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H I G H L I G H T S

• Na2Ti7O15 nanowire/graphene com-
posite was designed by an ALD
seeding route.

• The electrochemical performances
surpass other Na2TinO2n+1 anodes for
sodium storage.

• In situ TEM testing and atomistic
computations give insights into me-
chanisms.

• SICs deliver high energy/power densities
and long term span life of high rate.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Sodium ion capacitors
Atomic layer deposition
Anode
High rate capability
High energy/power densities

A B S T R A C T

Sodium ion capacitors (SICs) are increasingly being focused, due to the feature of high energy/power densities
derived from the integrated energy storage mechanisms, as well as the ubiquitous sodium sources. Practical
anodes with exceptional rate capability can circumvent the kinetic mismatch with cathode, boosting energy/
power metrics. Herein, a Na2Ti7O15 nanowire/graphene anode is synthesized through an atomic layer deposition
(ALD) seeding technique, by which the confined seeds enable Na2Ti7O15 with ultra-high aspect ratio and in-
terweaved structure with graphene nanosheets. The composite delivers a superior rate capability of 60 mAh g−1

at a high rate of 17.7 A g−1, and an exceptional cyclic stability of 90% retention after 10 000 cycles even at
8.85 A g−1. It is demonstrated that the morphology, graphene platform, intrinsically low energy diffusion barrier
of Na2Ti7O15, and associated reaction mechanism synergize the electron transport, sodium ion migration, and
surface capacitive contribution, giving rise to such a decent electrochemical performance. The SICs deliver high
energy/power densities (82.7 Wh kg−1/97.5 W kg−1, 25 kW kg−1 with 16 Wh kg−1 retained), proving a promise
particularly at extremely fast charge/discharge condition. The proposed ALD seeding technique can be devel-
oped into a technical strategy for synthesizing high performance energy storage materials.
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1. Introduction

Electrochemical energy storage (EES) devices have been playing an
instrumental role in our daily life ranging from vehicles to industrial
production and so on, where the most prominent type is lithium ion
batteries (LIBs) [1–4]. With the continuous improvement of electrode
materials and precise control of fabrication technology, the develop-
ment of LIBs has reached a plateau. Meanwhile, the limited availability
of lithium resources as well as the uneven distribution will exacerbate
the economic and geopolitical impact, which necessitates pursuing al-
ternatives with low cost and high performances for LIBs. As the most
appealing alternative to lithium, sodium ion batteries (SIBs) have at-
tracted considerable attention undoubtedly. Even though a great re-
search progress in SIBs electrode materials have been achieved, the
sluggish kinetics of sodium chemistry is still the bottleneck that retards
the practical development of SIBs [5–9]. Besides the rational design of
electrode materials for SIBs, another hybrid type device that integrates
the SIBs anode and electric double layer capacitive cathode, namely
sodium ion capacitors (SICs) have also drawn the ever-increasing in-
terest. Due to the combined energy storage mechanisms (sodium ion
intercalation/deintercalation in anode and double-layer adsorption/
desorption in cathode), SICs could deliver high energy and power
densities simultaneously, bridging the performance gap between SIBs
and supercapacitors [10–14]. Considering the combined energy storage
mechanisms, the imbalanced reaction kinetics between the SIBs type
anode and capacitor type cathode is inevitable. This kinetics mismatch
will deteriorate the energy density of SICs at an extreme power output
condition, restricting the development of SICs. Therefore, the anode
with high rate capability and long cycle life is always desirable.

Sodium titanate based oxides (Na2TinO2n+1, such as Na2Ti3O7 [15],
Na2Ti6O13 [16], Na2Ti7O15 [17], Na2Ti9O19 [18], Na2Ti2O5−x [19] and
so on), represent one type of promising anodes, which exhibit high
ionic conductivity, low voltage plateau, low cost, small volume change
and eco-friendly feature. However, large bandgap of sodium titanate
based oxides leads to poor electronic conductivity, suppressing the
electrochemical properties [20]. Aiming to obtain high rate perfor-
mance, several strategies have been adopted. Apparently, nano-struc-
tural optimization coupled with carbon materials hybridization shows a
high efficiency [21–24]. For example, in the case of Na2Ti3O7, Liu et al
reported an ultra-long Na2Ti3O7 nanowire on carbon cloth as a flexible
anode through a classic hydrothermal method (TiO2 + NaOH), which
exhibited a specific capacity of 100.6 mAh g−1 at a current rate of 3 C
(1 C equals to 177 mAh g−1, corresponding to two sodium ions ac-
commodated in Na2Ti3O7) [25]. Tang et al synthesized Na2Ti3O7 na-
nowires/graphene composite by a two-step solvothermal method, in
which bare Na2Ti3O7 nanowires were prepared in advance then mixed
with graphene in a hydrothermal process. The Na2Ti3O7/graphene can
deliver a specific capacity of 116 mAh g−1 at a current density of
2 A g−1 (about 11.3 C) [26]. Distinctively, Qiao et al reported a
Na2Ti3O7/Nitrogen-doped carbon hollow sphere by a template-hydro-
thermal method, in which an amorphous titanium hydroxide was
coated on the template as a precursor in advance followed by hydro-
thermal conditions to produce the Na2Ti3O7/carbon composite. The
composite anode can deliver a specific capacity of 60 mAh g−1 and just
6.5% capacity fading after 1000 cycles at a current rate of 50 C, ex-
hibiting an excellent rate performance [27]. It is worth noting that
growth of a precursor that is used for the post-synthesis of Na2Ti3O7 on
certain substrates in advance could ensure a unique structure of as-
obtained Na2Ti3O7, leading to an expected rate performance.

Based on this strategy that we named seeding-growth process,
atomic layer deposition (ALD) could be employed as the primary
seeding-technique. Because the ALD process could produce precisely
controlled film on various substrates, exhibiting a promising applica-
tion in the field of EES [28,29]. While, the reported ALD film is usually
used as the functional layer to tailor the interface between electrode
and electrolyte, improving the electrochemical behavior accordingly.

Research about taking the ALD technique as the nucleation controlling
process is rarely reported.

In this work, the ALD seeding-technique was firstly employed to
produce a Na2Ti7O15 (NTO)/graphene composite that was confirmed by
synchrotron X-ray diffraction (XRD) and high-energy synchrotron X-ray
pair distribution function (PDF). The ultra-long nanowire morphology
of the ALD seeded NTO on graphene nanosheets was obtained, dis-
tinctively different from the controlled NTO sample derived from the
classic hydrothermal process. Excellent electrochemical performance
was identified with high rate capabilities of 97 and 60 mAh g−1 at ex-
treme high rates of 8.85 and 17.7 A g−1, respectively, and an excep-
tional cyclic stability of 90% retention after 10 000 cycles even at
8.85 A g−1. The sodium ion reaction kinetics and mechanism were in-
vestigated systematically, including in situ TEM electrochemical testing
and atomistic computations. The SICs were assembled and the corre-
sponding performance was also evaluated.

2. Experimental

2.1. Preparation of ALD NTO@graphene composite

The precursor of TiO2@graphene was prepared by the ALD tech-
nique according to our previous report [30]. For ALD NTO@graphene,
typically, 18.4 mg of as-prepared TiO2@graphene was added into 10 M
NaOH aqueous solution (5 ml) followed by stirring for 1 h. Subse-
quently, the obtained suspension was transferred and sealed in a 15 ml
Teflon-lined stainless steel autoclave and treated at 200 °C for 48 h. The
precipitate was collected by vacuum filtration, and washed with deio-
nized water until the PH value of the suspension was 7. After that, the
precipitate was dried at 60 °C for 12 h. Finally, the product was sintered
at 200 °C for 2 h under Ar atmosphere at a heating rate of 2 °C min−1.
By contrast, the pristine NTO was also prepared as the controlled
sample. Commercial anatase TiO2 (particles size of 3–5 nm, Aladdin)
was used as the precursor. The process was followed the above hy-
drothermal reaction and sintering under the same condition including
the element concentration of sodium and titanium, and the corre-
sponding ratio.

2.2. Material characterizations

The general X-ray diffraction (XRD) was performed using a X-ray
diffraction system (D8 Focus, Bruker, Germany) with the source wa-
velength of 1.542 Å operating at 40 kV and 40 mA at room temperature.
The phase structure was examined via the synchrotron at 11-BMC, APS.
The obtained data was refined with GSAS software [31]. The PDF
analysis was carried out using PDFGui [32]. Raman spectra were re-
corded on a spectrometer of a laser wavelength of 532 nm. XPS
(Thermo Scientific ESCALAB 250XI) measurement was performed to
analyze the surface chemical state of elements. TGA (SDTQ-600, TA
Instruments Waters LLC) was used to determine the component content
heating up to 700 °C in air. Morphology of samples was observed with a
field emission scanning electron microscope (FESEM, JEOL JSM-7100F)
coupled with an energy dispersive X-ray spectrometer (EDX). And a
transmission electron microscopy (TEM) was recorded by Tecnai LaB6.
The in situ electrochemical experiment was conducted inside TEM
(Tecnai G2 F20, operated at 200 kV). A nanoscale battery setup was
employed for the in situ electrochemical experiment, which consists of a
working electrode of an individual NTO nanowire, a counter-electrode
of bulk Na metal and a solid electrolyte of naturally-grown Na2O and
NaOH mixture. The detailed experiment setup and procedure have been
well-documented in our previous publications [33,34]. During the in
situ electrochemical testing, a potential of −3 V were applied to the
NTO nanowires with respect to the Na metal to drive sodiation (Na
insertion) and +3 V for desodiation (Na extraction). To minimum the
electron beam effect on the sodiation and desodiation, all experiments
were conducted under a weak beam condition.
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2.3. Electrochemical measurements

For the sodium ion half-cell measurement (coin cell 2025), the
working electrode were fabricated by mixing 80% of the active material
(NTO samples), 10% of carbon black, and 10% of sodium carboxy
cellulose (CMC) into deionized water homogenously to form a slurry. In
order to evaluate the electrochemical performance of these NTO sam-
ples accurately, the electrodes were prepared at the same level and
condition. Therefore, about 20% graphene nanosheets as conductive
additives was also added in the pristine NTO electrode. The slurry was
cast onto the copper foil followed by drying at 80 °C in air. Then the
dried copper foil was punched into discs with a diameter of 1.2 cm
followed by pressing under a pressure of 20 MPa. The resultant discs
with an average mass loading of 1.6 mg cm−2 were further dried at
120 °C in vacuum for 12 h. Sodium foil is the counter and reference
electrode. Glass fiber paper is used as the separator. The electrolyte is
1.0 M NaClO4 in ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by
volume) with 5 vol% fluoroethylene carbonates (FEC). For the sodium
ion half-cell of AC, 80% of AC, 10% of carbon black, and 10% of
polyvinylidene difluoride (PVDF) was mixed in N-methylpyrrolidone
(NMP). The resultant slurry was coated onto the carbon coated alu-
minum foil. After this, all the processes were followed the above pro-
cedures. In the case of SICs, the NTO samples electrode and AC were
used as anode and cathode, respectively. Both the anode and cathode
were pre-activated in each half-cell in order to reduce the irreversible
reactions between the electrodes and electrolyte. All the cells were
assembled in the Argon filled glove box. The anode half-cell was in-
vestigated in a potential window of 0.01–2.5 V (vs. Na+/Na) by using
an electrochemical workstation (Ametek, Princeton Applied Research,
Versa STAT 4) for the CV and electrochemical impedance spectroscopy
(EIS) measurements. The cathode half-cell was investigated in a po-
tential window of 3.0–4.5 V (vs. Na+/Na). All the galvanostatic charge/
discharge measurements were recorded from a multi-channel battery
testing system (Neware BTS4000) at room temperature. The specific
calculations was followed the equations below:

= ×C C
dV

Specific capacitance ( , F g )C 3600
s s

1
(1)

= × ×V I
m

tEnergy density (E, Wh kg )E1
(2)

= = ×E
t

V I
m

Power density (P, W kg )P1
(3)

where I (A) is the constant current, C (mAh g−1) is the specific capacity
and dV (mV) is the cutoff potential; = +V V V

2
max min , where Vmax and

Vmin are the initial and final discharge potentials (V); m is the total mass
of active materials in anode and cathode.

2.4. Computational method

The first-principles calculations based on density functional theory
(DFT) with the projected augmented wave (PAW) method were per-
formed using the Vienna ab-initio simulation package (VASP) [35–37].
The structural optimizations were treated in the generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerho (PBE) functional
[38,39]. The plane-wave cutoff energy was set to 500 eV and the Bril-
liouin zone integration was performed by using a 3 × 9 × 2 with the
Monkhorst-Pack method [40]. The unit cell was fully optimized unit the
total energy difference was smaller than 1 × 10−6 eV, and Hellmann-
Feynman forces were convergent within 0.01 eV/Å. To evaluate the
energy barrier of a Na ion migrate, a 2 × 2 × 1 supercell was adopted
for Na2Ti7O15. The climbing image nudged elastic band method (cNEB)
was adopted to investigate the minimum energy paths for ion diffusion
from the initial state to the final state. The formation energy between
Na2+xTi7O15 and Na2Ti7O15 was defined as the following:

= +E Na Ti O E Na Ti O xE NaE [ ] [ ] [ ]tot x tot bulk2 7 15 2 7 15 (4)

where ΔE is the formation energy, Etot [Na2+xTi7O15] and Etot

[Na2Ti7O15] are the total energy of Na2+xTi7O15 and Na2Ti7O15 per
formula unit, respectively, and Ebulk [Na] is the energy of per sodium
atom in the Na bulk crystallized.

3. Results and discussion

3.1. Structure and morphology

The NTO nanostructures were usually produced through the classic
hydrothermal reaction of TiO2 and NaOH in previous studies [20].
Here, to controllably synthesize NTO, we develop a two-step method to
fabricate the NTO nanowire, namely the pre-deposition of TiO2 on
graphene nanosheets by the ALD process and the post-growth of NTO
from the TiO2 seeds. In this method, the nucleation position of NTO is
considered to be controlled indirectly. The schematic (Fig. S1 in the
Supporting Information (SI)) illustrates the synthesis procedure of NTO.
The microstructure characterization of the ALD TiO2/graphene can be
found in Fig. S2 SI. The weight percentage of TiO2 is about 55%. Uni-
form TiO2 nano-island with the size of ~20 nm can be identified at the
surface of graphene nanosheets. Based upon this, the NTO/graphene
composite denoted as ALD NTO@graphene was obtained by a post-
hydrothermal process. By contrast, pristine NTO was also prepared by
the classic hydrothermal method. The phase structure of both NTO
samples was investigated by the general XRD technique firstly. The XRD
patterns were shown in Fig. S3, as can be seen, all peaks can be indexed
to the Na2Ti7O15 (JCPDS No. 76-1648). To further confirm the phase
structure, the average structure of the pristine NTO sample was eval-
uated by the synchrotron XRD, and the obtained XRD pattern was fitted
by Rietveld method with a monoclinic Na2Ti7O15 (Space group: C2/m,
JCPDS No. 76-1648) using GSAS program (Fig. 1(a)). The structural
parameters can be estimated from the fit with a= 15.214 Å,
b= 3.770 Å, c= 21.543 Å, β = 96.85°, which agrees well with pre-
vious results of a= 14.9(1) Å, b= 3.74(01) Å, c= 20.9(1) Å,
β = 96.5(5)° [41]. In this structure, the distorted TiO6 octahedra is
linked together by edge-sharing forming corner-sharing TiO6 ribbons,
and these nine and twelve octahedral ribbons are connected alternately
in the ac plane shown in Fig. 1(b). This configuration creates spacious
channels for sodium atoms distributed along the [0 1 0] direction. The
structure arrangement of Na2Ti7O15 is also confirmed by high-energy
synchrotron x-ray PDF collected at Sector 11, APS. The obtained PDF in
experiment is consistent with the simulated one of the monoclinic
Na2Ti7O15 (Fig. 1(c)), suggesting the identical atomic arrangements and
coordination environments.

The weight percentage of NTO in the ALD NTO@graphene com-
posite is about 83% determined by Thermogravimetric analysis (TGA)
(Fig. S4 SI). Fig. S5 (SI) shows the Raman spectra. These characteristic
peaks are similar to those of sodium titanate based oxides, both can be
identified for the pristine NTO and the ALD NTO@graphene [42,43].
The surface valence state of the NTO samples was determined by X-ray
photoelectron spectroscopy (XPS). Fig. S6(a) shows the survey spec-
trum of the ALD NTO@graphene, where the major peaks at 284.5 eV,
1072 eV, 458 eV and 530 eV are assigned to C 1s, Na 1s, Ti 2p and O 1s,
respectively (SI). The C 1s spectrum displays a prominent peak (asso-
ciated with CeC/C]C) and a merged peak (associated with CeO/C]
O) derived from graphene nanosheets (Fig. S6(b) in the SI). The Ti 2p
spectrum shows two characteristic peaks at 458.6 eV and 464.3 eV with
the peak separation of 5.7 eV, indicating the main state is Ti4+

(Fig. 1(d)) [44,45]. While, the Ti 2p spectrum of the pristine NTO
presents the two peaks at 458.1 eV and 463.8 eV, respectively. Appar-
ently, higher energy shift (0.5 eV) can be identified for the ALD NTO@
graphene, implying the possibility of chemical interactions between
NTO and graphene [25]. The major characteristic peak of O 1s spec-
trum of the ALD NTO can be centered as 530.1 eV, corresponding to
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OeTieO (Fig. 1(e)). Additionally, a merged peak located at 531.2 eV
may be derived from the existence of CeOeTi, confirming the existence
of chemical bonding between NTO and graphene. Meanwhile, the O 1s
spectrum of the ALD NTO also exhibits 0.5 eV higher energy shift as
compared with that of the pristine NTO, and the CeOeTi cannot be
evidenced in the pristine NTO, confirming the chemical bonding in-
teraction between the ALD NTO and graphene nanosheets.

The morphologies of NTO samples was investigated by scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM), as shown in Fig. 1(f)–(m). Extensively cross-connected NTO
nanowires with ultra-high aspect ratio interweave with graphene na-
nosheets, forming a fabric-like network. The diameter of the ALD NTO
nanowire is up to 400 nm, and the length could reach hundreds of
microns (Fig. 1(f) and (g)). Energy-dispersive X-ray spectrometry (EDX)
mapping images demonstrate that the target elements of Na, Ti, O and C
without any other impurity are distributed uniformly (Fig. 1(h)–(k)).
The as-formed network structure is beneficial for sodium ion transport
and storage. On the one hand, interweaved NTO nanowires attached to
graphene nanosheets that provide a highly conductive platform could
facilitate the electron transport during the charge/discharge process.
On the other hand, interweaved NTO/graphene network favors the
penetration of the electrolyte, resulting in a good contact between the
electrolyte and NTO nanowires. TEM image in Fig. 1(l) shows the in-
terweaved structure in the ALD NTO@graphene. High resolution TEM
reveals an inter-plane spacing of 0.36 nm, corresponding to the (1 1 0)
plane of NTO phase (Fig. 1(m)). The corresponding selected area
electron diffraction (SAED) pattern in the inset of Fig. 1(m) indicates a
single crystalline structure of NTO. In comparison, the pristine NTO
exhibits distinctive morphology, see Fig. S7 (SI). Apparently, these NTO
nano-rods have a much shorter length (about 5 μm) but a relatively
larger diameter than that of the ALD NTO nanowire (Fig. S7(a), (b)).
TEM observation also shows that the individual NTO nano-rods can
easily form a bundle after the hydrothermal process, in stark contrast to
the uniform distribution of ALD NTO nanowires on the graphene sub-
strate (Fig. S7(c) in the SI).

In order to understand the nucleation, growth and thereby different
morphologies between ALD and pristine samples, a series of NTO
samples under various hydrothermal treatment durations were also
prepared (Fig. 2). The crystal structure of NTO consists of a two-di-
mensional framework, in which the TiO6 octahedra shares the edge and
vertex, and the sodium ion fills in the interlayer space. In general, the
formation of NTO nanowire structure can be illustrated by initially
breaking the TieOeTi bond of TiO2 seed, then rearranging TiO6 octa-
hedra into nanowire structure at a high hydrothermal temperature like
200 °C [46,47]. In our experimental condition, SEM images of the
pristine ALD TiO2@graphene and TiO2 nanoparticle are shown in
Fig. 2(a), (b). For the ALD TiO2@graphene, TiO2 nanoisland with an
average size of 20 nm is distributed uniformly on the surface of gra-
phene nanosheets. While, the commercial TiO2 nanoparticles with the
size of ~5 nm aggregate into clusters. As the hydrothermal reaction
went to 6 h, nascent nanowires have already formed for both samples.
Differently, the nanowire covered densely at the surface of wrinkled
graphene nanosheets for the ALD one (Fig. 2(c)), whereas short nano-
wire distributed randomly on the remaining large TiO2 clusters
(Fig. 2(d)). As the hydrothermal reaction was proceeded for 12 h, na-
nowires with obviously long size interwove together with graphene
nanosheets (Fig. 2(e)), whereas almost all the TiO2 clusters were con-
verted into short nanowires for the commercial TiO2 (Fig. 2(f)). Ac-
cordingly, nucleation and growth mechanisms of both NTO samples are
proposed and schematically shown in Fig. 2(g). Generally, besides ne-
cessary concentration ratio of various elements, the nucleation of NTO
nanowires requires temperature to provide activation energy. The hy-
drothermal temperature and time exhibits a nonlinear relationship (red
curve), which was divided as the nucleation and growth processes
(Fig. 2(g)). The nucleation period only lasts for a short period, during
which a certain location with a relatively high concentration of TiO2

species (or a solid seed crystal) will facilitate nucleation. Specifically,
we classify these two TiO2 precursors into two types of seeds: confined
seed and extended seed, corresponding to the ALD TiO2 and commer-
cial nanoparticle one, respectively. In the ALD samples, the TiO2 was

Fig. 1. (a) Synchrotron XRD pattern and Rietveld refinement of the Na2Ti7O15. (b) Schematic structure of Na2Ti7O15. (c) High-energy synchrotron x-ray PDF of the
Na2Ti7O15. (d, e) XPS spectra of Ti 2p and O 1s of the NTO samples. (f, g) SEM images of the ALD NTO@graphene. (h-k) EDX mapping of the ALD NTO@graphene. (l,
m) TEM images of the ALD NTO@graphene and the corresponding SAED pattern.
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anchored on graphene nanosheets, resulting in a confined size of
growth seeds. Meanwhile, the large specific surface area of graphene
nanosheets can induce a relatively low nucleation density in the same
hydrothermal reactant volume as compared with the commercial TiO2

nanoparticles. Upon reaction, NTO tends to nucleate at the original
position of TiO2 seeds, sequentially propagates at defect sites or func-
tional groups of graphene nanosheets through the formation of TieOeC
bond. Beside, graphene nanosheets could provide enough space to bond
with NTO (nucleation segment). In the case of the extended seed,
commercial TiO2 nanoparticles usually aggregated into clusters,
forming an extended seed with high nucleation density, where NTO
nucleates preferentially, depending on the orientation (nucleation
segment). In the following growth, the concentration of TiO2 seed de-
creases and thus the nucleation becomes unfavorable, restricting the
sequential growth to the existing nanowires. Therefore, the ALD NTO is
favorable to grow into ultra-long nanowire along the two-dimensional
plane of graphene, whereas the NTO from the extended seed surface
elongated at both radial and axial directions due to the dissolution and
Ostwald ripening. As the growth process proceeded, the size of NTO
increases following the original growth direction rather than merging
together. At the final growth stage, the size of NTO nanowire tends to
be stable until the TiO2 seed is exhausted, and the crystallization degree

becomes high level. Therefore, the structural feature of individual NTO
sample can be obtained as shown in the above illustration.

3.2. Electrochemical performance

The as-prepared NTO samples were evaluated as anodes in sodium
ion half-cells. The electrochemical mechanism can be clarified by the
following equation based on previous reports of sodium titanate based
oxides: [15,18,48]

+ + =+
+xNa Ti O Na xe Na Ti Ox2 7 15 2 7 15

This reaction mechanism was verified by cyclic voltammetry (CV)
firstly. In the case of the ALD NTO sample, Fig. S8 shows the initial five
CV profiles obtained at a scan rate of 0.1 mV s−1 over a potential range
of 0.01–2.5 V (vs. Na+/Na) (in the SI). In the first cycle, a pair of sharp
peak (0.03/0.58 V) and two hump-like peaks (1.05/1.13 V) can be ob-
served. Upon cycling, the sharp anodic peak becomes pronounced and
remains at 0.59 V. The cathodic peak shifts to higher voltage and tends
to be stable at 0.23 V. This may be ascribed to the analogous phe-
nomenon of the wider solid-solution composition as observed in pre-
vious reports [15,18,49,50]. This pair of cathodic/anodic peak can be
assigned to the redox couple of Ti4+/Ti3+ during the sodium reactions.
The peak located at 1.05 V dramatically decreased after the first scan,

Fig. 2. (a, b) SEM images of the ALD TiO2@graphene and commercial TiO2. (c, d) SEM images of samples treated by hydrothermal reaction for 6 h. (e, f) SEM images
of samples treated by hydrothermal reaction for 12 h. (g) Schematic illustration of nucleation and growth processes of different NTO samples.
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which could be ascribed to side reactions of the electrolyte associated
with carbon additives or graphene, and the formation of the solid
electrolyte interphase (SEI). The weak peak around 1.13 V observed in
NTO samples (Fig. S9(a) in the SI) corresponds to somewhat decom-
position of the SEI layer. Starting from the second cycle, the CV curves
tend to be stable and overlapped, indicating the good electrochemical
reversibility and the structural stability of the NTO@graphene during
the sodium reactions. The galvanostatic charge/discharge profiles of
the initial five cycles at a current density of 100 mA g−1 are shown in
Fig. 3(a). In the first discharge process, a long discharge slope without
an apparent plateau can be observed, corresponding to the sodium ion
insertion/extraction and side reactions of electrolyte decomposition

and SEI formation. After the first discharge process, almost overlapped
curves demonstrate the reversibility of the whole electrochemical pro-
cess. The discharge specific capacity is about 240 mAh g−1 at
100 mA g−1. Voltage plateaus of approximated 0.3 and 0.5 V are evi-
denced in the discharge and charge curves, respectively, ascribing to
the sodiation and desodiation of NTO, which is in accordance with the
CV profiles. For comparison, the galvanostatic charge/discharge curves
of the pristine NTO are presented in Fig. S9(b) (in the SI). Larger vol-
tage polarizations indicate a lower efficient electron and ion transport
in the pristine NTO electrode, proving a better electrochemical beha-
vior of the ALD NTO@graphene electrode.

The ALD NTO@graphene anode exhibits an exceptional rate

Fig. 3. (a) Initial five galvanostatic charge/discharge curves of the ALD NTO@graphene. (b) Rate performance of the NTO samples at various current densities. (c)
Cyclic behavior of the ALD NTO@graphene at the current density of 8.85 A g−1 and the pristine NTO at 0.89 A g−1. (d) Comparison of rate capability and cyclic
stability. (e) CV curves of the ALD NTO@graphene at scan rates from 0.1 to 200 mV s−1. (f) Logarithm of peak current as a function of scan rate. (g) Contribution
ratio of capacity at various scan rates. (h) CV curve of the ALD NTO@graphene at the scan rate of 0.4 mV s−1, and corresponding capacitive contribution region
(purple region). (i) Trasatti analysis: q(v) as a function of scan rate1/2, and the dependence of capacitive capacity (q(v)) on scan rate−1/2. (j) Dependence of peak
current on the square root of the scan rate for the NTO samples.
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capability as shown in Fig. 3(b). Specific capacities of 256.7 and
130 mAh g−1 can be delivered at the current densities of 0.04 and
3.54 A g−1, respectively. Furthermore, specific capacities of 97 and
60 mAh g−1 are reached at extreme high rates of 8.85 and 17.7 A g−1,
respectively. The initial capacity fading is ascribed to the SEI formation
and side reactions with graphene nanosheets. When the test current
density is reset back to 0.04 A g−1, a specific capacity of 230 mAh g−1

can be recovered, demonstrating a superior stability and reversibility of
the ALD NTO@graphene after a seriously high rate cycling. On the
contrary, the pristine NTO electrode presents an inferior rate perfor-
mance even though the weight percentage of the conductive additives
was raised up to 30% (including about 20% graphene nanosheets and
10% carbon black) during the preparation of electrode. The ALD NTO@
graphene electrode also exhibits an excellent cyclic stability. The spe-
cific capacity can be remained 90% after 10 000 cycles at an extreme
high current rate of 8.85 A g−1, and the Coulombic efficiency reaches
about 100% after the first 10 cycles activation (Fig. 3(c)). SEM images
of the cycled ALD NTO@graphene electrode show that the ALD NTO
well maintains the original structure after cycling (Fig. S10 in the SI).
Identification of elements of Cl and O that were distributed uniformly
on the electrode, can indicate the formation of SEI and associated re-
actions of electrolyte. Such an extraordinary performance of the ALD
NTO@graphene electrode surpasses many others in previous reports,
such as Na2Ti3O7@N-CHS [27], Na2Ti3O7@G [51], Na2Ti6O13/
Na2Ti3O7 [49], M-NaTi1.5O8.3 [52], Na2Ti3O7-TMFs [53], ST-Na2Ti3O7

[45], H-Na2Ti3O7 [54], Na2Ti7O15 [17], and Na2Ti9O19 [18], which are
compared in Fig. 3(d) (The detailed parameters are also provided in
Table S1 in the SI).

The electrochemical kinetics of the ALD NTO@graphene electrode
was examined by the CV measurements at scan rates from 0.1 to
200 mV s−1 (Fig. 3(e), Fig. S11(a) shows CV curves of the pristine NTO
in the SI). The CV curves with negligible distortion indicate a superior
voltammetric response due to the small ohmic and/or diffusion con-
straint of the electrode. Fig. 3(f) exhibits a plot derived from log (i) vs
log (v), which should obey a power-law relationship:

=i a b (5)

where i is the peak current and v is the scan rate. Typically, b = 0.5
represents that the response current is dominated by semi-infinite linear
diffusion process, whereas b = 1.0 suggests that the current is con-
trolled by surface capacitive process [55]. In our experimental condi-
tion, the calculated b value is about ~0.84, implying that the sodium
reaction with NTO is accompanied with significant surface induced
capacitive process (The b value of ~0.39 corresponds to the pristine
NTO as shown in Fig. S11(b) in the SI). Considering the surface con-
fined process effect, the corresponding capacitive contribution was
determined by two methods in this analysis, which will further explore
the charge storage mechanism. The first one makes use of the measured
current at a certain potential as a function of scan rate, which can be
written as:

= +i k v k v(V) 1 2
1/2 (6)

where k1 and k2 can be determined by using CV current at a given
potential under different scan rates (v) [56,57]. Fig. 3(g) provides the
capacitive contributions at various scan rates from 0.2 to 10 mV s−1, in
which the capacitive contribution of 45% can be obtained at the scan
rate of 0.2 mV s−1. Meanwhile, the capacitive contribution could
achieve at 86% as the scan rate is raised up to 10 mV s−1, indicating an
enhanced surface capacitive effect at a fast scan rate. Fig. 3(h) shows a
potential region, where the capacitive process occurs in the CV curve at
a scan rate of 0.4 mV s−1. At such a slow scan rate, the diffusion process
can be allowed to proceed thoroughly, making the calculation of ca-
pacitive contribution more precise. The result illustrates that the charge
storage mechanism is influenced by the surface capacitive process
throughout the entire potential window. It is speculated that the surface
capacitive process is mainly contributed from graphene nanosheets, in

which the wrinkled structure and defect sites are favorable for sodium
ion adsorption [58]. Additionally, the ultra-long wire structure of the
ALD NTO provides sufficient interface for sodium ion adsorption as well
[24,59]. Therefore, the electrode could maintain a superior rate per-
formance with the increased scan rates.

The second method is the Trasatti analysis, which quantifies the
diffusion-controlled and capacitive charge storage processes according
to the equations:

= +q v q v( ) ( )capacitive
1/2 (7)

= +
q v q

v1
( )

1 ( )
total

1/2

(8)

where q(v) is the total voltammetric charge transfer, qcapacitive re-
presents capacitive charge storage, qtotal refers to the total charge sto-
rage, α and v indicate constant and scan rate, respectively. Accordingly,
qcapacitive can be calculated by extrapolating q(v) to v= ∞ from q(v) vs
v−1/2 plot by using Eq. (7). Utilizing Eq. (8), qtotal can be obtained by
extrapolating q(v) to v= 0 from plots of 1/q(v) vs v1/2 [60–62]. As
shown in Fig. 3(i), the calculated qcapacitive and qtotal are 125 mAh g−1

and 266 mAh g−1 at the scan rate of 0.4 mV s−1, respectively, in-
dicating the ratio of the capacitive charge to the total charge is 46.9%.
As expected, the values obtained by these two calculating methods are
well matched.

In order to explore the influencing factor on the electrochemical
performance, analysis with respect to the intrinsic property, morpho-
logical characteristic, reaction mechanism and atomistic computation
of the NTO was performed. Fig. 3(j) gives the diffusion coefficient of the
NTO samples according to the equation:

= + +I n AD C V(2.69*10 ) Na Nap
5 3/2 1/2 1/2 (9)

where Ip is the peak current, n is the electron transfer number of the
reaction (n is two, which will be discussed later), A corresponds to the
surface area of the electrode, DNa+ is denoted as the diffusion coeffi-
cient of Na+, and CNa+ is the concentration of Na+ [56,63]. Appar-
ently, the ALD NTO@graphene exhibits a much larger diffusion coef-
ficient (8.485 × 10−12 cm2 s−1) than that of the pristine NTO
(7.965 × 10−13 cm2 s−1), demonstrating the higher sodium ion trans-
port efficiency throughout the ALD NTO@graphene electrode. EIS
spectra of fresh NTO samples are shown in Fig. S12.

3.3. Mechanism discussion by in situ TEM and DFT calculations

To gain further insights into the reaction mechanism, the sodiation/
desodiation behavior of NTO nanowires was explored using in situ TEM
electrochemical testing. Fig. 4(a) shows that the pristine NTO nanowire
with a diameter of 379 nm had a uniform single crystalline structure, as
confirmed by the corresponding SAED pattern in Fig. 4d. The SAED
pattern of pristine NTO nanowire can be indexed as the [011̄] pattern of
Na2Ti7O15 phase (JCPDS No.76-1648) and the measured inter-planar
distance of 3.625 Å matched well with the (1 1 0) plane of NTO. Upon
reaction, a potential of −3 V was applied to the NTO nanowire to in-
itiate the desodiation, i.e. Na extraction (the red arrow denotes the
sodium ion transport direction). During the desodiation, sodium ions
were extracted from the NTO nanowire gradually. Associated with the
desodiation was a slight diameter reduction of the NTO nanowire, from
the initial 379 nm to the final 375 nm, indicating the extraction of so-
dium ions; while no observable volumetric change was captured (in
Fig. 4(b)). The occurrence of desodiation is further confirmed by the
SAED pattern (Fig. 4(d) and (e)) and the measured reciprocal length
between two diffraction spots of (1 1 0) planes (Fig. 4(g) and (h)). Al-
though the diffraction pattern kept the same feature, the inter-planar
distance of (1 1 0) plane of NTO decrease to 3.608 Å after desodiation,
corresponding to a lattice change of ~1.2%. During the subsequent
sodiation, the sodium ions were inserted back to the lattice of the
desodiated NTO nanowire without pronounced volume expansion
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(Fig. 4(c)). After the full sodiation, the nanowire diameter increased to
383 nm, exhibiting a radial increase of ~1.1% as compared with the
pristine NTO nanowire. The measured lattice spacing evolution (see the
change of inter-planar spacing in Fig. 4(f) and (i)) also suggested the
occurrence of sodiation. Fig. 4(j)–(p) presents the microstructure eva-
luation of another NTO nanowire (with the diameter of ~106 nm) in
multiple sodiation/desodiation cycles. Clearly, the NTO nanowire can
well keep its structural integrity in multiple sodiation/desodiation cy-
cles, without any fracture or significant volumetric expansion. It is
noticed that the surface fluctuation occurred after few cycles, which
was caused by the growth of Na2O on the nanowire surface. Fig. 4(p)
shows the corresponding SAED pattern of the cycled NTO nanowire.
The diffraction rings suggests that the initial single crystalline nanowire
was transformed to a nanowire with the nanocrystalline or amorphous
structure after multiple sodiation/desodiation cycles. Diffraction spots
from Na and Na2O were also captured, which may be ascribed to the
incomplete desodiation or formation of surface oxides. Above in situ
TEM results demonstrate that the NTO nanowire possess a superior
structural stability in sodiation/desodiation cycles, which can well re-
tain its structural integrity without obvious volume change, fracture or
cracking. Such excellent electrochemical reversibility and structural
stability allow the NTO nanowires to maintain a good electronic contact
with the graphene nanosheets and current collectors, endowing the
excellent cyclic stability. Additionally, the formation of nanocrystalline

or amorphous phases in cycled NTO nanowires may shorten the sodium
ion diffusion path and contribute to an isotropic reaction behavior,
leading to the delivery of a high rate capability.

The sodium ion reaction mechanism based on the experimental
results was also supported by the atomistic computation using first-
principles calculations within density functional theory (DFT). The
electronic properties of pristine NTO by DFT calculations show an in-
sulator behavior with a band gap of 2.9 eV (Fig. 5(a)), and the main
contributions at Fermi level are from of the hybridization of O-2p and
Ti-3d states, which agree with the previous theory [64]. In the case of
the NTO/graphene composite, due to the normal existence surface de-
fects (oxygen or sodium vacancy) of sodium titanate based oxides and
the surface functional groups of graphene nanosheets [64,65], as well
as the chemical bonding interaction confirmed by XPS results, the
partially bonded model in Fig. 5(a) should be the primary state. Based
on this, we also calculate the band structure of the NTO/graphene
composite, which exhibits weak metallic state at Fermi level due to the
significant contribution from graphene (Fig. 5(b)), indicative of the
significant improvement of the electronic conductivity, by which the
ALD NTO@graphene can facilitate the electron transport throughout
the entire composite. Furthermore, the sodium dynamics process is also
calculated shown in Fig. 5(c). In the structure of NTO, there are large
channels surrounded by TiO6 octahedral ribbons, which provide spa-
cious space for hosting of sodium ions. The preferential orientation of

Fig. 4. Geometric and structural changes of the pristine NTO during the sodiation/desodiation process observed by in situ TEM. (a) Pristine NTO. (b) Desodiated NTO.
(c) Sodiated NTO. SAED patterns of different states of NTO. (d) Pristine. (e) Desodiated NTO. (f) Sodiated NTO. Lattice spacing evolution of different states of NTO.
(g) Pristine. (h) Desodiated NTO. (i) Sodiated NTO. Microstructure evaluation of NTO in multiple sodiation/desodiation cycles. (j) Pristine. (k) 1st sodiated NTO. (l)
1st desodiated NTO. (m) 2nd sodiated NTO. (n) 2nd desodiated NTO. (o) After the 2nd desodiation. (p) SAED pattern of the cycled NTO.
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the large channels in the [0 1 0] direction provides the most feasible
transporting pathway for sodium ions. The calculations verify a much
lower migration energy barrier of about 0.27 eV (Fig. 5(d)), which is
significantly smaller than some other anode materials, such as Li4Ti5O12

(≈0.91 eV) [66], and Na0.66[Li0.22Ti0.78]O2 (≈0.4 eV) [67], enabling
fast sodium ion intercalation kinetics. Moreover, the sodiation of NTO
at every possible crystallographic sites is calculated, in particular, the
crystallographic 2c (in the channels) and 4i (in the interstitial site of
TiO6 octahedra) positions (Fig. 5(e)). The calculation supports its most
favorable crystallographic 2c site for sodium ion sodiation in NTO.
Furthermore, the complete occupation of Na atoms in both crystal-
lographic 2c and 4i sites is also possible with the formation energy of
−0.02 eV (Fig. 5(f)), giving the maximum of two sodium ions inserted
into Na2Ti7O15. Because of this, the value of n for sodium atoms was
selected as two during the diffusion coefficient calculation. In addition,

the ALD NTO@graphene with interwoven structure could provide
abundant sites for sodium accommodation at interfaces, giving rise to
improved capacity and fast kinetics.

Together with the morphology characterizations, electrochemical
measurements, in situ TEM observations and theoretical calculations,
the superior performance of our ALD NTO@graphene can be concluded
from these aspects: (1) a fabric-like network consisting of cross-con-
nected NTO nanowires and graphene nanosheets synergizes the elec-
tron transport and sodium ion migration; (2) graphene nanosheets that
provide a large area platform with high conductivity could facilitate the
surface adsorption for capacitive contribution; (3) the bonding inter-
action between NTO and graphene enables the improved conductivity
of NTO, accelerating the electron transport and ion diffusion; (4) the
intrinsic property of low energy diffusion barrier for sodium ion endows
NTO with fast reaction kinetics, the reaction mechanism avoids the

Fig. 5. (a) Structural model for (1 1 0) Na2Ti7O15@graphene and (2 0 0) Na2Ti7O15@graphene. (b) Calculated partial density of state (pDOS) for pristine Na2Ti7O15,
and the composite. (c) Migration path. (d) Barrier energy of sodium ions in the structure of Na2Ti7O15. (e) Crystallographic positions for Na2Ti7O15 sodiation, blue
and yellow atoms located at Wyckoff 2c and 4i positions, respectively. (f) Calculated formation energy for different sodium insertions of Na2Ti7O15. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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significant volume change during the sodiation/desodiation and en-
ables the structural integrity of the electrode, leading to the cyclic
stability.

3.4. SICs performance

The ALD NTO@graphene with such an extraordinary performance
can be employed as anode for SICs, boosting the energy/powder den-
sities as well as the lifespan. With respect to the energy/power densities
of SICs, these metrics strongly depend on the measured voltage
window, and the mass ratio of cathode to anode. Here, commercial
activated carbon (AC, YP-50F) as cathode was used. The CV curves
under various potential windows were collected at a scan rate of
1 mV s−1 in order to determine a suitable working voltage (Fig. S13 SI).
The maximum voltage of 3.7 V can be fixed, even higher voltage in-
dicates seriously distorted CV shape, which is derived from side reac-
tions. For the mass ratio of cathode to anode, the electrochemical
performance of AC was measured (Fig. S14 SI), and the typical specific
capacity of 30 mAh g−1 at the current density of 1 A g−1 is selected to
balance the mass ratio to anode according to the equation of
m+q+ = m−q− (m and q correspond to mass of the active materials
and specific capacity, respectively) [30]. The optimized mass ratio is
determined as 3:1. Accordingly, the typical CV curves at various scan
rates and galvanostatic charge/discharge curve are depicted in Fig. 6(a)
and (b), respectively, demonstrating the integrated mechanism of so-
dium ion intercalation at anode and ion adsorption/desorption at
cathode. Fig. 6(c) exhibits the Ragone plot of our SICs as compared with
previous reports. The maximum energy density of 82.7 Wh kg−1 can be
delivered, at which the power density is 97.5 W kg−1. As the power
density increases to 12.5 kW kg−1, the energy density is 22.9 Wh kg−1.
The maximum power density is up to 25 kW kg−1, the remained energy
density is still 16 Wh kg−1. These results outperform previous reports as

shown in the Ragone plot, such as Nb2O5@C/rGO//MSP-20 [68], TiO2-
G//AC [69], V2O5/CNT/AC [70], Li2DHBN//AC [71], T-Nb2O5@C//
MSP-20 [72], Na2Ti3O7-CNT//AC [73], TiO2 NW//CNT [74],
Na2Ti3O7/CT//GF [75], and WO3@rGO//AC [76], and our energy
density are comparable with some literatures like TiO2@CNT@C//BAC
[77], ZDC//P2-NCM [78], M-TiO2-RGO//PDPC [79], and Na-Ti3C2//
AC [80], however, the energy densities at high power density level are
remarkable, proving the superior energy/power output capability,
particularly at extremely fast charge/discharge condition. Meanwhile,
the assembled SICs exhibit an excellent cyclic stability, about 90% ca-
pacity retention after 10 000 cycles at the current density of 3.2 A g−1

can be achieved (Fig. 6(d)), which is benefited from the superior
structural stability of the ALD NTO@graphene anode.

4. Conclusion

In summary, the NTO nanowire@graphene composite was prepared
via an ALD seeding technique coupled with hydrothermal process. The
precursors on graphene nanosheets by ALD are defined as the confined
seeds for producing NTO nanowire, which exhibits ultra-high aspect
ratio and interweaved structure with graphene nanosheets. The com-
posite delivers a superior rate capability and an exceptional cyclic
stability. It is demonstrated that the fabric-like network consisting of
cross-connected NTO nanowires and graphene nanosheets facilitates
the electron transport and sodium ion migration, which are also pro-
pelled by the bonding interaction between NTO and graphene na-
nosheets. Meanwhile, the graphene nanosheets with wrinkled structure
and defect sites contribute the surface capacitive capacity, together
with the intrinsically low energy diffusion barrier of NTO and the in-
tercalation mechanism, the composite maintains a fast reaction ki-
netics, leading to such a decent electrochemical performance. The SICs
comprising the ALD NTO@graphene anode and AC cathode deliver

Fig. 6. Electrochemical performance of SICs. (a) CV curves at scan rates of 2, 5, 10 mV s−1. (b) Galvanostatic charge/discharge profiles at various current densities.
(c) Ragone plots. (d) Long-term cyclic measurement at the current density of 3.2 A g−1.
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high energy/power densities particularly at extremely fast charge/dis-
charge condition. The proposed anode materials and technical strategy
would shed new light toward high performance energy storage devices.
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