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The concept of symmetric full battery attracts increasing attention in recent years. The symmetric battery
consists of two identical ‘bifunctional’ electrode materials, which can be used as both the cathode and
anode. The NASICON-structured NasMnTi(PO4)3 is capable to be used as a bifunctional electrode for
symmetric sodium-ion full battery because of its multiredox reaction with a suitable voltage gap.
However, it suffers from limited capacity and poor rate performance. In this study, NazMnTi(POg4)3
particulates embedding in the N-doped carbon matrix material (NMTP/C—N) are constructed. Both the
experiments and density functional theory (DFT) calculations show that the N-defects in the carbon

ﬁ?ls‘?/ggﬁ' matrix have stronger adsorption energy toward Na*, and the N-vacancy defects have lower diffusion
Symmetric full battery barriers for sodium-ion diffusion, thus enabling higher pseudocapacitance of the NMTP/C—N. By virtue of
NasMnTi(PO4); the enhanced reaction kinetics and pseudocapacitance, the NMTP/C—N demonstrates improved specific
N-defects capacity and high-rate capability in both high- and low-voltage ranges (2.5—4.2 V vs. Na/Na*; 1.5-2.5 V

vs. Na/Na*), where it is operated as the cathode and anode basing on the redox of Mn?*/Mn** and Ti**/
Ti>*, respectively. When constructed to a symmetric full battery, it exhibits a moderate reversible ca-
pacity of 91.8 mAh/g with a high initial Columbic efficiency of 85.2%, and maintains 70.8% of discharge
capacity after 400 cycles at 1C. This work deepens our understanding of materials design for enhanced
pseudocapacitance and electrochemical performances.

Pseudocapacitance

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

To reduce the impact of fossil energy on environment and global
climate, research on renewable energy sources has been growing
vigorously in recent decades [1—4]. Rechargeable battery technol-
ogies are vital for large-scale renewable energy storage. Lithium-
ion batteries (LIBs) are famous for their high energy density and
long lifespan. However, the proliferation of LIBs in portable elec-
tronics and electric vehicles makes lithium resources too expensive
to be applied to large-scale energy storage [5—9]. Sodium-ion
batteries (SIBs) have been considered as a promising alternative
because of the abundant sodium resources and low cost [10,11].
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Besides, SIBs share identical principles and similar physicochemical
properties with LIBs, so that the development of SIBs can follow the
pathway of LIBs. To date, various cathodes, anodes, and electrolyte
materials have been explored and exhibited good sodium storage
performance, but fabrication of full cells with high energy density,
long cycling life, and flexible rate capability is still a big challenge
[11,12].

Among the effort to develop full cells for SIBs, recently, sym-
metric battery systems attract more and more attention [13—15].
Different from asymmetric battery, where the cathode is generally
oxides or polyanion-type materials and the anode is carbon-based
materials, symmetric battery consists of two identical ‘bi-func-
tional’ electrode materials, which can be used as both the cathode
and anode. It is suggested to insert/extract sodium-ions at different
voltage range basing on the redox of different transition metal ions.
Therefore, symmetric full cell has the following advantages: firstly,
from a commercial perspective, it simplifies the configuration and
fabrication of full cells, leading to lower manufacturing cost;
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secondly, volume expansion of the electrode materials and sodium
dendrites can be mitigated, enabling better cycling stability and
higher safety of the battery system. Nevertheless, few bifunctional
electrode materials were developed. Despite the progress achieved
by transition metal oxides [16—18], lately, the sodium superionic
conductor (NASICON)—structured materials are particularly
attractive because of their outstanding thermal stability and three-
dimensional crystallographic structure with spacious ion diffusion
pathways [19,20]. More importantly, the tunable transition metal
ions in the NASICON structure provide numerous possibilities for
designing  bifunctional materials. The well-documented
Na3zV,(POy4)s is a typical bifunctional material, which can be used
as a cathode basing on the variation of V4*/V3* at 3.4 V (vs. Na™/
Na), and as an anode basing on the redox of V3*/v2* at 1.6 V [21].
Other NASICON-structured materials such as NapVTi(PO4)3 [22] and
NayLiV,(POy4)3 [23] were also investigated in symmetric battery
systems. Recently, a new NASICON electrode material NazMn-
Ti(PO4)3 was proposed by Goodenough's group [24,25]. The
NasMnTi(PO4)3 can realize three-electron reaction by virtue of the
redox of Mn?*/Mn>*, Mn3*/Mn**, and Ti>*/Ti** at distinctive po-
tentials of 3.6, 4.1, and 2.1 V, respectively. Besides, the NasMn-
Ti(PO4)3 has demonstrated good rate capability and cycling stability
in aqueous symmetric battery systems. However, in the aqueous
systems, to avoid water decomposition, only Mn?>*/Mn>* and Ti3*/
Ti** redox couples were activated in NasMnTi(PO4)s3, thus it deliv-
ered a limited reversible capacity of 58.4 mAh/g with a platform at
1.4 V [24]. The energy density of this material is supposed to be
further improved in non-aqueous symmetric systems. However,
the electrochemical performance of NasMnTi(PO4)3 is hindered by
limited capacity, poor electronic conductivity, and sluggish ion-
exchange dynamics, which are imperative to be addressed for
assembling symmetric full battery. Compositing with carbon ma-
terials such as CNTs, graphene, and amorphous carbon to construct
advanced composite structures has been proven effective to miti-
gate these problems [26,27]. The introduction of carbon materials
can not only increase electronic conductivity, but also, in particular,
help to enhance the contribution of pseudocapacitance, leading to
higher capacity and rate performances of the electrode. Note that,
understanding the mechanism of the enhanced pseudocapacitance
that derived from carbon materials is still rare.

Herein, to assemble an advanced symmetric full battery, we
aim at increasing the reaction kinetics and pseudocapacitance of
NasMnTi(POy4)3, and successfully synthesized NasMnTi(PO4)3 par-
ticulates embedding in the N-doped carbon matrix material
(NMTP/C—N) through a facile sol—gel method. Various N active
sites and N-vacancies were found beneficial to adsorb sodium-ions
and lowering the energy barrier for sodium-ion passing through
the carbon layer for a redox reaction, enabling enhanced pseudo-
capacitance effect. In addition, combing with the advanced com-
posite structure with improved electronic conductivity, reduced
particle size, and abundant reactive sites, electrochemical perfor-
mance of the NMTP/C—N was greatly improved, showing good
cycling stability with 88.1% and 93.2% of capacity retention after
350 cycles at 2C as the cathode and anode, respectively. Based on
this, a stable non-aqueous symmetric full battery with a reversible
capacity of 91.8 mAh/g was finally assembled.

2. Results and discussion

X-ray diffraction (XRD) patterns of both the NMTP/C—N and
NMTP/C materials can be indexed to standard NasMnTi(PO4)3 with
a rhombohedral NASICON structure (Fig. 1a), where interstitials
that constructed by the corner-shared [Mn/TiOg] octahedra and
[PO4] tetrahedra are occupied by the immobile Na1 and mobile Na2
[25]. The two samples show similar peak intensity, indicating
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similar crystallinity of the materials. Rietveld refinement on the
XRD pattern of NMTP/C—N material was performed to further
check the phase of NasMnTi(POg4)3, and the fitting results with
Rp = 4.59% and Ryp = 6.38% were acceptable (Fig. S1). The rhom-
bohedral cell shows lattice parameters of a = 8.816939 (A),
¢ = 21.768875 (A), and V = 1,465.556 (A3). No other phases were
detected, indicating the high purity of the NMTP/C—N material.
Morphology of the samples is investigated by scanning electron
microscopy and transmission electron microscope (TEM). As
demonstrated in Figs. 1b and S2a, both of the NMTP/C—N and
NMTP/C composites are irregular in shapes, and TEM images
(Figs. 1c and S2b) show that the NMTP particles are embedded in
the carbon matrix. The carbon content was 14.52% and 12.09% for
NMTP/C—N and NMTP/C, respectively, which were measured by
organic elemental analysis. The high-resolution TEM in Fig. 1d
further identified the microstructure of the NMTP/C—N composite.
The NMTP particle that is confined in the carbon matrix shows
lattice fringes with a d-spacing of about 0.377 nm, corresponding to
the (202) plane of NazMnTi(PO4); material, which can be further
confirmed by the fast Fourier transform images (Fig. 1e). The energy
dispersive spectrometer (EDS) mapping profiles demonstrate ho-
mogeneous distribution of Na, Mn, Ti, P, O, C, and N elements in the
NMTP/C—N (Fig. 1f).

X-ray photoemission spectroscopy (XPS) was used to analyze
the elemental state and bonding structure of the materials. Binding
energy of the Mn 2p peaks show that both Mn?* (652.87 eV for Mn
2p1/2, 641.11 eV for Mn 2p3);) and Mn3t are existed in NazMn-
Ti(PO4)3 (Fig. 2a) [28—31]. Similarly, Ti** (463.95 eV for Ti 2p1j2,
458.42 eV for Ti 2p3p2) and Ti** (465.56 eV for Ti 2p1)2,459.82 eV for
Ti 2p32) are also found co-existed (Fig. 2b) [30,31]. Based on the
XPS results, fractions of Mn>* and Ti** in the total amount of Mn
and Ti were calculated to be 54.4% and 56.8%, respectively. N-spe-
cies are detected in NMTP/C—N, but not in NMTP/C (Fig. S3). Ni-
trogen content in NMTP/C—N was measured to be 0.13% by organic
elemental analysis. The N 1s spectra show peaks located at 403.01,
400.35, 399.58, and 398.25 eV can be assigned to oxidized N,
graphitic N, pyrrolic N, and pyridinic N, respectively (Fig. 2c) [32].
The C 1s peaks that appeared at 288.63 and 285.34 eV are attrib-
uted to C—N and C=N bonds (Fig. 2d) [32,33]. These results confirm
that N species are successfully introduced in the carbon matrix. The
pyrrolic-N and pyridinic-N defects can damage the carbon structure
and cause many exposed N/vacancy defects [32]. As a result, the
NMTP/C—N demonstrates a larger specific surface area (39.54 m?/g)
and pore volume (0.073 cm?/g) than those of the NMTP/C, which
has a specific surface area of 11.97 m?/g and pore volume of
0.022 cm3/g. The defects also lead to a more disordered carbon
structure [34], which is confirmed by the larger Ip,Ig value of NMTP/
C—N (1.02) than that of NMTP/C (0.98) (Fig. 2f). As the electro-
negativity of N is higher than that of C, the N-defects should be
negatively charged. In that case, the positively charged Na*t can be
easily adsorbed in the defects due to the static forces. Besides,
because of the porous structure and abundant vacancy defects, the
Na* can facilely pass through the carbon larger for fast sodium-ion
storage reaction [34]. The N-defects, interaction between N and
Na*, and schematic of the fast electron/ion-exchange reaction in
NMTP/C—N are illustrated in Fig. 2g—i, respectively.

Electrochemical performances of the materials as both positive
and negative electrodes in half cells were investigated within the
voltage window of 2.5—4.2 V and 1.5—2.5 V, respectively. According
to Fig. 3a, as a cathode, the NMTP/C—N exhibits an initial specific
capacity of 94.5 mAh/g at 0.05C (1C = 100 mA/g). The charge/
discharge curves of the NMTP/C—N shows two flat voltage plateaus
of 3.56/3.51 and 4.07/4.03 V, which was confirmed by the dQ/dV
plots (inset in Fig. 3a), and they correspond to the redox of Mn?*/
Mn3* and Mn>*/Mn**, respectively. Such high operating potentials
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Fig. 1. Physical and chemical characterization of the NMTP/C—N and NMTP/C materials. (a) XRD patterns and the inset is the schematic illustration of the crystal structure of
NasMnTi(PO4)s. (b) Scanning electron microscope, (¢) TEM, and (d) high-resolution TEM images of the NMTP/C—N material. (e) The fast Fourier transform patterns of the NMTP

particle. (f) Elemental mapping images of the NMTP/C—N.

and satisfactory capacity are beneficial for the fabrication of high
energy density full cells. Comparison of rate performances of the
different cathodes is shown in Fig. 3b. NMTP/C—N is able to deliver
a reversible capacity of 94.5, 83.7, 74.5, 66.4, 60.4, 53.1, and 38.5
mAh/g at 0.05, 0.1, 0.2, 0.5, 1, 2, and 5C, respectively. When the
current density turns back to 0.2C from 5C, the discharge capacity

of the material recovers to 73.2 mAh/g, indicating a highly flexible
rate performance of the cathode. Notably, after 100 cycles at 0.2C, a
reversible capacity of 68.2 mAh/g can be obtained, which corre-
sponds to 93.2% of its initial capacity, indicating outstanding
reversibility of the electrode. However, for the NMTP/C, it shows a
lower discharge capacity than the NMTP/C—N, and the capacity gap
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Fig. 2. (a) The high-resolution XPS spectra of Mn 2p, (b) Ti 2p, (c) N 1s, and (d) C 1s in NMTP/C—N. (e) The nitrogen adsorption—desorption curves of the NMTP/C—N and NMTP/C
samples. The inset is the pore size distribution curve. (f) Raman spectra of the two samples. (g) The schematic illustration of the structure of N-doped carbon and (h) interaction
between N-defects and Na™. (i) Schematic illustration of the NMTP/C—N with fast ion/electronic exchange and sodium storage behavior.
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was enlarged as the current density increases. Only 25.6 mAh/g of
specific capacity was maintained at 5C. The inferior rate perfor-
mance has probably resulted from the low electronic conductivity
of the pure carbon matrix [35]. The long cycling capability of the

Materials Today Energy 21 (2021) 100754

electrodes was evaluated at 2C. The NMTP/C—N exhibits a discharge
capacity of 54.4 mAh/g in the first cycle. After 350 cycles, a
reversible capacity of 47.9 mAh/g can be maintained, which cor-
responds to 88.1% of capacity retention (Fig. 3¢). Charge/discharge

( a) (b) 20
g 4.0 Tbb 0.05 Units: C
=
+ < 9 1%, 0.1
S 361 g Rz, 0.2
o = % 0.5
E 324 2 “‘l#aa 1
> 502 —/Lj\ é 604
= 3
2.8 = <
() 2 00 o
g g g
S 244 02 ‘g 30 —o—NMTP/C-N
> ’ & —a—NMTP/C
2.04 0 28 32 36 40 %)
Voltage / V (vs. Na'/Na) 0
0 20 40 60 80 100 0 10 20 30 80 100 120 140
( C) Specific capacity / mAh g Cycle number
. S 44 e
_ 1 +Z 20 11 0.00 the Ist cycle
' < 4 .
;1) 200 4 Z 2 the 350th cycle
< g 36 the Ist cycle ~ 002
=} bl the 350th cycle %
~ i > 32 S 004
2 © 53 3
£ %2
3 = -0.06
=3 S 24
S 100 Z 0 20 40 60 80 100 24 28 32 36 40
= Specific capacity / mAh g’! Voltage / V (vs. Na*/Na)
k3
(5]
<3
)
@ Charge @ Discharge Current density: 2 C
0 — : T : T . I ; : , T . T .

0 50 100 150

200 250 300 350

Cycle number

(d) (e .
= 244 o) Units: C
Z =
ET E 600,059
< 2 L 10205, - 0.2
g 04 2 a2 2
Z 184/ -0 S 454 s
P EN /A g w3
° Z 00 S
Ps{ g g 301 o
S 02 5 —o—NMTP/C-N
Ty 3 —o—NMTP/C
. 16 18 20 22 24 @ 154
Vollagc/V (vs. Na /Na)
0 10 20 30 40 50 60 0 10 20 30 80 100 120 140
(Q Specific capacity / mAh g”! Cycle number
00 — v
o o . i
- 1 & 11
P T 2.4 5 0.0
: P :
S = -
< 221 S ol
= > 3
> ; 1.8 g -0.2 | 1
B | ) the 1st 1 the Ist cycle
é 100 __2 s e gofﬁ;clc 0.3 the 350th cycle
<
R Z 6 Tlo 20 30 40 30 6 1’5 18 21 24
- Specific capacity / mAh g’! Voltage / V (vs. Na"/Na)
2
=z - .
@ Disharge @ Charge Current density: 2 C
0 . . . : . ; : : . . .
0 50 100 150 200 250 300 350

Cycle number

Fig. 3. Electrochemical performances of the NMTP-C and NMTP/C—N materials as both the cathode and anode. (a) Galvanostatic charge/discharge curves of NMTP/C—N in the first
cycle at 0.05C as a cathode and their dQ/dV plots. (b) Rate performance and cycling stability of the cathodes at different C-rate. (c) Capacity of the cathode during 350 cycles at 2C
and the insets are charge/discharge profiles (i) and the dQ/dV plots (ii) of the 1st and 350th cycle. (d) Galvanostatic charge/discharge curves of NMTP/C—N in the first cycle at 0.05C
as an anode and their dQ/dV plots. (e) Rate performance and cycling stability of the anodes at different C-rate. (f) Capacity of the anode during 350 cycles at 2C and the insets are

charge/discharge profiles (i) and the dQ/dV plots (ii) of the 1st and 500th cycle.
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curves of the cathode in the first and 350th cycle coupled with their
discharge dQ/dV plots were plotted in the inset. The dQ/dV patterns
show that the main redox peaks shift left slightly, indicating a
reduced working potential of the material after 350 cycles, which
can also be seen from its discharge curves.

As an anode for NazMnTi(POg4)3, only one sodium-ion per for-
mula can participate in the insertion/extraction reaction, contrib-
uting a theoretical capacity of 58.7 mAh/g. To match the cathode,
here, a current density of 1C was set as 100 mA/g. As shown in
Fig. 3d, the NMTP/C—N delivers a charge capacity of 54.0 mAh/g at
0.05C. In addition, the initial Coulombic efficiency (ICE) is
approaching 96.4%. Such high ICE is vitally important in full cell
systems [36,37]. Its charge/discharge profiles demonstrate only one
voltage plateau at 2.16/2.15 V, which is based on the redox of Ti>*/
Ti*t. The rate capability of the materials was also investigated. As
shown in Fig. 3e, the NMTP/C—N anodes exhibit excellent rate
capability, with a charge capacity of 54.2, 53.4, 52.7, 51.8, 49.9, and
45.7 mAh/g at 0.05, 0.1, 0.2, 0.5, 1, and 2C, respectively. Even at the
high current density of 5C, its charge capacity remains 38.4 mAh/g.
When the current density turns back to 0.2C, the specific capacity of
the electrode recovers to 52.5 mAh/g and maintains 99% of its initial
charge capacity after 100 cycles, demonstrating outstanding rate
performance and structural stability. In the case of NMTP/C, despite
good cycling stability at 0.2C, its charge capacity is lower than
NMTP/C—N at various C-rates. The NMTP/C—N anode also demon-
strates superior long cycling stability. As shown in Fig. 3f, the anode
exhibits a charge capacity of 45.5 mAh/g in the first cycle at 2C.
After 350 cycles, there is still 93.2% of its initial charge capacity
remained. The charge/discharge curves (inset i in Fig. 3f) present
unchangeable working potentials of the electrode, which is further
confirmed by the dQ/dV plots (inset ii in Fig. 3f). The N-doped
carbon matrix is key to such good performance. Firstly, the N-
doped carbon matrix has higher electronic conductivity, leading to
better rate capability. Besides, the carbon material can protect the
NMTP from contacting with electrolytes to avoid side reactions.
Furthermore, it helps to mitigate the stress caused by the volume
change of the NMTP during the repeated sodium-ion intercalation/
deintercalation, and thus inhibiting structural degradation of the
electrode [38,39].

Generally, sodium storage mechanism includes the non-Faradic
double layer effect, Faradaic diffusion-controlled sodium-ion
insertion/extraction reactions, and redox-reaction-based [40,41]. In
the case of NMTP/C—N, the contribution of pseudocapacitance
should be considered because the N-doped carbon can offer more
active sides and defects on the surface of the materials for sodium
storage. To understand the sodium storage mechanism, the pseu-
docapacitance contribution of the NMTP/C—N and NMTP/C was
calculated based on their cyclic voltammetry (CV) plots at different
scan rates from 0.1 to 0.5 mV/s (Fig. 4a—f). The cathodes exhibit four
peaks noted as M1, M1/, M2, and M2’ during the cathodic and
anodic processes, whereas the anodes appear two peaks marked as
T1 and T1'. The calculation was according to the following Equa-
tions (1) and (2) [42,43]:

i=avb @)
logi=b x log v + log aw (2)

here i represents current density, v stands for scan rate, and both a
and b are adjustable parameters. For a typical diffusion-controlled
reaction, the value of b is 0.5, whereas for an ideal capacitive pro-
cess, b is 1 [44]. As shown in Fig. 4c and f, b-values for M1, M1/, M2,
M2’, T1, and T1’ are 0.69, 0.65, 0.81, 0.53, 0.74, and 0.77, respec-
tively. All b-values are >0.5, indicating the pseudocapacitance
behavior in NMTP/C—N, and since the b-values for the anode are
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mostly larger than the cathode, the anode is supposed to possess a
larger degree of pseudocapacitance. As shown in Fig. 4g and h, the
pseudocapacitance increases as the scan rate increase. The contri-
bution of pseudocapacitance was calculated to be 51.4% under the
scan rate of 0.5 mV/s for the cathode (Fig. 4c) and 68.3% for the
anode (Fig. 4f). Therefore, it can be deduced that the satisfactory
high-rate performance of the NMTP/C—N should attribute to the
pseudocapacitance. As the NMTP/C—N shows higher pseudocapa-
citance contribution than that of the NMTP/C, the N-doped carbon
matrix with abundant defects and porous structure is key to the
enhanced pseudocapacitance.

Although the enhanced pseudocapacitance in carbon-modified
composite materials has been discovered in several previous liter-
ature, few explained the mechanism, which is very important for
material design. To better understand the role of N-defects in car-
bon materials toward the enhanced pseudocapacitance and reac-
tion kinetics, the density functional theory (DFT) calculations were
used. The adsorption energies of Na on various N-defect sites,
which are determined by XPS spectra of N 1s (Fig. 2c), were studied.
As shown in Fig. 5a—d, the Na adsorption energies on graphitic-N,
pyridinic-N, and pyrrolic-N are —3.014, —3.180, and —3.503 eV,
respectively, which are much smaller than that of the graphitic-C
(=1.191 eV). Therefore, it can be deduced that the N-defects can
facilitate Na adsorption on the surface of the carbon matrix. To
trigger a redox reaction, Na should pass through the carbon matrix
and react with the NMTP active materials. The energy barriers of Na
passing through carbon should be as low as possible to ensure fast
sodium diffusion and redox reactions. The models of Na passing
through various N-vacancy (NV) defects are studied. For compari-
son, similar carbon defects (CV) are also studied. As depicted in
Figs. 5f,g and S4, it shows that compared to the high energy barrier
of 20.692 eV for graphitic-C, the introduction of pyridinic-NV and
pyrrolic-NV defects significantly reduce the energy barriers to
7.296 and 3.467 eV, respectively. Besides, the energy barriers for Na
passing through pyridinic-CV and pyrrolic-CV defects are higher.
Therefore, the existence of an N atom is important for facile sodium
diffusion. Lower energy barriers for sodium diffusion greatly facil-
itate the sodium storage process. The apparent diffusion co-
efficients (Dnay) were calculated based on Fig. S5, and the
calculation results are listed in Tables S1 and S2 (for calculation
details please see Supplementary Material). It shows that the
NMTP/C—N demonstrates a larger Dy, than the NMTP/C sample.
The Dy, varies between 2.38 x 10~ and 9.49 x 10710 for NMTP/
C—N, which is comparable and even better than some other carbon-
modified NASICON-structured materials [45—48]. The greatly
improved charge-transfer and sodium-diffusion kinetics in NMTP/
C—N were also verified by the electrochemical impedance spec-
troscopy, as demonstrated in Fig. S6. So, the stronger adsorption
and low energy barriers of N-defects synergistically enhanced the
pseudocapacitance and reaction kinetics of the materials for so-
dium storage.

It is worth noting that, the contribution of pseudocapacitance is
important for the high-rate capability and long cycling capacity
retention of electrode materials. With the enhanced pseudocapa-
citance effect and reaction kinetics, NMTP/C—N is capable to be
used as a promising bifunctional electrode material for symmetric
batteries. A non-aqueous symmetric full cell using this NMTP/C—N
material as both the cathode and anode was assembled to show its
feasibility for practical utilizations (Fig. 6a,b). An organic solution of
1 M NaClO4 in PC with 5% FEC was used as the electrolyte. Ac-
cording to the charge/discharge curves in Fig. 6¢, the NMTP/C—N
full cell can deliver charge and discharge capacities of 108.0 and
91.8 mAh/g, respectively, at 0.05C, with a high ICE of reaching
85.0%. The capacities were calculated based on the cathode. The
corresponding dQ/dV plots demonstrate two pairs of symmetric
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Fig. 4. Kinetics and the Na* storage mechanism analysis. (a) CV plots of the NMTP/C—N and (b) NMTP/C at different scan rates within the voltage range of 2.5—4.2 V. (c) The log (i)
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states. The inset shows the calculated pseudocapacitance (red) of NMTP/C—N anode based on the CV curve at the scan rate of 0.5 mV/s. (g) Capacitance contribution of NMTP/C—N
and NMTP/C at different scan rates as the cathode and (h) anode materials, respectively.

redox potentials at 1.42/1.34 and 1.92/1.88 V, which are derived
from the voltage difference between Mn®*/Mn>*, Mn>*/Mn**, and
Ti**|Ti3*, respectively. Working voltage (the average working

voltage is 1.35 V) and specific capacity of the full cell are higher than
its aqueous counterpart, enabling higher energy density of this
system (123 Wh/kg). Rate performance of the full cell was
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Fig. 5. DFT calculations of Na adsorption and diffusion energies in the carbon matrix. The atomic bonding structures between Na and (a) graphitic-C, (b) graphitic-N, (c) pyridinic-N,
(d) pyrrolic-N, and (e) their corresponding adsorption energies with Na. (f) The model of Na passing through pyrrolic-NV defects and (g) pyrrolic-CV defects. (h) Energy barriers of
Na passing through various defect structures. In these atomic structures, the brown, grey, and yellow balls represent C, N, and Na atoms, respectively.
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presented in Fig. 6d, where the NMTP/C—N full cell exhibited
discharge capacities of 91.5, 82.7, 74.3, 64.9, 54.3, and 36.9 mAh/g at
current densities of 0.05, 0.1, 0.2, 0.5, 1, and 2C, respectively. The
energy and power densities of the NMTP/C—N full cell are illus-
trated in Fig. S7. Note that the NMTP/C—N presents outstanding
cycling stability. After 400 cycles at 1C, it can retain a reversible
capacity of 40.3 mAh/g, corresponding to 70.9% of its initial capacity
(Fig. 6e). The satisfactory sodium storage capability may owe itself
to characters of the symmetric systems, which can mitigate volume
changes during the repeated sodium exchange. In addition, the N-
doped carbon matrix with enhanced electronic conductivity,
pseudocapacitance, and the NASICON-structured material with fast
ion conductivity are also significantly important.

3. Conclusion

In summary, by embedding NasMnTi(PO4)3 particulates in the
N-doped carbon matrix, reaction kinetics and pseudocapacitance of
NasMnTi(PO4)3 are effectively improved, and thus the NMTP/C—N
material achieves a higher capacity and better rate performance.
When assembled as a symmetric full cell, the NMTP/C—N full cell
demonstrates a reversible capacity of 91.8 mAh/g and a good
cycling stability of 70.9% of capacity retention after 400 cycles at 1C.
It is found that the introduction of N species not only increases
electronic conductivity, but also causes abundant active sites and

defects structure, which is beneficial to adsorb sodium-ions and
reducing the energy barrier for sodium-ion passing through the
carbon layer for a redox reaction, enabling enhanced pseudocapa-
citance effect. This work not only provided a promising bifunctional
electrode material, but also deepens our understanding of mate-
rials design for enhanced pseudocapacitance and electrochemical
performances.
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