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theoretical capacity and favorable structure stability, respectively. Regulating the ratio of them in the composite
material is the key to strengthen its electrochemical characteristics. Herein, based on the high specific surface area
and abundant surface functional groups of carbon dots (CDs), sodium titanate precursors containing CDs were in situ
prepared by one-step hydrothermal method. After the thermal conversion of the precursors, a composite material
(NNTO/C) of Na,Ti,0, and Na,Ti,0,; was obtained, containing conductive carbon derived from CDs. The introduc-
tion of conductive carbon not only adjusts the composition ratio of the mixed phases, but also provides a small charge
7.48 Q) and a big specific surface area (100.8 m%g). As a result, NNTO/C composites

transfer impedance (R

"
exhibit better sodium storage behavior while playing the synergistic interaction of mixed phases. When employed as
the anode, after 200 cycles at 0.05 A/g, NNTO/C still maintains a specific capacity of 143.8 mA - h/g. After 400
cycles at 1.00 A/g, the specific capacity remains as high as 108 mA -h/g. This study suggests an innovative thinking
for designing two-phase structures of electrode materials and the greater use of CDs in electrochemical energy storage.

Keywords Na,Ti,0,; Na,TiO,;; Mixed-phases; Carbon dots; Sodium storage behavior

1 Introduction

Lithium-ion batteries (LIBs) universally operate in a multitude of electronic equipment after decades
of prosperous development''. However, the constrained and unequal allocation of lithium resources has
compelled researchers to find new secondary batteries to replace LIBs">*. Sodium exhibits analogous physico-
chemical properties of lithium, and its reserve is abundant and generally distributed in the world. Hence,

sodium-ion batteries (SIBs) are viewed ideal for superseding LIBs"’

. Nevertheless, Na" ions possess greater
radius and mass than Li" ions, while many electrode materials commonly employed for LIBs are not suitable
for SIBs"®. With graphite applied in SIBs as an example, its insertion potential is approximately 0 V, which
easily leads to the generation of sodium dendrites and its capacity is limited to 31 mA -h/g in ester-based
electrolytes'”’. Thus, the selection of appropriate electrode materials represents a pivotal step in the advance-
ment of SIBs.

Depending on the different mechanisms of Na® ion storage, SIBs anode materials can generally be
categorized as intercalation type, conversion type, and alloy type. As a typical insertion material, titanium-
based compounds have garnered extensive attention due to their exceptional attributes of high cycle stability,
low voltage platform, cost-effectiveness, and so forth'®. Na,Ti;O, and Na,TiO,;, as delegates, have been
extensively studied in terms of energy storage. Na,Ti;0; is defined by a distinctive layered structure comprising
zigzag TiO, octahedra, and each formulation unit can reversibly insert two Na' ions, demonstrating a
considerable reversible capacity of 177 mA-h/g. Besides, the lowest mean Na intercalation potential (0.3 V)
of Na,Ti,0, contributes to its high energy density and mitigates the formation of sodium dendrites’. However,
the application and development of Na,Ti,0, are impeded by the low conductivity resulting from the wide
energy gap (3.7 eV). As opposed to Na,Ti,0,, Na,TiO,, exhibits high ionic conductivity and good structural
stability in SIBs""". This is mainly because every three co-edge TiO, octahedral forms a 3D frame with two
different-sized tunnels in Na,TiO,;, the tunnel size is larger than Na" ion radius and is well suited for Na® ion

[12]

storage '*. Unfortunately, the low sodium storage capacity of Na,Ti;O,; hinders its further application.

For the respective characteristics of the two materials, many improvement strategies have been imple-

mented, such as extending layer spacing'”’, mixed with conductive materials'*'*

, and constructing novel
structures . Strategies for the construction of two-phase composites have also been proposed with the inten-
tion of counteracting the confines of single material and enhancing the electrochemical behavior of electrodes.
Cech et al. "' reported the fabrication of Na,Ti,0,(42%) and Na,Ti0,,(58% ) nanorods by microwave-assisted

hydrothermal methodology. Under the rate of C/5, the composite has better stability than the single-phase
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structure, maintaining a capacity of 65 mA -h/g. Chandel et al. """ used cetyltrimethyl ammonium bromide

(CTAB) as a carbon source to prepare nanocomposites of Na,Ti,0,(18%) and Na,Ti,0,;(82%) , which have
high reversible capacity (161 mA -h/g) and superb rate capability. Hwang et al.""*’ reported Na,Ti,0, and
Na,Ti0,; hybrids synthesized via using supercritical methanol and carbon dioxide coatings. At 1 A/g, the
mixed material has a capacity of 44 mA -h/g. To conclude, compositing layered Na,Ti,0, with  tunneled
Na,Ti 0,5 is an effective strategy to ameliorate their electrochemical behaviors. More importantly, it is worth
considering how to regulate the proportion of the two phases in the composite materials to achieve the ideal
electrochemical performance.

Carbon dots(CDs) are a category of materials with nanoparticle size smaller than 10 nm and dominated by
carbon. They are usually composed of sp’/sp’ carbon framework and plentiful O/H-containing functional groups

19,20

or polymer chains'"*®”. By screening suitable carbon sources and synthesis conditions, the size, crystallinity,

2! When other materials are

and functional groups of CDs can be regulated according to the demand'
combined with CDs, conductive carbon can be introduced after high-temperature calcination. This occurs
because, during high temperature pyrolysis, CDs can be formed into conductive carbon by the polymerization
of surface functional groups®'. Conductive carbon can enhance the conductivity of the material, promoting
electron transport. It also maintains structural integrity by inhibiting volume expansion in the material during
]

eycling™’. Owing to these superiorities, CDs have been broadly harnessed in power storage devices such as

supereapacitorsm:, LIBs'*!, SIBs*?”) and zinc-ion batteries (ZIBs ) !>

Based on the above background, a nanocomposite material of Na,Ti,0, and Na,Ti;O,, containing conduc-
tive carbon (NNTO/C) was obtained. The titanium source is P25 (commercial TiO, containing 25% rutile and
75% anatase) , and the conductive carbon is derived from the CDs. The design process consists of only one
step hydrothermal method and simple thermal conversion. The composition and structure of the material were
analyzed using a variety of characterization methods, and the impact of derived carbon on the electrochemical
behavior of the composites was explored in detail. The introduction of conductive carbon successfully regulates
the composition ratio of Na,Ti,0, and Na,Ti,O,; in the mixed phases. Meanwhile, it effectively increases the
conductivity to expedite charge transfer and enlarge the specific surface area providing additional reaction
activity sites for Na” ion storage. When the current density is 50 mA/g, as SIBs anode, NNTO/C unfolds an
initial coulombic efficiency (ICE) of 62%, and keeps a specific capacity of 143. 8 mA -h/g over 200 cycles.
During the rate performance test, even at higher current of 2000 mA/g, NNTO/C still remains at 94 mA -h/g,

and the capacity shows minimal attenuation when the current returns to its original 50 mA/g.

2 Experimental

2.1 Materials and Measurements

P25 (commercial TiO,) was bought in Shanghai Macklin Biochemical Technology Co., Ltd. Carboxy-
methyl cellulose sodium (CMC, C. P. grade) was produced by The dow chemical company. Sodium (Na,
A. R. grade) was purchased from Guo Yao Company. Acetylene black (C, Battery level) was from Tianjin
Yiborui Chemical Co., Ltd. Sodium hydrate(NaOH, A. R. grade) was purchased in Tianjin Damao Chemical
Reagent Factory. Sodium hexafluorophosphate (NaPF,, battery level) and diethylene glycol dimethyl ether
(DEGDME, battery level) were procured from Shanghai Songjing New Energy Technology Co., Ltd..

Scanning electron microscopy (SEM, Hitachi SU-3500, Hitachi High-Tech Corporation, Japan) was
taken to detect the shape of the materials. The crystal structure and purity were defined using X-ray diffraction
(XRD, Ultima IV, Rigaku Corporation, Japan) with Cu Ka radiation (A =0. 15406 nm). Measurement of

powder microstructure and phase composition was done using the transmission electron microscopy (TEM,
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JEM-2100, JEOL Co. Ltd., Japan) at 200 kV accelerated voltage. Raman spectral analysis was conducted

using the Invia instrument (Raman, invia, Renishaw plc, UK). The Brunauer Emmett-Teller(BET, TriStar 11
3020, Micromeritics, America) was adopted to ascertained the nitrogen adsorption-desorption isotherms. The
ESCALAB Xi+ (America) device was utilized to acquire data for X-ray photoelectron spectroscopy (XPS).
Under air conditions, the carbon content of NNTO/C composite was determined using thermogravimetric
analysis(TGA 50, TA Instruments, America).

2.2 Material Preparation

2.2.1 Preparation of Carbon Dots  The synthesis of CDs was based on our earlier report .

2.2.2  Preparation of NNTO  Firstly, the dispersion of 0.2 g P25 in 40 mL 10 mol/LL NaOH solution was
achieved by stirring at room temperature for 15 min, followed by ultrasound to make dispersion more uniform.
The resulting suspension was placed in a Teflon-lined autoclave (100 mL) and reacted at 120 °C for 24 h.
After the reaction was complete, the produce was washed to neutral with pure water, and then dried at 60 °C to
get the precursors. In the argon atmosphere, the precursors were calcined at 600 °C for 2 h with a heating rate
of 5 °C/min to acquire the end white product.

2.2.3  Preparation of NNTO/C 0.2 g P25 and a certain mass (0. 15 g) of CDs were stirred with 40 mL
10 mol/LL NaOH aqueous for 15 min at room temperature, and then sonicated; the remaining steps were consis-
tent with the preparation of NNTO. After calcination was completed, a black product was obtained.

2.2.4  Electrochemical Performance Measurements To test electrochemical properties, the active material ,
acetylene black, and CMC at a mass ratio of 7: 1. 5: 1. 5 were stirred evenly in pure water. Next, the slurry
was applied to copper foil and dried for an entire night at 60 °C under vacuum conditions. The assembly of CR
2016 button-type batteries was conducted in an Ar-filled glove box that contains less than 10°® of oxygen
and water. Glass fiber was used as separator, metal sodium sheet was used as counter electrode of the half
battery, and 1.0 mol/L. NaPF, in DEGDME was used as electrolyte. The NEWARE test system was used
for galvanostatic charge-discharge (GCD) examination, with a voltage of 0.01—2.50 V. Electrochemical
impedance spectroscopy (EIS) test frequency was in the range of 0. 01—100 kHz. EIS and cyclic voltammetry
(CV) were undertaken at CHI660E electrochemical test station.

3 Results and Discussions

3.1 Compositions and Morphologies

Scheme 1 presents the synthesis diagram of NNTO/C nanocomposites, which mainly involves one-step
hydrothermal process and calcination treatment. Firstly, the yellow precursor containing CDs was prepared
in situ by one-step hydrothermal method. After thermal conversion of the precursor under argon, the final
black product (NNTO/C) was obtained. At the same condition, a mixed phase (NNTO) of Na,Ti,0, and
Na,Tig0,; was prepared as a blank without CDs. Pictures of the precursor and final product of NNTO are shown
in Fig.S1(see the Supporting Information of this paper).

The morphology of the two materials and the microstructure of NNTO/C are detailed in Fig. 1. From

2%, o
80 g ® . Sy Ty - e, Hydrothermal y Calcination
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Scheme 1 Schematic diagram of NNTO/C preparation process
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Fig.1(A) and (B), it can be observed that both NNTO and NNTO/C are composed of homogeneous nanoparti-
cles with dispersive aggregation characteristics. The morphology of NNTO/C is slightly different from that of
pure NNTO, and the introduction of CDs curbs the agglomeration of nanoparticles to a certain extent. A
reduction in the diffusion path length for electron/ion transport is facilitated by the nanoparticles. TEM images
further reveal the microstructure of NNTO/C. The existence of numerous nanoparticles can be detected
in Fig.1(C) , but the presence of Na,Ti,0,, Na,Ti;0,;, and carbon matrix derived from CDs cannot yet be
determined. The high-resolution transmission (HRTEM) picture displayed in Fig.1(D) , however, provides
confirmation of the presence of two phases and carbon matrix. HRTEM images reveal distinct lattice fringes in
Na,Ti,0,/Na,Ti,0,,/C. The measured d-spacing of 0.687 and 0.757 nm corresponds to the (101) face of
Na,Ti,0, and the (200) face of Na,Ti(0,;, respectively. This indicates the presence of both Na,Ti,0, and

12301 Furthermore, Fig.1(D) expressly shows the characteristics of the amorphous

Na,Ti 0, in nanoparticles'
carbon, marked with red lines, proving that the carbon matrix derived from the CDs is equally present in the
nanoparticles. The carbon matrix will be helpful in enhancing electrochemical utilization and alleviating the

volume expansion of the material.

Na:Ti:07 N"I:Ti"ol» ;
(101 ) (200)

Fig.1 SEM images of NNTO(A) and NNTO/C(B), TEM(C) and HRTEM images(D) of NNTO/C

The structures and phase composition of NNTO and NNTO/C were investigated using XRD. Fig.S2(A)
(see the Supporting Information of this paper) depicts the XRD patterns of the precursors of the two materials
(washed to neutral after hydrothermal completion and then dried at 60 °C). The main peak at 26=9. 6° is the
signature peak of layered sodium titanates. The precursor of the material with CDs has a clearer broad peak at
about 20° compared with the blank sample, which can be attributed to the characteristic diffraction peak of
carbon. The chemical formula for the precursor of pure NNTO may be Na H, Ti,0,-nH,0 (0<x<2, n<1), as
confirmed by XRD patterns and previous reports'. As displayed in Fig.2 (A), after calcination at 600 °C,
the compositions of NNTO and NNTO/C were examined by XRD. The crystal structure of the material under-
goes changes due to the removal of interlayer water, leading to corresponding alterations in the XRD pattern,
and shows a combination of Na,Ti,0, and Na,Ti O, phase. The characteristic peaks of Na,Ti,0, and Na,Ti O,
can be discovered in the diffraction peaks of both materials, and after introducing conductive carbon, there is

no other diffraction peaks showed up. This means that NNTO and NNTO/C composites have been successfully
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synthesized. In NNTO/C, carbon derived from CDs exists in an amorphous structure. The diffraction peak of
NNTO/C is weaker than that of NNTO. This may be due to the bonding between NNTO and the carbon matrix.

(A) ) * NazTi3O7 (B) . + Obs.
4 Na:TisOn % Cal.
)‘;‘ f '3‘. | Na2T1307
"5':. “_ | NazTiGOu
b R T
“\W Diff.
i,
ﬂ\m
s At 1 AR, LI S
{  NNTO '
1 1 | 1 | | | | |
15 30 45 60 75 90 15 30 45 60 75 20
20/(°) 20/°)
©
G 100
D 96
9
¢ 92
88
84 -
1 1 | 1 | 1 1 1 | | 1
840 1050 1260 1470 1680 1890 0 130 260 390 520 650
Raman shift/cm! Temperature/°C

Fig. 2 XRD patterns of NNTO and NNTO/C composites(A), Rietveld refinement(B), Raman analysis(C)
and TGA profiles(D) of NNTO/C sample

Later, in order to research the relative composition of Na,Ti,0, and Na,Ti;O,; in the NNTO/C composite,
Fig.2 (B) exhibits the Rietveld refinement XRD pattern of NNTO/C. According to the results, the contents
of Na,Ti,0,and Na,Ti,O,; are 34% and 66%, respectively, after carbon content is removed. Similarly, as
illustrated in Fig.S2(B), the contents of Na,Ti,0, and Na,Ti,O,; in NNTO are 35.9% and 64.1%, respectively.
The differing relative contents of the two phases in NNTO and NNTO/C suggest that the addition of CDs
effectively regulates the composites. The Na,Ti O,; phase is the dominant phase in NNTO/C, which helps the
electrode material to exhibit better cycling performance. In addition, the higher Na,Ti;O, ratio than previously
reported, resulting in higher reversible capacity in NNTO/C"'",

To understand the existence form of carbon in NNTO/C nanocomposites, Raman test on NNTO/C was car-
ried out. It can be clear from Fig.2(C) that the G and D bands are situated in 1582 and 1335 cm™, indicating
the successful introduction of CDs. As is well known, the D and G band are associated with the sp® carbon and
sp” graphite structure, respectively. Here, the D and G bands share an approximate intensity ratio of 0. 69.
This confirms that the carbon exhibits a relatively high graphitic feature, which can lead to an increase in
conductivity. The carbon content of NNTO/C was determined through a TGA test, with the result depicted in
Fig.2(D). At the test temperature, there are two significant weight loss periods as shown by the TGA curves.
Upon reaching a temperature of 181 °C, the weight is reduced by 3. 62% with the elimination of adsorbed
water. The reduction in weight observed at approximately 313—500 °C can be attributed to the combustion of
carbon. It is calculated that the carbon content of NNTO/C is 11. 25%.

The N, adsorption-desorption curves were studied to fully comprehend the impact of CDs on the specific
surface area or porosity of the samples. As evidenced in Fig.3 (A), NNTO/C has the IV-type adsorption/

32]

desorption isotherm with H3 hysteresis loop, which is unique to mesoporous materials™>. At approximatel
P y P q P pPp y

3.19 and 5. 85 nm, the corresponding pore distribution exhibits two noticeable peaks, and almost all the
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pores are below 6.5 nm, providing further evidence for the presence of mesoporous structures. The mesopo-

rous structure facilitates the transport of ions within the electrode. The N, adsorption-desorption isotherm and
pore size distribution of NNTO were illustrated in Fig.3(B). On account of Bruner-Emmet-Teller(BET) equa-
tion, NNTO/C composites are equipped with a specific surface area of 100. 8 m*/g, higher than 70. 6 m*/g
of NNTO. The active site of electrochemical reaction is increased and electrode contact with electrolyte is
facilitated by its larger surface area. However, according to Barrett Joyner-Halenda (BJH) model, the average
pore width of NNTO/C (8. 96 nm) is smaller than that of NNTO (30. 78 nm) , and NNTO may have a faster
kinetic pseudo-capacitance reaction than NNTO/C.
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Fig.3 N, adsorption-desorption isotherms and pore size distributions(insets) of NNTO/C(A) and NNTO(B)

The composition and the surface chemical bonding states of NNTO/C were further analyzed with XPS.
Na, Ti, and O are present in the product, as confirmed by the XPS survey spectrum of NNTO/C, displayed in
Fig.4(A) and Table S1(see the Electronic Supplementary Material of this paper). Furthermore, C element in
NNTO/C composite is also observed, which is derived from CDs. Fig.4(B)—(D) illustrates the high-resolu-
tion XPS spectra of Ti,,, O,,, and C,,, respectively. As indicated by Fig. 4(B), the Ti,,,, peaks are found to
be at 459. 18 and 458. 65 eV, while the Ti,, , peaks are detected at 464.9 and 464 eV. The values are in

&) O, B)

Ty, o
[\

1200 960 720 480 240 0

©

536 534 532 530 528 526
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Fig. 4 XPS survey(A) and high resolution spectra for Ti,,(B), O,,(C) and C, (D) of NNTO/C
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accordance with the Ti,,  and Ti,, , peaks in Na,Ti;0; and Na,Ti,0;, respectively. This indicates that Ti
predominantly exists in the form of Ti**. Five peaks at 529. 7, 530. 4, 531. 0, 531. 8 and 533. 0 eV are found
in the O, spectra. These peaks are connected to O in O—Ti—0, O—Ti, C—0—Ti, hydroxyl OH", as well

as oxygen in chemisorbed water, respectively. Also, Fig.4 (D) shows the deconvoluted C, spectra in
NNTO/C. Five peaks at 283. 8, 284. 8, 285. 5, 286. 8 and 287. 9 €V correspond to C—O—Ti, C=C/C—C,
C=0, 0—C=0, and O—C=0, respectively, confirming that NNTO/C composite is successfully
synthesized.
3.2 Electrochemical Performance

The button-type half cells were assembled to research the storage properties and mechanism of Na* ions in
NNTO/C. In the composition of the half cells, Na serves as the counter electrode, and the working electrode
comprises NNTO or NNTO/C. The electrochemical characteristics of the samples was assessed via CV.
Fig.5(A) and Fig.S3 (see the Supporting Information of this paper) depict the initial three cycle CV plots of
NNTO/C and NNTO when the sweep speed is 0. 1 mV/s, respectively. The plots of both materials have similar
characteristics, demonstrating the typical sodium storage properties of sodium titanate and high-voltage energy
storage within the range from 0. 5—2.5 V'*/. A wide reduction peak occurs at around 0. 80 V during the ini-
tial cycle of Fig.5(A), which is linked to electrolyte decomposition and the formation of solid electrolyte inter-
face (SEI) layer. This peak diminishes in subsequent cycles due to the irreversible reactions. At about
0. 88 V, there emerges a broad cathode peak in the second and third cycles, along with a pair of faint anode
peaks at 0. 40 and 0. 90 V. These peaks are connected to the process of Na® de/interaction, corresponding to

- Simultaneously, except for the first cycle, the CV curve is nearly identical.

the redox reactions of Ti**/Ti
This indicates that NNTO/C electrode exhibits exceptional reversibility and structural stability for the insertion/
extraction of Na" ions. Fig.5(B) gives the cycling ability of the two electrodes at 0. 05 A/g. After two hundred
cycles of continuous charge and discharge, there is almost no capacity decay in both NNTO and NNTO/C, and
the NNTO/C displays a better stability. This shows that NNTO/C nanocomposites exhibit good reaction kinetics
and excellent cycling properties due to the presence of carbon matrix derived by CDs. Within the voltage win-
dow of 0.01—2.50 V, Fig.S4 (see the Supporting Information of this paper) shows the GCD curves for the
Ist, 10th, 50th and 100th cycles of NNTO/C at 0.05 A/g. The first discharge capacity of NNTO/C is
254.7 mA-h/g and the initial Coulomb efficiency is 62%. This is because the electrolyte decomposition and
formation of SEI film cause a large loss of specific capacity. In the discharge profile of the first cycle, a minor
plateau emerges at 0. 8 V and disappears in later cycles. During the subsequent charge-discharge process, the
curve does not change significantly, indicating a highly reversible electrode reaction process following the ini-
tial cycle. And these findings are in harmony with CV test results. The rate performance of NNTO/C and
NNTO was assessed at various current densities, as demonstrated in Fig.5(C) and (D). The capacities of
NNTO/C are 149.2, 139.3, 129.4, 116.0, 104.7, and 94. 5 mA -h/g at current densities of 0. 05, 0. 10,
0.20, 0.50, 1.00, and 2. 00 A/g, respectively. Upon returning to 0. 05 A/g, the NNTO/C is still exhibiting
areversible capacity of 145 mA-h/g. Under the uniform current density test conditions for NNTO/C, the specific
capacities corresponding to NNTO are 115. 8, 113. 8, 108. 6, 101. 5, 95. 6, and 88. 9 mA-h/g, respectively.
At all current densities, it can be seen that the NNTO/C electrode has a higher capacity compared to the
NNTO. Fig.5(E) displays the cyclic stability of NNTO/C at a high current of 1. 00 A/g, after the galvanostatic
intermittent titration technique (GITT) test. After 400 cycles, NNTO/C still has a capacity of 108 mA-h/g with
almost no capacity degradation, and achieves a coulombic efficiency closed to 100%.

To further explore the dynamic characteristics of sodium storage, CV curves with diverse sweep rates

were tested within the range of 0. 1—1. 5 mV/s. In Fig.6(A), CV curves of NNTO/C at varying scanning rates
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Fig.5 CV plots of NNTO/C at 0. 1 mV/s(A), cycling performances of NNTO/C and NNTO at 0. 05 A/g(B),
rate capabilities of NNTO/C and NNTO(C), charge - discharge curves of NNTO/C(D), cycling
properties of NNTO/C at 1. 00 A/g(E)

have similar shapes, containing both broad cathodic and anodic peaks. As the scanning rate increases, the
cathode peaks move towards the negative direction, while the anode peaks move towards the positive direction
as a result of the electrode polarization process. Similarly, CV curves of NNTO have the analogous character-
istics at different sweep speeds, as presented in Fig.S5(A) (see the Supporting Information of this paper).
Using CV curves obtained at various sweep speeds to analyze the link between peak current (i) and scanning
rate (v) can provide insight into the charge storage mechanism of NNTO and NNTO/C. According to the for-
mula: i=av’, where a and b are constant coefficients. Whether the insertion/deinsertion of Na* in the elec-
trode reaction is diffusion behavior or pseudo-capacitance behavior can be judged by the b value. A value of b
close to 1 means that the reaction is managed by a pseudo-capacitance process with fast dynamics. The diffu-
sion control process assumes dominance when the b value nears 0. 5. Fig.S6 (see the Supporting Information
of this paper) displays the log plot of peak current versus sweep speed for NNTO/C and NNTO. Between 0. 1
and 1. 5 mV/s, the calculated b values of the reduction peak and oxidation peak of NNTO/C are 0. 860, 0. 896
and 0. 976, and the b values corresponding to NNTO are 0. 893, 1. 026, and 1. 028, indicating a capacitance-
led electrochemical process. A large b value manifests that most of the sodium storage occur at or near the sur-

face, and a higher b value for NNTO than NNTO/C may be related to its larger pore size. According to the
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Fig. 6 CV plots at various sweep speeds(A), capacitive and diffusive contributions at 0. 2 mV/s(B),

diffusion and pseudo-capacitive contributions at various scan rates of NNTO/C(C)

equation: i (v)=kw + kp'?, the relationship between scanning speed and current response is further quanti-
fied, and the contribution of pseudo-capacitance and diffusion control at a certain voltage is distinguished.

Where i and v are variable parameters, i (v) means the sum of current response at a specified potential , and
kw as well as k' typify the capacitance and diffusion contributions, respectively. At 0.2 mV/s, the contribu-
tion rate of capacitance in total capacity is depicted in Fig.6(B) and Fig.S5(B). From the area calculation of
CV curve, it can be seen that the contribution of pseudo-capacitance to capacity of NNTO/C anode at 0. 2 mV/
s is 71% and NNTO is 73% at the same sweep speed. The respective ratios of pseudo-capacitance contribution
and diffusion contribution of the two materials at varied scanning rates are displayed in Fig. 6(C) and Fig.S5
(C). As the scanning rate is increased, the contribution rate of capacitance also rises. The contribution rate
of capacitance in NNTO/C is 51%, 71%, 75%, 78%, 79%, and 84%, respectively, in accordance with
the varying scanning speeds. The capacitance contribution of NNTO is about 66%, 73%, 76%, 81%, 83%,

and 90%. The faster scanning speed makes the contribution of pseudo-capacity higher. The rationale for this
phenomenon is that as the scanning rate increases, the diffusion time is reduced, resulting in shorter dif-
fusion distances and smaller diffusion components. Nevertheless, the pseudo-current is kinetically variable,

so the increased sweep rate does not exert a substantial impact on pseudo-  capacity. The dominant pseudo-
capacitance control results in efficient electrochemical behavior.

To ascertain the cause behind the observed enhancement of the electrochemical properties, the associated
Nyquist plot was analyzed by fitting the equivalent circuit in Fig.7 (A). The equivalent circuit model for
understanding the impedance spectrum is inset, where the resistance (R.) is the ohmic contact impedance,
and R, is the resistance at the tablet interface. The slashes in the low frequency region correspond to Warburg
impedance(Z,) , connecting to the diffusion of Na* within the electrode material. For NNTO/C, its semicircle

diameter at high frequencies is smaller than that of NNTO. The fitting values of R, and R, are shown in

(A) > NNTO/C | ) (©)
sol- Fitting 24 NNTO 10047
NNTO = LS,
40 L Fitting > 18F T-l04 S,
c CPE > “© e, %
% ERTIN § -108 - \ /*ﬁ.
o ! ‘o
> 06 & -2k
‘ £ el —— NNTOC
oL : “— NNTO
| 1 | | 1 | 1 1 | 1 | 1
40 350 0 11 22 33 44 55 12 09 06 03 0
Z'1Q Time/h Potential/V(vs. Na/Na*)

Fig.7 Nyquist plots(A), GITT profiles(B) and Na* diffusion coefficient(C) of NNTO/C and NNTO

Inset of (A) : equivalent circuit diagram.
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Table S2 (see the Electronic Supplementary Material of this paper). The NNTO/C electrode has a lower R,

value (7. 48 Q) than the NNTO electrode, indicating its conductivity can be greatly improved. The small R,
value of NNTO/C is mainly attributed to synergism between different substances. Among them, conductive
carbon is beneficial to improve the conductivity of NNTO/C, thus achieving excellent electrochemical proper-

[34

ties™*'. The diffusion coefficient is obtained on the basis of the following equation'*’:

_4r(AE Y
B AE.

where Dy, (cm?s) is the Na® diffusion coefficient; 7 (s) is the plus time; [ (cm) denotes the electrode

Na* T

thickness, AE_ (V) is the difference in voltage during charging/discharging and AE, (V) represents the voltage
difference from the resting state to the equilibrium state. Fig.7 (B) shows the GITT profiles of NNTO/C and
NNTO at a pulse current of 0. 05 A/g for 10 min, with a rest interval of 1 h. Fig.7(C) demonstrates the Dy,. of
NNTO/C and NNTO. By calculation, the specific value of Dy, of NNTO/C is 4. 084x10™"" ¢cm’/s, greater than
that of NNTO (2. 951x10™"" ¢m?/s) , implying that the introduction of conductive carbon increases the reaction

kinetics. The results are consistent with EIS analysis.

4 Conclusions

In conclusion, Na,Ti,0,/Na,Tis0,,/C (NNTO/C) nanocomposites were prepared through adding CDs
in situ, via one-step hydrothermal method and heat conversion treatment. The hybrid phases were created
to combine the advantages of various structures and overcome the flaws of a single phase. The carbon matrix
derived from CDs not only enriches the specific surface area, but also reduces the charge transfer impedance
of NNTO/C, thereby facilitating an increase in the number of active sites for Na® ion insertion/deinsertion and
enhancing the conductivity of electrode. Furthermore, CDs effectively regulate the ratio of Na,Ti,0, and
Na,Ti 0, in the complex, which results in superior cycling stability for the electrode material. When used as
SIB anode, the prepared nanocomposites show excellent electrochemical performance in Na” storage. NNTO/C
nanocomposites have high specific capacitance (143. 8 mA - h/g after 200 cycles at a current density of 0. 05
A/g) and excellent rate property (94. 5 mA-h/g even at 2.0 A/g). At a high current of 1. 00 A/g, the capacity
remains at 108 mA -h/g even after 400 cycles, indicating high stability of the electrode structure. This work
proves that the carbon matrix derived from CDs can improve the electrochemical properties of sodium titanate
when used as a negative electrode material. In addition, our findings establish that two-phase structures and
carbon-based composites can serve as viable electrode materials for next-generation SIBs and other power

storage devices.

The Supporting Information of this paper see http://www.cjcu.jlu.edu.cn/CN/10.7503/cjcu20240356.
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