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performance of porous TiO2

microspheres coated with nitrogen-doped carbon
as an anode material for lithium-ion batteries†

Shimei Guo, *a Yue Wang,b Shubiao Xia,b Hanwei Li,a Siyuan Zuoa

and Wangqiong Xu *a

TiO2 has a robust structure and low cost and is non-toxic. However, its low electronic conductivity and

lithium-ion diffusivity impede its practical application in LIBs. To improve the conductivity and lithium-

ion dynamics of titanium dioxide (TiO2), we synthesized porous TiO2 microspheres coated with

nitrogen-doped carbon (TiO2@C–N) through a solvothermal method combined with pyrolysis and

carbonization technology. The nitrogen-doped carbon coating was prepared using a one-pot sealed

carbonization method with pyrrole as the source of carbon and nitrogen. The porous TiO2 matrix in the

TiO2@C–N composites provided numerous open transport pathways and storage sites for Li ions, while

the nitrogen-doped carbon coating promoted the movement of electrons, leading to enhanced

electrical conductivity. Undergoing 5000 cycles at 2 A g−1, the TiO2@C–N electrode delivered a cycling

capacity of 71.8 mA h g−1, while the capacity of commercial graphite decayed rapidly after 3300 cycles.

Rate tests of both samples under the same conditions demonstrated that the TiO2@C–N electrode was

more suitable for fast charging/discharging than the graphite anode. Therefore, the TiO2@C–N

composites are expected to be an alternative to commercial graphite anodes based on their

electrochemical performance.
1. Introduction

Accompanied by efforts toward the exploitation and application
of intermittent renewable resources, including solar, wind, and
water energy, the exploration of new alternate energy storage
and conversion systems has ushered in accelerated
development.1–3 Among such systems, lithium-ion batteries
(LIBs) have perhaps attained the most interest, particularly
because of their high energy density and excellent cycling
stability.4,5 Graphitic carbon, with both electrochemical stability
and low cost, has remained themost popular commercial anode
material for LIBs since the 1990s.6,7 However, the graphitic
carbon anode has some intrinsic defects, including poor rate
capability caused by large-volume changes (ca. 10%) upon
battery cycling, potential risks of metallic lithium plating and
dendrite formation on graphite surfaces, and rapid capacity
degradation during fast charging, owing to the thermally
unstable solid–electrolyte interphase (SEI) lm.8–13 Therefore,
ring, Qujing Normal University, Qujing,
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tion (ESI) available. See DOI:

98
with the increasing demands for fast charging/discharging,
reliable safety, and long lifespan, researchers have been
devoted to exploiting suitable materials to replace graphite
anodes for LIBs.

Titanium dioxide is considered a promising material to
compete with LIBs' graphite anode because TiO2 has a robust
structure, low cost, and safety, including non-toxicity.14–16

However, so far, its low electronic conductivity (∼10−12 to
10−7 S cm−1) and lithium-ion diffusivity (∼10−15 to 10−9 cm2

s−1) have impeded its actual application in LIBs,10,11 as they can
result in low cycling capacities and poor rate performance.17 To
address these issues, many strategies have been proposed, such
as doping,17–19 surface coating,12,20,21 morphological and struc-
ture control,22–25 and constructing composites and hybrids.26–28

For example, N. Kim et al. synthesized nitrogen-doped TiO2

nanobelts (N-TNB) using a hydrothermal method with urea as
the nitrogen source with TiO2 (P25) nanoparticles and reported
that nitrogen doping improved the electronic conductivity and
Li+-ion storage efficiency of the as-prepared N-TNB anode in
LIBs, resulting in a remarkable rate capability of ∼37 mA h g−1

at 40C (1C = 335 mA g−1).29 Cheng et al. fabricated a meso-
porous carbon-coated anatase (TiO2/C) nanostructure via
a modular synthesis approach and found that when the TiO2

nanomaterials were used as the anodes of LIBs, they enhanced
the cycling stability, facilitated high overall capacities and
minimized the capacity loss compared to both their non-carbon
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and commercial anatase analogues.30 Ko and coworkers
prepared porous anatase TiO2 1D nanotube bundles as an
anode for LIBs through a hydrothermal process and post-
calcination treatment. The resulting anode exhibited
improved cycling and rate performance (117 mA h g−1 aer the
100th cycle at 1C, 84 mA h g−1 at 10C aer the 1000th cycle),
beneting from the efficient control and design of the 1D
nanostructure and porous framework with a large surface
area.14

Since the electrochemical performance of TiO2 can be
enhanced though certain composite methods, we synthesized
porous TiO2 coated with nitrogen-doped carbon (TiO2@C–N)
nanocomposite microspheres using lab-made TiO2 micro-
spheres as a precursor and pyrrole as the source of carbon and
nitrogen. Pyrrole is a ve-membered heterocyclic compound
that contains one nitrogen heteratom, which can produce
carbon and nitrogen species under sealed pyrolysis conditions.
Therefore, nitrogen-doped carbon coatings were obtained by
a one-pot sealed carbonization in this work, providing a new
approach for the co-doping and co-coating of multiple elements
in materials. As expected, the cycling and rate tests showed that
the prepared TiO2@C–N porous composites displayed a longer
cycle life and higher reversible capacity compared to the
commercial graphite anode.
2. Experimental section
2.1 Materials

Tetrabutyl titanate (TBT, Ti (OC4H9)4, 99.0%), N-methyl-2-
pyrrolidinone (NMP), polyvinylidene uoride (PVDF), N,N-
dimethylacetamide (DMA, C4H9NO, 99.0%), isopropanol (IPA,
C3H8O, 99.0%) and pyrrole (C4H5N, 98.0%) were purchased
from Macklin. The PVDF powder with a molecular weight of
500 000–700 000 was dissolved in N-methyl-2-pyrrolidinone
(NMP) solvent at a weight ratio of 9 : 91. The NMP had
a purity of 99.0%. Commercial graphite was purchased from
Guangdong Canrd New Energy Technology Co., Ltd. The
Fig. 1 Schematic of the synthesis process for the TiO2 precursor and Ti

© 2025 The Author(s). Published by the Royal Society of Chemistry
chemicals utilized were of analytical grade and were applied as-
received without further purication.
2.2 Synthesis of the porous TiO2 matrix and TiO2@C–N
microspheres

The synthesis process for the porous TiO2 matrix and
TiO2@C–N composite followed our previous work,31 and is
depicted in Fig. 1. First, DMA (10 ml) and IPA (20 ml) were
mixed without stirring in a Teon container, and then 1.0 ml
of TBT was rapidly dropped into the above solution and then
the container was sealed in a stainless steel autoclave. The
stainless steel autoclave was subsequently transferred to an
oven and kept at 200 °C for 24 h. Aerwards, the oven
temperature was allowed to drop naturally to below 30 °C, and
then the precipitate was collected by centrifugation, cleaned
six times using anhydrous ethanol, and then dried at 60 °C
overnight. Finally, the TiO2 precursor was acquired through
pyrolysis of the dry precipitate at 400 °C for 3 h in an oxygen-
rich environment.

To obtain the resulting product TiO2@C–N, 1 ml pyrrole was
added dropwise into 2.0 g of the TiO2 precursor, which was then
sealed in a stainless steel high-pressure vessel, and then held at
550 °C in a muffle furnace for 5 h.
2.3 Characterization

The crystal structures of the precursor and the resulting prod-
ucts were analyzed by X-ray powder diffraction (XRD, Cu Ka
radiation, l = 0.1542 nm). The scanning rate was 4° min−1 and
the scanning range was from 10° to 90°. Also, eld emission
scanning electron microscopy (FE-SEM, JSM-6700F) and high-
resolution transmission electron microscopy (HR-TEM, JEOL
JEM-2100) were used to examine the morphology and micro-
structure of all the samples. Alongside the N2 adsorption–
desorption test, the Brunauer–Emmett–Teller (BET) model was
utilized to calculate the specic surface area, while the Barrett–
Joyner–Halenda (BJH) method was employed to determine the
O2@C–N.

RSC Adv., 2025, 15, 11790–11798 | 11791
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pore-size distribution. The composition and chemical states
were investigated by X-ray photoelectron spectroscopy (XPS,
Thermo Scientic K-Alpha, USA). An SDT thermal-microbalance
instrument (SDT Q600, TA Instruments) was used for ther-
mogravimetric analysis (TGA) in an air atmosphere, with the
samples heated from 26 °C to 800 °C at a ramp rate of
10 °C min−1. The carbon composition of the products was
investigated by Raman spectrometry (532 nm laser wavelength,
Thermo Fisher).
2.4 Electrochemical measurements

To obtain the working electrodes, the active materials, carbon
black and PVDF (7 : 2 : 1 by weight) were homogeneously
dispersed in NMP solvent, and then coated onto a copper foil
substrate and dried at 80 °C for more than 12 h. Finally, the
thoroughly dried substrate was processed into 14 mm diameter
akes. The mass loading of active material obtained in these
electrodes was about 1.5 mg cm−2. In an argon-lled environ-
ment, CR2025-type coin half cells were assembled in a glove-box
using Li foil as the counter and reference electrode, and Celgard
2500 as the separator. The electrolyte was 1.0 M LiPF6 dissolved
in ethylene carbonate, dimethyl carbonate, and ethylene methyl
carbonate with a volume ratio of 1 : 1 : 1. The electrochemical
performance of the cells was tested on a LAND CT2001A battery
test system in the voltage range from 0.02 to 3.0 V at various
current densities. A PARSTAT 2273 electrochemistry worksta-
tion was utilized for the cyclic voltammogram (CV) and elec-
trochemical impedance spectroscopy (EIS) analyses. The CV was
scanned at a rate of 0.1 mV s−1 in the potential range (vs. Li/Li+)
from 0.01 to 3.0 V. EIS was performed in the frequency range of
100 kHz to 1.0 Hz with an AC signal amplitude of 10 mV. The
test results are presented as Nyquist plots, in which the X-axis
and Y-axis represent the real part Z0 and imaginary part Z00,
respectively.
3. Results and discussion

XRD was used to characterize the crystal structure of the
precursor and the resulting products. As shown in Fig. 2a, all
Fig. 2 (a) XRD patterns of the TiO2 precursor and TiO2@C–N; (b) Rama

11792 | RSC Adv., 2025, 15, 11790–11798
the diffraction peaks of the precursor and TiO2@C–N were in
good agreement with the tetragon anatase TiO2 (JCPDS no. 21-
1272), with no other diffraction peaks observed, demonstrating
the high phase purity of the anatase in both samples, as well as
the low content or graphitization degree of nitrogen-doped
carbon in TiO2@C–N.3,32 Fig. 2b illustrates the Raman spectra
of TiO2@C–N and the TiO2 precursor. Four bands could be
observed at 144, 400, 510, and 640 cm−1 for both samples,
which were assigned to the typical Eg, B 1g, A 1g, and Eg
vibrational modes of the Ti–O bonds in anatase TiO2, respec-
tively. The carbon characteristic peaks of the D band and G
band were detected at 1328 cm−1 and 1577 cm−1, respec-
tively.10,33 Generally, the D band indicates the disordered and
imperfect structures of carbon materials, while the G band
corresponds to the vibrations of carbon atoms with an sp2

electronic conguration in the graphene sheet structure.34,35

The value of IG/ID (intensity ratio of the G and D bands) repre-
sents the graphitization degree of nitrogen-doped carbon
materials.12,30 In this study, IG/ID was calculated to be ca. 0.88,
indicating that the nitrogen-doped carbon in the resultant
product was amorphous, which was in agreement with the XRD
results.

The morphology and microstructure of the TiO2 precursor
and TiO2@C–N products were observed using FE-SEM and HR-
TEM. Fig. 3a shows that the TiO2 precursor comprised mono-
disperse microspheres with a size distribution of 1–2 mm. Upon
closer examination, it became apparent that the TiO2 micro-
spheres were actually composed of nanoakes arranged in
a two-dimensional manner to create a relaxed spherical struc-
ture and minimize the surface free energy (inset of Fig. 3a).
Fig. 3b shows the HR-TEM image of the TiO2 precursor, in
which the lattice stripe spacing of 0.348 nm corresponded to the
(101) crystal plane of anatase TiO2 (Fig. 3b inset).36,37 Aer
coating with nitrogen-doped carbon, a TEM image was taken to
provide detailed structural information of the obtained
TiO2@C–N. As displayed in Fig. 3c, the TiO2@C–N material still
maintained a spherical morphology. Meanwhile, the TiO2@C–N
microspheres were observed to be composed of numerous
irregular TiO2 nanoparticles and open mesopores, conrming
the existence of a porous structure that ensured effective
n spectra of the TiO2 precursor and TiO2@C–N.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) SEM images of the TiO2 precursor; inset shows enlarged image. (b) TEM image of the TiO2 precursor; inset shows close-up of the
marked area. (c and d) TEM images of TiO2@C–N.
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contact between the internal active material and the electrolyte,
as well as the rapid transport of Li+ ions. In the HR-TEM image
(Fig. 3d), an amorphous phase was observed not only on the
surface of the TiO2 nanocrystals but also on the inner walls of
the pores, which could be assigned to the nitrogen-doped
carbon species according to the Raman spectra and XRD
results discussed above.35 Moreover, it was noted that the lattice
fringe of anatase TiO2 disappeared at the same magnication
(Fig. 3d), demonstrating that the carbon coating had a certain
thickness.

N2 absorption–desorption tests were also used to further
conrm the porous features of the TiO2@C–N sample. The
sample displayed a type IV isotherm with an H3 hysteresis
loop, as shown in Fig. 4a, demonstrating that the TiO2@C–N
Fig. 4 (a) N2 adsorption–desorption isotherms of TiO2@C–N; inset sho

© 2025 The Author(s). Published by the Royal Society of Chemistry
was mesoporous in nature,14,31 consistent with the TEM
observation. In addition, it was observed that the pores had
a non-uniform distribution, ranging from several nanometers
to 150 nm in size, as displayed in the inset of Fig. 4a. The
dominant pore size was approximately 30 nm, which aligned
with the ndings from the HR-TEM observation. The specic
surface area according to BET analysis was evaluated as 48.5
m2 g−1, with a calculated pore volume of 0.24 cm3 g−1. Fig. 4b
presents the results of the thermogravimetric analysis carried
out under air to determine the carbon and nitrogen contents in
the composition. Below 150 °C, there was a slight weight loss
of about 1.23%, which could be attributed to the evaporation
of water absorbed on the surface of the porous microspheres.
As the temperature increased, a main weight loss of about
ws the distribution of pore sizes. (b) TGA plot of TiO2@C–N.

RSC Adv., 2025, 15, 11790–11798 | 11793
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16.44% occurred at 300–500 °C, which was related to the
oxidation of carbon and nitrogen to form volatile species,
including CO and CO2.33,34
Fig. 5 XPS spectra of TiO2@C–N. (a) Survey scan, (b) C 1s, (c) Ti 2p, (d)

11794 | RSC Adv., 2025, 15, 11790–11798
Next, X-ray photoelectron spectroscopy (XPS) was utilized to
analyze the composition and chemical bonding present in the
TiO2@C–N composites. Fig. 5a presents the survey scan
O 1s, and (e) N 1s.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spectrum of TiO2@C–N, in which four peaks corresponding to C
1s, N 1s, Ti 2p, and O 1s could be observed, indicating the
existence of Ti, O, C, and N elements with atomic contents of
10.86%, 24.03%, 58.17%, and 6.94%, respectively. As shown in
Fig. 5b, the high-resolution C 1s peak could be separated into
three peaks centered at ca. 284.8, 286.2, and 289.6 eV, corre-
sponding to C–C, C–N/C–O, O–C]O bonds, respectively.33,35,38,39

Fig. 5c illustrates two well-tted intense peaks centered at 458.9
(Ti 2p3/2) and 464.7 eV (Ti 2p1/2), consistent with the value of Ti4+

in the TiO2 lattice.8,22 The deconvoluted peaks observed at 530.2
and 531.9 eV in Fig. 5d were assigned to O–Ti and O–C bonds,
respectively.26 Fig. 5e shows three distinct peaks at approxi-
mately 398.6, 400.1, and 401.6 eV, corresponding to pyridinic N,
pyrrolic N, and graphitic N, respectively, originating from the
decomposition of pyrrole.40,41 The pyridinic and pyrrolic N
provide numerous extrinsic defects and active sites, which
promote the rapid transfer of lithium ions and generate surface-
induced capacitance, while the graphitic N can improve elec-
tronic conductivity, thereby enhancing the electrochemical
performance of TiO2.8,38

Fig. 6a displays the rst three CV graphs of TiO2/C–N and its
precursor. The CV was performed at a scan rate of 0.1 mV s−1

with the potential (vs. Li/Li+) in the range of 0.01 to 3.0 V. Both
samples exhibited similar curves, including three reduction
peaks and one oxidation peak in the initial scan. The redox peak
pair around 1.6/2.1 V (ca. 1.3/2.2 V of pure TiO2) was associated
with the intercalation/deintercalation of lithium ions into
anatase TiO2, which was related to the biphasic transition
between tetragonal anatase and orthorhombic LixTiO2 (TiO2

+xLi+ +xe− 4 LixTiO2).8 While the other two negative peaks at
0.5 and 1.1 V (0.4 and 0.9 V of pure TiO2) disappeared in the
second cycle, indicating that the intercalation and dein-
tercalation of lithium ions were irreversible during the initial
charging/discharging process, which matched well with the
formation of a solid–electrolyte interphase (SEI) layer and
amorphous Li2O.10 Compared to the pure TiO2 sample, the up-
shi of the reduction peaks and down-shi of the oxidation
peaks for TiO2/C–N indicated that the introduction of the
carbon–nitrogen coating brought about a higher lithium
Fig. 6 (a) CV curves of TiO2@C–N and the pure TiO2 precursor; (b) galvan
TiO2@C–N and the pure TiO2 precursor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
removal/insertion activity, which is benecial for enhancing the
specic capacity and rate performance of electrodes. From the
second round onwards, the CV curves showed a tendency to
coincide, indicating that the stability of lithium ions intercala-
tion and deintercalation in both anode materials was gradually
enhanced. Fig. 6b shows the initial three charging and dis-
charging curves of TiO2@C–N and pure TiO2 precursor, at
a current density of 0.1 A g−1. Comparing the performance of
these two samples in the rst three cycles, the specic capacity
of TiO2@C–N was much higher than that of its pure TiO2

precursor, demonstrating that the nitrogen-doped carbon
coating is benecial for increasing the specic cycle capacity of
TiO2@C–N, which may be due to the nitrogen-doped carbon
coating serving as an electron-transfer pathway, which is
favorable for ensuring excellent electron contact and electrical
conductivity. In addition, the appearance of two downslopes at
approximately 1.6 and 0.6 V in both samples, respectively,
during the rst discharging process, and a voltage plateau at ca.
2.1 V in the subsequent charging were also noteworthy and
consistent with the previous CV curves. At the end of the rst
cycle, the capacities of TiO2@C–N for discharging and charging
were 546.1 and 372.2 mA h g−1, respectively, in line with an
irreversible capacity loss of 31.8%, which could be attributed to
the irreversible Li+ consumption caused by the formation of an
SEI lm. In addition, the charging/discharging curves of the
second and third cycles showed very little difference, suggesting
the increased cycling stability of TiO2@C–N aer the initial
cycle.

To evaluate its commercial application prospects, the cycling
and rate performance of the TiO2@C–N composites were exam-
ined from 0.01 to 3.0 V. For comparison, the commercial
graphite anode and TiO2 precursor were also tested under the
same conditions. Fig. S1† and 7a show the cycling performances
of all the samples at the current densities of 0.1 A g−1 and 2 A g−1,
respectively. As shown in Fig. S1,† both TiO2@C–N and its
precursor had a lower specic capacity at 0.1 A g−1 than
commercial graphite. However, the long-term cycling perfor-
mance of these three samples, as shown in Fig. 7a, at a high
current density of 2 A g−1 revealed that a high reversible specic
ostatic discharge/charge curves of the initial three cycles at 0.1 A g−1 of

RSC Adv., 2025, 15, 11790–11798 | 11795
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Fig. 7 (a) Long-term cycling performance and coulombic efficiency at 2 A g−1 of the TiO2 precursor, TiO2@C–N and commercial graphite; (b)
rate capabilities of the TiO2 precursor, TiO2@C–N and commercial graphite; (c) experimental and fitted Nyquist plots of commercial graphite and
TiO2@C–N; inset shows the equivalent circuit model.
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capacity of 71.8 mA h g−1 could be obtained for TiO2@C–N
without any noticeable capacity degradation even aer cycling
5000 times. Under the same conditions, the reversible specic
capacity of the commercial graphite was only half of the value of
the TiO2@C–N electrode and showed rapid decay aer about
3300 cycles. The ultra-long cycle life of TiO2@C–N could be
attributed to the robust structure of its TiO2 matrix. As shown in
Fig S2,† the microsphere-like morphology of TiO2@C–N was well
maintained, as revealed by comparing the SEM images before
and aer 1000 cycles at 2 A g−1. In addition, the cycling perfor-
mance of the TiO2@C–N prepared in this study surpassed that of
previously reported TiO2/C composites, such as TiO2@C-PAN
electrode (125.5 mA h g−1 at 1C aer 100 cycles),42 TiO2@NC
(110 mA h g−1 aer 2000 cycles at 0.5 A g−1),26 nitrogen-doped
TiO2 nanobelts (67.2 mA h g−1 aer 500 cycles at 1.0 A g−1).29

The TiO2 precursor, however, could only maintain a low specic
capacity (ca. 48 mA h g−1) at the current density of 2 A g−1, which
cannot compete with the commercial graphite, so only 1000
cycles were measured. Fig. 7b compares the rate capabilities of
these three electrodes at different current densities. The revers-
ible capacities of TiO2@C-N are 290, 240.8, 191.9, 145.7, and 95.6
11796 | RSC Adv., 2025, 15, 11790–11798
mA h g−1 at current densities of 0.1, 0.2, 0.4, 0.4, and 1.6 A g−1,
respectively. As expected, the rate performances of the other two
samples were not satisfactory, and even the TiO2 precursor
showed worse rate performance than commercial graphite. In
addition to these, the reversible capacities of TiO2@C–N were
lower than those of commercial graphite at low rates (e.g., 0.1
and 0.2 A g−1 current densities) and higher than that of
commercial graphite at high rates (above 0.4 A g−1), suggesting
the TiO2@C–N electrode is more suitable for fast charging/
discharging than the commercial graphite anode. This
anomaly may be due to be the synergistic effect of the increased
electrical conductivity of the N-doped carbon coating and the
superior structure of the porous TiO2 matrix. In the case of high-
rate charge and discharge, the numerous channels in the porous
TiO2 matrix not only ensured rapid ion transport but also alle-
viated structural stresses caused by the rapid insertion/extraction
of lithium ions. Meanwhile, the N-doped carbon coating formed
conductive connections inside TiO2 nanoparticles, thereby
promoting the rapid movement of electrons.

To further reveal the underlying reasons for the unusual rate
performance of these two anode materials, electrochemical
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 EIS fitted values for different samples

Samples Re (U) Rsei (U) Rct (U) DLi+ (cm
2 s−1)

Commercial graphite (at 0.1 A g−1) 3.33 9.45 88.37 5.88 × 10−13

TiO2@C–N (at 0.1 A g−1) 3.96 15.56 106.9 1.18 × 10−12

Commercial graphite (at 1.6 A g−1) 2.78 8.59 40.24 4.49 × 10−13

TiO2@C–N (at 1.6 A g−1) 3.23 7.18 17.58 1.24 × 10−12

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 9
:4

4:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
impedance spectroscopy (EIS) measurements were performed
aer 10 cycles at 0.1 A g−1 and 1.6 A g−1. The obtained Nyquist
plots and tted equivalent electrical circuit are shown in Fig. 7c.
In the gure, it is observed that a semicircular arc extending
from the high-frequency to mid-frequency region was present,
while a slanted line appeared in the low-frequency region. The
diameter of the arc corresponded to the SEI lm impedance
(Rsei) and charge-transfer resistance (Rct) stemming from the
impedance between the electrolyte and electrode surface,35,39

while the slope of the line was associated with the diffusion of
lithium ions, corresponding to the Warburg impedance (Zw),12

which was tted to calculate the lithium-ion diffusivity coeffi-
cient (DLi+) in each sample (Fig. S3†). Meanwhile, the electrolyte
solution resistance is denoted by Re. Table 1 lists the values of
Re, Rsei, Rct and DLi+ calculated from the equivalent circuit model
in the inset of Fig. 7c. There was little difference in the Re values
noted for all samples, but the sum of Rsei and Rct, corresponding
to each semicircle diameter, decreased substantially at a higher
current density. Furthermore, with the same number of cycles,
the total impedance value of commercial graphite (ca. 101.15 U)
was less than that of TiO2@C–N (about 126.42 U) at a current
density of 0.1 A g−1, but the results were reversed at the higher
current density of 1.6 A g−1 (51.61 and 27.99 U for commercial
graphite and the TiO2@C–N electrode, respectively). The reason
for this could be attributed to the nitrogen-doped carbon
improving the electrical conductivity among the TiO2@C–N
anode materials.43,44 Comparison of the DLi+ of each sample
revealed that the lithium-ion diffusivity in TiO2@C–N at high
current density was slightly faster than that at low current
density, whereas the opposite was true for graphite, indicating
that high-rate charging and discharging only promoted the Li+-
transport dynamics in TiO2@C–N but not in commercial
graphite, consistent with the long cycling and rate performance
described above. This could be due to the open porous structure
that promoted effective penetration of the electrolyte into the
TiO2 matrix and resulted in the rapid transport of Li+ ions.
4. Conclusions

In summary, the TiO2@C–N porous composites were synthe-
sized through a combination of solvothermal, pyrolysis, and
carbonization technology. By performing the sealed pyrolysis of
pyrrole, the nitrogen-doped carbon coating was obtained not
only on the surface of TiO2 nanocrystals but also on the inner
walls of the pores. As an anode material for LIBs, the porous
TiO2 matrix in the composites provided numerous transport
channels and active sites for Li+ diffusion and storage. Mean-
while, the nitrogen-doped carbon coating served as an electron-
© 2025 The Author(s). Published by the Royal Society of Chemistry
transfer pathway, which was favorable for ensuring excellent
electron contact and electrical conductivity. As a result, the
TiO2@C–N composites delivered a higher reversible specic
capacity and superior rate capability than the commercial
graphite anode by combining the merits of the porous TiO2

matrix and nitrogen-doped carbon coating. Thus, the TiO2@C–
N porous composites are expected to be an alternative to
commercial graphite anodes.
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