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ABSTRACT

Transition metal oxides hold promise as electrode materials for energy-storage devices such as batteries and su-
percapacitors. However, achieving ideal electrode materials with high capacity, long-term cycling stability, and
superb rate capability remains a challenge. In this study, we present a self-assembled heterogeneous structure
consisting of TiO, nanosheets derived from Ti;C,T, MXene and reduced graphene oxide. This structure facili-
tates the formation of heterogeneous structures while establishing a conductive network. The restacking of porous
TiO, nanosheets and reduced graphene oxide within the heterostructure results in high porosity and excellent
conductivity. Due to enhanced electron and Na* transfer, as well as improved structural stability during the Na*
insertion/extraction process, this heterogeneous structure exhibited exceptional Na* storage performance. Specif-
ically, it exhibits a long-term cycling stability (217 mAh g~! at 10 C, 5000 cycles) and an ultrahigh rate capability
(135 mAh g!, 40 C). Analysis of electrode reaction kinetics suggests that Na* storage in the heterostructure is
predominantly governed by a surface-controlled process. Our results provide a promising strategy for utilizing

self-assembled heterostructures in advanced energy storage applications.

1. Introduction

Due to the energy crisis and growing concerns over environmen-
tal pollution, renewable energy systems have recently flourished, ow-
ing to their eco-friendly and inexhaustible characteristics. However, re-
newable energy sources such as solar, wind, and tidal energies are in-
termittent by nature, thereby limiting their function as consistent en-
ergy sources. Therefore, the development of stable and high-efficiency
energy-storage techniques is highly needed to address the intermittency
of renewable energy sources. Sodium-ion batteries (SIBs) are considered
a highly competitive and efficient technology offering satisfying energy
storage at a low cost [1,2]. The growing interest in SIBs has spurred
extensive research into various materials to identify suitable electrodes
with higher energy/power densities, as well as long-term stability. Var-
ious materials, including oxides [3,4], sulfides [5,6], selenides [7,8],
carbides [9], phosphides [10,11], phosphorus [12,13], and carbon ma-
terials [14-16], have exhibited remarkable performance in Na*t storage.
However, sluggish Na*t diffusion kinetics remain a significant obstacle
to their widespread application [17,18].

On the basis of the insertion mechanism, TiO, has been recognized
as a promising anode material for SIBs owing to its abundant resources,
eco-friendliness, structural stability, as well as remarkable electrochem-

* Corresponding author.
E-mail address: baosong.li@ku.ac.ae (B. Li).

https://doi.org/10.1016/j.chphma.2024.05.001

ical performance [19,20]. However, despite the numerous advantages,
TiO, anodes exhibit poor electrical conductivity, low Na* storage ca-
pacity, and sluggish Na* diffusion kinetics [21]. Various approaches are
employed to enhance the Na* storage of TiO, anodes, including reduc-
ing the crystal size to the nanoscale (nanosphere [22], nanotube [23],
and nanosheets [24]) to increase the active sites and reduce the Na*t
diffusion paths. Additionally, introducing conductive materials to TiO,
is a promising strategy to overcome this challenge [25-27].

Ti3C, T, MXene has recently garnered significant attention owing to
its high electrical conductivity, flexibility, abundant surface termina-
tions, and ease of processing [28-30]. Recent studies have used Ti;C, T,
to generate nanostructured TiO, materials [31-33], whereas MXene-
derived TiO, materials have shown significant potential in catalysis
[31], energy storage [32], and electronics [33]. However, the poor sta-
bility of Ti;C,T, MXene, particularly its rapid degradation in aqueous
solutions under ambient conditions, leads to structural damage and loss
of its desirable properties [34,35].

In this study, we propose a self-assembling strategy to prepare
Ti3C, T, MXene-derived TiO, nanosheets/reduced graphene oxide (de-
noted as TiO,/rGO) heterostructures, using rGO as the electrically con-
ductive layer and the derived TiO, nanosheets (denoted as TiO,—-NSs)
as the main Na* storage layer. The mesoporous TiO, nanosheets are
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supported by ultrathin N-doped graphene to form a heterogeneous
structure. The prepared TiO,/rGO heterostructures exhibited a self-
assembled structure with abundant interfaces between TiO, and rGO,
enhancing the electrolyte permeation within the electrode and main-
taining the structural stability. Furthermore, the porous 2D structure of
the prepared heterostructures shortens the Na-ion diffusion pathways
and significantly improves the charge transfer kinetics, while the con-
ductive graphene fastens electron transport and improves structural sta-
bility. Based on the aforementioned advantages, the TiO,/rGO hybrids
exhibited remarkable Na* storage properties with a superior rate capa-
bility (40 C, 135 mAh g™1) and long-term cycling stability (5000 cycles
at 10 Q).

2. Experimental section
2.1. Chemicals

Lithium fluoride (LiF, 99%) and poly(diallyldimethylammonium
chloride) (PDDA, 20%) were purchased from Sigma-Aldrich Co., Ltd.
Hydrochloric acid (HCl, 37%) was provided by Merck. MAX (TizAlIC,,
<40 um) was purchased from Carbon-Ukraine Ltd. Graphene oxide (GO,
4 mg/mL) was obtained from Graphenea Inc. Deionized (DI) water was
produced using a Milli-Q Biocel system.

2.2. Synthesis of Ti3C,T, nanosheets

Ti3AlC, (MAX phase) powders were selectively etched to prepare
exfoliated Ti;C,T, MXene following our previously reported methods
[30,36]. Briefly, the etchant solution was prepared by dissolving lithium
fluoride (1.6 g) into an HCI solution (9 M, 20 mL) in a plastic vessel.
Then, the TizAlC, powder (<40 pum, 1 g) was gradually added to the
etchant solution, followed by stirring at 35 °C for 24 h. After the etching
process, the mixture was washed using DI water until a stable Ti;C, T,
suspension (pH ~ 6) was achieved. The Ti3C,T, MXene suspension was
collected through centrifugation at 3500 r/min for 40 min.

2.3. Preparation of TizC,T,-derived TiO, nanosheets

The concentrated Ti3C,T, suspension was further diluted to
1 mg/mL using DI water to prepare the diluted Ti;C, T, suspension. The
diluted Ti3C,T, suspension was treated with liquid nitrogen in a glass
beaker and subjected to freeze-drying for 24 h. Subsequently, the freeze-
dried Ti;C, T, MXene was annealed at 450 °C (1 °C/min) for 10 h. Once
cooled to room temperature, the white TiO, nanosheets (TiO,—NS) were
obtained.

2.4. Synthesis of PDDA-modified TiO, nanosheets

The TiO, nanosheets were first dispersed in DI water to obtain a
TiO, suspension (0.5 mg mL™). Subsequently, a specific amount of di-
luted PDDA solution (0.5 wt%) was added to the TiO, suspension (1:40,
weight ratio). The mixture was stirred for 3 h to obtain PDDA-modified
TiO, nanosheets.

2.5. Assembly of the TiO,/RGO heterostructure

The suspensions of the PDDA-modified TiO, nanosheets and GO
nanosheets (4:1, weight ratio) were completely blended under stir-
ring. The mixture was centrifuged and freeze-dried. The TiO,/rGO het-
erostructure was prepared by annealing the PDDA-TiO,/GO in N, at
500 °C for 2 h.

2.6. Materials characterization

The morphologies and structures of the prepared heterostructures
were examined using field emission scanning electron microscopy (FE-
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SEM, JEOL, JSM 7610F), transmission electron microscopy (TEM, TEC-
NAI G220 U-Twin instrument), and X-ray crystallography (XRD) us-
ing an X-ray diffractometer (Bruker D2 Advance, Cu Ka radiation,
4 = 1.5418 A). The surface area and porosity features of the samples
were determined via N, adsorption-desorption isotherms at 77 K (Au-
tosorb 6B). The surface compositions of the samples were examined via
X-ray photoelectron spectroscopy (XPS) (Thermo ESCALAB 250Xi, Al
Ka, hv = 1486.6 eV). The thickness of the nanosheets was measured by
atomic force microscopy (AFM) (Asylum MFP-3D). Raman spectra were
recorded on a Raman spectrometer (Horiba LabRAM HR Evolution).

2.7. Electrochemical measurements

All electrochemical measurements were conducted on coin cells (size
2032). Home-made sodium foils were used as both the counter and
reference electrodes; the working electrode was composed of 70 wt.%
of active material, 20 wt.% of acetylene black, and 10 wt.% of car-
boxymethylcellulose (CMC). The copper disk (diameter = 12 mm) was
loaded with active materials (~1.5 mg cm~2). NaClO, (1 M) in an ethy-
lene carbonate (EC)/diethylene carbonate (DEC) mixture with 5 vol%
of fluoroethylene carbonate served as the electrolyte. All coin cells were
prepared in an argon-filled glovebox with the moisture and oxygen lev-
els being less than 1 x 107°. The CV curves were tested on an electro-
chemical workstation (CHI760D), while the discharging/charging mea-
surements were conducted on battery analyzers (LAND-CT2001A).

3. Results and discussion

The Ti3C,T, MXene ultrathin nanosheets were finely exfoliated from
the bulk TizAIC, precursor (Fig. S1) through selectively etching of the
Al layers. As shown in Fig. 1(a), the TizC,T, MXene supported on
lacey carbon exhibits very thin nanosheet structures with sizes of sev-
eral micrometers. The low-magnification TEM image (Fig. 1(b)) shows
that the TizC,T, MXene nanosheets become almost transparent to the
electron beam. Fig. 1(c) shows the high-resolution TEM (HRTEM) im-
age of the Ti;C,T, MXene nanosheets. After the etching of the Al
layers, the Ti;C,T, MXene is exfoliated into single- and few-layered
nanoflakes. AFM was performed to explicitly explore the thickness of the
Ti3C,T,, MXene nanosheet (Figs. 1(d)(e)), revealing a measured height
of ~2.0 nm, further verifying its monolayer characteristics [37]. The
fluffy Ti3C,T, MXene aerogel (Fig. S2(a)) can be prepared by freeze-
drying low-concentration Ti;C,T, MXene dispersions. After annealing
the Ti;C,T, MXene aerogel in air conditions, white TiO, nanosheets
were obtained (Fig. S2(b)). Fig. 1(f) shows the SEM image of Ti3CyT,-
derived TiO, nanosheets, demonstrating a typical nanosheet morphol-
ogy and a unique porous structure. Notably, the derived TiO, retains its
2D nanosheet structure from the Ti;C,T, precursor (further details are
provided in the magnified SEM image in Fig. 1(g)). TiO, nanosheets are
composed of interconnected TiO, nanocrystals, suggesting a confined
conversion from TizC,T, to TiO, nanosheets [33]. The porous charac-
teristics of the TiO, nanosheet were further verified by the TEM images
(Figs. 1(h)(i)), revealing interconnected nanocrystals with diameters of
~20 nm. The HRTEM image (Fig. 1(i), inset) reveals that TiO, exhibits
high crystallinity, with the lattice fringe referring to the (101) plane of
the anatase TiO,.

To further explore the structural and compositional changes of the
samples, XRD and Raman spectroscopic analyses were conducted before
and after the annealing process. As shown in Fig. 1(j), the XRD peaks
of the Ti3C,T, MXene disappeared after the annealing treatment and
new peaks appeared, attributed to the anatase phase of TiO, [27]. This
suggests a successful phase conversion from Ti;C,T, to TiO, after an-
nealing, which can be further verified by the Raman spectra (Fig. 1(k)).
TizCy T, MXene exhibits typical Raman shifts located at 201 (Ay), 275
(Eg), 387 (Eg), 595 (Eg), and 715 cm™! (Alg). After the annealing treat-
ment, new shifts appear at 149 (Eg), 398 (Blg), 526 (Alg), and 642 cm™!
(Eg) in the Raman spectrum, attributed to the characteristic features of
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Fig. 1. (a) Scanning electron microscopy (SEM) and (b) Transmission electron microscopy (TEM) images of the Ti;C,T, MXene nanosheets loaded on the lacey
carbon. (c) High resolution TEM (HRTEM) image, (d) Atomic force microscopy (AFM) image, and (e) corresponding height profile of the Ti;C,T, MXene nanosheets.
(H(g) SEM images at different magnifications, (h)(i) TEM images, with the inset in (i) HRTEM image of the Ti;C,T, MXene derived TiO, nanosheets. Comparisons
of (j) XRD patterns, (k) Raman spectra, and (1) XPS spectra of Ti in the Ti;C,T, MXene nanosheets and Ti;C,T, MXene derived TiO, nanosheets.

anatase TiO, [25]. XPS analysis provided additional evidence support-
ing this phase transformation. Specifically, the disappearance of peaks
associated with the Ti-C, Ti?*, Ti®*, and Ti-F species in Ti;C,T, after
annealing (Fig. 1(1)) indicates the removal of carbon and fluorine atoms
from the Ti3C, T, structure. This transformation aligns with the conver-
sion of the Ti;C,T, MXene to TiO, during annealing. In contrast, the
emergence of dominant peaks (Fig. 1(1)) ascribed to Ti** 2p3/2 and
Ti** 2p1/2 in TiO, further confirms the presence of Ti in its tetravalent
oxidation state [27], implying the formation of TiO, nanocrystals from
the Ti3C,T, precursor.
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The intrinsic low electrical conductivity of porous TiO,—NSs lim-
its their fast charging/discharging capabilities for Na ions storage, de-
spite presenting a reduced ion diffusion path. Therefore, a TiO,/rGO
heterostructure assembled by TiO, nanosheets and conductive rGO
nanosheets was well designed. The entire preparation process of the
TiO,/rGO heterostructure is presented in Fig. 2(a), where the TiO,/rGO
heterostructure is prepared through a self-assembly method followed
by a post-calcination treatment. Typically, the TizC,T,-derived TiO,
nanosheets are first modified by positively-charged PDDA to afford
the TiO,/PDDA nanosheet with a positively charged surface. Commer-
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Fig. 2. (a) Schematic synthesis of the TiO,/rGO heterostructure. (b)—(d) SEM images at different magnifications, (e) TEM image, (f)(g) HRTEM images, and (h)-(k)

elemental mapping of the TiO,/rGO heterostructure.

cial GO is utilized to cooperate with the TiO,/PDDA nanosheet. No-
tably, commercial GO nanosheets exhibit a thickness of 1-1.5 nm and
a wide range of sizes, spanning from hundreds of nanometers to sev-
eral micrometers (Fig. S3). When mixed with GO, the positively-charged
TiO, nanosheets are easily self-assembled with negatively-charged GO
to form TiO,/PDDA/GO due to electrostatic attraction. After the cal-
cination process, the TiO,/rGO heterostructure is obtained. The de-
tailed microstructure of the self-assembled TiO,/rGO heterostructure
was investigated using FESEM and TEM. The panoramic view of the
TiO,/rGO (Fig. 2(b)) reveals a crumpled 3D structure composed of thin
nanosheets. The restacking structure can be observed in Fig. 2(c), in
which TiO, nanosheets and adjacent rGO form a heterogeneous struc-
ture. Fig. 2(d) presents the magnified FESEM image of the self-assembled
TiO,/rGO, where more structural details can be observed. Notably, the
porous nanosheet structure of TiO, is largely preserved after the an-
nealing treatment, while rGO becomes almost transparent owing to its
atomic thickness. The TEM image (Fig. 2(e)) reveals a typical TiO,/rGO
heterostructure in which the mesoporous TiO, nanosheet is loaded on
an ultrathin rGO nanosheet. The HRTEM image (Fig. 2(f)) shows that
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the TiO, nanocrystals identified by their typical (101) plane are loaded
on an rGO layer (indicated by the red arrow) to form a heterogeneous
structure. The interface between the TiO, nanocrystals and rGO layers
(Fig. 2(g), indicated by the orange arrow) favors the electron and ion
transfer. Due to the substantial presence of N species in PDDA, the cou-
pling of GO with PDDA facilitates the carbonization process, resulting
in N-doped graphene. In Figs. 2(h)-(k), the good elemental distribution
of Ti (yellow), O (green), C (red), and N (cyan) reveals a uniform distri-
bution of TiO, and rGO over the entire heterostructure. The interaction
between the rGO and TiO, nanosheets in the heterostructure plays an
essential role in enabling fast charge transport, ultimately attributing
superior Na* storage properties to SIBs.

After the annealing process, the TiO,/rGO heterostructure can still
maintain the original anatase TiO, phase without impurities (Fig. 3(a)),
indicating the robustness of the synthetic method and the stability of the
heterostructure under thermal treatment. Additionally, the Raman spec-
trum of the TiO,/rGO heterostructure shown in Fig. 3(b), confirms the
presence of characteristic Raman shifts corresponding to anatase TiO,,
further supporting the retention of the TiO, phase. The appearance of
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Fig. 3. (a) XRD analysis, (b) Raman spectrum, (c) N,

adsorption-desorption isotherms, and (c) inset pore size distribution profile of the TiO,/rGO heterostructure.

3.0 7

(a) ; (B) 0
) Charge Discharge
—~ 251 ! 1th —e— —e— TiO/rGO
S ; ----2nd — 500+ e
S 20d ! ---- 500th S —e— TiO, NS
-4 ! . <
& \ N <
s 1.54 \\ / g
2= A 2 ]
w® 104 gt o ] W
.E :><:’ g 200
[ o0 TINRT ©
5 051 7 \\ O 1004
o o N ]
" \\
0.0 T T — T T T 0- T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500
Capacity (mAh g”) Cycle number
800
(c) 25C | 0.5C: 1C 2C 5C 10C ' 20C  30C  40C = 5C (d )600 i 4
600 —e—Charge
P, Charge Discharge P —e— Discharge

- -o- -e- TiO,/GO ~ 500
o 4001 -e- TiO;NS ®
= £ 400
T a0 e E
£ = = 300
> [y - >
= 2004 ‘o
g S
3 1004 [ [P
o ! O 100+

0 L L) L) ) o T T T T

0 20 40 60 80 100 0 1000 2000 3000 4000 5000

Cycle number

Cycle number

Fig. 4. (a) Charge and discharge voltage profiles of the TiO,/rGO electrode for selected cycles at 0.5 C. (b) Cycling performance of the TiO,/rGO and TiO,-NS
electrodes at 0.5 C. (¢) Rate behavior of the TiO,/rGO and TiO,-NS electrodes. (d) Cycling stability of the TiO,/rGO electrode at rates of 10 C.

new Raman shifts corresponding to the D and G bands of carbon ma-
terials confirms the successful introduction of rGO into the heterostruc-
ture. In addition, the TiO,/rGO heterostructure exhibits a high surface
area of ~262 m? g! (Fig. 3(c)) and abundant pores with diverse sizes
(Fig. 3(c), inset), implying substantial active sites for Na* storage. Over-
all, the characterization results underscore the structural integrity and
compositional purity of the TiO,/rGO heterostructure, highlighting its
enormous potential for SIBs.

The electrochemical behaviors of the TiO,/rGO as electrode materi-
als for SIBs were further investigated. Fig. S4 presents the cyclic voltam-
metry (CV) curves (0.01-3.0 V vs. Nat/Na) of the TiO,/rGO electrode,
revealing irreversible reactions during the initial CV cycle. In the initial
cathodic process, a broad reduction peak appeared at 1.05 V, attributed
to Ti**reducing to Ti3*, as well as the formation of a solid-electrolyte
interphase (SEI) layer due to electrolyte decomposition [38-40]. Sub-
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sequent cycles shifted the reduction peaks to 0.62 V. Oxidation peaks
at ~0.79 V in both initial and subsequent scans are ascribed to the ox-
idation of Ti3* to Ti**. Furthermore, the CV curves of the subsequent
cycles exhibit good overlapping, suggesting excellent stability and re-
versibility of the TiO,/rGO electrode. In contrast, the CV curves of the
TiO,—NS electrode (Fig. S5) do not overlap, suggesting poor stability
and reversibility. Fig. 4(a) presents the voltage profiles (0-3.0 V vs.
Nat/Na) of the TiO,/rGO electrode during charging/discharging at the
1st, 2nd, and 500th cycles at 0.5 C (1 C = 335 mA g1). The voltage pro-
files exhibit reversible sodium ion insertion/extraction at approximately
0.6-0.9 V. However, a higher plateau appears at the initial discharge
curve owing to the irreversible reactions. The TiO,/rGO electrode de-
livers an initial discharge capacity of 620 mAh g~! and an initial charge
capacity of 323 mAh g!, indicating an initial Coulombic efficiency of
52%. In the subsequent discharge/charge cycles, no significant changes
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were observed, demonstrating the high cycling stability of the TiO,/rGO
electrode.

The cycling performance of the TiO,/rGO electrodes for SIBs was
measured at 0.5 C (Fig. 4(b)). The TiO,/rGO electrode sustained a
reversible capacity of 318 mAh g! at 0.5 C after 500 cycles, sig-
nificantly surpassing that of the TiO,-NS electrode (208 mAh g™!).
Fig. 4(c) presents the rate capabilities of the TiO,/rGO and TiO,-NS
anodes at different current densities (0.25-40 C). At current rates be-
tween 0.25-30 C, the TiO,/rGO electrodes demonstrated superior per-
formance, with capacities of 358, 327, 293, 259, 236, 213, 187, and 160
mAh g!. Notably, a high capacity of 135 mAh g~! was achieved even
at an ultrahigh rate of 40 C. Upon returning to 5 C, a surprising capac-
ity of 237 mAh g~! was regained, indicating excellent rate capability.
In contrast, the rate capability of the TiO,—NS electrode was much infe-
rior compared to that of the TiO,/rGO electrode. The TiO,-NS electrode
experienced rapid capacity fading during high-rate measurements, prob-
ably attributed to its sluggish kinetics. Electrochemical impedance spec-
troscopy (EIS) revealed that the TiO,/rGO electrode exhibits a smaller
charge transfer resistance compared to the TiO,—NS electrode (Fig. S6),
suggesting improved reaction kinetics. Meanwhile, the large phase an-
gle of the inclined line for the TiO,/rGO electrode implies a signifi-
cant capacitive behavior during the Na*t insertion/extraction process
[25,41]. rGO, serving as a continuous-conducting framework, provides
fast transport channels for electrons and charges during the Na*t inser-
tion/extraction process, and affords more heterogeneous interfaces for
extra sodium storage, thereby enabling higher capability. Impressively,
at a high current density of 10 C, the TiO,/rGO electrode presented
superior cycling stability (Fig. 4(d)), achieving a reversible capacity of
217 mA h g! after 5000 cycles with minimal capacity decay. Table S1

presents a comparison of the TiO,/rGO electrodes with other similar
electrodes reported for SIBs. Notably, the TiO,/rGO electrode exhibits
superior Na* storage properties compared to other electrodes of a simi-
lar type.

To further examine the Na* intercalation behavior of the TiO,/rGO
electrode, the reaction kinetics were analyzed through CV measure-
ments (0.1-10 mV s1) as shown in Fig. 5(a). In the CV curves, the
peak current (i) and sweep rate (v) interact following a power law
expression: i = av® [42], where “a” is a proportionality constant and
“b” is the power-law exponent. A b-value of 0.5 indicates a diffusion-
controlled process, where the charge transfer is limited by the diffu-
sion of ions within the electrode material. A b-value of 1 refers to a
surface-controlled (capacitive-like) process, where the charge transfer
is limited by the surface reactions. As shown in Fig. 5(b), the b-value
can be obtained by plotting log(i) against log(v) for both cathodic and
anodic peaks. The obtained b-values of 0.96 for the anodic peaks and
0.95 for the cathodic peaks suggest a fast surface-controlled Na* stor-
age process for the TiO,/rGO electrodes. This indicates that the charge
transfer is primarily governed by surface reactions rather than the dif-
fusion of ions within the electrode material. Fig. 5(c) presents the rela-
tionship between the normalized capacity and v-1/2 for the TiO,/rGO
electrodes across a range of sweeps (1-10 mV s~1); the capacity remains
nearly unchanged as the scan rates increase at the low-rate range, indi-
cating a surface-controlled capacitive behavior for the charge storage,
which is independent of the solid-state sodium-ion diffusion. The elec-
trode’s capacitive behavior dominates the charge storage process, en-
abling rapid charge/discharge kinetics. Notably, when the sweep rates
increase to a high level (above 5 mV s7!), a rapid decrease in the capacity
is observed, indicating a diffusion-controlled process where the sodium-
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ion diffusion within the electrode material becomes the limiting factor
for charge storage [43]. Such findings suggest the interplay between
surface-controlled and diffusion-limited processes, which are important
factors taken into consideration for optimizing the performance of SIB
electrodes.

The quantification of the capacitive and diffusion-controlled charges
constituting the entire charge storage at fixed potential and scan rates
can be achieved using the equation: i(V) = k;v + kyv'/? [25,43]. For
instance, at 5 mV s~!, 85.4% of the total charge is calculated to be at-
tributed to the capacitive contribution (Fig. S7), while the remaining
portion can be ascribed to diffusion-controlled charges. Similar quan-
tification can be performed at other scan rates, as demonstrated in
Fig. 5(d). At 0.2 mV s71, the capacitive and diffusion contributions are
calculated to be 63.5% and 36.5%, respectively. The contribution from
the capacitive behavior gradually increases following the increase of
the sweep rate, reaching a maximum value of 94.6% at 10 mV s™' and
further enhancing the rate capability of the TiO,/rGO electrode. Com-
pared to diffusion-controlled processes, capacitive storage mechanisms
offer faster charge/discharge rates, rendering them particularly advan-
tageous for high-rate applications such as fast charging/discharging in
energy storage devices. Therefore, the observed high capacitive contri-
bution is promising for assigning the TiO,/rGO electrode with excellent
rate performance.

The unique heterogeneous structure of TiO,/rGO significantly con-
tributes to its excellent electrochemical performance. Its mesoporous
structure provides a large number of additional Na*-storage sites and
shortens the pathway of Na* diffusion within the electrode material,
leading to a higher specific capacity and excellent rate capability. In
addition, the conductive rGO network in the TiO,/rGO heterostruc-
ture enhances both electron and Nat conductivity, while also mitigating
volume expansion during Na* insertion/extraction processes. This im-
proves the overall electrochemical reactivity of the electrode.

4. Conclusions

In this study, we present a TiO,/rGO heterostructure prepared
through a self-assembling and post-calcination methods. This het-
erostructure, composed of restacked mesoporous TiO, nanosheets and
N-doped rGO nanosheets, was examined as an electrode material for
SIBs. Impressively, the TiO,/rGO electrode delivered a reversible capac-
ity of 318 mAh g1 at 0.5 C for 500 cycles and 215 mAh g! at 10 C for
5000 cycles. Additionally, the heterostructure rendered the TiO,/rGO
electrodes with a superb rate capability of 135 mAh g™! at 40 C, demon-
strating excellent sodium storage properties. The TiO,/rGO heterostruc-
ture combines the advantages of increased active sites, short diffusion
pathways, enhanced conductivity, and improved structural stability, re-
sulting in superior electrochemical performance for sodium-ion battery
applications. Overall, this study highlights the potential of utilizing en-
gineered structures of 2D materials for advanced energy storage appli-
cations.
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