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Abstract
The key to develop earth-abundant energy storage technologies sodium- and
potassium-ion batteries (SIBs and PIBs) is to identify low-cost electrode mate-
rials that allow fast and reversible Na+/K+ intercalation. Here, we report an
intercalation-typematerial TiNb24O62 as a versatile anode for SIBs and PIBs, via a
synergistic strategy of oxygen vacancy and carbon incorporation to enhance ion
and electron diffusion. The TiNb24O62−x/reduced graphene oxide (rGO) com-
posite anode delivers high reversible capacities (130 mA h g−1 for SIBs and
178 mA h g−1 for PIBs), great rate performance (54 mA h g−1 for SIBs and
37 mA h g−1 for PIBs at 1 A g−1), and superior cycle stability (73.7% after 500
cycles for SIBs and 84% after 300 cycles for PIBs). The performance is among the
best results of intercalation-typemetal oxide anodes for SIBs and PIBs. The better
performance of TiNb24O62−x/rGO in SIBs than PIBs is due to the better reac-
tion kinetics of the former. Moreover, mechanistic study confirms that the redox
activity of Nb4+/5+ is responsible for the reversible intercalation of Na+/K+. Our
results suggest that TiNb24O62−x/rGO is a promising anode for SIBs and PIBs and
may stimulate further research on intercalation-type compounds as candidate
anodes for large ion batteries.
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1 INTRODUCTION

Developing sustainable batteries have gained significant
interest in recent years to accelerate the transition to net
zero emission and tackle the issue of climate change.1–6
Na- and K-ion batteries (SIBs and PIBs) are two promis-
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ing candidates in this regard. However, the larger sizes
of Na+ (102 pm) and K+ (138 pm) cause huge volume
variation2,7,8 and further lead to poor kinetics9 in anode
hosts, limiting the full utilization of the benefits in SIBs
and PIBs. Although conversion and alloy-type anodemate-
rials have the merits of high specific capacity, balancing to
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obtain both specific capacity and cyclability is still a great
challenge due to huge volume expansion. For instance,
the storage of K+ in alloy-type anodes such as Sb exhibits
a massive volume expansion of 407%.10 In this regard,
intercalation-type anodes have attracted rapidly growing
attention because of the balance between specific capacity
and durability along with low operating voltage. Exploring
new intercalation-type anodeswithminimal volume strain
is highly desirable for the storage of large Na+ and K+. In
recent years, intercalation-type metal oxides have gained
much interest as low-strain anodes that work at a safe
operating voltage compared to carbon-based intercalation
anodes.11–17
Owning to low volume expansion and safe operating

voltage, titanium niobium oxides belonging to the fam-
ily of the Wadsley–Roth (WR) crystal structures have a
great feature of the wide channels for ion diffusion in
the structures. These materials possess block structures
comprising of corner and edge sharing NbO6 and TiO6
octahedra units, forming open tunnel gaps perpendicu-
lar to the plane of the blocks and providing active site
for Na+/K+ accommodation. The blocks are intercon-
nected to form a shear plane by edge sharing octahedra
and tetrahedra units (Figure 1A).18,19 Due to these fea-
tures, titanium niobium oxides have been demonstrated to
be high-rate and low volume expansion (6%–17%) anode
materials for Li-ion battery.19–24 Considering the benefits
of tunnel structure and the three-electron redox process of
Ti4+ to Ti3+ and Nb5+ to Nb3+, titanium niobium oxides
could be considered potential anode materials for SIBs
and PIBs, but unfortunately only one titanium niobium
oxide, TiNb2O7, has been reported for SIBs so far. Huang
et al. investigated the Na+ storage performance of the
amorphous TiNb2O7 phase synthesized by ball milling.25
Although the amorphous TiNb2O7 delivered a good capac-
ity of 180 mA h g−1 at a low current density of 15 mA g−1,
the rate performance was limited to 40 mA g−1 at 1 A g−1,
due to the poor conductivity of TiNb2O7. Focusing on
rate performance, Cao’s group introduced graphene to
form a composite with TiNb2O7.26 The TiNb2O7/graphene
composite showed improved rate performance, but its
cyclability was tested only for 70 cycles. Shang et al.
also implemented a similar strategy by introducing mul-
tiwalled carbon nanotubes (CNTs) to TiNb2O7 to obtain a
TiNb2O7/CNT composite.27 It delivered a great capacity of
320 mA h g−1 at 50 mA g−1, but the high loading of carbon
(43.28%) may not favor the practical use of the composite.
Despite the limited improvement in the SIB performance
of TiNb2O7, to the best of our knowledge, there has been no
report on the PIB performance of titaniumniobiumoxides.
This directs our interest toward investigating titanium nio-
bium oxides as versatile intercalation anodes for both SIBs
and PIBs.

TiNb24O62 has a larger block size than TiNb2O7 and is
further different from TiNb2O7 in a way that the tetra-
hedra TiO4 units in the structure of TiNb24O62 connect
the blocks, providing structural stability during the inter-
calation of large ions. However, there are shortcomings
when these ions diffuse through the tunnels. The first
and foremost factor is the energy barrier of Na+/K+ dif-
fusion is much higher than that of Li+. The energy barrier
arises due to the occupancy of Na+/K+ in a 12-cordinate
site in the center of the tunnels, which increases the
repulsion of ions in the tunnels. This limits the ionic
conductivity of Na+/K+ in TiNb24O62, which is corre-
lated to energy barrier.28 The second factor is the poor
electrical conductivity (<10−9 S cm−1) of titanium nio-
bium oxides,29 which, combining with the ion diffusion
energy barrier issue, further prevents the materials from
realizing their structural benefits. Therefore, it is impor-
tant to take on synergetic strategies to overcome both
shortcomings and achieve favorable Na+/K+ storage in
TiNb24O62.
In this work, we report for the first time TiNb24O62

(TNO) as a versatile intercalation-type anode for SIBs
and PIBs through simultaneously incorporating oxygen
vacancy (OV) and reduced graphene oxide (rGO) with
TiNb24O62 via a single step. The obtained composite
consisting of OV-containing TNO and rGO (TNOx/rGO)
exhibited reversible capacities of 130 mA h g−1 for SIBs
and 178 mA h g−1 for PIBs at 20 mA g−1, great rate capabil-
ity at 1 A g−1, and long-term cycling stability over 300–500
cycles. Our mechanistic study demonstrates the reversible
intercalation ofNa+ andK+ in TNOx, and the obtained rate
performance is attributed to the enhanced ion intercala-
tion due to the presence of OVs and rGO, being different
from the capacitive contribution from surface storage that
is commonly seen from anode materials. We hope this
work could provide experimental insights into the Na+
and K+ storage in the WR crystal structure and may spark
further research interest on exploring other types of WR
crystal structures for various beyond lithium energy stor-
age technologies, where ions with large and high charge
densities act as charge carriers.

2 RESULTS AND DISCUSSION

An interconnected porous TNO was prepared by the sol–
gel method, which is illustrated in Figure 1B. Compared
with the solvothermal method widely used for the synthe-
sis of titanium niobium oxides,20,27,29–36 sol–gel method is
scalable and hence implemented in this study. The syn-
thesis method involves the hydrolysis and condensation
of C12H28O4Ti and Nb(OC2H5)5 in an acidic medium to
form a gel. The heat treatment of the gel at 850◦C yields
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VIJAYA KUMAR SAROJA et al. 3

F IGURE 1 Schematic illustrations of the crystal structure of TNO (A) and the synthesis process of TNOx/rGO (B). X-ray diffraction
(XRD) patterns (C), Raman spectra (D), EPR spectra (E), and Nb 3d X-ray photoelectron spectrometer (XPS) spectra (F) of TNO and
TNOx/rGO-32.

porous TNO. The formation of the porous structure is
due to the presence of acetic acid that acts as a pore
forming agent. Acetic acid decomposes and generates CO2
and H2O at 440◦C during the heat treatment,37 which
results in the generation of pores in TNO (Figure S1a,b).
Simultaneous OVs and carbon incorporation in TNO are
obtained in a single step of annealing the sol–gel-derived
TNO and GO mixture in H2 due to the simultaneous H2
reduction of TNO to TNOx and GO to rGO. The synergy
here is that the oxygen functional groups on the surface
of GO, such as carboxyl and epoxy, provide an anchor-

ing support for TNO, and at the same time GO assists
in introducing OVs via carbothermal reduction. The crys-
tallinity and phase formation of TNO and TNOx/rGOwere
confirmed by X-ray diffraction (XRD) (Figure 1C). The
diffraction patterns are consistent with the monoclinic
phase of TiNb24O62 as reported from the previous liter-
ature with no impure phases such as Nb2O5 and other
titaniumniobium oxides.22,38–40 Thewrapping of rGO over
TNOx does not alter the crystal structure of TiNb24O62
and the additional peak positioned at 26.5◦ in TNOx/rGO
corresponds to the (0 0 2) graphitic plane of rGO.41,42 The
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structure of TNO was also confirmed by Raman spectra
(Figure 1D). The peaks at 541 and 644 cm−1 correspond
to corner-shared and edge-shared TiO6 octahedra, respec-
tively. Corner- and edge-shared NbO6 octahedra give rise
to the peaks at 891 and 998 cm−1, respectively.20,22,29 These
peaks also appear in TNOx/rGO, which implies that the
creation of OVs in TNOx/rGO does not disrupt the struc-
ture of TNO. Along with the peaks of TiO6 and NbO6
octahedral units, TNOx/rGO shows two peaks at 1328 and
1596 cm−1 corresponding to the D and G bands of rGO,
respectively. The G band corresponds to the in-plane vibra-
tion of sp2 carbons arising from C–C bond stretching, and
the D band arises due to the presence of defects caused by
graphite edges.43,44 The wrapping of rGO also causes red
shift of the peaks corresponding to TiO6 and NbO6 octa-
hedra units, because the creation of OVs causes electron
transfer between TNO and oxygen functional groups.45
The formation of OVs in TNOx/rGO is confirmed from the
EPR measurements. TNO shows a flat line with no promi-
nent EPR signal (Figure 1E), indicating that Ti and Nb are
in the highest oxidation state and there are no free elec-
trons in pristine TNO. TNOx/rGO shows a strong signal
at a g-value close to 1.98, which confirms the presence of
OVs.30,46 As a result, the oxidation states of Nb and Ti
reduce, which introduces free electrons for charge com-
pensation, thereby generating EPR signal. Furthermore,
the high resolution Nb 3d X-ray photoelectron spectrome-
ter (XPS) spectrum of TNO (Figure 1F) shows two distinct
peaks at 210.2 and 207.4 eV, corresponding to Nb5+ 3d3/2
and Nb 3d5/2, respectively.22 For TNOx/rGO, a set of
peaks at lower binding energies of 209.8 (Nb 3d3/2) and
206.9 eV (Nb 3d5/2) confirms the partial reduction of Nb5+
to Nb4+. The creation of OVs causes charge redistribution
in TNO leading to the lowered oxidation state of the metal
ions.30,47,48 As OVs are induced by the synergistic roles
of hydrogen treatment and carbothermal reduction, mix-
tures with different TNO:GO ratios (2:1, 1:1, and 1:2) were
subjected to the same treatment, which resulted in the
rGO contents of 18, 32, and 48 wt%, respectively (denoted
as TNOx/rGO-18, TNOx/rGO-32, TNOx/rGO-48), in the
final TNO/rGO composites (Figure S2, TNOx/rGO-32 is
chosen as the representative anode in our discussions).
Initially, TNO without any GO was subjected to hydro-
gen reduction treatment, which also created OVs in TNO
(i.e., TNOx) with an Nb4+ content of 4.4% (Table S1). As
expected, the content of Nb4+ increased to 5.1%, 5.8%, and
6.3% in TNOx/rGO-18, TNOx/rGO-32, and TNOx/rGO-48,
respectively (Figure S3 and Table S1). This confirms the
synergistic strategy that carbothermal reduction induced
by oxygen functional groups in GO assists in the forma-
tion of OVs in TNO alongside with the hydrogen reduction
of TNO. Using this strategy, OV content can be controlled
without altering synthesis conditions.

The morphology of TNO represents interconnected par-
ticles with pores between the particles (Figure 2A). The
enlarged scanning electronmicroscope (SEM) image high-
lights the presence of interconnected pores that distribute
throughout the sample. To confirm the nature of the poros-
ity in TNO and TNOx/rGO-32, pore size distribution was
measured from N2 adsorption desorption isotherm. The
isotherm represents type IV isotherm that is an indica-
tion of mesoporous materials (Figure S4a). The surface
area of TNO and TNOx/rGO-32 is 4.5 and 16.7 m2 g−1,
respectively. The increase in surface area of TNOx/rGO-32
is due to the incorporation of rGO. The pore size dis-
tribution of TNO and TNOx/rGO-32 centers at 3.8 and
3.4 nm (Figure S4b), respectively, signifying the presence
of mesopores. The presence of the pores assists in elec-
trolyte penetration and ion transfer. The wrapping of rGO
on TNOx resulted in anchoring of TNOx particles on rGO
surface without significant agglomeration compared to
prsitine TNO (Figure 2B). The distribution of TNOx on
rGOprevents particle aggregation during the insertion and
extraction of Na+/K+. A transmission electronmicroscope
(TEM) image further reveals the microstructure and crys-
tallinity of TNOx (Figure 2C,D). The thin layers of rGO
cover the surface of TNOx, which is beneficial for the
fast charge transfer between TNOx and rGO. An HRTEM
image of TNOx/rGO-32 (Figure 2D) demonstrates the high
crystallinity of TNOx with a d-spacing of 0.331 nm cor-
responding to the (1 1 3) plane of TNO. Moreover, EDS
mapping of TNOx/rGO shows the presence of Ti, Nb, O,
and C, confirming the distribution of TNOx on the rGO
sheets (Figure 2E–I).
To demonstrate the benefit of OVs and carbonmatrix for

storing large ions in TNOx, a series of samples, including
TNO, TNOx/rGO-18, TNOx/rGO-32, and TNOx/rGO-48,
were tested. Initially, the Na+ storage behavior of TNO
and TNOx/rGO-32 was investigated using cyclic voltam-
metry (CV) in the potential range of 0.01 to 3 V at the
scan rate of 0.05 mV s−1 (Figure 3A,B). In the first cycle,
a broad and irreversible cathodic current is observed due
to the formation of solid-electrolyte interphase (SEI) layer
and the irreversible trapping of Na+ within the TNO
structure. In the further cycles, CV curves overlap with
each other reflecting the reversibility of the reaction. The
redox couple appearing in the broad potential range of
0.8 to 1.25 V in TNO and TNOx/rGO-32 corresponds to
the change in valence state of Ti4+/Ti3+.49,50 The redox
pair that appears at 0.47 and 0.46 V in TNOx/rGO-32 cor-
responds to the redox reaction of Nb5+/Nb4+.51–53 It is
worth noting that the intensity of these redox peaks is
more prominent in TNOx/rGO-32 due to enhanced inter-
calation and reversibility compared to TNO, in contrast to
the broad redox peaks appearing in a wide potential range
in TNO, which highlights that the charge storage process
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VIJAYA KUMAR SAROJA et al. 5

F IGURE 2 Scanning electron microscope (SEM) images of TNO (A) and TNOx/rGO-32 (B). HR transmission electron microscopy
(HRTEM) images (C and D) and EDX mapping (E–I) of TNOx/rGO-32.

F IGURE 3 Cyclic voltammetry (CV) curves of TNO (A) and TNOx/rGO-32 (B) in Na cells in the range of 0.01–3 V and a scan rate of
0.05 mV s−1. GCD profiles of TNO (C) and TNOx/rGO-32 (D) in the first three cycles of Na cells at 20 mA g−1. Comparison of rate capability
(E) and cycle stability (F) of TNO and TNOx/rGO-32 in Na cells.
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6 VIJAYA KUMAR SAROJA et al.

in TNO occurs mainly by pseudocapacitance rather than
intercalation. An anodic peak that appears around 0.07 V
is due to the interaction of Na+ in super P (conductive
additive in the electrode, Figure S5). In consistent with
the CV curves, there are no distinct voltage plateaus in
the GCD profiles of TNO (Figure 3C). The sloping-shaped
profiles indicate that an intercalation of Na+ into the tun-
nels of TNO occurs via Faradaic charge transfer with no
phase transformation.54–56 TNO delivers a reversible dis-
charge capacity of 71 mA h g−1 at the current density of
20 mA g−1, and the creation of OVs and rGO wrapping
in TNOx/rGO-32 significantly increases the capacity to
130 mA h g−1 (Figure 3D). Moreover, the storage of Na+ in
TNOx/rGO-32 is more reversible compared to TNO, which
is evident from initial coulombic efficiency (ICE). The ICE
of TNOx/rGO-32 is 59% that is higher than that of TNO
(55%), further illustrating the reversibility of the reaction
in TNOx/rGO-32. The presence of a conductive network
and OVs improves the electrical conductivity of the anode
and facilitates the diffusion of Na+ within TNOx, thereby
lowering diffusion barrier and promoting reversible inter-
calation and deintercalation processes. This overrides the
irreversible capacity loss that occurred during the SEI
layer formation in TNOx/rGO-32. At a high current density
of 1000 mA g−1, TNOx/rGO-32 delivers a specific capac-
ity of 54 mA h g−1 that is ∼3 times higher than that of
TNO (Figure 3E). Rate performance of TNOx without rGO,
TNOx/rGO-18, TNOx/rGO-48 was also evaluated (Figure
S6). TNOx delivers a much higher capacity of 36 mA h g−1
than TNO at 1000 mA g−1. With 18 wt% rGO, the spe-
cific capacity slightly increases to 41 mA h g−1 and further
increasing rGO content to 48% increases the capacity to
73mA h g−1 at 1000mA g−1, which is better than the previ-
ously reported rate capability of TiNb2O7.25 Obviously, the
combined benefit of OVs and rGO wrapping contributes
to fast electron transfer and Na+ diffusion transport at
the high current density. Additionally, long-term cyclabil-
ity of TNO and TNOx/rGO-32 at 20 mA g−1 was shown in
Figure 3F. TNO exhibits rapid capacity fading and shows
a capacity retention of 51.2% after 500 cycles, with low
CEs in the initial few cycles (81.6%, 88.4%, and >90% at
the 2nd, 3rd, and 40th cycles, respectively). In the case
of TNOx/rGO-32, the CE stabilizes at 98% after 20 cycles,
and as a result the cyclability of TNOx/rGO-32 signifi-
cantly improved with the capacity retention of 73.7% after
500 cycles (Figure 3F). Compared with previous reports
on titanium niobium oxide anodes for SIBs (54.5% capac-
ity retention after 500 cycles with the presence of 43.3%
CNTs27 and cyclability up to 70 cycles with the presence of
40% graphene26), TNOx/rGO-32 exhibits better cyclability
with good capacity retention. The existence of OVs pre-
vents the repulsion of Na+ with the cations in the TNOx
structure, enabling a great structural stability of TNOx, and

the presence of rGO provides fast electron transfer and
keeps the composite’s structure intact during cycles.
The electrochemical K+ storage performances of TNO

and TNOx/rGO-32 were also evaluated in the potential
range of 0.01 to 3 V (vs. K/K+). CV measurements were
carried out at the scan rate of 0.05 mV s−1 for three
cycles (Figure 4A,B). The reduction peaks of TNOx/rGO-
32 appearing at 0.58 and 0.92 V in the first cycle correspond
to SEI layer formation. The redox pair of 0.9 V/0.8 V
corresponds to the change in the oxidation state of Ti.
The oxidation peak at 0.6 V and a broad reduction
peak in the range of 0.76–0.41 V centering at 0.53 V
corresponds to the change in the oxidation state of
Nb5+/Nb3+. Moreover, there is a prominent difference
between the CV curves of TNO and TNOx/rGO-32, where
CV curves of TNO represent more of pseudocapacitive
nature compared to TNOx/rGO-32. Also, the peak currents
of TNOx/rGO-32 are higher, indicating that the intercala-
tion/deintercalation of K+ is facilitated compared to TNO.
While comparing the CV curves of TNO andTNOx/rGO-32
in SIBs and PIBs (Figures 3A and 4A), there is a difference
in the peak position. The anodic peaks of TNO in PIBs are
at 0.16 V higher voltage than in SIBs, close to the differ-
ence in the standard reduction potentials (∼0.2 V) between
K+/K and Na+/Na. The difference in anodic peak posi-
tions of TNOx/rGO-32 is observed to be slightly less than
0.16 V due to the incorporation of rGO. The reversibility of
K+ intercalation in TNOx/rGO-32 is also evident from the
higher ICE of 55% in comparison to 50.8% for TNO. Similar
to the GCD profiles for Na+ storage, TNO and TNOx/rGO
for K+ storage show a semi-linear GCD profile without
defined intercalation voltage plateaus (Figure 4C,D). This
signifies that K+ storage in TNO also occurs by pseu-
docapacitance with no phase transformation. As shown
in Figure 4E, at a low current density of 20 mA g−1,
TNOx/rGO-32 delivers a reversible specific capacity of
178 mA h g−1, being 3.2 times higher than that of TNO, and
outperforms previously reported intercalation-type metal
oxide (Ti-based) anodes for PIBs.57–59 As the current den-
sity increased to 50, 100, 200, 400, and 500 mA g−1, the
specific capacities were 116, 91, 76, 57, and 49 mA h g−1,
respectively. Even at 1 A g−1, a capacity of 37 mA h g−1 was
obtained, completely outperforming TNO (<10 mA h g−1).
This signifies that TNOx/rGO-32 providesmore active sites
for K+ storage and can be a promising PIBs anode. To
better understand the capacity contribution of rGO in
TNOx/rGO, the electrochemical performance of pristine
rGO was tested at various current densities (Figure S7).
The pristine rGO delivered reversible capacities of 101 and
156 mA h g−1 at 20 mA g−1 for SIBs and PIBs, respec-
tively. Taking consideration of the TNOx/rGO weight
ratio of 68/32 in TNOx/rGO-32, rGO can contribute ∼1/3
of the overall capacity, being 44 and 60 mA h g−1 in
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VIJAYA KUMAR SAROJA et al. 7

F IGURE 4 Cyclic voltammetry (CV) curves of TNO (A) and TNOx/rGO-32 (B) in K cells at the range of 0.01–3 V and the scan rate of
0.05 mV s−1. GCD profiles of TNO (C) and TNOx/rGO-32 (D) in the first three cycles of K cells at 20 mA g−1. Comparison of rate capability (E)
and cycle stability (F) of TNO and TNOx/rGO-32 in K cells.

SIBs (131 mA h g−1) and PIBs (181 mA g−1), respec-
tively. Therefore, the capacity in TNOx/rGO is mainly
contributed from TNO due to the enhanced reaction kinet-
ics, benefiting from the synergistic role of OV and rGO.
Looking at the different contents of rGO and OVs (Figure
S8), the presence of a low carbon content of 18% does
not greatly improve the performance (∼13 mA h g−1 at
1000 mA g−1), whereas increasing the rGO content to
48wt% improved the capacity to 46mAh g−1.When cycled
at 20 mA g−1, TNOx/rGO-32 retains 84% capacity, deliv-
ering 164 mA h g−1 after 300 cycles (Figure 4F), whereas
TNO exhibits rapid capacity fading with only 55% capacity
retention after 300 cycles. The long-termcycling stability of
TNOx/rGO-32 is once againmuch higher than the reported
Ti-based intercalation anodes for PIBs, such as K2Ti4O9
(56% capacity retention after 30 cycles at 100 mA g−1),60

K2Ti8O17 (62% after 50 cycles at 20 mA g−1),61 and carbon-
coated KTi2(PO4)3 (55.5% after 50 cycles at 20 mA g−1).62
The comparison here demonstrates the reversibility and
structural stability of TNOx/rGO-32, which is enabled by
the OVs and carbon incorporation collectively.
Na+/K+ storagemechanism of TNOx/rGO-32was inves-

tigated by the XRD and XPS measurements of the
electrodes after initial discharge and charge processes.
Figure 5A shows the Nb 3d XPS spectra (Ti signal was
too weak to be detected, presumably due to the very low
Ti content in the composite). Pristine TNOx/rGO-32 elec-
trode shows the existence of Nb5+ as confirmed from the
peak positions at 207.6 and 210.3 eV. The coexistence of
Nb4+ is due to the partial reduction of Nb5+ caused by
OVs. After the first discharge process in the Na cell, the
Nb5+ peaks areweakened,whereas theNb4+ peaks at 209.3
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8 VIJAYA KUMAR SAROJA et al.

F IGURE 5 Nb 3d X-ray photoelectron
spectrometer (XPS) spectra (A and D), X-ray
diffraction (XRD) patterns (B and E), and
enlarged (0 2 0) peak (C and F) of TNOx/rG-32
at pristine, discharged, and charged states in
Na cells (A–C) and K cells (D–F).

and 206.6 eV are intensified, which confirms the intercala-
tion of Na+ causes the reduction of Nb. In the following
charged state, the intensity of the Nb5+ peaks resumed to
the pristine state along with weak Nb4+ peaks. This con-
firms Na+ can be intercalated and deintercalated into the
TNOx/rGO-32 structure reversibly. Likewise, the interca-
lation of K+ causes the change in the oxidation state of
Nb with an increased intensity of Nb4+ (Figure 5D). In
addition, there are noticeable reductions of Nb4+ to Nb3+,
which could be responsible for the higher specific capac-
ity for PIBs compared to SIBs. In the subsequent charged
state, Nb3+ and Nb4+ are oxidized back to Nb5+ with the
presence of a small amount of Nb4+, due to the pres-
ence of OVs. These results clearly depict the reversible K+
intercalation in TNOx/rGO-32. The structural stability of
TNOx/rGO-32 at charged and discharged states was veri-
fied by XRD. As seen from Figure 5B, the XRD patterns
are almost identical and no new peaks can be identified.
Intercalation of Na+ causes a slight downward shift of the
(0 2 0) diffraction peak at 47.6◦ (Figure 5C). The diffusion
of Na+ along the b-axis causes an expansion leading to the
(0 2 0) peak shift. In the charged state, the peak shifts back
to the original position, indicating the reversibility of Na+
(de)insertion. Intercalation of K+ also causes the shift of
the (0 2 0) peak toward a lower angle at the discharged state

and resumes back to the original position at the charged
state (Figure 3E,F). To understand the structural stability
of TNOx/rGO, the surface morphology of cycled electrodes
was observed from SEM images (Figure S9). TNOx/rGO
electrode before cycling shows the homogeneous distribu-
tion of active material, binder and super P (Figure S9a).
After cycling, the electrode retained the surface morphol-
ogy without forming any cracks in SIBs (Figure S9b). Also,
there is no variation in the particle size of TNOx compared
to its pristine state, indicating the structural stability of the
electrode. Cycled electrode in PIBs shows rGO sheets being
oriented vertically on the surface of the electrode (Figure
S9c), suggesting a structural rearrangement to some extent.
Nevertheless, TNOx particles kept intact with rGO and
no cracks were observed. rGO standing between clusters
of particles might act as a reinforcement layer to pro-
vide structural stability to the electrode without losing the
improvement in electronic conductivity.63
To differentiate the capacity contribution of diffusion-

and surface-controlled processes in TNO and TNOx/rGO-
32, CV curves at different scan rates were recorded in the
potential range of 0.01 to 3 V (Figure S10). As the scan
rate (ν) increases, the peak currents (i) of both TNO and
TNOx/rGO-32 increase. According to the general expres-
sion of i = aνb, where a and b are adjustable constants,
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VIJAYA KUMAR SAROJA et al. 9

F IGURE 6 Logarithmic relationship between scan rate and anodic peak current of TNO and TNOx/rGO-32 in Na cells (A) and K cells
(D). Capacity contributions at various scan rates of TNO (B and E) and TNOx/rGO-32 (C and F) in Na cells (B and C) and K cells (E and F).

the b-value would be 0.5 for an ideal semi-infinite lin-
ear diffusion controlled process while close to 1.0 for
a surface-controlled capacitive process.64,65 The plots of
log(i) versus log(ν) for the anodic peak current in the
CV curves of TNO and TNOx/rGO-32 for SIBs and PIBs
are shown in parts (A) and (D) of Figure 6, respectively.
In the case of SIBs, the b-value for TNO is 0.9, indicat-
ing that the charge storage process is largely controlled
by surface capacitive process. However, the b-value of
TNOx/rGO-32 drops down to 0.7, and it suggests that
despite the heavier reliance on diffusion-controlled pro-
cess to storage ions, TNOx/rGO-32 still delivered a better
performance than TNO. This, in turn, demonstrates the
improved Na+ diffusion and intercalation in TNOx/rGO-
32, which is enabled by the simultaneous presence of OVs
and rGO. The contribution of capacitive-controlled (k1v)
and diffusion-controlled (k2v1/2) processes can be calcu-
lated using i(V) = k1ν + k2ν1/2, where i is the total current
response at a fixed potential (V), k1 and k2 are constants at
a particular scan rate. At the scan rate of 0.05 mV s−1 in
the Na cells, the diffusion-controlled process contributes
to about 72% to the overall capacity in TNOx/rGO-32,
whereas that of TNO is only ∼8% (Figure 6B,C). At low
scan rates, the presence of OVs facilitates the interca-
lation of Na+ through the tunnels, which enhances a
diffusion-controlled process for charge storage. Even at a
high scan rate of 2 mV s−1, TNOx/rGO-32 has a lower b-
value and less capacitive contribution compared to TNO,
and yet TNOx/rGO-32 exhibits a higher capacity. In the

case of PIBs, TNO and TNOx/rGO-32 show b-values of
0.7 and 0.6, respectively (Figure 6D). Once again, the lat-
ter is more limited to the diffusion-controlled process to
store K+ compared to the former, but the latter deliv-
ered higher capacities at all rates. The contributions of
diffusion-controlled process in TNOx/rGO-32 are 84% at
0.05 mV s−1 and 50% at 2 mV s−1, whereas the values are
80% and 45% in TNO. Therefore, the results here clearly
prove that the diffusion of Na+ and K+ is boosted by the
synergistic benefits from rGO and OVs in TNOx/rGO.
The galvanostatic intermittent titration technique

(GITT) profiles for SIBs and PIBs are presented in
Figure 7A,B, respectively, and the calculated DNa and DK
are shown in Figure 7C,D, respectively (the method of D
calculation is provided in Figure S8). The overpotential for
TNOx/rGO-32 is lower compared to TNO for both SIBs and
PIBs (Figure 7A,B), reflecting better reaction kinetics. The
higher averageDNa of TNOx/rGO-32 (2.48 × 10−10 cm2 s−1)
in comparison with TNO (0.84 × 10−10 cm2 s−1) implies
that OVs greatly improve the diffusion and transport of
Na+. Similarly, K+ diffusion in TNOx/rGO-32 is greatly
improved, as seen from the average DK of TNOx/rGO-32
being ∼6.9 times higher than that of TNO (7.48 × 10−11
vs. 1.07 × 10−11 cm2 s−1). The overall trend of DNa and
DK remains the same, with higher values at higher
discharge voltages and lower values at lower discharge
voltages (<0.4 V). This is because at the initial stage of
the discharge process, a high concentration gradient of
ions exists, as there are no ions available in the materials,
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10 VIJAYA KUMAR SAROJA et al.

F IGURE 7 Transient voltage profiles of
GITT (A and B) and comparison of diffusion
coefficients during the discharge process (C
and D) of TNO and TNOx/rGO-32 in Na cells
(A and C) and K cells (B and D).

whereas the concentration gradient decreases during the
progress of discharge, resulting in the gradually decrease
in ion concentration gradient, which decreases the facil-
itation of ion diffusion.22,66,67 Moreover, DNa and DK are
higher at 0.7 and 0.5 V, respectively, corresponding to the
potentials at which Nb5+ being reduced to Nb4+. Hence, it
is apparent that TNOx/rGO-32 has better reaction kinetics
due to the improved Na+/K+ transport. Along with ion
diffusion, the presence of rGO promotes electron transfer,
which is another important contributing factor to the
observed electrochemical performance. This is verified by
the electrochemical impedance spectroscopy (EIS) results
shown in Figure S12. TNOx/rGO-32 has a charge transfer
resistance (Rct) of 23.1 Ω, being ∼18 times lower than that
of TNO. Therefore, the collective results of GITT and EIS
demonstrate the enhancement of electron transfer and ion
diffusion in TNOx/rGO-32, leading to its versatility as an
intercalation-type anode for both SIBs and PIBs.

3 CONCLUSIONS

In summary, TiNb24O62−x/rGOwere successfully prepared
and demonstrated for the first time as a versatile anode for
SIBs and PIBs. The anode exhibited high reversible capac-
ities of 130 and 178 mA h g−1 for SIBs and PIBs, respec-
tively. The composite structure can provide enhanced
ion diffusion and a conductive carbon network, which
results in great rate capability at 1 A g−1 and long-term
cycling stability over 500 cycles for SIBs and 300 cycles
for PIBs. The obtained electrochemical performance is
among the best results of intercalation-type metal oxide

anodes for PIBs. Furthermore, electrochemical kinetic
study highlighted that diffusion-controlled ion storage
was significantly enhanced by the synergistic strategy of
introducing OV and carbon network. TiNb24O62−x/rGO
showed better electrochemical performance in SIBs com-
pared to PIBs, concluded from higher Na+ diffusion
coefficient and better rate capability, without significant
sacrifice in durability. Our work showcases the promise of
intercalation-type metal oxides in storing large ions with-
out major structural change, and the method present in
the work can also be extended to other functional oxide
electrode materials for various sustainable energy storage
technologies.

4 EXPERIMENTAL SECTION

4.1 Materials synthesis

4.1.1 Synthesis of TNO

TNO was synthesized by the sol–gel method using nio-
bium ethoxide (Nb2(OC2H5)10), titanium isopropoxide
(C12H28O4Ti), acetic acid (CH3COOH), and ethanol
(C2H5OH). Typically, 0.0596 g C12H28O4Ti, 1.622 g
(Nb2(OC2H5)10, and 1 ml CH3COOH were added into
20 ml C2H5OH and the solution was stirred for 1 h. The
solution then was dried at 60◦C to remove the solvent
and heated at 80◦C for 12 h. The obtained product was
annealed at 850◦C for 4 h in a furnace at a heating rate of
5◦C min−1 under an air atmosphere to obtain crystallized
TNO.
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VIJAYA KUMAR SAROJA et al. 11

4.1.2 Synthesis of TNOx/rGO

Graphite oxide (GO) was prepared using the Hummer
method.68 Graphitewas oxidizedusing potassiumperman-
ganate (KMnO4), with sodium nitrate (NaNO3) present
in sulfuric acid (H2SO4) in an ice bath. The mixture was
then stirred for 1 h before 90 ml deionized (DI) water was
added, followed by a continued stirring for 1 h. Tomake the
mixture diluted, 292 ml DI water was added. Then, 12 ml
hydrogen peroxide (H2O2, 30 wt%) was added to remove
the unreacted KMnO4 in the mixture. The mixture was
centrifuged and washed several times until the pH was
neutral. The obtained GO was dried at 60◦C overnight in
a vacuum oven. For the synthesis of TNOx/rGO compos-
ite, different ratios of GO to TNO were mixed in 100 ml
ethanol (C2H6O) and stirred for 24 h. Themixturewas then
dried to obtain dry powders. The final composite product
was obtained by annealing the dry powders in a tubular
furnace under N2/H2 (95/5%) gas at 800◦C for 4 h.

4.2 Materials characterization

XRD measurements were carried out using a STOE
SEIFERTdiffractometerwithMoX-ray source. The surface
morphologies of TNO and TNOx/rGO were characterized
by a SEM (SEM, JEOL JSM 7600) and a TEM (TEM,
JOEL-2100). The chemical states of different elements and
oxidation state of Nb in TNOx/rGO were evaluated by an
XPS (XPS, Thermo Scientific K-alpha photoelectron spec-
troscopy) with Al K-alpha (1486.6 eV) as the X-ray source.
Data analysis of XPS results was obtained using CasaXPS
with the calibration of C 1s at 285 eV. The loading of rGO
in TNOx/rGO composites was obtained using a thermo-
gravimetric analyzer (TGA, PerkinElmer STA6000.) in an
air atmosphere with a heating rate of 10◦C min−1. Raman
spectra were recorded with a Renishaw Raman spectrom-
eter system using 633 nm laser. Electron paramagnetic res-
onance spectra were performed in a Bruker E580 X-band
EPR spectrometer. EPR spectra (EPR, Bruker E580) were
acquired with the sweep time 60 s, microwave frequency
9.45 GHz at room temperature. The nitrogen sorption
isotherms were taken from the gas Sorption Surface Area
and Pore Size Analyzer (Quantachrome, QUADRASORB
evo). The materials were degassed in a vacuum at 180◦C
for 6 h. TheBrunauer–Emmett–Tellermethod andBarrett–
Joyner–Halenda model were used to calculate the specific
surface area and pore size distribution, respectively.

4.3 Electrochemical measurements

Electrochemical measurements were carried out using CR
2032-coin cells. For the fabrication of electrodes, active

materials, super P, and sodium carboxylmethyl cellu-
lose were homogeneously mixed in the mass ratio of
7.5:1.5:1 with DI water. The slurry was coated on a Cu
foil and then dried at 70◦C for 16 h under vacuum. Coin
cells were assembled using TNO or TNOx/rGO as the
working electrode, sodium, or potassium metal as the
counter and reference electrode in an argon-filled glove
box (H2O < 0.5 ppm, O2 < 0.5 ppm). The electrolyte
for SIBs was 1 M sodium perchlorate (NaClO4) dissolved
in a mixture of 1:1 volume ratio of ethylene carbonate
and propylene carbonate (EC:PC), and the electrolyte for
PIBs was 1 M potassium bis(fluorosulfonyl)imide (KFSI)
dissolved in a mixture of 1:1 volume ratio of EC and
PC. Glass fiber membrane (Whatman, GF-B) was used
as the separator. Electrochemical measurements, includ-
ing galvanostatic charge discharge (GCD), CV, EIS, and
GITT, were carried out at room temperature. GCD and
GITT measurements were carried out using Neware bat-
tery cyclers (BTS4000-5V10MA) in the potential range of
0.01–3 V at various current densities. CV and EISmeasure-
ments were carried out using Biologic potentiostat (VSP).
CVwas carried out in the potential range of 0.01–3 V at var-
ious scan rates. EIS was carried out in the frequency range
of 1 MHz to 10 mHz with a voltage amplitude of 10 mV.
For the ex situ characterization of the cycled electrodes,
cells were disassembled inside a glove box and electrodes
were washed with clean PC. They were then dried inside
the glove box before the ex situ characterization. The
electrodes were transferred to the characterizations in an
airtight case to avoid the exposure to oxygen andmoisture.
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