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Abstract

Nasicon type, Mg s.x2Si>«Ali(PO4); was synthesized using citric acid assisted sol-gel method. The X-ray diffraction was applied to investigate
the effect of extra Mg?" interstitial ion on the phase, unit cell parameters and structure of the samples. The Mg 625Si1.75Alp25(PO4); sample exhibited
highest bulk conductivity value of 1.54 x 10™* S cm™ at ambient temperature. The frequency dependence of the o, of these ceramic electrolytes
follows the universal power law variation, G,. (®) = G, + A®w”. The conductivity parameters such as hopping frequencies, charge carrier concen-
tration and mobile ion concentration proved that the increase in conductivity with x was due to the existence of Mg*" interstitial ions. The
experiment results also revealed that the dielectric constant and dielectric loss decreased with frequency. The Mg 625511 75Aly25(PO4); was found

to be electrochemically stable up to 2.51 V at ambient temperature.

© 2017 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Magnesium batteries have recently attracted great interest
due to their high energy density and environmentally friendly
components [ 1]. Theoretically, these Mg batteries can offer high
volumetric specific capacity compared to lithium (3833 mAh/
cm® for Mg vs. 2046 mAh/cm® for Li) [1]. Considering all these
aspects, it is clear that magnesium battery systems could offer
a significantly cheaper, safer and better-performing battery
option in contrast to lithium [1]. Despite these attractive attri-
butes of Mg batteries, there are several challenges pertaining to
the use of cathodes, electrolytes and anodes. With respect to
electrolytes, the magnesium electrolytes’ compound has to
show high ionic conductivity, large enough interstitial void and
high structural stability based on 3D framework [2].

There are only a limited number of works on the use of
magnesium as an electrolyte in magnesium batteries. This is
due to the (i) difficulty for the divalent Mg-ion to diffuse in
solid electrolytes compared to the monovalent Li-ion, (ii)
narrow electrical window of electrolytes used for Mg-ion elec-
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trochemical activity and finally (iii) relatively low specific
energy of magnesium ion batteries compared to its lithium
counterpart [3]. Anuar et al started to synthesize magnesium
electrolytes based on Nasicon type, MgosZr(POs); [2].
However, the Nasicon’s lattice size was too large making the
structure unstable. To overcome this problem, the authors
replaced Zr** with Si** as reported in an early paper [4] in order
to reduce the lattice size of the Nasicon’s structure. The con-
ductivity of MgosSi»(POs); solid electrolytes is an order of
magnitude higher than the Mg, sZr,(PO,); solid electrolytes.
The conductivity of the Nasicon materials can also be
improved by modifying their unit cell dimension and ion con-
centration (interstitial ion and vacant site) [5—7]. Therefore, in
the effort to enhance the conductivity of previous
Mg, sSia(PO4); compound, the authors substituted AI** at the
Si** site (Si* <> AI** + 1/2Mg*) in order to create Mg** inter-
stitial ions in the lattice site to obtain compounds with formula
Mgo s:x2S12xAl(PO4)s. To the best of our knowledge, no studies
on the use of AI** as conductivity enhancing agent in the
Mg 5Si>(POs4); compound have been reported in the literature.
In this paper, the effects of Mg®" interstitial ion on the
structural, electrical and electrochemical properties of the
Mg s4x2S12xAl(PO4); compound prepared by the sol-gel method
were investigated. For this purpose, the Mgo s.x2Si>xAl(PO4)s
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samples were subjected to X-ray diffraction, scanning electron
microscopy, particle size, impedance spectroscopy and linear
sweep voltammetry analysis.

2. Experimental procedure
2.1. Synthesis of Mgy.s51,Si:-AL(POy); samples

For sample preparation, magnesium acetate tethrahydrate
(C4sHeMgO4+4H,0), tetraethyl orthosilicate (SiCgH2004), alumi-
num acetate (CsHoAlOg) and ammonium phosphate monobasic
(H¢NO4P) were used as the starting materials. Meanwhile citric
acid (C¢HsO-) was employed as the chelating agent. The molar
ratio of Mg:Si:Al:P:O was determined based on the stoichio-
metric formula of Mg s.x»Si>«Al(PO4); with x=0.10, 0.15,
0.20 and 0.25. The starting materials were first dissolved sepa-
rately in distilled water and then stirred for 1 h under magnetic
stirring at a temperature of 30 °C. All of the solutions were
mixed together and stirred in a reflux system at 70 °C for 24 h
to form a homogeneous solution. The solution was taken out
and then evaporated for at least 7 h under magnetic stirring at
80 °C. The resulting wet gel was dried in a vacuum oven at
150 °C for 24 h to remove water particles and organic resis-
tance. The obtained powder was heated at 400 °C for 4 h to
remove ammonium and acetate groups. The powders obtained
were pressed using a Specac pellet press at 3 tons pressure to
form pellets with mass, diameter, thickness, and density of
0.5¢g, 13 mm, 2 mm and 1.88 g/cm, respectively. Eventually,
the samples were later annealed at sintering temperatures of
800 °C for 4 h.

2.2. Characterization techniques

The X-ray powder diffraction analysis was carried out using
PANalytical-X’pert’ X-ray diffractometer with Cu-Ko. radia-
tion of wavelength of 1.5406 A in 20 range from 10° to 40°.
Then, the monoclinic lattice parameters of the samples were
calculated using the formula [8]:

2 2 qin2 2
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and
A
d= ()
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where d is the distance between crystal planes of (hkl), A is the
X-ray wavelength, 0 is the diffraction angle of crystal plane, 4kl
is the crystal index, a, b and c¢ are the lattice parameters and 3
is the angle between a and c. A Zeiss-Evo MA10 scanning
electron microscope was used to conduct morphological
analysis of the Mgp s.x2S1,xAlx(PO4); powders. The particle size
information of the ceramic samples was acquired using
FRITSCH-Analysette 22 NanoTec laser particle sizer at room
temperature. The density (p) was also calculated from the mass
and sample dimensions using following equations [9,10],

m
— 3
p it G)

where m is the mass, r is the radius and ¢ is the thickness of the
pallet. Complex impedance parameters (i.e. impedance and
phase angle parameters) were measured with a computer-
controlled Solatron 1260 impedance analyzer. The samples
were sandwiched between platinum electrodes which served as
non-blocking electrodes in a frequency range from 0.1 to
10° Hz. The total conductivity, o; (bulk conductivity, o, + grain
boundary conductivity, 0y,) which represents the direct current
(dc) conductivity in the ceramic sample was calculated using
the equation:

L=L+L 4)

O, O, Oy

d d
where 6, =——and 0, =——
AR, AR,
In these equations, d is the sample thickness, A is the cross-
sectional area of the sample, R, is the bulk resistance and Ry is
the grain boundary resistance. Ac conductivity has been evalu-

ated from dielectric data in accordance with the relation:
0, = WE,£”tan (5)

where ¢, is the permittivity of the free space (8.854 x 107"
Fem™), ®=27f ¢ is the dielectric loss and tan & is the loss
tangent factor. The electrochemical stability of the studied
samples was evaluated by LSV using Wonatech ZIVE MP2
multichannel electrochemical workstation. The samples were
placed between two stainless steel blocking electrodes and a
potential current of 0.5 V was applied in order to polarize them.
The current was then monitored as a function of time until it
reached a steady state condition.

Magnesium transference number measurement was per-
formed using Bruce and Vincent method in order to determine
the actual type of charge carriers. The magnesium transference
number (Tv,>*) was calculated using the equation [10,11]:

I, (AV -I,R,)
T = 6
Mg T (AV —I,R,,) ©)

where I, is initial current (¢ =0), I is steady state current, R,
and R are the initial resistance of the passive layer (before
polarization) and the resistance of the passive layer (after
polarization) respectively and AV is applied voltage bias
(AV=0.27V).

3. Result and discussion

Presented in Fig. 1 is the XRD spectra of
Mg 54x2512xAl(PO4)s (x = 0.10, 0.15, 0.20 and 0.25) samples.
All of the samples exhibit sharp diffraction peaks attributed
only to Mg six»Si>xAl(PO4); which proves that all compounds
were pure. The XRD spectra of the samples were indexed to
monoclinic structure with a space group of P/2,/cl. All of the
Mgo six2S12xAl(PO4)s peaks are sharp and well defined, indi-
cating that the samples are generally well crystallized.

There are synchronizations between the result of lattice
parameters, crystallite size, density and volume of the samples
which increase with the increase of x as shown in Table 1. The
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Fig. 1. X-ray diffractograms Mgy s:x»Si>»xAl(POy); samples.

increase of Mg-ion interstitial was found to affect the structures
of the ceramic compounds. The increase in the unit cell volume
is attributed to the larger atomic size of AI** than Si** and due to
the existence of additional interstitial Mg>* ion after successful
partial substituted process in the samples. It is also shown that
the density of all compounds have been decreasing after the
sintering process. This is because of the thermal shrinkage
process in sol-gel method [12]. Meanwhile, the increase in the
crystallite size is due to the grain growth process on the samples
[13,14].

SEM micrographs and particle size distributions of the
Mg 54x2812xAl(PO4); (x=0.10, 0.15, 0.20 and 0.25) samples
are displayed in Fig. 2 and Fig. 3 respectively. SEM micro-
graphs show that the particle size increases from x =0.10 to
x =0.25. Meanwhile, Fig. 3 clearly shows that the size of the
particles in Mg s.x2Si,xAlx(PO4); samples increases with the
increase of x. As the x increases, the average size of the particles
in the Mg s.x2Six«Al(POs); samples increases from 35.7 wm to
58.9 um.

The impedance plots of the Mg s.x2Si>xAl(PO4)s (x = 0.10,
0.15, 0.20 and 0.25) samples are shown in Fig. 4. The imped-
ance plot for every sample consists of two overlapping semi-
circles with a titled spike at low frequency region. The high
frequency semicircle is ascribed to bulk response with its

Table 1
Lattice parameters, unit cell volume, crystallite size and density of
Mg0‘5+x/zsi2,xAlx(PO4)3 samples.

Samples o(A) b(A) (A V(A% Crystallite  Density
size (A) (gem™)
x=0.10 6.707 5.750 12.433 479.496 86.299 1.412
x=0.15 6.720 5.755 12.456 481.687 115.100 1.410
x=0.20 6.733 5.764 12.501 485.172 115.100 1.411
x=0.25 6.740 5.774 12.524 487.327 138.099 1.410

intercept at the x-axis attributed to bulk resistance, Ry, while the
middle frequency semicircle is associated to grain boundary
response with its intercept at the x-axis corresponding to grain
boundary resistance, Ry, [15]. On the other hand, the spike that
can be clearly seen at the low frequency region of the spectra
indicates the effects of electrode polarization as a result of
accumulation of ions between electrode and samples [16].

The complex impedance data obtained experimentally for
the Mgy six2SiaxAL(POs); (x=0.10, 0.15, 0.20 and 0.25)
samples at room temperature may be approximately denoted by
the impedance of an equivalent circuit consisting of bulk resis-
tance (Rp), grain boundary resistance (Ry), bulk, C, (CPE),
grain boundary capacitance Cy, (CPE) and CPE blocking elec-
trode as shown in Fig. 5. Table 2 lists direct current conductivity
values of all Mg six2Si>xAl(PO4); samples calculated using
Eq. (3). The conductivity increases consistently from x =0.10
to x =0.25. The sample with x =0.25 gives the highest bulk
conductivity with value of 1.54 X 10 S cm™' at ambient tem-
perature which is an order of magnitude higher compared to
that of the parent compound, Mg,sSi»(PO4); as reported in
reference [4]. This demonstrates that insertion of AI** slightly
increases the conductivity of this compound by producing addi-
tional interstitial Mg** which increases the number and mobility
of ions.

Fig. 6 presents the graph of log o(ac) versus log w for the
Mg 54x2S12xAl(PO4)s (x =0.10, 0.15, 0.20 and 0.25) samples.
The plot can be divided into three regions; the low frequency,
intermediate frequency and high frequency regions. The spectra
exhibit a spike in low frequency region due to the polarization
effects where the blocking of ions between the sample and
electrode occurs. There is a plateau at the intermediate fre-
quency region and extrapolating it to the y-axis gives the value
of direct current conductivity, og. [17,18]. In this region, the
conductivity is frequency independent and the o4 values are
found to be in good agreement with the values listed in Table 2.
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Fig. 2. Cross-sectional SEM micrographs of the Mgy s.x»Si>xAl\(PO4); samples with (a) x = 0.10, (b) x=0.15, (¢) x =0.20 and (d) x = 0.25.

100 - 5 100
90 90
80 (a) -4 B (b)
— 70 slle ™ 3
X e . 3R R w0 @
= . 8 | B4 o 2
< = AverageSize:35.7 um 2|l =| Average Size : 38.3 um g
& 40 r ] & 90 3
[SaE SO w =
20 | 1 20
10 . Hih 10
0.01 - 01 T 10 wo o0 oot 01 o 1 v 10 100 oo
x [pm] x [um]
[/ 255 dQat) — 255 Q300
100 4 100 -
90 (C) E 90 (d)
80 9 & 80
T ol Aver Size : 56.5 §§ B||E - A Size : 58.9 g
=% Average Size : 56.5 pm E £||5 %] Average Size : 58.9 pm 2
5 40 i 8 e | R <
o 4 > o >
30 : 2 S 30 =
10 4 3 f 10
ATt - — - - mmiim!gia ] BB ALA LUULA LS Y D)
0.01 0.1 1 10 100 1000 0.01 0.1 1 1000
x [pm]
2 dQ30) — 252 Q36 | [/A 25340300 —253 Q309 |

Fig. 3. Particle size distribution of the Mgy s.x2Si>xAl(PO4)s

samples with (a) x=0.10, (b) x=10.15, (¢) x=0.20 and (d) x=0.25.
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Fig. 4. Typical complex impedance plots of the Mgy s.x2Si>xAlx(PO,4); samples with (a) x =0.10, (b) x=0.15, (¢) x=0.20 and (d) x = 0.25.
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Fig. 5. Equivalent circuit of Mg s.x»SirAli(PO4); samples based on the
impedance analysis of the samples at room temperature.

Table 2

The 0, 0, and o; of Mg 54x2Sir<Al(PO4); samples at ambient temperature.

Sample x 0,(Sem™) 0y (Sem™) o, (Sem™)

Mg s52SiaxAl(POs);  0.10 127 x 107 5.11x10° 3.65x107°
0.15 294 %107 1.17x 107 8.37x10°
0.20 2.52x107 1.86x 107 1.07x 107
0.25 1.54x 10 3.39%x 107 278 x 107

On the other hand, at high frequency region, the transition from
direct current plateau to alternate current conductivity disper-
sion occurs.

According Almond and co-workers [19], the ionic hopping
@, can be directly obtained from alternate current conductivity
graph. The value of ionic hopping @, can be obtained by
extrapolating, at twice the value of direct current conductivity,
from the vertical axis horizontally toward the graph and then
extrapolating downwards vertical to the horizontal axis as
shown in Fig. 6. Using the ®, value, the magnitude of the charge
carrier concentration, K can be calculated using the equation as
follows [20,21]:

ol
o 2
P
K =ne*a*yk™ (8)

where e is electron charge, yis correlation factor which is set
equal to 1, and « is the jump distance between two adjacent sites
for the ions to hop that is assumed to be 3 A [22]. The density
of mobile ions (Mg?"), n, can be determined using Eq. (8), and
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Fig. 6. Alternate current conductivity spectra of the Mgy s.x2Si,xAL(PO4); samples with (a) x =0.10, (b) x =0.15, (¢) x =0.20 and (d) x = 0.25.

k is the Boltzmann constant. The ionic mobility, y can be
evaluated using Eq. (9):

p="2 ©)
ne

The values of w,, K, n and u at room temperature studied for
Mgo s:x2S12xAl(PO4); compounds are presented in Table 3. The
values of @,, K, n and u increase with the increase in x. This
means that the rise in conductivity in the samples can be attrib-
uted to the extra Mg?* interstitial ion which rises in ionic mobil-
ity as well as density of mobile ions [22-24].

Fig. 7 depicts the dielectric constant (&) versus log f for
different x value of Mgy s.x2Si,xAli(PO4); samples. At low fre-
quency region, the value of €’ increases with the increase of x.
This is due to the contribution of charge carrier accumulation at
the interface of the sample and electrode [19-22]. This &’ value
is greater than the value in parent compound, Mg sSi>(PO,); as
reported in reference [4]. It is proving that, the substitutions of
APP* at the Si** lattice site (Si*" <> AP + 1/2Mg*") affected the
number of charge carrier in the sample.

Fig. 8 shows the graph of dielectric loss (¢’') of
Mg 5:x2S12xAl(POs)5 as a function of log fat different value of

Table 3
Value of @, K, n and u at room temperatures for Mg s.2SizxAl(PO4)3
samples.

Sample @, (Hz) K@Sem!'KHz") nx10%(em?) p(em?V'sh)
x=0.10 2.69x10° 4.11x107"° 1.54 1.48 x 10710
x=0.15 339x10° 7.48x107" 2.80 1.87x 1071
x=020 427x10° 7.60x107'° 2.84 2.35%x 1071
x=025 227x107 7.97x107" 7.39 2.35x107%

x. The €’ values also increase with the increase of x at low
frequency region. It’s because, when the x value increases, the
large amount of Mg?* interstitial ions is created. The increase of
Mg interstitial ions results in high electrical energy loss due to
the migration of ion to the surface of the sample which
increases the value of €'’ [22-25].

Fig. 9 presents the plot of frequency dependence of tan
6=¢"’/ € at different x. The plot shows a peaking behavior for
all x. As the x increases, the tan § peaks are shifted toward
higher frequency. The angular frequency @ (@ = 27 f..x) which

3.0E406
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=
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Fig. 7. Plot of dielectric constant (¢’) as a function of log f of the
Mg 5:x2512xAl(POy); samples with (a) x =0.10, (b) x =0.15, (c) x =0.20 and
(d) x=0.25.
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corresponds to maximum tan & gives the relaxation times 7,
from the relation [24,25].

O T=1 (10)

The relaxation times, 7 is inversely proportional to jumping
probability P which is expressed as [24,25]:

c=1p (11)

The 7 for the samples with x =0.10, 0.15, 0.20 and 0.25 are
1.71 x 10°, 2.15x 10%, 428 x 10° and 4.28 x 10* Hz respec-
tively. The results demonstrate that the ions in the sample
x=0.25 had the highest jumping probability. This value is
higher compared to the 7 value in parent compound,
Mg sSix(POs); (3.8 x 10* Hz) as reported in reference [4]. Its

Fig. 10. Linear sweep voltammogram of the Mg s.x2Si>xAli(PO4); samples
with x = 0.25 with a sweep rate of 50 mV s,

demostrated extra Mg?* interstitial ion affected the jumping
probability of ions in the sample.

Linear sweep voltammetry was employed in this work
to examine the decomposition voltage of the
Mg six2S12xAl(PO4)s electrolyte samples. The linear sweep
voltammogram of the Mgy sw2SixxAl(POs); sample with
x =0.25, which is the highest conducting compound is shown in
Fig. 10. The value of voltage stability window of the magne-
sium electrolyte is found to be 2.51 V. This value is acceptable
in magnesium battery system since the standard electrode
potential between magnesium metal is less than 2.37 V [26].

Meanwhile Fig. 11 shows the plot of current vs. time for
Mg/Mg 625S11.75Aly25(PO4)s/Mg cell used for the magnesium
transference number determination. Under a dc polarization of
0.27 V, the current in the both cells exhibits only a small decay
with time. The initial and final steady current for the

20 -

Dilelectric loss (tan &)
= =
S o

w
|

Fig. 9. Frequency dependence of tan & for the Mg s,x2Si>xAl(PO4); samples with (a) x =0.10, (b) x =0.15, (c) x =0.20 and (d) x = 0.25.
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Fig. 11. Plot of current vs. time for Mgy sSi; 75Aly25(PO4); compound.

Mg/Mgo 625Si1.75Al025(PO4)s/Mg cell are [, =4.87 x 10°° A and
I, =4.65x10"°A respectively. The impedance responses of
the cells prior to and after polarization for the Mg/
Mgo_625Si1A75A10A25(PO4)3/Mg cell are R0=20,000Q and
R, =29,000 Q respectively. The value magnesium transfer
number for MgoesSiizsAlo2s(POs); compound is 0.82 and
confirmed the prepared compound was ionic.

4. Conclusion

The effects of Mg?* interstitial ion on the properties of
Mg s:x2S12xAl(PO4); ceramic electrolytes were studied. The
structure of the parent compound was affected by substitution
of AI** and the increase of the Mg®" interstitial ion. Meanwhile,
the conductivity study on room temperature showed an increas-
ing pattern up to 1.54 x 10* S cm™". The conductivity param-
eters such as hopping frequencies, charge carrier concentration
and mobile ion concentration proved that the increase in con-
ductivity with x was due to the increase of the Mg** interstitial
ion. The Mgye2sSiizsAlyos(POs); sample exhibited a stable
voltage window in voltage range of 2.51 V at ambient tempera-
ture. The value of magnesium transference number for the
Mgo625S1175Alo25(PO4); sample was confirmed that the com-
pound was ionic.
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