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Abstract

In the development of battery industry, all-solid-state batteries (ASSB) are considered as a substitution for
conventional lithium battery with various advantages. Na super ion conductor (NASICON) is one of the most
promising solid electrolytes for producing ASSBs. In this study, solid-state reaction method was used to perform
Mn** doping into the popular solid-state electrolyte Na 32r,8i,PO,, (NZSP) system, with the main goal to
improve the electrolyte structure and electrical properties. The XRD results confirmed that NASCION structure
still maintained in the sample, but some impurities were produced including Na,CO; and Zr(HPO,),. AC
impedance results showed that certain amount of Mn-doping is beneficial for improving the room temperature
conductivity of NZSP. The optimal doping amount of Mn is 4 at.%. Thus, the Na;Zr,; o,Mn,, ,sSi,PO,, sample
exhibited the highest conductivity of 7.01 x 107> Sjcm at room temperature with a low activation energy of
0.20eV. DC polarization proved that the sample keeps the properties of ion conductor.
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I. Introduction candidates [6] with high thermal and chemical stability
and high mechanical strength.

Improving the performance of NZSP by modification
is of great significance for the development of Na solid-

SR state batteries [7]. Cation substitution is considered as
[1]. .Howev.er,.the@ are some drawbacks existing In con- 4 hotential approach to optimize the material [8]. In-
ventional lithium-ion batteries such as the limited re- troduction of ions with different radii on Zr** position,

sources or the safety risk, especially the fire hazard of .} 46 §c3* (0.74 A), Y3* (0.89 A), Ca®* (1.0A), La>*
the liquid electrolytes [1]. Therefore, the sodium-ion (1.06 A), Sr** (1.18 A) [8-10] and so on, is a promis-
solid-state batteries begin to emerge into the horizon
recent years, which is promising for the future battery
industry with their outstanding safety performance and
competitive electrochemical properties, especially the
low cost and accessibility [2]. There are serval popular
solid-state electrolyte systems including 8-Al,O,, sul-
phide, polymers etc. [3]. Among them, sodium superi-
onic conductor (NASICON) with the compounds struc-
ture (Na,,,Zr,Si P, O,,, 0 < n < 3), discovered by
Hong et al. [4,5], is one of the most worth-researching

Currently, lithium-ion batteries are widely used in
various industries around the world mainly including
automotives, cell phones, environmental protection, etc.

ing method to expand the ion channel and concentra-
tion of Na*. Zhang et al. [11] introduced La®* ions into
the boundary of Na,Zr,Si,PO,, to form new phases
(Na,La(PO,),, La,0, and LaPO,) enhancing the per-
formance of the battery. He et al. [12] doped Mg** into
Na,Zr,Si,PO,,, improving the boundary of the elec-
trolyte and the conductivity significantly. Jin ef al. [13]
provided different amounts of Na, SiO, additive, and the
addition of 5 wt.% Na,SiO, had shown the highest total
ionic conductivity of 1.45x 1073 S/cm at room tempera-
*Corresponding authors: tel: +86 15202588608, ture. Other ions including Ni2+. [14], Zn** [15] and NbS,+
e-mail: kongyazhou@hyit.edu.cn (Y. Kong) [16] hav.e glready been doped in NZSP, and a high ionic
liuxm7826@ 163.com (X. Liu) conductivity of up to 3.4 x 10~ S/cm at room tempera-
ture was obtained.
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In this paper, Mn** was doped into Na,Zr,Si,PO,,
ceramic matrix to improve its electrical performance
(Mn** and Zr** have the same valence and ionic radii of
0.54and 0.72 A, respectively). The structure and electri-
cal conductivity of modified Na,Zr,Si,PO,, composite
ceramics were measured by X-ray diffraction, scanning
electron microscopy, AC impedance and DC polariza-
tion.

II. Experimental

Mn-doped NASICON ceramics were prepared via
a simple solid-state reaction method with the ref-
erence to Huang ef al. [17-19]. Na,CO; (299.8%,
Xilong Scientific), ZrO, (299.0%, Yongda Chemi-
cal), SiO, (299.0%, Xilong Scientific) and NH,H,PO,
(=99.0%, Yongda Chemical) powders were used as
raw materials, which were weighted according to
the stoichiometric formula of Na,Zr, Mn Si,PO,,
(0 < x < 2). Excess of Na,CO; and NH,H,PO,
of 15wt.% were added into the samples, compen-
sating for the evaporation and the loss during the
high-temperature synthesis process. Four groups of
samples, where Mn*" substituting Zr** in different
amounts, were prepared, i.e. Na;Zr; ooMn,, ;,S1,PO,,
Na,Zr, ysMn,, ,sSi,PO,,, Na,Zr, y,Mn, ;,cSi,PO, and
Na,Zr, (Mn,,Si,PO,,, and denoted as NZSP-0.02Mn,
NZSP-0.05Mn, NZSP-0.08Mn and NZSP-0.10Mn, re-
spectively (together with NZSP-OMn as a reference
sample). Firstly, the ball mill grinding was applied to
mix the raw materials at the speed of 250 rpm for 4 h.
Then the obtained mixture was dried at 65°C for 6h
and calcined at 900 °C in muffle furnace for 12 h. Subse-
quently, the obtained samples were re-ground into pow-
der and pressed into pellet with a 1.5 cm diameter under
a pressure of 10 MPa. Finally, the samples were put into
the muffle furnace and sintered at 1150 °C for 12 h.

Structure of the Mn-doped Na,Zr,Si,PO,, ceramic
samples was analysed by X-ray diffraction (XRD,
D8Discover, German) in the scan range from 10° to
70°. Scanning electron microscopy (SEM, S-3000N,

(a) w1 v Zr(HPO4)2
o | +Na2CO03
ety |13 .+ . + NZSP-0.10Mn
) ) ,w,*,'w e AN MV ]
T
. ¥ x i |
5 [ ‘4 v lv i ’ NZSP-0.08Mn
g‘ ..4..«\_...& u._u}wu wv\b‘ww\/\/\w
5| I e Th . s+ : NZSP-005Mn
e J__Ju A L, e A A A nmn]
. |
o T NZSP-0.02Mn
- A‘\J‘JLJA.JMMW’\/\M’\A At Ao

 Na3ZrSizPO1, (pdf#33-1313)

i . ".|'i' |i||.| | Al

40 50
20/°

20 30

10 60 70

Japan) technique was used to examine the micro-
morphology of the Mn-doped Na,Zr,Si,PO,, ceramic
pellets. AC impedance (HP 4192A) analysis was car-
ried out over 25-100°C and DC polarization analysis
(ADCMT 6243R) was carried out under 2V for 3600 s
at 25 °C.

IT1. Results and discussion

XRD patterns of the Mn-doped NASICON ceramics
pellets sintered at 1150 °C are presented in Fig. 1. The
main peaks of the sample correspond to Na,;Zr,Si,PO,,
phase (PDF #33-1313). Compared with the standard
PDF card, the pattern drifts slightly to the left, which
indicates the success of Mn** doping. The ionic radii of
Na*, Zr** and Si** are about 102, 79 and 42 pm, respec-
tively, whereas the ionic radii of Mn*>* and Mn** are 83
and 67 pm, respectively. It is known from the XRD plots
that the left shift of the peaks indicates the doping of
large radius ions into small radius ion positions, which
is in agreement with the proposed substitution of Zr**
with Mn*" ions. The pattern also shows the presence
of impurities including Zr(HPO,), and Na,CO,, which
can be found through comparing with the standard peak
in test software. The intensities of the XRD peaks re-
veal the crystallization of the sample and demonstrate
that the doping aids the crystallization. Thus, the inten-
sity of the XRD peaks of the NZSP-0.08Mn sample is
the strongest among all samples, which indicates that
this sample has the highest crystallinity.

Figure 2 shows the fracture morphologies of the Mn-
doped NZSP electrolytes. The dense structure can be
observed in the NZSP and Mn-doped NZSP ceramic
samples. It can be seen from Fig. 2e that the grain size
distribution of the NZSP ceramics is inhomogeneous.
SEM images of the Mn-doped NZSP ceramics (Figs.
2a-d) show uniform microstructure compared with the
reference NZSP sample. It can be observed that average
grain size in the samples sintered at 1150 °C is 5-10 um.
The dense structure proves that the doping Mn into the
NZSP has beneficial influence on sintering process.
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Figure 1. XRD patterns of: a) Mn doped NZSP and b) pure NZSP ceramic pellets sintered at 1150 °C
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Figure 2. SEM images of the sintered electrolytes: a) NZSP-0.02Mn, b) NZSP-0.05Mn, ¢) NZSP-0.08Mn, d) NZSP-0.10Mn and

e) NZSP-0Mn
-5000 - N -3000
/ [ ]
ﬁf ) (0) NZSP-OMn '_
4000 : / "
y !
/
4 -2000
-3000
g g
N 2000 N
-1000
= NZSP-0.02 Mn
-1000 —e—NZSP-0.05 Mn
4 NZSP-0.08 Mn
—v—NZSP-0.10 Mn
0 L 1 " 1 " 1 L 1 0 N 1 " 1 n 1
0 2000 4000 6000 8000 10000 0 1000 2000 3000 4000
Z'f kO Z'f k2

Figure 3. Nyquist plots of ceramic pellets: a) NZSP-0.02Mn, NZSP-0.05Mn, NZSP-0.08Mn, NZSP-0.10Mn and b) NZSP-0Mn

Figure 3 shows the results of AC impedance analysis.
Before the test every pellet was covered by graphite on
both sides to act as electrode. Graphite is a typical Na*
blocking electrode. The sample was all set in an incuba-
tor to create a stale-temperature environment. The stan-
dard graph of every ceramic sample contains a semicir-
cle in high frequency range and an oblique line in low
frequency range. The intersection with the real x-axis
represents the total resistance of the sample (R). The in-
tersection of the NZSP-0.08Mn electrolyte was found
to be the smallest among all samples, which means this
sample has low resistance and high ionic conductivity.

The total conductivity o of each sample was calcu-
lated by using the following formula:

d

TR

D

where d is the thickness of ceramic pellet and S is the
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single-surface area of carbon electrode on the pellet.
The results were listed in Table 1. The conductivity of
the NZSP-OMn sample is 6.28 x 10~ S/cm at room tem-
perature. The conductivity of the NZSP-0.08Mn is the
highest, i.e. 7.01 X 1073 S/cm, while the NZSP-0.02Mn,
NZSP-0.05Mn, NZSP-0.10Mn electrolytes have con-
ductivities of 5.86 x 107, 5.45 x 107> and 3.71 X
107> S/cm, respectively. According to the literature data
[20] the maximum total conductivity of Ge-doped NA-

Table 1. Conductivity and activation energy of ceramic

samples
Sample Trotal [S/em] 0 [S/em]  E, eV]
NZSP-OMn 6.28x 107 6.57x107'°  0.15
NZSP-0.02Mn 5.86x 10> 2.80x 1077 0.22
NZSP-0.05Mn 5.45x107° 9.78x 1078 0.24
NZSP-0.08Mn 7.01x 107> 2.62x 1077 0.20
NZSP-0.10Mn 3.71x 107> 1.05x 1077 0.10
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Figure 4. The Arrhenius plots of conductivity for
ceramic pellets

SICON at room temperature was 1.4x 107> S/cm. On the
other hand, by partially replacing Zr** with Ca>*, the
conductivity of Ca-doped NZSP (prepared by sol-gel
method and sintering) was improved to 1.67x 1073 S/cm
[21,22].

Figure 4 shows the Arrhenius plots of all ceramic pel-
lets. The conductivity of samples was measured at dif-
ferent temperatures (40, 60, 80 and 100 °C). The activa-
tion energy can be obtained from the measured data by
using the Arrhenius equation:

E,
O-'TZO-OGXP(_KB-TQ) 2)
The natural logarithm on both sides gives:
In(c-T)=Ilnoy— — 3
(o T) = Inoy = 2~ 3
Setting y = In(o - T) and K = 1/(Kp - T) yields:
V=A-E,-K )

where o is the conductivity of the sample, T the tem-
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perature, oy denotes the finger forward factor, E, is the
activation energy, Kp is the Boltzmann constant and 7
is the initial temperature.

Activation energies of the ceramic samples are listed
in Table 1. The activation energy values range from
0.15 to 0.24eV which are comparable with the tradi-
tional solid electrolyte. The NZSP-0.05Mn ceramics has
the highest activation energy of 0.24 eV and the NZSP-
0.10Mn electrolyte has the lowest activation energy of
0.10eV, which is not much different from that of the
NZSP-OMn sample. The results show that Mn-doping
did not significantly affect the activation energy, but
is beneficial to improve the electrical properties of the
NZSP ceramics.

An optimal solid electrolyte should have a low elec-
tronic conductivity to avoid short circuit through elec-
trolyte. Figure 5 shows the DC polarization plots for the
electronic conductivity of the prepared ceramics. With
the increase of polarization time, the current of every
pellet decreases continuously. The current still keeps a
steady state after 3600 s. Electronic conductivity can be
calculated by the following equation:

d-1

Tele g )

where o, is electronic conductivity, d is the thick-
ness of ceramic pellet, I is the final steady state cur-
rent shown in Fig. 5 and U is the polarization voltage
applied for the test (5V in this experiment). The re-
sults presented in Table 1 confirm that Mn-doping ob-
viously improves the electronic conductivity and for
the NZSP-0.02Mn, NZSP-0.05Mn, NZSP-0.08Mn and
NZSP-0.10Mn samples the electronic conductivity ac-
counted for 0.48%, 0.18%, 0.37% and 0.28% of the total
conductivity, respectively, whereas the NZSP-OMn only
accounted for 0.001%. This is a bad effect for a solid
electrolyte. However, this proportion is still three orders
of magnitude lower than the total conductivity and this
indicates that Mn doped NZSP ceramics are still mainly
an ion conductor.
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Figure 5. DC polarization current-time curves of NZSP-0.02Mn, NZSP-0.05Mn, NZSP-0.08Mn, NZSP-0.10Mn
and NZSP-0Mn ceramics
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IV. Conclusions

This paper studied the effect of Mn*" doping
into Na,Zr,Si,PO,, solid electrolyte material and the
enhancement of the ionic conductivity, morphology
and microstructure. XRD results confirm that the
main peaks of the sintered sample correspond to
Na,Zr,Si,PO,, phase and are slightly shifted to the
left indicating successful Mn-doping. The dense struc-
ture in the Mn-doped NZSP ceramic samples was ob-
served by SEM. It can be found that the modification
with Mn** ions promotes the ionic conductivity up to
7.01 x 1073 S/cm and gives low activation energy of
0.20 eV. DC polarization indicates that, even doping ob-
viously improves the electronic conductivity, the Mn-
doped NZSP ceramics are still ion conductor. This co-
assisting method provides a promising strategy for fur-
ther research about improving the ionic conductivity of
solid electrolyte, which is beneficial for the develop-
ment of all-solid-state batteries.
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