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A B S T R A C T   

Hierarchically porous three-dimensional micro sponge-balls comprising highly conductive nitrogen-doped 
graphitic carbon (NGC) and anatase-type TiO2 nanodots (TiO2@NGC MSB) are synthesized using spray pyrol
ysis technique followed by heat treatment. The as-sprayed powders obtained after spray pyrolysis consist of 
polystyrene (PS) nanobeads-derived macropores and anatase TiO2 nanodots embedded in an amorphous carbon 
(AC)-NGC carbon matrix (TiO2@NGC-AC MSB). The subsequent heat treatment of the as-sprayed powders at 
300 ◦C resulted in the formation of additional micropores by selective removal of the AC into gaseous products to 
form TiO2@NGC MSB. The obtained hierarchically porous and highly conductive architecture guarantees 
effective electrolyte infiltration inside the electrode, enhanced Li-ion diffusion, and faster charge transfer during 
the redox reactions. Benefited from the structural merits, the TiO2@NGC MSB anode exhibits remarkable elec
trochemical performance compared to those of TiO2@NGC-AC MSB and filled-type TiO2 anodes. A reasonable 
discharge capacity of 105 mA h g− 1 at a high current density of 10.0 A g− 1 and exceptional cycling performance 
(219 mA h g− 1 with 0.0006 % decay rate after 2000 cycles at 2.0 A g− 1 and 160 mA h g− 1 with 0.003 % decay 
rate after 5000 cycles at 3.0 A g− 1) are obtained.   

1. Introduction 

Titanium-based oxides, such as spinel-type lithium titanate 
(Li4Ti5O12) and titanium dioxide (TiO2), have been explored intensively 
as promising anodes for high-performance lithium-ion batteries (LIBs) 
[1–4]. In particular, anatase-type TiO2 (white) is considered a more 
reasonable anode than commercially available graphitic anodes owing 
to its high theoretical capacity [335 mA h g− 1, which is almost twice that 
of Li4Ti5O12 (175 mA h g− 1)], natural abundance, nontoxicity, and high 

safety [5–11]. In addition, it undergoes a low volume expansion (<4 %) 
during redox reactions compared to commercial graphite (~10 %), thus 
exhibiting excellent cycling stability and structural integrity [12–17]. 
Moreover, the solid-electrolyte interphase (SEI) formed in the case of 
commercial graphite at 0.8 V vs. Li+/Li is highly unstable, particularly at 
normal battery operation conditions (< 100 ◦C) and undergoes an 
exothermic reaction, leading to safety issues [18,19]. Furthermore, the 
three-dimensional crystal structure of anatase TiO2 facilitates faster Li- 
ion insertion and extraction [15]. However, anatase TiO2 allows only 
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0.5 mol of Li-ions into half of the octahedral sites available (a total of 
four) in a single TiO2 unit cell, resulting in a theoretical discharge ca
pacity of 175 mA h g− 1 [20,21]. Additionally, due to its high operating 
voltage window (1.0–3.0 V), the practical energy density of a Li-ion cell 
employing anatase TiO2 as the anode is considerably lower than that of a 
Li-ion cell utilizing graphite as the negative electrode. Furthermore, 
owing to its high energy bandgap (~3.2 eV), the anatase TiO2 anode 
exhibits high internal resistance and structural defects caused by 
repeated Li-ion insertion/extraction, which subsequently hinders the 
reaction kinetics [22]. 

To address these issues, various strategies have been employed, 
including the development of novel materials design with unique mor
phologies, such as fiber-in-tube [3], porous nanofibers [12], multi
channel hollow structures [23], nanowires [24], nanotubes [25], doping 
with different atoms [26,27], different phases [28,29], carbon com
posites [30,31], and several more [32]. Several research groups have 
previously used porous TiO2 microspheres for various applications, such 
as microwave absorption [33], photocatalysis [34], and sensing appli
cations [35]. Similarly, the porous structure is highly preferred for en
ergy storage applications as it not only allows efficient electrolyte 
infiltration inside the electrode but also channelizes unwanted volume 
variations, thus resulting in an overall improved electrochemical per
formance. For instance, Wang et al. synthesized multi-shelled TiO2 
hollow microspheres using a sacrificial method that controlled the shell 
thickness, number of shells, and intershell spacing [36]. The resulting 
nanostructure exhibited improved rate and cycling performance (119 
mA h g− 1 at 10.0C after 1200 cycles). Similarly, Gao et al. prepared 
mesoporous polyaniline/anatase-type TiO2 microspheres with a core- 
shell structure using a hydrothermal technique and reported a reason
able rate performance [37]. 

Another crucial factor that guarantees enhanced electrochemical 
performance is the presence of a highly conductive carbon matrix, 
particularly nitrogen-doped graphitic carbon (NGC). Nitrogen doping 
enhances the electrical conductivity ofwing to the high electronegativity 
of the nitrogen than that of carbon [38,39]. Yin et al. reported a carbon- 
coated TiO2 nanocomposite as an anode for LIBs, in which carbon 
decoration was performed using a resorcinol-formaldehyde solution 
through the sol-gel process [40]. The nanostructure exhibited a high- 
rate performance (up to 10.0C) and reasonable cycling stability (171 
mA h g− 1 after 330 cycles at 2.0C). However, the synergistic effect of the 
hierarchical porous structure and selectively controlled highly conduc
tive carbon skeleton has been rarely examined and therefore needs to be 
investigated thoroughly. The synergistic effect of the intentionally 
chosen wide operating voltage range (0.001–3.0 V) was also discussed in 
detail. To the best of our knowledge, a three-dimensional nanostructure 
that resembles a sponge-ball comprising evenly distributed macropores 
and highly conductive NGC matrix/anatase-type TiO2 nanodots as high- 
performance anodes has not been reported to date. 

Inspired by the above discussion, a facile spray pyrolysis method 
followed by a heat-treatment step was adopted to prepare a three- 
dimensional hierarchically porous micro sponge-ball comprising NGC 
and anatase-type TiO2 nanodots (TiO2@NGC MSB) as high-performance 
anodes for LIBs. The heat treatment process at 300 ◦C facilitated the 
selective removal of amorphous carbon (AC) species from gaseous 
products and the formation of micropores, thus enhancing the overall 
electrical conductivity and porosity of the sample. Additionally, mac
ropores were generated throughout the internal and external structures 
using a polystyrene (PS) nanobead solution as a porogen with a diameter 
of 100 nm. The TiO2@NGC MSB anode exhibited high-rate performance 
and excellent cycling stability owing to the structural advancements. 
Furthermore, the physical and electrochemical properties of as-sprayed 
or pre-heat-treated samples (TiO2@NGC-AC MSB) and filled or non- 
porous samples (F-TiO2/AC) were also obtained and compared. 

2. Experimental 

2.1. Materials synthesis 

Three-dimensional TiO2@NGC MSB, TiO2@NGC-AC MSB, and F- 
TiO2/AC samples were prepared using an easily scalable spray pyrolysis 
technique. A PS nanobead suspension (100 mL, ϕ = 100 nm) was added 
to 100 mL of distilled water and stirred vigorously. The PS nanobeads 
used as pore generators were prepared using an emulsion polymeriza
tion technique, as reported previously [41]. Afterward, 0.15 M of tita
nium (IV) isopropoxide (TTIP; JUNSEI, Mw = 284.23) was added to the 
above solution, followed by the addition of an appropriate amount of 
nitric acid. Finally, 2.0 g of polyvinylpyrrolidone (PVP) (DAEJUNG, Mw 
= 40,000) was added as the carbon precursor. The resulting spray so
lution was stirred overnight under ambient conditions. Subsequently, 
the solution was transferred to an ultrasonic nebulizer connected to a 
vertical quartz reactor (Scheme S1). The droplets generated by the ul
trasonic nebulizer were passed through a quartz reactor preheated at 
600 ◦C in a N2 atmosphere (10 L min− 1). The as-sprayed powders were 
further subjected to a heat treatment at 300 ◦C for 3 h at a ramp rate of 
5 ◦C min− 1 to form TiO2@NGC MSB. In addition, the as-sprayed powder 
without heat treatment or TiO2@NGC-AC MSB was employed as a 
comparison sample. Another comparison sample denoted as F-TiO2/AC 
(F stands for “Filled”) was also prepared without using PS nanobeads 
and PVP under identical preparation conditions. 

2.2. Material characterization 

The phase structures of the prepared TiO2@NGC MSB, TiO2@NGC- 
AC MSB, and F-TiO2/AC powders were determined using a Bruker X-ray 
diffraction (D8) instrument employing Cu Kα radiation (λ = 1.5418 Å) at 
the Korea Basic Science Institute (Daegu). Microstructural characteris
tics were analyzed using field-emission scanning electron microscopy 
(FE-SEM) (UltraPlus; Zeiss) and field-emission transmission electron 
microscopy (FE-TEM) (JEM-2100F; JEOL). Thermogravimetric analysis 
(TGA) was used to quantify the carbon content from 25 to 600 ◦C at a 
ramp rate of 10 ◦C min− 1 in an air atmosphere. The chemical states and 
bonding environments of the different elements in the as-prepared 
powders were determined using X-ray photoelectron spectroscopy 
(XPS) (K-Alpha; Thermo Scientific) with an Al Kα X-ray source. The 
specific surface area and pore size distribution of the as-prepared pow
ders were determined using N2 adsorption-desorption isotherms based 
on the Brunauer–Emmett–Teller (BET) method. Elemental analysis (EA) 
was employed to quantify the carbon and nitrogen content of the sam
ples. The crystalline characteristics of the carbonaceous products in the 
prepared powders were studied using Raman spectroscopy (LabRam, 
HR800, Horiba Jobin-Yvon). 

2.3. Cell assembly and electrochemical measurements 

A typical slurry-casting method was employed to prepare anodes by 
mixing the as-prepared powders as the active material, super-P as a 
conductive agent, and sodium carboxymethyl cellulose as a binder in a 
mass ratio of 7:2:1 in a minimum amount of deionized water. This slurry 
was then coated onto a copper current collector and dried overnight in a 
hot-air oven preheated at 60 ◦C. The dried coated slurry was punched 
into circular electrodes (ϕ = 14 mm) with an average active material 
loading of ~1.5 mg cm− 2 and transferred to a glove box. The active 
material loading was fixed throughout the electrochemical character
ization. CR2032 coin cells were assembled using the prepared electrodes 
as anodes, metallic Li as the anode, and microporous polypropylene film 
as a separator. The electrolyte used was 1.0 M LiPF6 in a blend of flu
oroethylene carbonate (FEC) and dimethyl carbonate (DMC) present in a 
volume ratio of 1:1. The rate capabilities of the assembled cells were 
measured at various current rates ranging from 0.2 to 10.0 A g− 1 using a 
WBCS3000 (WonATech) battery cycle at 25 ◦C. The cycling performance 
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of the assembled cells was evaluated at 2.0 and 3.0 A g− 1. Cyclic vol
tammetry (CV) measurements were performed at a voltage scan rate of 
0.1 mV s− 1. Electrochemical tests were conducted with the voltage range 
fixed at 0.001–3.0 V. Electrochemical impedance spectroscopy (EIS) 
data was collected to draw Nyquist plots in the frequency range of 100 
kHz–0.01 Hz. 

3. Results and discussion 

3.1. Physical characterization results 

The formation mechanism of the three-dimensional hierarchal 
porous NGC and anatase TiO2 micro sponge-ball (TiO2@NGC MSB) 
synthesized using the spray pyrolysis technique is presented in Scheme 
1. During the first step, spray droplets were generated using an ultra
sonic nebulizer comprising a homogeneously mixed colloidal solution of 
Ti-metal salt, PVP as a carbon source, and PS nanobeads (ϕ = 100 nm) as 
a pore generator in distilled water, as shown in Scheme 1-①. The 
droplets were then dried by passing through the vertically aligned 
quartz reactor tube preheated at 600 ◦C (Scheme 1-②), resulting in the 
thermal breakdown of the metal salt to metal oxide; however, PVP 
decomposed into AC and NGC depending on the vicinity of the Ti spe
cies, which act as catalysts for the graphitization of C (Scheme 1-③). In 
addition, the PS nanobeads decomposed into gaseous products, gener
ating numerous uniformly distributed macropores with a mean size of 
80 nm inside and outside the prepared nanostructure. This resulted in 
the formation of a three-dimensional porous micro sponge-ball 
comprising anatase-TiO2 nanodots and NGC-AC species (TiO2@NGC- 
AC MSB) in the carbon matrix. During the second step, the as-sprayed 
TiO2@NGC-AC MSB was subjected to heat treatment at 300 ◦C for se
lective removal of AC from the carbon matrix in the form of gaseous 
products, thus forming micropores in the nanostructure. This step 
resulted in a hierarchical porous three-dimensional micro sponge-ball 
consisting of a NGC framework and anatase-type titanium dioxide 
nanodots (TiO2@NGC MSB), as shown in Schemes 1-④. The resulting 
micropores are believed to act as secondary sites for additional Li stor
age and, therefore, could be beneficial for enhancing the overall 

electrochemical performance [42]. 
To elaborate the formation mechanism, a detailed microstructural 

analysis of the as-prepared three-dimensional hierarchically porous N- 
doped graphitic C and anatase TiO2 micro sponge-balls (TiO2@NGC 
MSB) was performed after each synthesis step. The morphological and 
crystal structure results of the sample obtained after spray pyrolysis at 
600 ◦C in a N2 atmosphere are shown in Fig. 1. The FE-SEM micrograph 
(Fig. 1a) of the as-sprayed sample indicated the formation of a non- 
aggregated 3D sponge-ball-like structure with an average diameter of 
1.1 μm (Fig. S1a). The high-resolution FE-SEM image (Fig. 1b) suggested 
the presence of uniformly distributed macropores (mean pore diameter 
of 80 nm) inside and outside the micro sponge-ball. The formation of 
evenly distributed macropores can be ascribed to the decomposition of 
the PS nanobeads (ϕ = 100 nm) at 600 ◦C during the spray pyrolysis. The 
shrinkage of the pore diameter from 100 to 80 nm after spray pyrolysis 
could be attributed to the contraction of the micro sponge-balls during 
the heat-treatment process. In addition, the micrographs revealed 
sparsely connected Ti species in the sponge-ball. It should be noted that 
the spray droplets passed through the vertical quartz tube in 4.8 s. 
During this short period, a fraction of the carbon source (PVP) was 
partially converted to AC and NGC, depending on the vicinity of the 
titanium species. Thus, the partially graphitized carbon matrix sparsely 
connect the titanium species to form a sponge-like nanostructure. 
Furthermore, the fractured surface image (Fig. 1c) of the 3D sponge-ball 
confirmed the presence of evenly distributed macropores in the internal 
structure. The TEM image in Fig. 1d confirmed the formation of a 3D 
sponge-ball with a diameter of 1.4 μm, which is consistent with the FE- 
SEM results. In addition, macro-sized open pores were also observed in 
the TEM image. The high-magnification TEM image (Fig. 1e) explicitly 
shows bright regions corresponding to the open pores (highlighted by 
arrows). Additionally, the dark region corresponds to the presence of 
TiO2 nanodots embedded in the AC or NGC matrix. The high-resolution 
TEM (HR-TEM) image in Fig. 1f shows well-resolved lattice fringes for 
the (002) plane of the NGC layer (0.34 nm) and the anatase-type TiO2 
nanodots along with the AC. The average size of the TiO2 nanodots was 
ca. 6 nm using HR-TEM images shown in Fig. S2a and b. The NGC layer 
primarily originates from the graphitization of the PVP surrounding the 
titanium species owing to their catalytic effect [43]. The NGC layer 
enhances the overall electrical conductivity of the micro sponge-ball 
owing to the higher electronegativity of nitrogen than that of carbon 
[38,39]. The lattice fringe spacing of 0.35 nm corresponded to the (101) 
plane of the anatase TiO2 phase (Fig. 1g). The selected area electron 
diffraction (SAED) pattern in Fig. 1h displays well-defined diffraction 
rings corresponding to the anatase TiO2 phase. Moreover, the diffraction 
ring corresponding to the NGC layer nearly superimposed the (101) 
plane of anatase TiO2, owing to their similar lattice fringe spacing 
values. The XRD pattern in Fig. 1i confirmed the TEM results with all 
diffraction peaks indexed to the anatase TiO2 crystal structure. The 
mean crystallite size of the anatase TiO2 nanodot was determined to be 
4.6 nm using the Scherrer equation corresponding to the highest in
tensity reflection plane, i.e., (101), and is consistent with the TEM/HR- 
TEM results discussed above. The elemental mapping results in the 
Fig. 1j indicate the uniform distribution of Ti, O, C, and N in the nano
structure, suggesting the formation of 3D micro sponge-balls comprising 
NGC/AC and anatase TiO2 nanodots (TiO2@NGC-AC MSB) and uni
formly distributed PS nanobeads-derived macropores. The TiO2@NGC- 
AC MSB powders were further subjected to heat treatment at 300 ◦C for 
3 h to effectively control the crystalline structure and form micropores in 
the carbonaceous matrix. The FE-SEM micrographs in Fig. 2a implied 
that the 3D morphology of the powder remained intact even after heat 
treatment, with an average diameter of 1.1 μm (Fig. S1b). As evident 
from the high magnification FE-SEM image in Fig. 2b, the porous 
structure of the micro sponge-ball is more pronounced after heat treat
ment owing to the selective burning of AC to gaseous products. The 
fractured cross-sectional image in Fig. 2c also implied that a highly 
porous structure was well maintained inside the micro sponge-ball, 

Scheme 1. Schematic representation (①-④) of the formation mechanism of 
three-dimensional hierarchically porous micro sponge ball comprising nitrogen- 
doped graphitic carbon-coated titanium dioxide nanodots (TiO2@NGC MSB). 
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despite a significant loss of AC species. This was further confirmed by the 
TGA and Raman spectra of the as-sprayed powders obtained before and 
after the heat treatment. The TG curve (Fig. S3a) for the TiO2@NGC-AC 
MSB before heat treatment implied two major weight loss regions in an 
air atmosphere. The first region between 270 and 370 ◦C corresponded 
to the burning of AC to gaseous products (Δm = − 16 %), whereas the 
second weight loss region from 370 to 500 ◦C (Δm = − 19 %) can be 
assigned to the combustion of NGC species [44,45]. These results are 
consistent with the TG curve obtained for the as-sprayed powder after 
heat treatment (Fig. S3b), indicating a weight loss of 18 % between 390 
and 490 ◦C owing to the burning of NGC species to gaseous products. 
The TGA results for the pre-heat-treated and heat-treated powders are 
well supported by the elemental analysis (EA) results in Table S1, which 
suggest a carbon content of ca. 32 wt% for the TiO2@NGC-AC MSB 
powder compared to 14 % for the TiO2@NGC MSB powder. The Raman 
spectrum was analyzed further to confirm the crystalline nature of the 
carbonaceous species before and after the heat treatment. The relative 
intensity ratio of the D and G bands (i.e., ID/IG) indicates the degree of 
crystallinity [46]. The Raman spectrum for TiO2@NGC-AC MSB in 
Fig. S4a displayed an ID/IG value of 0.37, which indicates graphitic 
characteristics. However, it should be noted that TiO2@NGC-AC MSB 
powder also contains AC (Fig. S3a). The oxidation process to obtain the 

TiO2@NGC MSB effectively removes the AC thus resulting in the exis
tence of NGC only, as evident by the TGA result (Fig. S3b). However, the 
slight increase in the ID/IG value (0.44; Fig. S4b) is due to the presence of 
defects in the graphitic carbonaceous species which formed during the 
oxidation process. Furthermore, the TEM images in Fig. 2d and e again 
confirm the 3D sponge-ball-like morphology of the prepared powders 
with evenly distributed macropores (bright regions) throughout the in
ternal and external structures. The selective removal of AC also 
contributed to the total porosity of the sample owing to the formation of 
micropores (discussed in the BET section). The lattice fringe spacing of 
0.34 nm (Fig. 2f) and 0.35 nm (Fig. 2g) is also evident, corresponding to 
the (002) and (101) planes of the NGC and anatase TiO2, respectively. 
Moreover, the average size of TiO2 nanodots in the TiO2@NGC MSB was 
ca. 12 nm using the HR-TEM images presented in Fig. S2c and d. The 
SAED pattern in Fig. 2h shows well-resolved diffraction planes perfectly 
indexed to the anatase TiO2 phase. The XRD pattern in Fig. 2i validates 
the phase purity of the prepared powders, which matches well with the 
anatase TiO2 crystal structure. The mean crystallite size of the TiO2 
nanodot was determined to be 11.8 nm using the Scherrer equation from 
the highest intensity reflection plane, viz. (101). The elemental mapping 
images in Fig. 2j implied uniform distribution of Ti, O, C, and N. Overall, 
the above results confirmed the formation of a highly porous 3D micro 

Fig. 1. Morphologies, SAED, XRD patterns and elemental mapping images of TiO2@NGC-AC MSB obtained after spray pyrolysis at 600 ◦C: (a-c) FE-SEM images, (d, 
e) TEM images, (f, g) HR-TEM image, (h) SAED pattern, (i) XRD pattern, and (j) elemental mapping images. 
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sponge-ball comprising NGC and anatase TiO2 nanodots with numerous 
macropores and micropores that eventually envisage improved elec
trochemical properties owing to the enhanced electronic conductivity, 
efficient electrolyte percolation, and presence of additional storage sites. 

The bonding states and chemical environments of the different ele
ments in the as-prepared TiO2@NGC MSB were determined using XPS. 
The XPS survey spectrum in Fig. S5 shows photoelectron signals related 
to Ti 2p, O 1s, C 1s, and N 1s. The high-resolution Ti 2p XPS spectrum in 
Fig. 3a shows two well-fitted intense peaks at binding energies of 458.4 
(Ti 2p3/2) and 464.1 (Ti 2p1/2) eV, which correspond to Ti4+ species in 
the prepared powders [43]. Moreover, a binding energy difference of ΔE 
= 5.7 eV between the two sharp peaks also confirms the strong inter
action between Ti and O atoms [47]. Furthermore, two low-intensity 
signals located at 457.4 (Ti 2p1/2) and 460.9 eV (Ti 2p3/2) were fitted, 
corresponding to the Ti3+ cations in the Ti2O3 phase, which resulted 
from the incomplete oxidation of Ti species and matched well with 
previous reports [48]. However, the low intensity indicated a negligible 
proportion of the Ti2O3 phase in the as-prepared powders. The decon
voluted O 1s XPS spectrum in Fig. 3b exhibits well-resolved photoelec
tron peaks at 529.8, 531.8, and 533.2 eV that could be ascribed to the 

Ti–O, –OH, and C––O bonds, respectively [49,50]. The C 1s high- 
resolution XPS spectrum in Fig. 3c display three fitted peaks located at 
284.4, 285.2, and 288.4 eV that could be attributed to the C––C, C–N/ 
C–C, and C––O bonds, respectively [43,51–56]. The high-intensity peak 
corresponding to C––C indicates the presence of carbonaceous species in 
the as-prepared powders. Additionally, the peaks corresponding to C–N/ 
C–C indicate N-doping of the carbonaceous skeleton [57–59]. N-doping 
mainly results in enhanced electronic conductivity owing to the higher 
electronegativity of the N atom compared to the C atom [39,60,61]. 
These results were confirmed by the deconvoluted N 1s XPS spectrum 
(Fig. 3d), which displayed four well-fitted distinct peaks centered at 
398.6, 400.1, 401.6, and 403.6 eV corresponding to pyridinic, pyrrolic, 
graphitic, and oxidized N species, respectively [38,62,63]. These results 
confirm N-doping in the carbonaceous material framework in the form 
of NGC. Elemental analysis was performed to quantify the N content in 
the as-prepared powders (Table S1). The nitrogen content in the 
TiO2@NGC MSB was estimated to be 1.8 wt%, mainly induced by the N- 
rich organic units present in the PVP polymer. However, the lower ni
trogen content in the heat-treated sample compared to the pre-heat- 
treated sample (2.2 wt%) is due to the burning of a large proportion 

Fig. 2. Morphologies, SAED, XRD patterns and elemental mapping images of TiO2@NGC MSB obtained after heat treatment at 300 ◦C: (a-c) FE-SEM images, (d, e) 
TEM images, (f, g) HR-TEM image, (h) SAED pattern, (i) XRD pattern, and (j) elemental mapping images. 
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of N-doped carbonaceous species during the heat treatment, as predicted 
from the TG curve (Fig. S3b). The BET surface area of the as-prepared 
powders was determined using N2 adsorption–desorption isotherms 
and was observed to be 110 m2 g− 1 for the TiO2@NGC MSB (Fig. 3e), 
which is much higher than that of the TiO2@NGC-AC MSB powder (25 
m2 g− 1) before heat treatment (Fig. S6a). The high BET surface area of 
the TiO2@NGC MSB is primarily owing to the newly formed micropores 
in the nanostructure during the heat treatment, as evident from the 
micropore distribution curve in Fig. S7. Therefore, the BET results 
suggested that the synergistic effects of the PS nanobeads-derived 
macropores and AC-combustion-induced micropores significantly 
enhance the porosity of the nanostructure, which eventually facilitates 
the rapid transportation of charged species and efficient electrolyte 
penetration. In addition, the micropores thus formed offer additional 
secondary sites for more Li storage and are therefore helpful in 
improving the overall electrochemical performance [42]. The Bar
rett–Joyner–Halenda pore size distribution curve shown in Fig. 3f sug
gested the presence of macropores with a peak maximum centered at 
~82 nm, along with an increased micropore density. Similarly, the pore 
size curve (Fig. S6b) for the TiO2@NGC-AC MSB powder before heat 
treatment implied the presence of macropores (~91 nm) produced only 
by PS decomposition. 

For better comparison, filled-structured anatase TiO2/AC composite 
powders were also prepared from the spray suspension with Ti salt and 
without both PVP and PS nanobeads under identical spray conditions. 
Morphological and crystal structure analyses of the as-sprayed samples 
are presented in Fig. S8. The FE-SEM micrograph in Fig. S8a indicated 
the formation of non-aggregated 3D spherical balls with a mean diam
eter of ~ca. 600 nm. In addition, the smooth surface observed in Fig. S8b 

indicated the absence of pores in the prepared powder. Furthermore, the 
fractured FE-SEM micrograph (inset in Fig. S8b) and the TEM micro
graph (Fig. S8c) confirmed the filled structure. Thus, the as-sprayed 
powder was denoted as “F-TiO2/AC” where F stands for “Filled” or 
non-porous. The HR-TEM image in Fig. S8d shows a clear lattice fringe 
spacing of 0.35 nm corresponding to the (101) diffraction plane of the 
anatase TiO2 crystal structure. The SAED pattern in Fig. S8e indicates 
well-fitted diffraction rings corresponding to the various crystal planes 
of anatase TiO2. The phase purity of the as-sprayed powder was deter
mined by XRD spectrum (Fig. S8f), indicating an anatase TiO2 crystal 
structure with an average crystallite size of 8.04 nm. The elemental dot 
mapping results (Fig. S8g) confirmed the presence of Ti, O, and C in the 
as-sprayed powder. Moreover, a small amount of AC (~3.8 wt%) was 
confirmed by the TGA curve (Fig. S9). AC primarily originates from the 
tetra isopropoxide (C12H28O4) units in the titanium salt (TTIP ➔ TiO2 +

4C3H7OH). The non-porosity of the F-TiO2/AC powder was confirmed 
by obtaining the BET surface area (Fig. S10a), which suggested a low 
value of 14 m2 g− 1 owing to the absence of pores, as indicated by the 
pore size curve in Fig. S10b. 

3.2. Electrochemical performance 

To prove the structural superiority of the TiO2@NGC MSB, 
TiO2@NGC-AC MSB, and F-TiO2/AC powders, their electrochemical 
performances were analyzed using a CR2032 coin cell. The CV results of 
the TiO2@NGC MSB for the first five cycles at a scan rate of 0.1 mV s− 1 in 
the voltage range of 0.001–3.0 V are shown in Fig. 4a. The shape of the 
CV curve suggested that the redox reactions inside the cell are mainly 
governed by two processes: the faradaic-type Li-ion insertion-extraction 
and the non-faradaic-type capacitive process. During the initial 
discharge, the insertion of Li-ions resulted in an irreversible trans
formation of anatase TiO2 to lithium titanate at 1.0 V vs. Li+/Li, mainly 
owing to the formation of a SEI and irreversible electrochemical re
actions, such as the reduction of Ti4+ → Ti3+ [23,64]. In addition, the 
sharp peak at 0.001 V implied the insertion of Li-ions into the carbo
naceous species [31]. The high intensity of the first reduction process for 
the TiO2@NGC MSB compared with that of the TiO2@NGC-AC MSB 
(Fig. S11a) and F-TiO2/AC (Fig. S11b) powders implied that more 
interstitial octahedral sites are available for the reduction process be
tween Li-ions and anatase TiO2 because of its high surface area. Simi
larly, the oxidation peak at 0.18 V during the first anodic scan indicated 
the extraction of Li-ion from the carbonaceous material, whereas the 
noticeable hump at 2.05 V signified the oxidation of lithium titanate 
back to the anatase TiO2 phase [64]. More symmetric CV curves were 
obtained during the second CV scan, with cathodic-anodic peak pairs 
centered at 1.73/2.05 and 0.001/0.15 V, indicating reversible Li-ion 
movement into the anatase TiO2 crystal structure (xLi+ + TiO2 + xe−

↔ LixTiO2; x = 0.5) and carbon matrix, respectively. The CV curves 
began to overlap significantly with their shapes intact after the second 
cycle onwards, suggesting highly reversible electrochemical redox re
actions inside the cell. TiO2@NGC-AC MSB powder also displayed 
similar CV characteristics (Fig. S11a), despite its lower current intensity 
than that of the TiO2@NGC MSB sample, indicating relatively sluggish 
redox processes inside the cell. Similarly, the F-TiO2/AC (Fig. S11b) also 
displayed analogous CV characteristics with minor differences. For 
instance, the existence of a shoulder peak at 1.74 V during oxidation is 
mainly because of the presence of a few interstitial defects in the F-TiO2/ 
AC crystal structure [65]. The initial charge-discharge voltage profiles 
were analyzed for all the prepared powders to verify the CV results at a 
current density of 1.0 A g− 1, as shown in Fig. 4b. The obtained voltage 
profiles were in good agreement with the CV results, with no obvious 
charge and discharge voltage plateaus. The initial charge/discharge 
capacities of TiO2@NGC MSB, TiO2@NGC-AC MSB, and F-TiO2/AC 
powders were determined to be 240/589, 145/372, and 51/114 mA h 
g− 1, respectively. Additionally, the initial Coulombic efficiencies (ICEs) 
of the TiO2@NGC MSB, TiO2@NGC-AC MSB, and F-TiO2/AC powders 

Fig. 3. XPS and BET characterization of TiO2@NGC MSB: (a) core-level Ti 2p 
XPS spectra, (b) core-level O 1s XPS spectra, (c) core-level C 1s XPS spectra, (d) 
core-level N 1s XPS spectra, (e) N2 adsorption-desorption isotherms, and (f) BJH 
desorption pore-size distributions. 
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were 41, 45, and 40 %, respectively. Moreover, the cell utilizing the 
TiO2@NGC MSB anode displayed the lowest polarization potential (ΔV 
= 0.70 V) compared with those of the TiO2@NGC-AC MSB (ΔV = 0.88 
V) and F-TiO2/AC (ΔV = 1.35 V) powders. The high initial discharge 
capacity, reasonable ICE, and lowest polarization potential of the 
TiO2@NGC MSB suggested that the hierarchical porous structure not 
only guarantees superior electrolyte percolation owing to evenly 
distributed macropores but also ensures improved electronic/ionic 
conductivities because of NGC, in addition to facilitating rapid charge 
diffusion processes that result in enhanced redox kinetics. Overall, the 
CV and initial charge/discharge voltage profiles confirmed the struc
tural dominance of the TiO2@NGC MSB powder compared to the 
TiO2@NGC-AC MSB and F-TiO2/AC powders. 

The cycling performances of the as-prepared powders were also 
evaluated at current densities of 2.0 and 3.0 A g− 1, as shown in Fig. 4c 
and d, respectively. The cell utilizing the hierarchically porous 
TiO2@NGC MSB anode exhibited superior and stable cycling perfor
mance at each current density compared with the TiO2@NGC-AC MSB 
and F-TiO2/AC anodes. For instance, the TiO2@NGC MSB anode dis
played a discharge capacity of 222 mA h g− 1 at a current density of 2.0 A 
g− 1 (Fig. 4c), which almost remained constant during cycling and sta
bilized at 219 mA h g− 1 at the end of the 2000th cycle. This suggested 

capacity retention of 99 % with an ultra-low average capacity decay rate 
of just 0.0006 % per cycle. By contrast, the cells employing the 
TiO2@NGC-AC MSB and F-TiO2/AC anodes exhibited discharge capac
ities of 122 and 44 mA h g− 1, respectively, which increased to 139 (82 % 
retention) and 56 (85 % retention) mA h g− 1 after 2000 cycles. Besides, 
the average capacity decay rates of 0.008 and 0.007 % per cycle were 
observed for the TiO2@NGC-AC MSB and F-TiO2/AC anodes, respec
tively. Additionally, CE values over 99.8 % for the TiO2@NGC MSB 
indicated highly reversible electrochemical performance inside the 
assembled cells. Similar results were obtained when cycling was per
formed at a higher current density of 3.0 A g− 1 (Fig. 4d). The cells uti
lizing the TiO2@NGC MSB, TiO2@NGC-AC MSB, and F-TiO2/AC anodes 
exhibited discharge capacities of 198, 99, and 26 mA h g− 1, respectively. 
At the end of the 5000th cycle, the discharge capacity of the TiO2@NGC 
MSB anode stabilized at 160 mA h g− 1 compared to the 94 and 24 mA h 
g− 1 for the TiO2@NGC-AC MSB and F-TiO2/AC anodes, respectively, at 
the end of identical cycle number. In addition, the anodes maintained a 
high CE throughout prolonged cycling, implying highly reversible and 
kinetically favored redox reactions inside the cell. However, the high 
and ultra-stable discharge capacity of the TiO2@NGC MSB can be 
attributed to the highly porous structure that accommodates the volume 
expansion of anatase TiO2 nanodots during Li-ion insertion and 

Fig. 4. Electrochemical properties of TiO2@NGC MSB, TiO2@NGC-AC MSB, and F-TiO2/AC for Li-ion storage: (a) CV curve of TiO2@NGC MSB, (b) initial discharge/ 
charge curves at a constant current density of 1.0 A g− 1, (c) cycle performance at current density of 2.0 A g− 1, (d) cycle performance at current density of 3.0 A g− 1, 
and (e) rate performances. 
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extraction. This eventually stabilized the nanodot morphology and 
hence alleviated pulverization in the electrode architecture during the 
extended repeated cycling in an intentionally selected wide operating 
voltage range (0.001–3.0 V). Additionally, the electrochemical proper
ties of NGC matrix (i.e., without TiO2 nanodots) were also investigated 
to calculate the capacity contribution of the NGC matrix to the total 
capacity of TiO2@NGC MSB. For the same, the TiO2@NGC MSB powder 
was treated for 3 days with blended solution of hydrofluoric acid (45 %), 
hydrogen peroxide (35 %), and distilled water in a volume ratio of 
1:1:20, respectively, to remove the Ti species followed by repeated 
washing with distilled water and subsequent drying at 100 ◦C in an air 
oven for overnight. The obtained electrochemical results are summa
rized in Fig. S12. The CV curves obtained at 0.1 mV s− 1 (Fig. S12a) 
clearly indicate the redox processes for carbon only, with three peaks at 
0.73/0.33 V and 0.001 V corresponding to the formation of SEI layer and 
lithium intercalation, respectively, in the NGC matrix [52,66]. The 
initial charge/discharge profiles of NGC matrix (Fig. S12b) at a current 
density of 1.0 A g− 1 further supported these results. The cycle perfor
mance obtained at a current density of 2.0 A g− 1 (Fig. S12c) indicated 
that the NGC matrix had a discharge capacity of 159 mA h g− 1 at the 
100th cycle. Correspondingly, the capacity contribution of the NGC 
matrix in the total capacity of TiO2@NGC MSB was approximately 13 % 
(considering the carbon content of 14 wt%). Similarly, the NGC matrix 
had a discharge capacity of 114 mA h g− 1 at the 100th cycle (at 3.0 A 
g− 1; Fig. S12d) thus indicating a capacity contribution of ca. 9 %. 
Therefore, the above results confirm that NGC matrix only acts as a 
conductive scaffold for the rapid charge transfer during the electro
chemical process. 

Rate capability tests were also conducted at current densities ranging 
from 0.2 to 10.0 A g− 1 for the as-prepared anodes to further verify their 
structural merits (Fig. 4e). The hierarchical porous TiO2@NGC MSB 
anode exhibited discharge capacities of 300, 248, 215, 184, 167, 143, 
126, and 105 mA h g− 1 for the 10th cycle at current densities of 0.2, 0.5, 
1.0, 2.0, 3.0, 5.0, 7.0, and 10.0 A g− 1, respectively. The obtained ca
pacities are superior to those of the TiO2@NGC-AC MSB and F-TiO2/AC 
anodes, which exhibited discharge capacities of 318/139, 234/102, 
179/77, 117/53, 73/40, 25/23, 7/12, and 1/2 mA h g− 1, respectively, at 
identical current densities. When the current was reversed to 0.2 A g− 1, a 
comparable discharge capacity was obtained for the TiO2@NGC MSB 
anode. The high discharge capacity of the TiO2@NGC MSB anode, 
particularly at high current densities, confirms its structural superiority 
over TiO2@NGC-AC MSB and F-TiO2/AC anodes. The evenly distributed 
macropores not only facilitate efficient electrolyte percolation into the 
electrode during repeated cycling but also alleviate electrode pulveri
zation by accommodating volume variations. Similarly, the presence of 
micropores offers additional sites for lithium insertion and extraction, 
thus increasing the overall capacity [42]. Besides, the NGC coating 
enhanced the overall electrical conductivity of the electrode, thus 
facilitating rapid charge transfer during redox reactions. The electro
chemical performance of the present TiO2@NGC MSB anode is sum
marized and thoroughly compared with other anatase TiO2/C-based 
composite anodes in Table S2, which implied superior electrochemical 
properties for the proposed anode. 

CV curves were obtained to get a better insight into the reaction 
kinetics inside the assembled cells of the as-prepared powders in the 
voltage range of 0.001–3.0 V at different scan rates (Fig. 5a). New peak 
pairs (denoted as R2/O2 and O3) were observed in the CV curves in 
addition to the original redox peak pairs (R1/O1), particularly at high- 
voltage scan rates. The R2/O2 redox peak pair could be attributed to the 
movement of Li-ions into the Ti3+ species (i.e., Ti2O3), whereas the O3 
peak is ascribed to the emergence of new electrochemical sites origi
nating from interstitial defects in the TiO2 crystal structure, as reported 
previously [65]. Additionally, the CV curve shape indicates that 
different electrochemical processes occur simultaneously, such as 
faradaic-type Li-ion diffusion-controlled redox reactions, faradaic-type 
charge-transfer processes at the electrode surface (pseudocapacitance), 

and non-faradaic-type double-layer capacitive processes. To differen
tiate between the diffusion- and surface-controlled reactions, the peak 
current (i) values obtained during the electrochemical reactions were 
plotted against the voltage sweep rates (v) governed by the following 
power-law equation [67]: 

i = avb (1)  

log(i) = blog(v)+ log(a) (2) 

Here, the extent of diffusion-controlled and capacitive-controlled 
processes is determined by variables a and b. For instance, if b ap
proaches 1.0, the redox process is mainly capacitive or surface- 
controlled, whereas if b tends to 0.5, it is mainly diffusion-controlled, 
similar to battery processes [64]. The b values were determined using 
the slope of the log(i) versus log(v) plot, as shown in Fig. 5b. As 
observed, the b-values for the various redox peaks of the TiO2@NGC 
MSB were close to 1, implying a surface-dominant or capacitive- 
controlled electrochemical process. By contrast, the reaction dynamics 
for the TiO2@NGC-AC MSB anode depicted in Fig. S13a and b exhibit 
relatively lower b values, indicating that the redox processes are still 
capacitive-controlled but to a lesser extent. The reaction kinetics for the 
F-TiO2/AC anode depicted in Fig. S13c and d indicate the lowest b 
values, suggesting the highest proportion of diffusion-controlled pro
cesses among all prepared samples. To quantify the contribution of 
capacitive and diffusion-controlled processes, each process was sepa
rated from the area under the total charge storage curve using the 
following equation [68,69]: 

i = k1v+ k2v1/2 (3)  

where k1v and k2v1/2 represent the capacitive-controlled and diffusion- 
controlled contributions, respectively, and k1 and k2 are constants ob
tained from the slope and intercept of the i(V)/v1/2 vs. v1/2 plot, 
respectively. Fig. 5c shows a capacitive contribution factor (k1v) of 81 % 
at a scan rate of 2.0 mV s− 1 for the TiO2@NGC MSB anode, as high
lighted by the red area. Even at scan rates other than 2.0 mV s− 1, the 
TiO2@NGC MSB anode exhibited capacitive-dominant reaction dy
namics, as shown in Fig. 5d. Likewise, the surface-controlled reaction 
contributions for the TiO2@NGC-AC MSB (Fig. 5e and f) and F-TiO2/AC 
anode (Fig. 5g and h) also suggested a capacitive-dominant process, but 
at a lower percentage. These results confirmed the structural advantages 
of the TiO2@NGC MSB anode, which facilitates not only kinetically 
favored rapid Li-ion transport and efficient electrolyte infiltration owing 
to the hierarchical porous nanostructure but also guarantees rapid 
charge transfer owing to the highly conducting NGC network. 

The superior Li-ion transport properties of the TiO2@NGC MSB 
anode were validated further using electrochemical impedance spec
troscopy (EIS) (Fig. 6). Nyquist plots for fresh and cycled cells at 
different cycling numbers were recorded in a fully charged state. In 
addition, the EIS data were fitted using the deconvoluted Randle-type 
equivalent circuit model, as shown in Fig. S14, and the fitted param
eter values are summarized in Table S3. The Nyquist plots for the fresh 
cells (Fig. 6a) exhibit similar solution resistance (Rs) values (~17 Ω), 
indicating identical interfacial redox processes at the electro
de–electrolyte intersection. Furthermore, the charge transfer resistance 
(Rct) values for the TiO2@NGC MSB, TiO2@NGC-AC MSB, and F-TiO2/ 
AC were 268, 234, and 190 Ω, respectively. However, after the 1st cycle, 
a significant decrease in Rct was observed for all the samples, as shown in 
Fig. 6b. At the end of the 300th cycle (Fig. 6c), the Rct values for the 
TiO2@NGC MSB, TiO2@NGC-AC MSB, and F-TiO2/AC anodes were 27, 
37, and 13 Ω, respectively. The lowest Rct value for F-TiO2/AC can be 
attributed to the non-porous nature of the sample, which resulted in a 
low contact surface area. However, the higher Rct values for the 
TiO2@NGC MSB and TiO2@NGC-AC MSB anodes could be attributed to 
the presence of porous structures and conductive or nonconductive 
carbon skeletons. For instance, the presence of a porous structure in both 
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Fig. 5. Electrochemical reaction dynamics analysis of (a-d) the TiO2@NGC MSB, (e, f) TiO2@NGC-AC MSB, and (g, h) F-TiO2/AC for Li-ion storage: (a) CV curves 
obtained at various scan rates, (b) current response (i) vs. scan rate (n) at each redox peak, (c, e, 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, h) bar chart showing the percentage of the capacitive contribution at different scan rates. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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samples resulted in large contact surface areas and, therefore, a high Rct. 
However, the low Rct for the TiO2@NGC MSB is because of the presence 
of the NGC framework, which facilitates fast electron transfer. By 
contrast, the presence of AC alongside NGC in the TiO2@NGC-AC MSB 
retards electron movement during the redox processes, resulting in a 
higher charge transport resistance. Furthermore, the real part of the 
impedance Z' was plotted against ω− 1/2 (ω = 2πf is the angular fre
quency) in the low-frequency region after the 1st cycle for all samples, as 
shown in Fig. 6d. The gentle slope for the cell employing the TiO2@NGC 
MSB anode indicates higher Li-ion diffusion during the electrochemical 
reactions than the TiO2@NGC-AC MSB and F-TiO2/AC anodes. The Li- 
ion diffusion coefficient (DLi+ ) values were further quantified using Z' 
vs. ω− 1/2 plots by employing the following equation [70–72]: 

DLi+ =
0.5R2T2

A2F4C2σ2
W

(4) 

where DLi+ denotes the Li-ion diffusion coefficient, R represents the 
gas constant, T is the temperature, A stands for electrode area, C is the Li- 
ion concentration, F represents the Faraday constant, and σW is the 
Warburg impedance factor. The cell utilizing the TiO2@NGC MSB anode 
exhibited a diffusion coefficient value one order of magnitude higher 

(1.37 × 10− 13 cm2 s− 1) than that of the TiO2@NGC-AC MSB (1.71 ×
10− 14 cm2 s− 1) and two orders of magnitude higher than that of F-TiO2/ 
AC (2.61 × 10− 15 cm2 s− 1). Therefore, the high DLi+ values for the 
TiO2@NGC MSB anodes indicated that the synergistic effects of the 
porous and conductive structures guarantee rapid charge diffusion 
during repeated cycling and enhance electrode integrity. 

3.3. Post-cycling characterization results 

To investigate the electrochemical performance of the TiO2@NGC 
MSB after the cycling process, particularly the cycling performance, 
post-cycling characterizations of the TiO2@NGC MSB anode are pre
sented in Fig. 7. The cycled electrodes were carefully removed from the 
cells inside the glove box and dried. The high-magnification TEM image 
in Fig. 7a indicates that the spherical morphology of the TiO2@NGC 
MSB remained intact even after 2000 cycles at 3.0 A g− 1, which sug
gested the high structural integrity of the prepared anode. The HR-TEM 
image in Fig. 7b shows clear lattice fringes corresponding to the (101) 
diffraction plane. Moreover, the lattice fringe spacing increased from 
0.35 to 0.39 nm for the cycled TiO2@NGC MSB, which suggested that 
the repeated Li-ion insertion and extraction resulted in the expansion of 
the crystal structure along the c-axis. This expansion is believed to 

Fig. 6. Nyquist impedance plots of the TiO2@NGC MSB, TiO2@NGC-AC MSB, and F-TiO2/AC: (a) before cycling, (b) after 1st cycle, (c) after 300th cycle, and (d) 
relationship plot between real part of the impedance (Z'). 
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induce structural defects in the crystal structure, which facilitates more 
insertion and/or extraction of Li-ions during repeated redox processes. 
Furthermore, the HR-TEM image in Fig. 7c indicates the presence of SEI 
layer (7.7 nm thick) formed due to the electrolyte decomposition in an 
intentionally chosen wide operating voltage range (0.001–3.0 V). 
Moreover, the SEI layer remained highly stable and continuous even 
after prolonged cycling, which could be attributed primarily to the 
structural robustness and integrity of the as-prepared hierarchically 
porous spherical sponge-ball. The HR-TEM image in Fig. 7d implies a 
clear lattice fringe spacing of 0.20 nm that corresponds to the (200) 
diffraction plane of the LiF derivative of electrolyte decomposition. We 
believe that synergistic effect occurs between the structural defects 

induced by the anatase TiO2 crystal expansion and the SEI layer, which 
facilitates the simultaneous insertion and extraction of more Li-ions and 
their rapid transport at the electrolyte–electrode interface, resulting in 
excellent cycling performance. Furthermore, the broad-range XRD 
pattern and its magnified image also support the TEM results. For 
instance, a significant difference between the peaks of the cycled elec
trode and uncycled powder was observed in the XRD pattern (Fig. 7e). 
The XRD peaks for the cycled electrode correspond to the anatase phase 
of TiO2, Cu current collector, and LiF species. Additionally, a clear shift 
of the (004) peak in Fig. 7f for anatase TiO2 phase to lower 2θ is also in 
good accordance with the HR-TEM results in Fig. 7b, confirming the 
lattice expansion during prolonged cycling. Overall, the exceptional 

Fig. 7. Morphologies and XRD patterns of TiO2@NGC MSB obtained after 2000 cycles at current density of 3.0 A g− 1: (a) TEM images, (b-d) HR-TEM images, and (e, 
f) XRD patterns. 

J.S. Lee et al.                                                                                                                                                                                                                                    



Journal of Energy Storage 66 (2023) 107396

12

cycling performance of the TiO2@NGC MSB anode could be attributed to 
its high structural integrity or robustness, stable SEI layer, and expanded 
crystal structure that collectively allows faster and repeated insertion 
and/or extraction of Li-ions. 

4. Conclusions 

In this study, a design strategy was proposed to develop a hierar
chically porous three-dimensional micro sponge-ball comprising 
nitrogen-doped graphitic carbon and the anatase titanium dioxide 
nanodots (TiO2@NGC MSB) via an easily scalable spray pyrolysis 
method followed by a heat-treatment process. The as-sprayed nano
structure comprised of PS nanobead-derived macropores and anatase 
TiO2 nanodots well embedded inside the carbonaceous matrix made up 
of NGC and AC. The heat-treatment step at 300 ◦C selectively removed 
AC to form the gaseous products. Consequently, an extremely porous 
micro sponge-ball comprising anatase-type TiO2 nanodots and highly 
conductive NGC was obtained. The presence of PS and AC-derived 
porous structures offers efficient electrolyte penetration into the elec
trode, along with the rapid diffusion of charged species. The NGC 
composite enhanced the overall electrical conductivity and allowed fast 
reaction kinetics via smooth electron transfer. Highly stable anatase 
TiO2 provides numerous electrochemically active sites. Consequently, 
the obtained TiO2@NGC MSB nanostructure displayed overall improved 
electrochemical performance, such as high-rate capability and 
extremely stable cycling properties, compared to the TiO2@NGC-AC 
MSB and F-TiO2/AC anodes. The simplicity of the preparation method 
provides excellent possibilities for scaling it up to the commercial level 
to assemble half or full cells for various rechargeable energy storage 
systems. 
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