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Sodium ion batteries (SIBs) have attracted increasing attention due to the naturally abundant and
inexpensive sodium resources. The layered transition metal oxides are proposed for advanced cathode
materials of SIBs. However, the phase transformation and rate performance of layered compounds are

still a pivotal challenges. Here , we report a series of Ti-doped Nag7C00.67Mng33.,Ti,02> ( 0< 4 <0.2)

samples as cathodes for SIBs. As a result, the multiphase transition during the charge-discharge was
successfully prohibited by partial Ti doped. It is found that the Nagg7C0067Mng23Tig10, cathode
exhibited superior rate performance and tremendous capacity retention. Particularly, the
Nag 67C00.67Mng23Tip 10, cathode delivers a initial discharge capacity of about 91.2 mAh g'1 at 1C.
More attractively, even at high current rates (10, 15, 20 and 30 C), superior rate capability is achieved
while retaining tremendous capacity retention. Nearly 81.02% of the initial capacity was retained after
1000 charge/discharge cycles at 20 C (3.42A g™). Therefore, Ti-doped Nags7C0g.67Mng23Tio 102 may
be a promising cathode material for SIBs with excellent rate and cycling performance.

Keywords: Sodium ion batteries; Cathode materials; Nag.67C00.67Mng 33, T1,02; Titanium-doping;
High-rate

1. INTRODUCTION

As the extensive application of lithium ion batteries (LIBs) in hybrid electrical vehicles
(HEVs), and electrical vehicles (EV), the demand of metal lithium grows rapidly around the world [1-
3]. However, the availability and rising cost of metal lithium have driven researchers to explore
rational sustainable energy-storage alternatives [4]. Owing to the abundant storage of sodium in the
earth’s crust and its environmentally benign, sodium-based rechargeable batteries have drawn
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considerable attentions in the energy-storage system [5-8]. Recently, various cathode materials
including layered transition metal oxides, phosphates, and fluorophosphates have been investigated for
sodium ion batteries (SIBs) [9-13]. Among these cathode materials, the layered transition metal oxides
NaMO, (M=Ni, Co, Fe, Mn and Mg elements) with unique structure and enhanced electrochemical
performance have received great interest [14]. On the basis of the coordination of the Na cations and
the number of transition metal layers in the repeated stacking unit, the layer NaMO; oxides are mainly
categorized into P2, P3, and O3 types [15].

NaxCoO, have been considered to be promising cathode material of SIBs because of its
relatively high energy density (~260 Wh- kg™) , fast Na* diffusion arising from the similar layered
structure of LiCoO; [16]. There exists three structure types in the hexagonal NaxCoO,, which has been
demonstrated by neutron powder diffraction [17]. Nevertheless, the P2-phase Nag74C00, easily cause
a series of phase transitions including single-phase or two phase transition during charge-discharge
[18,19]. In generally, the pristine Na,CoO, without any modification reported in the literatures exhibits
poor electrochemical performance [18,20]. The different doping strategies, including binary/ternary
transition metal cations, have been widely adopted to address the forementioned issues. Carlier et al.
reported that the P2-Na,3C0,,3Mny30, exhibited a stable layer structure due to the coexistence of Cco**
and Mn*" [21]. Correspondingly, different composition of Co-based NapgsC00sMnosO2 [22],
NaCoy/,Fe120,[23], Na,Cop7Mng30, (x=1) [9], Nas;Co.,Mn,0, [24] have been reported as cathode
materials of SIBs. Shen et al. reported manganese-doped P2-Na,C0o7Mng30, , which showed
attractive reversible capacity (95 mAh g’ between 2.0 and 4.1V at 1C) and excellent cycling
performance (84% capacity retention after 225 cycles at 1C rate) [9]. In addition, the cation co-doped
ternary systems such as NaNiy;3Mny3C0130, [25], NaNiy3CoysFe30, [26], Nay3CozzMnygNiyg0;
[27], NaMng 33Nio33C00330, [28] also emerge successively, which significantly stabilize structure in
the cathode materials and improve the capacity retention of SIBs. For instance, the
Nay3C023MneNiys0, reported by Doubaji et al. delivers a high discharge capacity of 110 mAh g*
with a capacity retention of 89% after 90 cycles at C/20. Although great progresses in the previous
reports, the conspicuous existence of multiphase transitions during Na" intercalation/deintercalation
process lead to the degenerative capacity and poor rate capability in SIBs. To address this issue,
doping a small amount of electrochemically inactive element into the transition metal oxide layer is
proved to be viable approach in inhibiting the phase transition, such as Ti and Mg has been widely
adopted in Ni-based and Mn-based sodium ion batteries [29-32]. Considering the similar ionic radii
and same valence between Mn** (53 pm) and Ti*" (60.5 pm), Sun et al. synthesized a series of
NaNigsMngs.xTixO2, which indicates that partial Ti substitution could suppress the irreversible
multiphase transformation and retain a better cycle retention and higher rate performance [30].
Besides, the stepwise profiles of NaysNiyzMny30, obviously changed upon titanium substitution
reported by Komaba et al., suggesting the suppression of phase transition during sodium intercalation
[29]. As far as we know, relatively less research is focused on the field of Co-based layered transition
metal oxide. Herein, improving the electrochemical performance and simultaneously suppressing the
multiphase transitions are a vital challenge in the future.

In this study, various of Ti-doped P2-Nage7C067MnNo33.,T1,O> cathode materials were
successfully synthesized by a facile solid-state reaction. The effects of titanium-doping amount in the x
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range of 0 to 0.2 on the structure and electrochemical performance were investigated in detail.
Consequently, the substitution of Co with Ti in P2-Nay;3C023Mn130, demonstrates that the Ti-doping
stabilize a good P2-type structure and significantly suppress the phase transition during the charge-
discharge. On the basis of the unique merits, the Nag 67C09.67Mng23Tip.10, cathode shows excellent rate
capacity and cycling stability with a high reversible capacity of 86.75 mAh g™ after 120 cycles at a
current rate of 1C. This work indicates that the Nag 7C0967Mno23Tio10, cathode may be a potential
candidate towards the future development of SIBs.

2. EXPERIMENTAL

2.1. Materials preparation

The Nag7C00.67Mng33-T1,02 (¥=0.0, 0.05, 0.1, 0.15 and 0.2) samples were synthesized by a
conventional one step solid state reaction method. Na,CO3, C0304, Mn3O4 and TiO, powders were
used as raw material with the stoichiometric ratio and homogenously mixed by wet ball-milling in
ethanol solution, then dried at 80°C for 12h. An excess of 5 mol% Na,COs was used to compensate for
Na,O evaporation on firing. The dried powders were calcined at 900°C in oxygen to obtain the desired
electrode materials.

2.2. Materials characterization

The crystal structure of as-prepared materials was determined by X-ray diffraction (XRD,
Rigaku D/max 2500 PC) in the 26 range of 10°-80°. The morphologies were studied by scanning
electron microscopy (SEM, Hitachi S-4800). Elemental composition analysis was performed by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES, PE Optima-8000).

2.3. Electrochemical measurement

2032-type Coin cells were assembled using metallic sodium as the anode electrode, and the
composite cathode was obtained by active material (80wt%), acetylene black (10wt%), and
polyvinylidene fluoride (PVDF, 10wt%) in appropriate amount of N-methyl-2-pyrrolidene (NMP)
coated on aluminum foil current collectors. 1M NaClO, dissolved in a mixture of 1:1:1 ethylene
carbonate (EC)/dimethyl carbonate (DMC)/ethyl methyl carbonate (EMC) (1:1:1 in volume) with 5
vol% FEC was used as the electrolyte, and the glass fiber GF/D (Whatman) was used as the separator.
All the cells were assembled in Ar-filled gas glove box. Galvanostatic charge-discharge tests were
performed using a NEWARE BTS-5V10 mA battery tester between 2 V and 4.2 V under various rates.
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests were conducted on
a CHI1660C electrochemical workstation. The CV tests were carried out over the potential range of 2.0
V and 4.2 V at a scanning rate of 0.1-1 mV/s. The EIS spectra were taken in a range of 100 KHz to
0.01 Hz with an input signal amplitude of 5 mV.
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3. RESULTS AND DISCUSSION

3.1. Structure and morphology

Fig.1a shows the XRD patterns of the as-prepared Nag;C0967Mno 33, Ti,O- with different Ti-
doping amounts.
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Figure 1. (a) XRD patterns of the Nag7C0967Mng33-,Ti,O- with different Ti-doping amounts, (b)
schematic illustration of the P2-type layered transition metal oxides, and (c) the corresponding
lattice parameters.

Figure 2. SEM images of the Nag67C00.67Mno 33.,T1,O2, (a) x=0, (b) ¥=0.05, (¢) x=0.1, (d) ¥=0.15, and
(e) x=0.2.

As shown, all the XRD patterns exhibit similar characteristic diffraction peaks which
corresponds to the P2-structure with space group P63/mmc [33,34], where Titanium ions are located
in the transition metal oxide layer [35,32]. Moreover, the sharp peaks of these samples indicate good
crystal structure. Especially, with the elevated Ti content, the intensity of (102) and (104) crystal
planes gradually increase up to a maximum value aty=0.1, and then decrease. In addition, the (004)
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plane shows a reduced trend. A schematic illustration of the P2-type layered transition metal oxides is
also shown in Fig.1b. The derived lattice parameters are summarized in Fig.1c. Lattice parameters in
the a-axis linearly increase with elevated Ti content, while the c-axis is maximized at y=0.1. These
results suggest that a solid solution is formed in the range of 0<y<0.2 in Nags7C0g67MnN0 33, T1,O>
[29,36].

The morphological features and particle size of the Nag7C0067Mng 334 T1,0- with various Ti
content were depicted in Fig. 2a-e respectively. SEM images show analogous hexagonal plate-like
particles. The pristine andy=0.05 sample exhibts irregular particles with the size between 0.5 and 5um.
With the increased Ti-doping, the sample ¥=0.1, 0.15 and 0.2 showed homogeneous particles with a
diameter of 1-3um. Especially a uniform size distribution is achieved in the Nag s7C09.67Mng23Tip.10>.

3.2. Elemental analysis

ICP-OES technique was performed to determine the chemical composition of all the as-
prepared Nags7C0967Mng 33-x TixO2 materials, and the results are presented in Table 1. Experimentally,
these test results are in good agreement with the theoretical values of the designed Nags7C00.67Mng 33-
11,02 (¥=0, x=0.05, x=0.1, x=0.15, ¥=0.2).

Table 1. ICP-AES result of typical P2-type Nag 67C00.67Mno 33 Ti,O02 (=0, ¥=0.05, ¥=0.1, ¥=0.15, and
¥=0.2) samples.

Theoretical Measured atomic ratio
chemical formula Na Co M Ti Na/M
Nag 67C0g.67MnNg 3302 0.668 0.654 0.319 0 0.686
Nao_57C00_67Mno_ngio_o502 0.673 0.649 0.291 0.055 0.674
Nag.67C0067MNg23Tig10, 0.669 0.656 0.222 0.111 0.675
Nag.67C0067Mng 18 Tig 150, 0.681 0.648 0.188 0.166 0.678
Na0,67C00,67Mn0,13Ti0,202 0.7 0.648 0.137 0.223 0.692

3.3. Electrochemical properties

Fig. 3a compares the initial charge-discharge curves of the Nag¢7C0067Mng 33, 11,02 cathodes
(x=0, 0.05, 0.1, 0.15, and 0.2) tested between 2.0 V and 4.2 V at 1 C (1 C=171 mAh g%). All the
cathodes show typical charge-discharge profiles of SIBs, indicating a good electrochemical reaction.
The initial discharge capacities of the Nag 67C00.67Mng 33, T1,0, cathodes are 83.6, 85.1, 91.0, 84.6, and
81.5 mAh g* for =0, 0.05, 0.1, 0.15, and 0.2, respectively. For the Nags7C0067Mng 330, cathode
without Ti-doping, several voltage steps are clearly observed during the charge-discharge, suggesting
severe multiphase transition. Apparently, with the increased content of the Ti-doping, the voltage steps
decrease and then disappear aty=0.1, 0.15, and 0.2, indicating that the partial substitution of manganese
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with titanium may suppress Na/vacancy ordering or phase transition during sodium intercalation
[29,37,38]. Therefore, the Nagg7C0ps7Mng23Tip102 With optimized Ti-doping display the highest
discharge capacity.

The corresponding cycling performance of Nags7C0067Mng 33, T1,0, cathodes was shown in
Fig. 3b. All the electrodes exhibit remarkable cycling stability up to 120 cycles at 1 C. Note that the
electrode Nape7C0067Mno23Tip10, delivers the highest discharge capacity compared to the other
samples during the 120 cycles. The sample x= 0.15 and 0.2 show higher capacity retention with 96.2%
and 97.0% compared than other samples =0 (93.5%), x=0.05 (94.3%) and ¥=0.1 (95.3%) after 120
cycles, respectively. As forementioned results, the Nape7C0067Mno23Tip10, delivers the optimal
electrochemical performance. Fig. 3c and d present the charge-discharge curves of
Nao 67C00.67Mng 3302 and Nag7C0067Mno23Tip 10, at different cycles. The charge/discharge capacity
of Nage7C00.67Mng.3302 without Ti doping in the 1%, 25" 50" 100", 120" cycles are only 84.1/83.8,
83.3/82.7, 82.5/81.9, 80.2/79.5, and 79.1/78.3 mAh g* , respectively. What's more, for
Nag 67C00.67Mng 3302, the voltage profiles exhibit three plateaus and steps located at about 3.5, 3.7 and
4.0 V, which reflects various phase transformations [30,39]. However, the Nags7C0067Mng23Tig10;
shows smooth charge-discharge profiles without voltage steps and delivers high charge/discharge
capacity of 91.2/91.2, 91.3/90.5, 90.4/89.9, 88.9/88.0, and 87.4/86.7 mAh g in the 1%, 25", 50" 100™,
120™ cycles, respectively. It maybe contribute to the suppression of phase transformation by Ti
substitution upon charge-discharge and thus stabilize the structure of the electrode [40,29].
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Figure 3. (a) Initial charge-discharge profiles and (b) cycling performance of the Nagg7C0067Mng 33-
502 (x=0, 0.05, 0.1, 0.15, 0.2) cathodes at 1C. Charge-discharge curves of (c)
Nag.67C0g 67MnNg.3302 and (d) Na0,67C00,67Mn0,23Ti0,102 at different cycles.
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To further compare the electrochemical properties of the as-prepared Nag s7C09.67Mnp 330, and
Nag 67C00.67Mng 23Tip 10, samples, the rate capability tests were also carried out between 2.0 V and 4.2
V from 0.2 to 5C. As shown in Fig. 4a, the Nage;C0067Mno23Tip10, sample shows a better rate
capacity than that of Nag7C006,Mng 3302, Which is due to the Ti-soping suppress the stepwise, also
improves the rate performance. Therefore, the Nagg7C0967Mng23Tio 10, delivers high discharge
capacities of 86.9, 90.4, 91.1, 91.4 and 91.1 mAh g™ at the various rate of 0.2 C, 0.5 C, 1 C, 2 C and 5
C, respectively, Compared to the relatively low discharge capacity of 84.7, 84.6, 84.1 , 84.2 and 84.2

mAh g for the Nags7C0067Mng 330, cathode. In addition, the almost complete recovery of the initial
value of 1C after cycling at the high rate of 5C, gives a further proof of the structure stability [41,42].
The result figure gives a clear evidence of fast insertion/extraction of Na* during the charge and
discharge. The voltage profiles of Nagg7C00s7Mnp330, and Nage;C0gs7Mno23Tip10, at different
current rates ranging from 0.1 to 5C are presented in Fig. 4b and c. The profiles of
Nao 67C00.67Mng 330, involve several voltage plateaus and steps at different current rates, compared to
the smoothing charge-discharge profiles of Nage;C0067Mno23Tip102, Which indicate that the
multiphase transition was prohibited by Ti-doping.

Fig. 4d compared the Cyclic Voltammogram (CV) plots of Nagg/C0ps;Mng330, and
Nag 67C00.67Mng23Tip 10, in the voltage range of 2.0-4.2 V at a scan rate of 0.1 mV s, Three redox
peaks are observed at about 3.38/3.33, 3.73/3.66, and 3.98/3.87 V respectively for
Nao 67C00.67Mng 3302, which corresponds to the multiphase change [43-45]. This result is well in
accordance with the charge-discharge profiles (Fig. 4b). Note that the Nagg7C0067Mng23Tio10:
displays only two pairs of redox couple due to the presence of Co and Mn, conforming the phase
transition is effectively restrained by Ti-doping to some extent. These results could be as a good
explanation of the enhanced electrochemical performance for the Nagg7C0p67MnNg23Tig102.
Nevertheless, the interrelation between the change of the crystal structure and the phase transitions
during the charge and discharge need to be further investigated [46,47].

To validate the superior rate capability of Nagg/C0p67Mng23Tio10,, the as-prepared cells were
tested at higher current rates of 10, 15, 20 and 30 C, as shown in Fig.5. Clearly, the cells showed
exceptional stability with high capacity retention after 1000 charge/discharge cycles. The discharge
capacity of 83.9 mAh g was obtained at 10C, which can remained 69.1 mAh g™ at the higher rate of
30 C. When cycled at 20C, the cell still displayed remarkable steady, 81.02% of the initial discharge
capacity remained after 1000 cycles. As a result, it can be demonstrated that P2-type
Nag 67C00.67Mng23Tip10, equipped with superior rate remarkable cycling stability. The performance of
the aforementioned materials and Nag 67C0g67Mng 23 Tip.10, are partially summarized in table 2.

To further investigate the effect of scan rate on the shape and peak current of CV, the CV plots
of Nag.67C00.67Mnp 330, and Nag 67C0067MnNg 23Tl 10, at different scan rates ranged from 0.1 to ImV st
are shown in Fig. 6a and b. The anodic peaks shift to a more positive potential, while the cathodic
current in sequence shift to a more negative potential position with the increase of scan rates. The
redox peak separation increases in sequence with the increasing of scan rate, indicating in greater loss
of capacity, which is most probably due to the polarization of the electrode [48].
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Table 2. Summary of the sodium storage performance of cathode materials
. . Cut-off Initial discharge . .
Materials Synthesis method voltage capacity(mAh g) Capacity retention Ref.
- Co-precipitation and 0
Na,Cog7Mng 30, (x=1) solid state reaction 2-4.1V 95 @1C 84% after 225 cycles at 1C 9
Nag 65C0g5Mng 50, Sol-gel 1.5-4.3V 126.6 @5C 77% after 100 cycles at 5C 22
NaCo,Fe 1,0, Solid state reaction 2.5-4.0 160@ C /20 90% after 50 cycles at C /20 23
NaNiy;3Co4/3Fe130, Solid state reaction 2-4.2V 165@ C /20 94% after 10 cycles at C /20 26
Nay/3C043Mn,Ni60, Sol-gel 2-4.2V 110@ C /20 89% after 90 cycles at C /20 27
Nay/sNiysMny, Tiye0, Solid state reaction 2.5-4.2V 110@ C /20 94% after 10 cycles at C /20 29
NaNigsMng ,Tig 30, Solid state reaction 2.4.0V 135 @0.05C 85% after 200 cycles at 1C 30
Nag 67C0g67MnNg 23 Tig 10,  Solid state reaction 2.4.2\ 912 @1C 81.02% after 1000 cycles at 20C  this paper
(a)os (b)o.s '
—.ImV/s Ay {—0.1mV/s Ag
AO.G- —_—02mV/s A] Az ~— 0.6 —0.2mV/s A4
<« 0.44 —0.5mV/s < 0'4_' —0.5mV/s
E ] —osmvis J = 0.$mV/s
:0.2- —1mV/s ‘ / : 024 —1mV/s
£ 0.0 eI = 9
2 1 — A\ =
0.2 i A ; -(.2
5-0.4- Q) -0.44
0.6 €1 0.6 e
=U.01 -~ =\.01 . 5
-08. Na0.67C00.67Mn0.3302 © b -0.8- Saﬂ_WC?“_G,{M11.0_23:““_!02' —
2.0222.42.62.83.0323.43.63.84.0,4.2 2.02.22.42.62.83.03.23.43.6 3.8 4.0 4.2
Potential (V) vs.Na/Na Potential (V) vs.Na/Na
(€)yo (),
_ 067 _ 0.67 2
é 0.34 é 0.3 /
*E 0.0 ‘E 0.0
£ 03 Z-03
B 05 = A4+ AS
G061 « Al » A2 < A3 51 ;
09l +C1 +C2 . C3 0e] 0 C4 v CE
——Fitted line % —Fitted line
1.2 -1.

0010 0.015 0020 0025 0.030 0035

Square root of scan rate (V s")

— T 71—
0.010  0.015  0.020

— T
0.025  0.030 0.035

Square root of scan rate (V sfl)

Figure 6. CV curves of (a) Nagg7C00.67Mng 3302 and (b) Nag.67C0067Mng23Tig 10, at various scan rates
from 0.1 to ImV/s, (c) and (d) Variation of the peak current vs. square root of the scan rates

(Vll 2) ]

The plots of the peak currents versus v of the two samples display well linear relationship
(see Fig. 6¢ and d), suggesting that the intercalation/deintercalation of Na* is a diffusion-controlled
process [49]. It is very important to explore the diffusion capability of Na-ions. The Randles-Sevcik
was used to calculate the Na-ion diffusion coefficients D. The formula can be written as:
Ip =2.69*10°An*?CoDY?y"2
where Ip is the peak current (A), A is the the effective contact area between the electrode and
electrolyte (cm?), n is the number of electrons in the reaction, Co is the concentration of Na*, D is the
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diffusion coefficient of Na”, v is the CV scanning rate. The peak Al and A4 were chosen to calculate
D, which corresponding to the sample Nag.67C0067Mng 330, and Nag s7C09.67Mno 23Tip102. The derived
results Dna+  OF 3.6%10™2 cm?/s (Nags7C00.67Mno23Tig102) is relatively higher than that of 2.5*10™2
cm?/s (Nag.67C00.67Mno.330,), which indicate a better performance of the cathode.

EIS spectra of Nag.67C00.67MnNg 3302 and Nao_67C00,67|V|nolngio,loz was performed in the
frequency range between 100 KHz and 0.01 Hz with 5 mV amplitude of AC signal, as shown in Fig. 7.
Both the curves are composed of two anomalous semicircles in the high and intermediated frequency
and a slope in the lower frequency. The intercept at the real axis (Z') in the high region is contributed
mainly by the resistance of the electrolyte and cathode (Rs). The semicircle in the intermediated
frequency is related to the process of sodiation/desodiation, which can be presented by the charge
transfer resistance (Rc). Apparently, the radius in the intermediated frequency of
Nag.67C00.67Mno23Tio.102 is smaller than that of Nag s7C0g.67Mng 3302, indicating the easier Na* transfer
during the sodium insertion and extraction, which probably result in higher cyclability and high-rate
performance. Furthermore, the semicircle of Nagg7C067Mng23Tio10, in the intermediated frequency
is more close to the real axis suggest that the conductivity increases. The sloping line in the low
frequency that represents the sodium-ion diffusion resistance in the electrode material, named the
Warburg impedance.
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FIgU re7. EIS spectra of Nao_67C00_67Mn0_3302 and Nao_57COo_67Mno_ngio_loz.

4. CONCLUSIONS

In summary, a series of novel P2-type Nags7C00.67Mng 33, T1,02 (0= y <0.2) cathode materials
with eminent performance were successfully synthesized by solid-state approach. The charge and
discharge profile of Nag 67C00.67Mng .33, Ti,02 (x=0.1, 0.15, and 0.2) electrodes have been smoothed due
to the suppression of multiphase transformation through partial Ti-doping. Consequently, the
optimized Nag7C00.67Mno23Tio10 cathode delivers a higher reversible capacity of 91.2 mAh g at
1C, as well as superior rate performance with ultra long cycle life (retaining 81.02% of its initial
capacity after 1000 cycles at 20C). The outstanding electrochemical performance indicates that
Nao 67C00.67Mng23Tip 10, can be used as cathode materials for SIBs with superior rate capability and
long cycling stability.
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