• A plug-and-play assembly platform
yielded lithium anodes with mod-
ulatable capacity.

• The platform can be extended for on-
demand manufacture of different li-
thium anodes.

• The different architectures enabled
the modulation of lithium storage
performance.

G R A P H I C A L A B S T R A C T

Modulating lithium storage was achieved by developing a single-pass plug-and-play assembly platform for the
built-to-order manufacture of different composite anodes comprising a transition metal oxide, a carbon matrix,
and a conductive polymer.
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A B S T R A C T

In this study, modulating lithium storage is achieved as a result of the built-to-order assembly of composite
anodes by the serial connection of reconfigurable plug-and-play devices in an ambient atmosphere. In this as-
sembly, spark ablation, mechanical spraying, and ultraviolet exposure devices are connected in series, as well as
the turning of devices, under a continuous air flow, affording composite anodes in less than 15 s. Specifically,
SnO2 nanoparticles prepared from spark ablation are carried by air flow, and the flow is injected into a me-
chanical spray system to generate carbon nanotube–graphene nanosheet/polyaniline slurry droplets, where
SnO2 nanoparticles are inserted into the droplets via gas pressurization at the spray nozzle. Subsequently, the
droplets are passed through a 254-nm ultraviolet lamp and a silica–gel–installed hollow tube for dynamic stif-
fening and drying to form SnO2-carbon nanotube–graphene nanosheet/polyaniline composites in a single-pass
air flow. In addition, different composites such as SnO2-carbon nanotube (or graphene nanosheet)/polyaniline,
SnO2eCuO-carbon nanotube–graphene nanosheet/polyaniline, and SnO2eCo3O4-carbon nanotube–graphene
nanosheet/polyaniline are conveniently assembled by the reconfiguration of metal oxide nanoparticles or
carbon/polymer slurries in the plug-and-play operation. These composites are suitable as anodes for lithium
storage and enabled the modulation of specific capacities, rate capabilities, and cyclabilities by employing
different architectures.
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1. Introduction

Over the past decade, lithium-based batteries have been extensively
investigated for their use in electric vehicles and various electronic
devices [1]. To achieve high energy density and cycle stability, as well
as light-weight nature and cost-effectiveness, in particular, the devel-
opment of optimal active materials and architectures for lithium anodes
has been considered as one of the most critical factors for practical
applications [2]. Even though previous studies have reported important
parameters, such as lithium (sodium, potassium, or magnesium)–ion,
lithium–sulfur, lithium–air, and lithium–metal configurations, for pro-
viding commercial opportunities to energy-storage devices [3], the as-
sembly approaches for anodes introduced previously have been based
on batch-wise harsh chemistries, which do not satisfy several criteria
for realization, including environmental friendliness [1,4]. More re-
cently, the optimization of the assembly process of anode materials also
has been strongly recommended to reduce greenhouse gas emissions
from the manufacturing of lithium batteries [5]. Hence, it is desirable to
explore versatile platforms for the efficient assembly of anode materials
with desirable performance and durabilities with low waste generation,
as well as helping stakeholders of the battery industry [6,7].

The practical applications of newly developed anode materials are
directly related not only to the optimal selection of compositions and
architectures but also to the innovative production technologies. To
achieve the successful translation of promising anode materials from
the bench top, spraying (i.e., aerosol)-enabled anode assemblies have
recently become attractive for the continuous production and custo-
mization of anode materials [8]. Spray pyrolysis approaches have been
frequently employed as a continuous production platform to construct
perforated or holey microstructures for highly reversible lithium-sto-
rage capacities [9–11]. In addition, spraying has been used for the
classification of suitable precursor–solvent combinations for the cost-
effective manufacturing of anode materials [12]. Nevertheless, spraying
not only requires templates and toxic chemicals to form porous struc-
tures but also high-temperature atmospheres to induce the pyrolysis of
precursors, indicating that the achievement of an environmentally be-
nign, versatile assembly platform for manufacturing anode materials is
challenging. Moreover, the introduction of digitizable devices for au-
tomating anode assemblies has been raised recently [7], in which the
assembly platform comprises digitally operable devices to conveniently
respond to various assembly requirements although relevant studies on
digitizable anode assemblies have not been reported.

In this study, a plug-and-play platform is developed for the built-to-

order manufacturing of composite anodes by connecting spark ablation;
mechanical spraying; and ultraviolet (UV) exposure devices in series
(Fig. 1A). This requires only pushing the power button of the devices to
yield composite anodes in a single-pass, continuous configuration.
These three devices can be electrically controlled to continuously
generate transition metal oxide (TMO: SnO2, SnO2eCuO, and
SnO2eCo3O4) nanoparticles (NPs); carbon (carbon nanotubes [T] and/
or graphene nanosheets [S])/polymer (polyaniline; PANi) slurry dro-
plets; and stiffened-dried composites (SnO2-TS/PANi, SnO2–CuO-TS/
PANi, and SnO2eCo3O4-TS/PANi, including SnO2-T/PANi and SnO2-S/
PANi; Fig. S1) under an ambient single-pass air flow. Specifically, at-
mospheric pressure spark ablation between two TM rods produced
metal vapors under room-temperature air flow, and the vapors con-
verted into TMO particles of a few nanometers via nucle-
ation–condensation. This nanodimension is suitable to overcome the
volume change or aggregation of the TMO particles during charge–-
discharge [13]. The TMO-NP-laden air flow was directly used as an
operating fluid, generating droplets of TS (or T or S)/PANi in a dimethyl
sulfoxide (DMSO; Sigma-Aldrich) slurry. During mechanical spraying,
the air-suspended TMO NPs were included in the droplets via gas
pressurization near the spray nozzle to form hybrid droplets. Subse-
quently, the droplets were dynamically stiffened and dried by passing
through a 254-nm UV lamp and the silica-gel-installed hollow tube,
leading to the formation of composites in an assembly time of less than
15 s. The TMO-carbon/polymer architecture was selected to demon-
strate a reconfigurable assembly for achieving modulating lithium
storage capacities with high performance because the architecture was
verified to prevent unwanted aggregation or volume change of TMO
NPs and accelerate charge transfer between TMO NPs via the con-
ductive paths of carbon/polymer matrices [9,14–18]. Currently, scal-
able syntheses of T and S in commercial quantities for numerous in-
dustrial applications have been reported [19–22]; furthermore, the
carbon/PANi structure exhibits improved stability during electro-
chemical cycling [16,23–25], implying that utilizing an architecture is
suitable to provide practical opportunities for the built-to-order man-
ufacture of anodes. The resulting composites (1.25 g cm−3 packing
density and 2.05mg cm−2 areal composite mass loading) were em-
ployed as anode materials to determine lithium-storage capacity and
cycle stability performance. In addition, the physicochemical char-
acteristics of the assembled composites were investigated to confirm the
reconfigurable assembly of the plug-and-play platform.

Fig. 1. (A) Gas-phase single-pass assembly for composite lithium anodes (SnO2-TS/PANi) with digitizable systems, spark ablation, mechanical spraying, and UV
exposure connected in series. Spark ablation between two identical Sn rods yields SnO2 NPs from the atmospheric-pressure plasmas under an air flow. A TS/PANi (in
DMSO) slurry is constantly supplied into the mechanical spraying device, while the SnO2 NP-laden air flow is used as an operating fluid in the mechanical spraying
device to generate mixed droplets of SnO2, TS, and PANi. These droplets are directly passed through a 254-nm UV lamp and silica-gel-installed hollow tube for the
dynamic stiffening and drying of droplets, yielding SnO2-TS/PANi composites. Next, the composites are dispensed to fabricate lithium anodes for electrochemical
analyses. (B) Size distributions of assembled SnO2/PANi and SnO2-TS/PANi composites using an SMPS. Summaries of the distributions are shown in the inset table,
and GMD, GSD, and TNC values for SnO2/PANi increase with the TS incorporation (depicted inset graphics of SnO2/PANi and SnO2-TS/PANi).
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2. Results and discussion

First, the size distributions of SnO2/PANi and SnO2-TS/PANi were
estimated using a scanning mobility particle sizer (SMPS; 3936, TSI,
USA) via the investigation of the aerosol formed by the merging of SnO2

(from spark ablation) and TS/PANi for the assembly of SnO2-TS/PANi.
The incorporation of PANi and TS/PANi with SnO2 NPs did not induce a
bi- or multi-modal distribution (i.e., exhibited a uni-modal distribution
for both cases, Fig. 1B), indicating that merging SnO2 and PANi (or TS/
PANi) is sufficiently robust even in a single-pass assembly to construct
composite structures (inset diagrams of Fig. 1B) during spraying and
subsequent UV exposure. The increase in the geometric mean diameter
(GMD) was rather significant compared with those of the geometric
standard deviation (GSD) and total number concentration (TNC) be-
cause of the additional incorporation of S (inset table of Fig. 1B). In
addition, the mass fractions of SnO2, TS, and PANi components were
monitored using a piezobalance particle monitor (3522, Kanomax,
Japan), which were 0.38, 0.48, and 0.14, respectively.

X-ray diffraction (XRD; D/MAX-2500, Rigaku, Japan) profiles re-
vealed peaks characteristic of SnO2/PANi and SnO2-TS/PANi, including
those of individual PANi (Fig. 2A). A broad band observed at ∼25° (2θ)
for PANi correspond to the presence of PANi crystallites, and the band
intensity decreased by the incorporation of SnO2 or SnO2-TS. Peaks
characteristic of tetragonal SnO2 with a cassiterite structure (JSPDS
Card No. 41-1445) were observed for SnO2/PANi [26], demonstrating
that spark ablation under an air flow is suitable to produce crystalline
SnO2 NPs. The average crystallite size estimated by the Scherrer
equation was 3.9 nm; this size is similar to the effective nanoscale level
to prevent a significant volume change during charge–discharge [13].
Interestingly, these characteristic SnO2 peaks were significantly wea-
kened, as well as the (1 1 0) band corresponding to TS was not ob-
served, with the further incorporation of TS, possibly related to the
mutual interference between SnO2 and TS during measurement [27],

including another interference from coexisting PANi; thus, a low degree
of SnO2 crystallinity and TS graphitization is simultaneously observed.
This result further supported strong incorporation among the compo-
nents during the single-pass assembly without the significant disloca-
tion of SnO2, TS, or PANi. X-ray photoelectron spectroscopy (XPS; Axis-
HIS, Kratos Analytical, Japan) profiles also matched the changes in the
characteristic SnO2 spectrum by the incorporation of TS/PANi (Fig. 2B
and C). Even though characteristic bands for carbon-containing groups
(CeC [284.8 eV], CeO [286.2 eV], and OeC]O [288.6 eV]) were
clearly observed by incorporation [28], the core-level bands for SnO2

(with binding energies of 495.6 and 487.2 eV, respectively, corre-
sponding to Sn 3d3/2 and 3d5/2) were dissipated significantly [29].
Much smaller primary sizes of SnO2 particles than those of T and S
might induce attenuation of Sn signals during the measurement.
Fourier-transform infrared (FTIR; Nicolet iS 10, Thermo Fisher Scien-
tific, USA) spectrum of SnO2-TS/PANi exhibits oxygen containing
groups (eOH and C]O) [30], including the bending vibration of N–H
(Fig. S2) [31]. This result also implied that a majority of the SnO2 NPs
are possibly present within the TS matrices and are subsequently cov-
ered by PANi during the assembly due to capillary suction from the
voids of TS matrices [32]. In addition, analogous phenomena were
observed for SnO2-T/PANi and SnO2-S/PANi (Fig. S3A and B), implying
that the proposed assembly can be reconfigured to achieve similar ar-
chitectures even with different carbon matrices. The dominant carbo-
naceous surfaces of the assembled SnO2-T/PANi and SnO2-S/PANi
(aerosol directly deposited on glass discs, inset images) were further
verified by Raman spectroscopy (XploRA Plus, Horiba, Japan; Fig. 2D).
The bands observed at ∼1360 cm−1 and 1430 cm−1 corresponded to
the C–N stretching and C]N stretching vibrations of the imines in
SnO2/PANi, respectively, while two typical graphitic carbon peaks at
∼1330 cm−1 (D band) and ∼1580 cm−1 (G band) were predominantly
observed for SnO2-TS/PANi, respectively (analogous results were ob-
served for SnO2-T/PANi and SnO2-S/PANi, as shown in Fig. S3C),

Fig. 2. Characterization of the assembled SnO2/PANi and SnO2-TS/PANi composites. (A) XRD patterns of the composites, including individual PANi particles. (B, C)
Sn 3d and C 1s core-level XPS spectra of the composites. (D) Raman spectra of the composites with optical images of the scanned regions of the specimens (insets). (E)
TGA results of the composites, including individual SnO2 NPs. (F) Adsorption–desorption isotherms of the composites. Inset shows the pore size distributions of the
composites.
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representing the main surface compositions of the specimens. Ther-
mogravimetric analysis (TGA; Diamond TG/DTA, Perkin Elmer, USA) of
SnO2/PANi and SnO2-TS/PANi, including SnO2 NPs, performed under
nitrogen (20–800 °C) revealed thermally decomposed or degraded
fractions (Fig. 2E). SnO2-TS/PANi (prepared from the trial-and-error
approach with modulating concentration of TS/PANi for the mechan-
ical spraying to minimize segregation of SnO2 and TS/PANi compo-
nents from the composite) exhibited a weight loss of 26.2%, pre-
dominantly related to the gasfication of the pyrolyzable components of
TS/PANi. The TGA curve of SnO2/PANi showed a loss of 16.4%, which
was comparable to the mass fraction of PANi in SnO2-TS/PANi mea-
sured using a piezobalance particle monitor. Significant weight losses
were not observed after high-temperature treatment, possibly related to
the feasibility of dynamic UV stiffening and drying processes to form
thermally stable structures. The adsorbed volume and pore size dis-
tribution of SnO2-TS/PANi analyzed using a porosimeter (ASAP 2010,
Micromeritics, USA) were remarkably improved in comparison to
SnO2/PANi (21.7 m2 g−1 specific surface area [SSA]) by the further
incorporation of TS (Fig. 2F), implying that the incorporation of TS
possibly facilitates the formation of porous matrices, which compensate
for the volume expansion and enhance the transport of charges during
electrochemical cycling [33]. In addition, improved textures were ob-
served for SnO2-T/PANi and SnO2-S/PANi (Fig. S3D), verifying the
reconfiguration capability of the plug-and-play platform. The adsorp-
tion isotherm for SnO2-TS/PANi (225.7 m2 g−1 SSA and 10.4 nm
average pore diameter [APD]) was rather similar to that for SnO2-T/
PANi (189.1 m2 g−1 SSA and 12.7 nm APD) as against that for SnO2-S/
PANi (111.6m2 g−1 SSA and 6.3 nm APD), suggesting that T serves as
the backbone for architecture formation.

From the low-magnification transmission electron microscopy
(TEM; Tecnai G2 F20 S-TWIN, FEI, USA) image (Fig. 3A), SnO2 NPs
(4.4 ± 1.2 nm) formed agglomerates via the Brownian motion under
the air flow, and blurry spots (i.e., SnO2 NPs) in the agglomerate cor-
responded to the PANi overlayers, demonstrating that SnO2 NPs are
encapsulated by PANi layers as vesicles during the UV stiffening and
drying of the SnO2/PANi droplets. The high-magnification TEM image
revealed a lattice fringe of 0.33 nm, corresponding to the (1 1 0) plane
of tetragonal SnO2 [34]. With the incorporation of TS, the morphology
of SnO2/PANi converted into three-dimensional bunches, revealing the
intervention of SnO2 into TS matrices (i.e., SnO2 dots were hardly

visible in the bunch structures.) (Fig. 3B). The redistribution of SnO2

NPs was possibly related to the shattering of SnO2 agglomerates into
ultrafine (< 10 nm) particles near the spray nozzle because of the
sudden pressure change (i.e., reduction of the cohesive strength be-
tween ultrafine SnO2 particles in an agglomerate) [35]. The shattered
SnO2 particles were subsequently dispersed among the TS matrices to
form SnO2-TS before re-agglomeration, and SnO2-TS was successively
encapsulated by the PANi layers to form SnO2-TS/PANi during stif-
fening and drying. The high-magnification TEM image revealed two
lattice fringes, i.e., 0.33 nm (tetragonal SnO2) and 0.34 nm (graphitic
carbon), respectively, supporting the redistribution of SnO2 into the TS
matrices. This SnO2 redistribution with ultrafine scales suggested that
the single-pass flow assembly is versatile for assembling various desired
architectures (i.e., ultrafine TMO particles dispersed among conductive
networks) for high performance lithium storage. Elemental mapping
analyses using energy-dispersive X-ray spectroscopy (EDX; JED-2300,
JEOL, Japan) further supported the incorporation of SnO2 (Sn map), TS
(C map), and PANi (N map) during the assembly to form SnO2-TS/PANi
(Fig. 3C).

Fig. 4 shows the electrochemical performance of the assembled
SnO2-TS/PANi composites as lithium anodes. Cyclic voltammetry (CV)
curves of the anode for the first five cycles exhibited two shoulder peaks
at ∼0.93 and 0.42 V, respectively, in the first cathodic cycle, corre-
sponding to the formation of a solid electrolyte interphase (SEI) with
the reduction of SnO2 to Sn and of LixSn with LixC (Fig. 4A) [36]. For
the first anodic cycle, two broad bands were observed at ∼1.3 and
0.5 V, corresponding to the lithium extracted from LixSn and LixC, re-
spectively. The CV curves did not significantly change in the subsequent
four cycles (2nd–5th cycles), implying that the assembled anode is
suitable for securing cycle stability. From the first charge–discharge
curves at a current density of 0.1 A g−1 (Fig. 4B), a Coulombic effi-
ciency of 71.6% was observed, and the capacity loss was mainly related
to the formation of SEI films on SnO2-TS/PANi anodes with Li2O for-
mation and electrolyte degradation [36]. In the subsequent cycles
(2nd–50th cycles), differences in the charge–discharge capacity were
remarkably reduced; thus, the Coulombic efficiency increases
to> 97%. Fig. 4C shows the galvanostatic cycling performance of the
SnO2-TS/PANi anodes at a current density of 0.1 A g−1, as well as
SnO2/PANi and TS/PANi for comparison. From the 20th cycle, the
decreased specific capacity of SnO2-TS/PANi gradually increased,

Fig. 3. Morphological and elemental analyses of the assembled SnO2/PANi and SnO2-TS/PANi composites. (A, B) Low- and high-magnification TEM images of the
composites. (C) EDX maps of SnO2-TS/PANi to confirm the coexistence of SnO2 (tin, Sn), TS (carbon, C), and PANi (nitrogen, N).
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reaching 840mAh g−1 after 100 cycles, possibly related to the thermal
formation of Sn–N bonds between SnO2 and TS surfaces because of the
intervention of PANi, leading to the strong attachment of SnO2 particles
on the TS surfaces to prevent the aggregation of SnO2 [37]. The re-
construction of stacked SnO2-TS/PANi via thermal curing during cy-
cling might also be related to the stable cyclability because of the im-
proved contact between SnO2-TS/PANi and the electrolyte [28]. In
addition, analogous phenomena were observed for the SnO2-T/PANi
and SnO2-S/PANi anodes (Fig. S4) although cyclabilities depended on
their architectures. On the other hand, the specific capacity of SnO2/
PANi reduced more significantly during cycling, reaching 230mAh g−1

after 100 cycles although PANi was layered on the SnO2 NP surface.
This result highlighted the importance of the incorporation of TS to
provide not only a support for the redistribution of SnO2 agglomerates
during the assembly but also shield the aggregation suppression of SnO2

NPs during cycling. By the consideration of the results observed for TS/
PANi, the suitable dispersion of SnO2 NPs on the matrices can be a
critical parameter for the anode assembly to synergize the effects of
active components (i.e., SnO2, TS, and PANi) for achieving cycle sta-
bilities. The rate capabilities of SnO2-TS/PANi were inversely propor-
tional to the current density (0.1–3.0 A g−1) (Fig. 4D). SnO2-TS/PANi
exhibited capabilities significantly greater than those of SnO2/PANi,
similar to the cyclability measurement; in addition, SnO2-TS/PANi was
tolerable to recover the capability when the current density was re-
placed by the initial value (0.1 A g−1). For electrochemical impedance
spectroscopy (EIS) measurement (Fig. S5), SnO2-TS/PANi (87.6Ω) ex-
hibited a significantly lower charge transfer resistance compared with
SnO2/PANi (163.2Ω), further proving better electrochemical kinetics
in the anode. The cycle stability of the SnO2-TS/PANi anode was further
validated for 500 cycles at a current density of 0.5 A g−1 (Fig. 4E), and

Fig. 4. Electrochemical analyses of the assembled SnO2/PANi and SnO2-TS/PANi composites. (A, B) CV and charge–discharge (at a current density of 0.1 A g−1)
curves of the SnO2-TS/PANi composite. (C) Cyclabilities of the composite, including SnO2/PANi and TS/PANi for comparison, at a current density of 0.1 A g−1. (D)
Rate capabilities of the composite at various current densities (0.1–3.0 A g−1), including SnO2/PANi. (E) Cyclabilities and Coulombic efficiencies of the composite at
a current density of 0.5 A g−1. Inset SEM images of the composite anodes before and after 500 cycles at a current density of 0.5 A g−1. Inset TEM image exhibits the
anode after 500 cycles at the same current density.
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the resulting capacity was constant at ∼840mAh g−1 with a Columbic
efficiency of ∼100% after 500 cycles. The anode exhibited capacity
decay before the 20th cycle probably due to the formation of stable SEI
films [38]. The subsequent gradual increase in capacity might be at-
tributed to the delay contact between the composite and electrolyte
[39]. This result further supported the suitability of the assembled

anode architecture for the introduction of superior charge transport and
electrochemical activity for achieving cyclic stability. The inset of
scanning electron microscopy (SEM; JSM-6500F, JEOL, Japan) images
revealed microscopic morphologies of the anodes before and after cy-
cling (500 cycles). Another inset image shows a representative TEM
image of the anode after the cycling. The structure did not significantly

Fig. 5. Cyclability and morphology of other composites assembled using a prototype of the plug-and-play assembly platform. (A) Cyclabilities of SnO2eCuO-TS/PANi
and SnO2eCo3O4-TS/PANi composite anodes at a current density of 0.1 A g−1, including SnO2-TS/PANi for comparison. (B, C) Low- and high-magnification TEM
images of the SnO2eCuO-TS/PANi and SnO2eCo3O4-TS/PANi composites. (D) Electrochemical properties of the SnO2eCuO-TS/PANi and SnO2eCo3O4-TS/PANi
composite anodes, including SnO2-TS/PANi for comparison. (E) Digital image of a prototype engine for the plug-and-play assembly and schematic of the engine
integrated system for the built-to-order manufacture of various composite anodes.
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disintegrate, revealing that the SnO2-TS/PANi architecture is suitable to
accommodate the volume expansion of SnO2 NPs during cycling. In
addition, comparison in discharge capacity of half- and full-cell setup
was carried out (Fig. S6). The half-cell (with lithium metal foil) ex-
hibited a drastic drop of the capacity after 640 cycles, which might be
due to the formation of lithium dendrites (causing a short circuit),
whereas, the full-cell showed a slow linear decay in the capacity even
after 1000 cycles. The smaller content of lithium in the full-cell setup
might avoid the formation of lithium dendrites in cycling, suggesting
that combination of different cell configurations might be useful to
modulate cycling stability.

Modulating cyclabilities were achieved by employing different
spark ablation configurations (i.e., SneCu and SneCo) instead of the
Sn–Sn configuration under air flow because the combination of other
TMOs (i.e., based on Cu-, Fe-, and Co-) with SnO2 enhanced electro-
chemical performance [40,41]. Then, SnO2eCuO- or SnOeCo3O4-laden
flow was identically connected to the mechanical spray (for TS/PANi
incorporation) and UV exposure (for stiffening and drying) devices to
assemble a SnO2eCuO-TS/PANi or SnOeCo3O4-PANi anode. Fig. S7
shows the morphologies of SnO2-, SnO2eCuO-, and SnOeCo3O4-TS/
PANi composites. There are no notable differences in morphology,
which imply that the plug-and-play platform can manufacture similar
anode architectures even modulating TMO composition. Fig. 5A shows
the cyclabilities of the SnO2eCuO-TS/PANi and SnOeCo3O4-TS/PANi
anodes at a current density of 0.1 A g−1 (for 120 cycles): Enhanced
stabilities compared to SnO2-TS/PANi were observed. Such enhanced
cyclability was possibly related to the catalytic activity of co-dispersed
CuO or Co3O4 particles on the TS matrices (confirmed by TEM mea-
surements; Fig. 5B and C) to accelerate the Li2O decomposition and Sn
oxidation during discharge [40], verifying that the proposed assembly
is suitable to demonstrate the reconfiguration capability with mod-
ulating electrochemical performance (Fig. 5D). According to TEM
analyses, in addition, the analogous redistribution of SnO2eCuO and
SnOeCo3O4 agglomerates on the matrices confirmed the serial con-
nection of spark ablation, mechanical spraying, and UV exposure for
realizing the reconfigurable plug-and-play platform for built-to-order
anode manufacture. Fig. 5E shows an aerosol-enabled prototype com-
prising the spark, spray, and UV units for the single-pass assembly of
composite anodes under air flow. The integration of this platform as an
engine in a vending-machine-like system can be expected to facilitate
the continuous built-to-order manufacture of the composite anodes. The
combination of a plug-and-play platform as the dispenser and a roll-to-
roll fabrication system [8] can also be a stepping stone to timely pro-
vide commercial opportunities for newly developed active materials to
various energy-storage devices.

3. Conclusions

Unlike previously reported studies on lithium storage that focused
on new materials and architectures, in this study, a plug-and-play as-
sembly platform was introduced to achieve the built-to-order manu-
facture of composite anodes with modulating electrochemical perfor-
mance for providing realizable opportunities to lithium-based batteries.
Different architectures of composite anodes under an ambient single-
pass air flow were conveniently achieved by connecting atmospheric
spark ablation, mechanical spraying, and UV exposure devices in series.
The lithium storage performance was modulated by the combination of
different TMO NPs (SnO2, SnO2eCuO, and SnO2eCo3O4) and carbon
matrices (TS, T, and S) with PANi to form composite slurry droplets.
These droplets were dynamically stiffened and dried by passage
through a 254-nm UV and silica-gel-installed hollow tube still under an
air flow; thus, the composites are continuously dispensed for the fab-
rication of anodes via simply switching the plug-and-play devices on. In
less than 15 s, the assembly achieved comparable capacities, rate cap-
abilities, and cycling stabilities via compensation of the volume change
of TMO NPs and improvement in charge transport via the formation of

conductive matrices. The built-to-order manufacture of various com-
posite anodes corresponding to the plug-and-play operation may not
only provide realizable opportunities for customized lithium-based
batteries but also offer conceptual insights into the digitization of
electrode fabrication for energy-storage devices.
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