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A B S T R A C T   

A one-pot synthetic strategy that takes only 2.3 s was developed for the fabrication of sea urchin-like hollow 
microspheres comprising MoOx nanorods attached via N-doped C for the first time. The inclusion of dieth
ylenetriamine as a starting material played a key role in the formation of MoOx nanorods constituting the hollow 
shell. Additionally, the MoOx nanorods were coated and entangled with N-doped C, which established a rapid 
pathway for electrons and Li ions during the charge–discharge process when used as anodes for Li-ion batteries. 
Besides, numerous MoOx nanorods grafted in the shell provided efficient one-dimensional electron transport 
along the longitudinal direction, enabling more efficient interaction with the Li-ions. Therefore, superior cycling 
performance was achieved: the nanostructure produced a discharge capacity of 794 mA h g− 1 after 400 cycles at 
0.2 A g− 1 with a low decay rate of 0.074% per cycle. Discharge capacities of 891, 589, 358, 250, and 193 mA h 
g− 1 were obtained at current densities of 0.5, 1.5, 3.0, 5.0, and 7.0 A g− 1, respectively. The facile synthetic 
strategy to prepare hollow microspheres using spray pyrolysis has important potential for the mass production of 
hierarchically hollow nanostructures in a wide range of fields, including energy storage.   

1. Introduction 

Hollow microspheres with diverse architectures have attracted 
considerable interest for both fundamental research and practical ap
plications in a growing range of research fields, such as catalysts, gas 
sensors, drug delivery, and energy storage systems, because of their 
unique structural characteristics and physicochemical properties [1–5]. 
With regard to anode materials in lithium-ion batteries (LIBs), hollow 
microspheres also provide a greater surface area and more active sites 
for Li-ion adsorption and can shorten the diffusion pathways for Li ions 
and electrons during cycling [6-8]. Additionally, the inner hollow spaces 
can better tolerate the volume changes associated with the phase tran
sitions that occur during the charge and discharge processes [6-8]. All of 
these factors can promote enhanced Li-ion storage capability and the 
stability of anode materials in LIBs [9-12]. 

Accordingly, extensive research efforts have been carried out to 
explore novel and facile synthetic strategies for the preparation of 
unique hollow microspheres that can reliably generate characteristic 
hollow structures [13-15]. One of the most representative methods, 

called the template-based route, directly replicates the shape of existing 
seeds, such as polymer or silica particles.[16] However, template-based 
routes are time consuming, have tedious operation, and provide low 
product yields, which restricts the practical use of these processes to 
fabricate hollow microspheres on large scales. On the other hand, 
template-free methods, including Oswald ripening, galvanic replace
ment, and Kirkendall diffusion processes, are alternative strategies that 
allow the synthesis of hollow structures through a simplified process 
without the preparation and removal of additional templates [17,18]. 
However, these processes involve additional post-treatment and require 
strict synthetic control. 

Spray pyrolysis, which is an aerosol-assisted process, has gained 
prominence recently because it is a facile, cost-effective, and continuous 
process, and is thus commercially profitable [19-21]. In general, spray 
pyrolysis involves the atomization of droplets from a precursor solution 
using ultrasonic power followed by evaporation and decomposition in a 
thermal reactor. Because the spray pyrolysis process sprays micron-sized 
droplets from a solution with a desired ratio of precursor materials, it 
provides a homogeneous composition and spherical shape, which is 
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advantageous for synthesizing materials with desired morphologies and 
compositions with controlled stoichiometry [20]. However, the non- 
uniform sizes and morphologies of the as-prepared powders hinder 
their commercial application in powder synthesis, and many studies are 
being conducted to solve these problems. Therefore, studies exploring 
unique nanostructures obtained by controlling the parameters of the 
process and elucidating the synthetic mechanisms are necessary. 

To the best of our knowledge, sea urchin-like hollow microspheres 
comprising MoOx nanorods attached via N-doped C have been obtained 
for the first time in this study using spray pyrolysis as a one-pot process 
that takes only 2.3 s without any post-treatment. In particular, MoOx is 
attracting attention as a promising anode for electrochemical energy 
storage devices due to its advantages of low cost, environmental 
friendliness, high theoretical capacity, and high electrochemical stabil
ity due to its layered structure [19,22,23]. However, the large volu
metric expansion of MoOx during the charge/discharge cycle results in 
poor cycling performance due to rapid capacity fading [19,24]. It is 
expected that the hollow MoOx structure can achieve long cycle stability 
compared with filled structures because it accommodates sufficient 
space to sustain the volume changes associated with Li+ insertion and 
extraction. However, the rapid transport of electrons is not ensured 
because of the low electrical conductivity of MoOx, which results in 
polarization and eventually low reversible specific capacities [25]. To 
solve this problem, compositing with carbonaceous materials has been 
considered an effective strategy; however, this reduces the overall cell 
capacity [26,27]. Therefore, a minimum amount of C that allows for the 
transfer of electrons but does not reduce the cell capacity must be 
composited. Nevertheless, it remains challenging to design novel carbon 
hybrid materials with an optimum amount of C that can be obtained by a 
simple method without additional processes such as post-treatment. 

In this study, MoOx nanorods coated and entangled with an optimum 
amount of N-doped C are prepared by a facile one-pot process to obtain 
hollow shell structures that can provide rapid pathways for electrons 
and Li ions during the charge–discharge process. Numerous MoOx 
nanorods constituting the shell provide efficient one-dimensional elec
tron transport along the longitudinal direction, enabling more efficient 
interaction with the Li-ions. The formation mechanism of the unique 
nanostructure during spray pyrolysis is examined in detail by tracing the 
phases and morphological features of the structure based on the syn
thetic parameters. Additionally, the Li-ion storage properties of the 
unique nanostructure as an anode are comprehensively compared with 
those of filled-structure bare MoOx microspheres and MoO3 nanocubes. 

2. Experimental section 

Sample preparation: Sea urchin-like hollow microspheres 
comprising MoOx nanorods attached via N-doped C (SUHM-MoOx/NC) 
were prepared by a one-pot spray pyrolysis process. The spray solution 
was prepared by adding 0.3 M of (NH4)6Mo7O24⋅4H2O (DAEJUNG, 
>98.0%, Mw = 1235.86) and 27 g of PVP (DAEJUNG, Mw = 40,000) to 
1.0 L of distilled water. Subsequently, 233 g of DETA (SAMCHUN, 
98.5%, Mw = 103.17) was added to the solution and stirred vigorously 
to obtain a clear spray solution. Subsequently, the spray pyrolysis pro
cess was carried out to synthesize SUHM-MoOx/NC using the prepared 
spray solution. The spray pyrolysis system used in this study is shown in 
Scheme S1. In the spray pyrolysis system, droplets were generated using 
a 1.7 MHz ultrasonic spray generator consisting of six vibrators. The 
droplets were carried to a quartz reactor (length = 1200 mm, diameter 
= 50 mm) by a carrier gas of air at a flow rate of 18 L min− 1. The reactor 
temperature was maintained at 800 ℃. For comparison, two types of 
bare MoOx particles with filled structures were also prepared by spray 
pyrolysis. Filled bare MoO3 nanocubes (F-MoO3 nanocubes) were pre
pared by spray pyrolysis using an identical spray solution at a higher 
reaction temperature of 1000 ℃. In addition, filled MoOx microspheres 
(F-MoOx microspheres) were also prepared by spray pyrolysis using a 
spray solution containing only (NH4)6Mo7O24⋅4H2O without either PVP 

or DETA at 800 ℃. 
Characterization techniques: The morphology of the samples was 

examined using FE-SEM (ULTRA PLUS, ZEISS) and field-emission 
transmission electron microscopy (FE-TEM; JEOL, JEM-2100F, KBSI). 
The phases and crystal structures of the samples were determined by 
XRD (D8 Discover with GADDS, Bruker) using Cu Κα radiation (I =
1.5418 Å). The chemical environment of the elements in the samples 
was determined by XPS (Thermo Scientific, K-Alpha) using mono
chromatic Al Κα radiation at 12 kV and 20 mA. Raman spectroscopy 
(Horiba Jobin-Yvon, HR800, LabRam) was conducted to investigate the 
crystallinity of the carbonaceous materials in the prepared samples. The 
surface area of the samples was measured using the BET method with N2 
as the adsorbate gas. Thermogravimetric analysis (TGA; Pyris 1, Perkin- 
Elmer) was carried out in an air atmosphere with increasing temperature 
from room temperature to 600 ℃ at a rate of 10 ℃ min− 1 to quantify the 
carbon content. 

Electrochemical measurements: The electrochemical properties of 
the samples were measured by constructing 2032-type coin cells. The 
working electrodes were composed of active material, conductive car
bon (Super-P), and sodium carboxymethyl cellulose (CMC) as a binder at 
a mass ratio of 7:2:1. The electrodes were prepared using a slurry casting 
method on a copper foil, which was subsequently dried at 60 ℃ over
night in a hot air oven. Li metal and microporous polypropylene (PP) 
films were used as the counter electrode and separator, respectively. The 
electrolyte was composed of 1.0 M LiPF6 in a mixture of fluoroethylene 
carbonate (FEC) and dimethyl carbonate (DMC) with a volume ratio of 
1:1. The coin cell was assembled at room temperature in an Ar-filled 
glove box. The electrochemical performance of the samples was evalu
ated using CV, charge–discharge testing, and EIS. The voltage window 
throughout the electrochemical tests was fixed at 0.001–3.0 V. The CV 
measurements of the samples were carried out at a scan rate of 0.1 mV 
s− 1. The charge–discharge performance of the samples was measured at 
various current densities from 0.2 to 7.0 A g− 1. The EIS data for the 
samples were collected in the frequency range of 100 kHz to 0.01 Hz 
using a signal amplitude of 10 mV. 

3. Results and discussion 

The strategy for the formation mechanism of the sea urchin-like 
hollow microspheres comprising MoOx nanorods attached with N- 
doped C is described in Scheme 1. The hierarchically structured hollow 
microspheres were prepared via a one-step spray pyrolysis process 
directly without any post-treatment, as shown in Scheme 1. Droplets 
containing an aqueous solution of homogeneously distributed molyb
denum salt, polyvinylpyrrolidone (PVP) as a carbon source, and dieth
ylenetriamine (DETA) were generated by an ultrasonic nebulizer during 
the spray pyrolysis process, as shown in Scheme 1-①. The droplets were 
then passed through a vertical quartz reactor tube maintained at 800 ℃ 
in an air atmosphere, resulting in the drying of the droplets and 
decomposition of Mo salt and DETA to form MoO6/NH4

+/PVP/NH4OH 
composite microspheres (Scheme 1-②). Subsequently, several reactions 
occurred simultaneously as the droplets passed through the reactor with 
a carrier gas, leading to the formation of the multi-phase MoOx/C 
composite hollow microspheres, as shown in Scheme 1-③. The Mo salt 
in the composite was heterogeneously oxidized and grew to generate 
multiphase rod-shaped MoOx (h-MoO3, MoO2, Mo4O11) crystals in the 
presence of DETA. The role of DETA is discussed in a later section. 
Concurrently, the continuous PVP phase in the sphere was decomposed 
to carbon and formed a hollow carbon matrix shell through the Ostwald 
ripening process. In the continuous reaction, the carbon shell matrix 
partially burned to optimize the amount of C in the composite, resulting 
in the coating and entanglement the MoOx rods (Scheme 1-④). Addi
tionally, MoOx (h-MoO3, MoO2, Mo4O11) crystals were grown and con
verted to stable MoOx phases, which finally created sea urchin-like 
hollow microspheres comprising MoOx nanorods attached via N-doped 
C, as shown in Scheme 1-④. A series of powder formation mechanisms 
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were completely progressed with a calculated residence time of only 2.3 
s in a reactor, in this study. 

In this study, MoOx nanorods could be formed and designed as a part 
of the sea urchin-like hollow microspheres using a crystallographic 

strategy. The detailed formation mechanism of the 1-D rod-shaped 
MoOx formed in the presence of DETA is proposed in Scheme 2. First, 
Mo salts in the aqueous system dissociated to Mo7O24

+ and NH4
+ ions, 

which then associated to form MoO6 octahedral crystal units [28,29]. 
Concurrently, DETA as a key material was also decomposed into 
ammonia molecules (NH3), which then formed hydrogen bonds with 
H2O to produce ammonium hydroxide (NH4OH) [30,31]. The molecular 
structure and functional groups of DETA are shown in Fig. S1. Therefore, 
MoO6 octahedral crystals, NH4OH, and residual ammonium ions (NH4

+) 
were dispersed homogeneously in the droplets (Scheme 2-①). Subse
quently, the MoO6 crystals coalesced and self-integrated through the 
electrostatic attraction between their oxygen atoms and the NH3 part of 
NH4OH and NH4

+ ions in the droplet (Scheme 2-②). As the reaction 
progressed, the electrostatic repulsive force between the H2O molecules 
of NH4OH and the MoO6 octahedra prevented the integration of MoO6 
units in the a-direction, resulting in anisotropic growth of hexagonal- 
phase MoO3 (h-MoO3) nuclei (Scheme 2-③). It is noteworthy that the 
H2O part of NH4OH played a role in the growth of the MoO3 crystals 
along the z-axis, which could be achieved by adding DETA to the spray 
solution. Therefore, the h-MoO3 nuclei were integrated continuously by 
Ostwald ripening and formed large 1-D rod-shaped h-MoO3 (Scheme 2- 
③). To verify this formation mechanism of h-MoO3 nanorods in the 
droplets during the spray pyrolysis process, a hydrothermal process was 
conducted using an aqueous solution containing Mo salt and DETA. The 
resulting product showed a rod-shaped particle with an h-MoO3 phase 
(Fig. S2), which supports the formation mechanism described above. In 
Scheme 2-④, complete removal of both NH4OH and NH4

+ ions occurred 
inside the h-MoO3 structure as the reaction temperature increased. 
Finally, the metastable h-MoO3 phase was converted to stable ortho
rhombic MoO3 (α-MoO3) and monoclinic MoO3 (β-MoO3) phases with 1- 
D rod shapes (Scheme 2-④). 

To verify the synthetic mechanism of the unique sea urchin-like 

Scheme 1. Formation mechanism of the sea urchin-like hollow microspheres comprising MoOx nanorods attached with N-doped C.  

Scheme 2. Crystallographic mechanism for the formation of 1-D rod-shaped 
MoO3 crystals comprising the microsphere. 
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hollow microspheres during spray pyrolysis, the effects of both the re
action temperature and the additives on the powder morphology were 
investigated in detail. The morphologies of the as-prepared micro
spheres obtained with the spray solution containing Mo salt, PVP, and 
DETA at different reaction temperatures are shown in Fig. 1. As the 
reaction temperature was increased from 600 to 1000 ℃, the decom
position of Mo salt, PVP, and DETA and their chemical reactions 
occurred systemically. The aqueous droplet formed by the spray 
generator gradually dried as it passed through the reactor, and MoOx 
crystals started to precipitate in the structure at 700 ℃ (Fig. 1c and d). 
Subsequently, 1-D rod-shaped crystals with various MoOx phases were 
formed at 800 ℃, as shown in Fig. 1e and f. As elucidated in Scheme 2, 
the H2O part of NH4OH played a role in the growth of the MoO3 crystals 
along the z-axis, which could be achieved by adding DETA to the spray 
solution. Therefore, the MoO3 nuclei were continuously integrated and 
formed large 1-D rod-shaped MoO3 crystals. At a higher reaction tem
perature of 900 ℃, the MoO3 crystals in the structure were sintered, 
resulting in agglomeration of the MoO3 rods as a lumped sphere (Fig. 1g 
and h). However, at temperatures above 1000 ℃, the carbon between 
the attached MoO3 grains was completely decomposed into gas, causing 
the MoO3 grains to separate and form independent MoO3 nanocubes 
(Fig. 1i and j). In the X-ray diffraction (XRD) data (Fig. S3), as the re
action temperature increased from 600 to 1000 ℃, the peak intensity of 

the oxygen-deficient MoO2 phase gradually decreased and was not 
observed at 1000 ℃, while the peak intensity of the oxygen-rich MoO3 
phase increased; only MoO3 phases were confirmed at 1000 ℃. This is 
because the additives of PVP and DETA in the droplets produced a 
reducing atmosphere during the pyrolysis process at low reaction tem
peratures. Moreover, the change in the color of the as-prepared micro
spheres from black to greenish further confirmed the gradual removal of 
carbon from the structure. Therefore, sea urchin-like hollow micro
spheres could be obtained by entangling MoOx nanorods with an 
appropriate amount of C at an optimum temperature of 800 ℃ in this 
study. 

The interaction between Mo salt, PVP, and DETA also had a signifi
cant effect on the microsphere morphology, as detailed in Fig. 2. The 
microspheres obtained from the solution containing only Mo salt were 
filled spherical structures (Fig. 2a and d). These filled microsphere 
structures were formed by the decomposition of metal salts and the 
homogeneous nucleation of MoOx crystals in the droplets as a volume 
precipitation reaction at 800 ℃. MoO3, an oxygen-rich phase, is 
generated preferentially on the surface of the sphere, while an oxygen- 
deficient Mo9O26 phase is formed inside (Fig. 2g). When the PVP poly
mer was added to the Mo salt solution as an organic additive, a similar 
filled structure was obtained, as shown in Fig. 2b, e and h. However, the 
decomposition of PVP induced a reducing atmosphere in the powder 
system, resulting in the formation of oxygen-deficient MoO2 and Mo4O11 
phases. Finally, the powders obtained using the solution with Mo salt 
and DETA showed microspheres comprising rod- and plate-shaped 
crystals, as shown in Fig. 2c and f. The rod-shaped crystals were 
formed in the presence of DETA in the spray solution. However, there 
was no carbon between the rods to suppress their agglomeration, 
resulting in the formation of bulky plates in the microspheres. Addi
tionally, the reducing atmosphere formed by DETA decomposition 
during the process also affected the formation of oxygen-deficient MoO2 
and Mo4O11 phases (Fig. 2i). In summary, sea urchin-like hollow mi
crospheres comprising MoOx nanorods attached via N-doped C could be 
prepared by controlling the reaction temperature and by the interaction 
between Mo salt, PVP, and DETA during the spray pyrolysis process. 

The sea urchin-like hollow microspheres comprising MoOx nanorods 
attached via N-doped C (SUHM-MoOx/NC) prepared through the inter
action of Mo salt, PVP, and DETA in a one-pot spray pyrolysis process at 
800 ℃ are shown in Fig. 3. The SUHM-MoOx/NC microspheres are 
spherical with a mean size of 2.4 μm and are composed of numerous 
nanorods with a width of 50 nm and a height of 200–500 nm, as shown 
in Fig. 3a–c. The transmission electron microscopy (TEM) image 
(Fig. 3d) exhibits a brighter part on the inside of the powder, which is 
attributed to the hollow structure, thus verifying that the nanorods 
formed are attached to each other and constitute a hollow shell. The 
fractured field emission scanning electron microscopy (FE-SEM) image 
shown in Fig. S4a further confirms that the hollow shell is composed of 
numerous nanorods. The H2O part of NH4OH in the droplet plays a role 
in the growth of MoOx crystals along the z-axis in the presence of DETA 
during spray pyrolysis, thus forming 1-D rod-shaped MoO3 crystals 
(Fig. 3e and f). The well-developed single crystal (Fig. 3f) grown along 
the longitudinal axis verifies this mechanism. The high resolution (HR)- 
TEM images shown in Fig. 3g reveal clear lattice fringes separated by 
distances of 0.38 nm and 0.40 nm, which correspond to the (110) 
crystal plane of α-MoO3 and the (011) plane of β-MoO3, respectively. 
Along with the two MoO3 phases, oxygen-deficient MoO2 and Mo4O11 
phases are also confirmed in the structure based on the selected area 
electron diffraction (SAED) pattern (Fig. 3h). The phase analysis is 
consistent with the XRD results for SUHM-MoOx/NC, as shown in 
Fig. S3c. The Raman spectra shown in Fig. 3i also exhibit specific MoOx 
characteristics. The two peaks at 991 and 816 cm− 1 correspond to the 
stretching bond of Mo = O. The additional peaks at 661 cm− 1, 372 cm− 1, 
and 331 cm− 1 are attributed to the stretching, scissoring, and bending of 
the O-Mo-O bond, respectively [32,33]. The elemental mapping data 
shown in Fig. 3j confirm the homogeneous distribution of elemental Mo, 

Fig. 1. Digital images, and morphologies of the as-prepared powders obtained 
after spray pyrolysis using the solution with Mo salt, PVP, and DETA at different 
temperatures: (a, b) 600 ℃, (c, d) 700 ℃, (e, f) 800 ℃, (g, h) 900 ℃, and (i, j) 
1000 ℃. 
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O, C, and N throughout the structure, demonstrating the uniform for
mation of molybdenum oxides in the structure during the spray pyrolysis 
process. Additionally, C and N are also detected, which originate from 
the starting materials of Mo salt, PVP, and DETA as C/N sources. The N- 
doped C formed by PVP decomposition attaches the MoOx nanorods to 
form the shell. To measure the degree of crystallinity of the carbon, the 
D- and G-bands of the Raman spectra were investigated (Fig. S4b). The 
relative intensity ratio (ID/IG) of the D- (1351 cm− 1) and G- (1594 cm− 1) 
bands is calculated as 1.42, indicating that the C coating and attaching 
to the MoOx nanorods is mainly amorphous carbon. 

The chemical nature of the SUHM-MoOx/NC microspheres was 
analyzed via X-ray photoelectron spectroscopy (XPS), as shown in Fig. 4. 
The XPS survey spectrum (Fig. 4a) reveals the presence of Mo, O, C, and 
N. The high-resolution Mo 3d spectrum (Fig. 4b) exhibits two major 
peaks of Mo 3d5/2 and Mo 3d3/2 for Mo4+ and Mo6+ at 232.2 and 235.3 
eV, respectively [19,34,35]. The Mo4+ peaks corresponding to binding 
energies of 231.4 and 234.4 eV indicate the presence of the MoO2 phase. 
The Mo6+ peaks at 232.2 and 235.4 eV are attributed to the MoO3 phase 
[19,34,35]. Moreover, the average valence calculated from the XPS peak 
areas of Mo4+ and Mo6+ was Mo5.12+, and the ratio of MoO2 and MoO3 
was 0.79. This result suggests that the predominant phase of MoOx 
constituting SUHM-MoOx/NC microspheres is MoO3. The O 1 s spectrum 

shown in Fig. 4c exhibits three resolved peaks at binding energies at 
530.1, 531.2, and 532.5 eV corresponding to Mo-O, O–H, and H2O, 
respectively [36-39]. The C 1s spectrum (Fig. 4d) exhibits three peaks 
corresponding to the sp2-bonded carbon (C = C), C–C/C-N, and C = O at 
284.1, 285.5, and 288.0 eV, respectively [20,40-42]. The peak for the C- 
N bond at 285.5 eV confirms the N doping of C in the SUHM-MoOx/NC 
microspheres [40]. The N 1s spectrum shown in Fig. 4e indicates the 
presence of two types of N species: pyridinic N at 398.0 eV and pyrrolic 
N at 400.7 eV [34,43-45]. In addition, a sharp peak at 396.0 eV is 
attributed to the Mo 3p orbital of the MoO3 phase. The thermogravi
metric (TG) curve for the SUHM-MoOx/NC microspheres is shown in 
Fig. 4f. The weight increase starting at 330 ℃ is attributed to the con
version of MoO2 and Mo4O11 to the MoO3 phase in the structure. The 
subsequent weight decrease at 420 ℃ is due to the combustion of N- 
doped C in the SUHM-MoOx/NC microspheres. Based on the TG and 
elemental analysis (EA) (Table S1) results, the C and N contents in the 
SUHM-MoOx/NC microspheres are estimated to be 3.9 and 2.7 wt%, 
respectively. The small amounts of N and C in the structures that attach 
the MoOx nanorods to constitute the shell are expected to allow for the 
efficient transfer of electrons while not reducing the cell capacity during 
cycling. 

To verify the structural merits of the SUHM-MoOx/NC microspheres 

Fig. 2. FE-SEM images and XRD patterns of the as-prepared powders obtained after spray pyrolysis using the different solution with (a, d, g) Mo salt, (b, e, h) Mo salt 
and PVP, and (c, f, i) Mo salt and DETA. 
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as anodes for LIBs, filled bare MoO3 nanocube structures without C were 
also prepared through one-pot spray pyrolysis at a high reaction tem
perature of 1000 ◦C, as shown in Fig. 5. Furthermore, the formation 
mechanism of F-MoO3 nanocubes was investigated through the 
morphology of powder obtained by controlling the flow rate of carrier 
gas from 40 to 5 L min− 1 in the spray pyrolysis process fixed at 1000 ℃ 
(Fig. S5). Briefly, the droplets generated by the ultrasonic nebulizer pass 
through a vertical reactor to dry and decompose Mo salt and DETA to 
form MoO6/NH4

+/PVP/NH4OH composite microspheres. However, due 
to the very high reaction temperature of 1000 ℃, NH4

+ and NH4OH 
vaporize quickly without any effect, PVP is carbonized, and MoO6 is 
oxidized to MoO3 nanocrystal. Finally, the carbon surrounding the 
MoO3 crystal is removed and F-MoO3 nanocubes are formed. The 
resulting product shows a cubic structure with a mean particle size of 
198 nm, as measured from the FE- SEM and TEM images (Fig. 5a and b). 
The cubic shape is attributed to the intrinsic crystal growth mechanism 
of the orthorhombic and monoclinic MoO3 phases in the droplet during 
the spray pyrolysis process. The HR-TEM image in Fig. 5c shows clear 
lattice fringes separated by 0.34 nm and 0.38 nm, corresponding to the 

(040) crystal plane of α-MoO3 and the (011) crystal plane of β-MoO3, 
respectively. The SAED pattern shown in Fig. 5d confirms that the as- 
prepared nanocubes contain both α-MoO3 and β-MoO3 phases, which 
is consistent with the XRD results in Fig. S3e. The MoO3 nanocube 
without C is further confirmed by the absence of C in the elemental 
mapping images in Fig. 5e and the TG result (Fig. S6b). The Bru
nauer–Emmett–Teller (BET) surface areas of the SUHM-MoOx/NC mi
crospheres, filled MoO3 nanocubes (F-MoO3 nanocubes) shown in 
Fig. 5a, and filled MoOx microspheres (F-MoOx microspheres) shown in 
Fig. 2b are approximately 11, 9, and 10 m2 g− 1, respectively (Fig. S7). 
The energy storage properties of these samples (F-MoO3 nanocubes and 
F-MoOx microspheres) are compared to verify the structural merits of 
the SUHM-MoOx/NC microspheres. 

The electrochemical performances of the SUHM-MoOx/NC, F-MoO3 
nanocubes, and F-MoOx microspheres are shown in Fig. 6. Fig. 6a shows 
the cyclic voltammetry (CV) results for the SUHM-MoOx/NC micro
spheres over the first five cycles at a scan rate of 0.1 mV s− 1 in the 
voltage window of 0.001–3.0 V. During the first cathodic scan, the broad 
peak at 1.85 V, which is only observed in the first cycle, is attributed to 

Fig. 3. (a-c) FE-SEM, (d-f) TEM, (g) HR-TEM images, (h) SAED pattern, (i) Raman spectrum, and (j) elemental mapping images of the SUHM-MoOx/NC microspheres 
prepared by one-pot spray pyrolysis. 
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the intercalation of Li ions into the crystalline Mo4O11 and MoO3 phases 
to form LixMoOx [46]. The two subsequent peaks at 1.43 V and 1.16 V 
are also attributed to the intercalation of Li ions into the MoO2 crystals 
to form LixMoO2 during Li insertion [47,48]. In addition, broad cathodic 
peaks at 0.21 V and 0.05 V suggest the conversion of LixMoOx and Lix

MoO2 to metallic Mo and Li2O and the insertion of Li ions into the N- 
doped C, respectively [19]. During the first anodic scan, the peaks at 
1.43 V and 1.73 V are attributed to the conversion of metallic Mo and 
Li2O to MoO2 and LixMoO2 [47,48]. From the second cycle onward, the 
cathodic peaks for Li interaction with MoO2 are shifted to slightly higher 
voltages owing to the formation of ultrafine nanocrystals of MoO2, 
whereas the anodic peaks appear at the same potentials with slightly 
decreased intensities [47,48]. The overlapping CV curves after the first 
cycle suggest reversible redox processes. The F-MoOx microspheres and 
F-MoO3 nanocubes show CV curves similar to those of SUHM-MoOx/NC, 
as shown in Fig. S8. However, slightly different peaks are observed in the 
first cathodic scans of both samples. The several peaks distinguished 
between 2.67 V and 1.86 V in the initial cathodic curve of the F-MoOx 
microspheres (Fig. S8a) correspond to the multistep intercalation of Li 
ions into the crystalline MoOx phases to form LixMoOx [46]. The peak at 
2.55 V in the first cathodic curve of the F-MoO3 nanocubes (Fig. S8b) is 
also attributed to the insertion of Li ions into crystalline MoO3 to form 
LixMoO3 [46]. A gradual decrease in the area of the CV curves for both F- 
MoOx microspheres and F-MoO3 nanocubes as the cycling progresses 
demonstrates the formation of irreversible products during cycling. 

The initial discharge–charge profiles of the samples at a current 
density of 0.2 A g− 1 are shown in Fig. 6b. The obtained potential profiles 
are consistent with the CV results, with discharge and charge plateaus at 
0.26 and 1.54 V, respectively. In addition, the initial discharge 

capacities of the SUHM-MoOx/NC, F-MoOx microspheres, and F-MoO3 
nanocubes are 1638, 1664, and 1434 mA h g− 1, and the corresponding 
Coulombic efficiency (CE) values are 65%, 68%, and 67%, respectively. 
Although the SUHM-MoOx/NC has carbon with a high initial irrevers
ible capacity loss in its structure, there is no significant difference to the 
other structures in terms of the CE owing to the structural benefits of the 
SUHM-MoOx/NC. Additionally, the SUHM-MoOx/NC exhibits the lowest 
polarization potential (ΔV = 0.706 V) compared to those of the F-MoOx 
microspheres (ΔV = 1.106 V) and F-MoO3 nanocubes (ΔV = 0.902 V), as 
shown in Fig. S9. This clearly confirms the improved electronic and ionic 
conductivities of the SUHM-MoOx/NC. The N-doped C coating and 
attachment of the MoOx nanorods constituting the hollow shell with 
efficient diffusion of charged species results in enhanced redox kinetics 
in the SUHM-MoOx/NC, in this study. 

The cycling performances of the samples at a current density of 0.2 A 
g− 1 are shown in Fig. 6c. SUHM-MoOx/NC shows a superior cycling 
performance compared to the F-MoOx microspheres and F-MoO3 nano
cubes over 400 cycles. The hollow and porous structure of SUHM-MoOx/ 
NC can efficiently absorb the mechanical stress induced by repeated Li 
ion diffusion during cycling. Moreover, the stability of the cycle per
formance is further improved due to the short diffusion length and stable 
crystal structure of Li-ions resulting from the molybdenum oxide 
nanorods [49]. The discharge capacity of the SUHM-MoOx/NC is 794 
mA h g− 1 at the 400th continuous discharge/charge cycle, and the ca
pacity decay rate measured from the second cycle is 0.074%. In addition, 
the initial capacity decrease of the SUHM-MoOx/NC microspheres 
occurred due to the transformation of the crystal structure into a stable 
amorphous structure during cycling [50,51]. The subsequent gradual 
increase in discharge capacity is due to the formation of a polymer gel- 
like film on the active material, which is well known for most transition 
metal oxide anode materials [52,53]. In contrast, the discharge capac
ities of the F-MoOx microspheres and F-MoO3 nanocubes continuously 

Fig. 4. Characteristics of the SUHM-MoOx/NC microspheres: (a) XPS survey 
spectrum, (b) Mo 3d XPS spectrum, (c) O 1 s XPS spectrum, (d) C 1 s XPS 
spectrum, (e) N 1s XPS spectrum, and (f) TG curve. 

Fig. 5. (a) FE-SEM, (b) TEM, (c) HR-TEM images, (d) SAED pattern, and (e) 
elemental mapping images of the filled structured bare MoO3 nanocubes pre
pared by spray pyrolysis at 1000 ℃. 
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decrease to 238 and 258 mA h g− 1 in the 400th cycle, respectively, and 
the capacity decay rates measured from the second cycle are 0.1986% 
and 0.1888%, respectively. The large volume changes of the samples 
due to their filled structures are not accommodated during the repeated 
Li ion intercalation processes, eventually resulting in rapid capacity 
fading. Fig. 6d shows the cycling performances of the samples at a higher 
current density of 1.0 A g− 1. In the first tens of cycles, SUHM-MoOx/NC 
and F-MoOx microspheres show lower discharge capacity than F-MoO3 
nanocubes. This is due to the MoO2 crystal phase observed through XRD 
results (Fig. S3c and Fig. 2h), and it has already been reported that MoO2 
exhibits low theoretical discharge capacity as compared to MoO3 [48]. 
However, SUHM-MoOx/NC shows stable discharge capacities even at 
high current density, with a discharge capacity of 618 mA h g− 1 at the 
550th cycle due to its structural advantage. In contrast, the F-MoOx 
microspheres and F-MoO3 nanocubes show sharp declining slopes and 
discharge capacities of 248 and 162 mA h g− 1, respectively, at the 550th 
cycle. The high specific capacities and stable cycling performance of 
SUHM-MoOx/NC are attributed to the following structural benefits: (1) 

the hollow and porous structure can accommodate large volumetric 
deformations; (2) the presence of N-doped C with high electrical con
ductivity induces rapid charge transfer during cycling; and (3) the MoOx 
nanorods constituting the shell enable fast Li-ion diffusion. 

The rate performances of the samples are shown in Fig. 6e for current 
densities increasing stepwise from 0.5 to 7.0 A g− 1. The final discharge 
capacities of the SUHM-MoOx/NC at current densities of 0.5, 1.5, 3.0, 
5.0, and 7.0 A g− 1 are 891, 589, 358, 250, and 193 mA h g− 1, respec
tively. When the current density is reduced to 0.5 A g− 1 again, the 
discharge capacity of the SUHM-MoOx/NC recovers well to 843 mA h 
g− 1. The capacities of the SUHM-MoOx/NC are much higher than those 
of the F-MoOx microspheres and F-MoO3 nanocubes, which exhibit 
discharge capacities of 787/740, 313/315, 201/190, 128/120, and 81/ 
75 mA h g− 1, respectively, at identical current densities. The high-rate 
performance of the SUHM-MoOx/NC also confirms its structural supe
riority for LIBs compared with the filled structures. Numerous MoOx 
nanorods comprising a shell enhance the charge transfer kinetics via 
longitudinal pathways, which in turn promotes fast electrochemical 

Fig. 6. Electrochemical properties of SUHM-MoOx/NC microspheres, F-MoOx microspheres, and F-MoO3 nanocubes: (a) CV curves of SUHM-MoOx/NC micro
spheres, (b) initial discharge and charge profiles, (c) cycling performances at a current density of 0.2 A g− 1, (d) cycling performances at a current density of 1.0 A g− 1, 
and (e) rate performances. 
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reactions. Additionally, an optimum amount of N-doped C with high 
electrical conductivity used to coat and attach the MoOx nanorods can 
facilitate rapid electron transfer during cycling. Moreover, the obtained 
electrochemical in the present work performance are comparable to the 
previous works, as presented in Table S2. 

The superior performance of the SUHM-MoOx/NC is further eluci
dated by comparing the lithium-ion diffusion coefficients (DLi+ ) of the 
samples. All cells were cycled from 0.1 to 2.0 mV s− 1, and the corre
sponding CV curves are shown in Fig. 7a, c, and e. There are two 
cathodic peaks labeled “peak 1” at 1.45 V and “peak 2” at 1.23 V, and 
two anodic peaks marked as “peak 3” at 1.48 V and “peak 4” at 1.75 V in 
the CV curves. These peaks are attributed to the electrochemical inter
action of MoO2 formed during the revisible phase transition with Li ions. 
The lithium-ion diffusion coefficient (DLi+ ) is calculated using the 
Randles–Sevcik equation (Eq. (1)) [54]. 

Ip = 2.69 × 105n1.5AD0.5
Li+ CLiν0.5 (1)  

where DLi+ is the lithium-ion diffusion coefficient (cm2 s− 1), Ip is the 
cathodic/anodic peak current (A), n is the number of electrons involved 
in the reaction (n = 4), A is the electrode area (cm2), CLi is the lithium- 
ion concentration (mol L-1), and ν is the scan rate (V s− 1). Plots showing 
the relationship between the cathodic/anodic peak current, Ip, and the 
square root of the scan rate (ν0.5) for the three different structures are 
shown in Fig. 7b, d, and f, and the obtained values are listed in Table S3. 
The average diffusion coefficient values for the SUHM-MoOx/NC, F- 
MoOx microspheres, and F-MoO3 nanocubes are calculated as 3.29 × 10- 

10, 2.48 × 10-10, and 1.38 × 10-10 cm2 s− 1, respectively. SUHM-MoOx/ 
NC shows the highest DLi+ value of the samples, indicating faster Li ion 
diffusion and thus superior redox reaction kinetics during the char
ge–discharge process, which ultimately contributes to the increased 

energy storage performance of the SUHM-MoOx/NC. 
To better understand the electrochemical dynamics inside the cell, 

the CV curves are plotted for SUHM-MoOx/NC microspheres in voltage 
windows of 0.001–3.0 V at different scan rates, as shown in Fig. 8a. In 
addition, the graphs were plotted between the peak current (i) and the 
scan rate (v) during reduction/oxidation according to the following 
power law relationship to distinguish the capacitive- and diffusion- 
controlled processes in the CV curve [55-57]:. 

i = avb (2)  

log(i) = blog(v)+ log(a) (3) 

Here, variables a and b determine whether the process is diffusion- 
controlled or capacitive-controlled. The redox process is mainly 
capacitive-controlled when b approached 1.0 whereas it is mainly 
diffusion- controlled when b approached 0.5 [55-57]. The b values were 
determined using the slopes of log(i) versus log(v) plots for different 
cathodic and anodic peaks. The calculated b values at different redox 
peaks for the three structures are shown in Fig. 8b and S10. The b values 
for the four different redox peaks in the SUHM-MoOx/NC microspheres 
were 0.90, 0.84, 0.77, and 0.79, indicating a capacitive-dominant pro
cess. In contrast, the F-MoOx microspheres and F-MoO3 nanocubes 
shown in Fig. S10 indicate low b values close to 0.5, suggesting that the 
diffusion-controlled process during charging and discharging is the 
dominant factor. In general, the capacitive effect of the electrode ma
terial is closely related to the reaction kinetics, implying that the higher 
the percentage of the capacity control process, the better the transport 
kinetics. Therefore, for the quantitative analysis of the capacitive 
contribution to the current response, the total stored charge in the 
electrode material was separated into capacitive and diffusion- 

Fig. 7. CV curves and their corresponding linear fits to the peak current values of samples: (a, b) SUHM-MoOx/NC microspheres, (c, d) F-MoOx microspheres, (e, f) F- 
MoO3 nanocubes. 
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controlled processes using the following equations [58,59]:. 

i = k1v+ k2v1/2 (4)  

where k1v and k2v1/2 are the capacitive and diffusion contributions, 
respectively, and k1 and k2 are the constants obtained from the slope and 
intercept of the i(V)/v1/2 vs v1/2 plot, respectively [58,59]. As shown in 
Fig. 8c, the capacitive contribution coefficient (k1v) of the SUHM-MoOx/ 
NC microspheres highlighted by the red region is 76% at a scan rate of 
2.0 mV s− 1. Fig. 8d shows the capacitive fraction of SUHM-MoOx/NC 
microspheres at scan rates other than 2.0 mV s− 1. In contrast, the 
contribution of the surface-controlled reaction in the F-MoOx micro
spheres and F-MoO3 nanocubes shown in Fig. 8e and f and Fig. 8g and h, 
respectively, suggest a lower percentage of the capacitive process 
compared to the SUHM-MoOx/NC microspheres. These results suggest 
that numerous MoOx nanorods including shells offer efficient one- 
dimensional electron transport along the longitudinal direction, which 
enable more efficient interaction with Li-ions. Besides, an optimal 
amount of N-doped C with high electrical conductivity surrounding 
MoOx nanorods can promote fast electron transport. 

The excellent Li-ion storage properties of SUHM-MoOx/NC are 
further verified based on electrochemical impedance spectroscopy (EIS) 
measurements of the cells before and after the first and 100th cycles in a 
fully charged state, as shown in Fig. 9 [10,22,60]. EIS measurements 
were carried out using the deconvolution Randle-type equivalent-circuit 
model of the cell shown in Fig. 9a, and the measured resistance values of 
the three prepared structures are summarized in Table S4. The Nyquist 
plots for fresh cells (Fig. 9b) suggest marginally different solution 
resistance (Rs) values in the range of 24–39 Ω, indicating slightly 
different electrode–electrolyte interface responses. Furthermore, the 

charge transfer resistance (Rct) values of the SUHM-MoOx/NC, F-MoOx 
microspheres, and F-MoO3 nanocubes are 103, 228, and 100 Ω, 
respectively (Fig. 9b). The micron-sized filled structure of the F-MoOx 
microspheres affects the increase in the Rct value of the cell. However, 
after the first cycle, all of the samples exhibit a substantial decrease in 
Rct (SUHM-MoOx/NC: 48 Ω, F-MoOx microspheres: 49 Ω, and F-MoO3 
nanocubes: 22 Ω), which is due to the formation of ultrafine MoO2 
crystals in the structure after the first cycle (Fig. 9c) [25]. In addition, all 
three structures began to observe film resistance (Rf) due to the forma
tion of a solid electrolyte interface (SEI) layer. After the 100th cycle, the 
SUHM-MoOx/NC shows the lowest Rct value of 314 Ω compared to the F- 
MoOx microspheres (848 Ω) and F-MoO3 nanocubes (973 Ω), suggesting 
fast redox kinetics and superior electrode integrity of the SUHM-MoOx/ 
NC (Fig. 9d) even after 100 cycles. To confirm the structural integrity of 
the SUHM-MoOx/NC, the morphologies of the samples after the 100th 
cycle at a current density of 0.2 A g− 1 are shown in Fig. 9e, f, and g. The 
SUHM-MoOx/NC (Fig. 9e) after cycling exhibits a microsphere 
morphology with MoOx nanorods on the surface. The hollow and porous 
structure can accommodate the structural stress caused by the large 
volume variation in the MoOx constituting the shell induced by Li-ion 
diffusion during repeated cycling. Moreover, the stability of the cycle 
performance is further improved due to the short diffusion length and 
stable crystal structure of Li-ions resulting from the molybdenum oxide 
nanorods. However, the F-MoOx microspheres and F-MoO3 nanocubes 
(Fig. 9f and g) exhibit complete structural degradation into bulk ag
glomerates after cycling owing to their inability to withstand the volume 
variation. These results confirm the high structural robustness of the 
SUHM-MoOx/NC, leading to the superior cycling properties of the cell in 
this study. Overall, the outstanding Li-ion storage properties of the cells 
are achieved because of the synergistic effects of the SUHM-MoOx/NC 

Fig. 8. Electrochemical reaction dynamics analysis of (a-d) SUHM-MoOx/NC, 
(e and f) F-MoOx microspheres, and (g and h) F-MoO3 nanocubes: (a) CV curves 
obtained at various scan rates, (b) current response (i) vs. scan rate (n) at each 
redox peak, (c, e, and g) CV curves with the capacitive fraction shown by the 
red region at a scan rate of 2.0 mV s− 1, and (d, f, and h) bar charts showing the 
percentage of the capacitive contribution at different scan rates. 

Fig. 9. (a) equivalent circuit model used for AC impedance fitting before 
cycling, and after cycling, Rct = charge-transfer resistance, Rs = solution 
resistance, Rf = SEI layer resistance, Q1 = dielectric relaxation capacitance, Q2 
= associated double layer capacitance, (b-d) Nyquist impedance plots: (b) 
before cycling, (c) after 1st cycle, (d) after 100th cycle, (e-g) FE-SEM images of 
samples obtained after 100th cycles at 0.2 A g− 1: (e) SUHM-MoOx/NC micro
spheres, (f) F-MoOx microspheres, and (g) F-MoO3 nanocubes. 
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microspheres proposed in this study. The unique hollow and porous 
structure alleviate the large volumetric variation and allow the pene
tration of electrolytes into the structure. Moreover, the N-doped C 
coating and attaching the MoOx nanorods contributes to an increase in 
the electrical conductivity of the electrode, inducing rapid charge 
transfer during cycling. Finally, the MoOx nanorods constituting the 
shell enable fast Li-ion diffusion that subsequently favored the fast redox 
kinetics. 

4. Conclusions 

As high-performance anodes for lithium-ion batteries, sea urchin-like 
hollow microspheres comprising MoOx nanorods attached via N-doped C 
were designed and synthesized using a one-pot spray pyrolysis process. 
In this strategy, the inclusion of DETA as a starting material played a key 
role in the formation of the MoOx nanorods constituting the hollow 
shell. DETA was decomposed into ammonia molecules (NH3), which 
formed hydrogen bonds with H2O to produce ammonium hydroxide 
(NH4OH). The H2O part of NH4OH played a role in the growth of MoOx 
crystals along the z-axis; therefore, the MoOx nuclei were integrated and 
formed large 1-D rod-shaped MoOx. The MoOx nanorods were coated 
and entangled with N-doped C, which established a rapid and efficient 
pathway for electrons and Li ions during the charge–discharge process. 
Additionally, MoOx nanorods constituting the hollow shell facilitated 
the penetration of electrolyte and enhanced the diffusion of charged 
species. Consequently, the synthesized SUHM-MoOx/NC microspheres 
exhibited superior lithium-ion storage performance, even at high cur
rent densities. It is believed that the facile synthetic strategy for the 
preparation of unique hollow microspheres using one-pot spray pyrol
ysis has significant potential for the mass production of hierarchically 
hollow nanostructures in a wide range of fields, including energy 
storage. 
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