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Abstract: Ionic conductivity is one of the crucial parameters for inorganic solid-state electrolytes. To explore the
relationship between porosity and ionic conductivity, a series of Lis4GaoLasZr,O1» garnet type solid-state electrolytes
with different porosities were prepared via solid-state reaction. Based on the quantified data, an empirical decay
relationship was summarized and discussed by means of mathematical model and dimensional analysis method. It
suggests that open porosity causes ionic conductivity to decrease exponentially. The pre-exponential factor obeys the
Arrhenius Law quite well with the activation energy of 0.23 eV, and the decay constant is averaged to be 2.62%. While
the closed porosity causes ionic conductivity to decrease linearly. The slope and intercept of this linear pattern also obey
the Arrhenius Law and the activation energies are 0.24 and 0.27 eV, respectively. Moreover, the total porosity is linearly
dependent on the open porosity, and different sintering conditions will lead to different linear patterns with different
slopes and intercepts.
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organic solid-state electrolytes, inorganic solid-state
electrolytes are superior in terms of ionic
conductivity and electrochemical window and have

1 Introduction

Lithium-ion batteries are marvelous electro-
chemical energy-storage devices which have been
widely applied in portable electronic devices and
possess great potential for the large-scale
application in electric transportation and smart grid
areas [1—3]. However, the current energy density of
lithium-ion batteries cannot satisfy the increasing
demand [4—6]. One of the promising methods to
further safely improve its energy density is to
develop solid-state lithium-ion batteries [7,8].
Solid-state electrolytes lie at the heart of the
solid-state battery concept [9,10]. Compared with

great potential to be utilized in solid-state lithium-
ion batteries [11,12].

Ionic conductivity is one of the -crucial
parameters for inorganic solid-state electrolytes [13].
Generally speaking, denser electrolytes exhibit
higher ionic conductivity. For argyrodite type
LigePo4GeosSsl, KRAFT et al [14] reported that the
ionic conductivity could rise from 5.4 mS/cmin a
cold-pressed state to 18.4 mS/cm upon sintering,
which could be attributed to better grain contact
of the densification process. This work reveals
the importance of densifying solid-state electrolytes
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for higher ionic conductivity but the comparison
experiment is qualitative. A quantitative comparison
example is that the ionic conductivity increases
from 14 to 25 mS/cm when the relative density is
improved from 75% to 90% for Thio-LISICON
type Li954S11.74P1.44S11.7Clo3 [15]. As for oxide
materials, densification of solid-state electrolytes
is also vital for higher ionic conductivity. For
the well-known NASICON type material, AONO
et al [16] suggested that the conductivity
enhancement of LiTi»(PO4); by the substitution or
by the binder addition resulted mainly from the
densification of the sintered pellets. For garnet type
Lis7sLasZr 75Tag 25012, ZHANG et al [17] reported
that the ionic conductivity at room temperature was
enhanced to 0.69 mS/cm with the relative density of
the pellet as 92%. However, relative density is an
overall item to describe the level of densification. In

reality, there exist open porosity and closed porosity.

Just recently, reduced open porosity has been
considered as the reason for higher Li-ion
conductivity of the non-sintered garnet type solid
electrolyte LLZTO-xLiBH4 (0 <x < 4) [18]. These
reports suggest the importance of densifying
electrolytes for higher ionic conductivity, but the
concrete relationship of open porosity, closed
porosity and ionic conductivity is still unclear.
Moreover, the method of measuring relative density
from these works is not clearly given.

Garnet type inorganic solid-state electrolyte is
a well-known material and posseses great potential
for the application in solid-state lithium-ion
batteries [10]. In this work, with nominal chemical
composition Lis4GagaLaZr01, as a case study, a
series of electrolytes with different porosities were
prepared under different sintering conditions to
explore the relationship between porosity and ionic
conductivity. Based on the quantified data, an
empirical decay relationship was summarized and
discussed by means of mathematical model and
dimensional analysis method. Meanings and
limitations of this summarized model were also
summarized and discussed.

2 Experimental

2.1 Synthesis of solid-state electrolytes

The nominal chemical composition Lis+Gag .-
La3Zr;01; solid-state electrolytes were prepared by
typical powder-covering solid-state sintering [19].

Stoichiometric Li,CO3 (99%, Aladin) (10% excess
to compensate potential lithium loss during
sintering), Ga,03 (99.99%, Aladin), La;,O3 (99.99%,
Sinopharm) and ZrO, (99%, Sinopharm) were
planetary mill-balled for 8 h at a rotation speed of
250 r/min with isopropanol (AR, Macklin) as liquid
medium. The mixture was then dried and calcinated
in MgO crucibles at 950 °C for 8 h. The calcinated
powder was ball-milled for 10 h at a rotation speed
of 250 r/min and dried. The resulting fine powder
was pressed under 150 MPa to be green-ware
pellets with a diameter of 18 mm and a thickness of
around 4 mm. The pellets were then sintered in
MgO crucibles and covered with undoped
LisLa3Zr;,012 as cover powder. Samples prepared
under different sintering conditions were named in
the form of “sintering temperature-sintering
duration-M” or “sintering temperature-sintering
duration-T”, for instance, “1250°C-32h-M” and
“1250°C-32h-T”. It should be noted that the
samples with suffix “M” were employed to create a
model, while the samples with suffix “T” were
meant to verify the as-summarized model.

2.2 Structural, morphology
characterization

The crystal structure of the pellets was
identified by XRD with Cu K, with Empyrean 2
(Netherlands PANalytical). The microstructure and
cross-section morphology of pellets were observed
by SEM with JSM-7900F (Japan JEOL). The
chemical composition was determined by
inductively coupled plasma optical emission
spectroscopy (ICP-OES) with Spectro Blue Sop
(Germany Spectro).

Pycnometry was carried out as following
procedures. Firstly, the as-prepared pellet was
soaked and boiled in isopropanol for 3 h, and then it
was taken out from the container and put in a
pycnometer. Afterwards, the pycnometer was filled
with isopropanol to its full state. m; is the total mass
of the pellet and pycnometer with full isopropanol.
Secondly, the pellet was taken out from the
pycnometer. The extra residuary liquid on the
surface of pellet was wiped off with delicate tissue
paper carefully. The mass of this wet pellet was
measured as my. Thirdly, wet pellet was then dried
until the mass of it did not change. The mass of this
dry pellet was measured as mq. Lastly, m, was the
total mass of the same pycnometer with full

and porosity
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isopropanol. piso was the density of isopropanol.
Thus, the apparent density (D), volume density (Dv)
and open porosity (Po) were identified by
pycnometry with isopropanol as medium based on
the following equations.

Da :plsomd/[(md _(ml _mZ)] (1)
DV :plsomd /[(mw _(ml _mZ)] (2)
FBy=(my,—mgy)/[m, _(m1_m2)] (3)

Typically, closed porosity (Pc) and total
porosity (Pr) could be calculated based on the
Egs. (4) and (5).

PC =1_Da /pTheoretical (4)
P1=Po+Pc (%)

Since the theoretical density ( Prpeoreticat) ©F
sintered pellet is difficult to be determined
accurately due to the unstable lithium stoichiometry
and experiment error, it was replaced with specified
value in this case to calculate the relative closed
porosity (Prc) and relative total porosity (Prr).

2.3 Ionic conductivity measurement

Total ionic conductivity (o) was measured by
electrochemical impedance spectroscopy (EIS) with
PARSTAT 4000A (U.S. AMETEK Princeton
Applied Research) in a frequency range from
10 MHz to 1 Hz with an amplitude of 50 mV, and
the data were fitted with ZView and calculated by

o=L/(RS) (6)

where L, S and R are thickness, surface area and
fitted-resistance of the solid-state electrolyte
ceramic pellet, respectively. Activation energy
(E.) was calculated in a temperature range of
283—333 K based on the Arrhenius Law as

o=Aexp[~EJ/(RT)] (7)

Before measuring conductivity, the pellets
were polished and sputtered with Au as current
collector with JFC—1600 (Japan JEOL).

3 Results and discussion

3.1 Crystal phase and porosity of inorganic solid-
state electrolytes
Cubic phase garnet type solid-state electrolyte
materials have been considered as the fast ion
conductive composition. Figure 1 shows the XRD
result of pellets prepared under different sintering

conditions. All of the samples were identical and
the main phase matched the typical cubic phase
LisLasNb,O;, (PDF No. 80-0457). The primary
concern about long-time sintering at high
temperatures was that the lacking-lithium mixed
phase, typically La,Zr,O; (PDF No. 71-2363),
would be easily produced. However, no clear
patterns of La,Zr,O; emerged in these samples,
which  indicated that the as- employed
powder-covering method was feasible to prepare
garnet type solid-state electrolytes.
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Fig. 1 XRD patterns of samples prepared under different
sintering conditions

Figure 2 displays cross-section morphology
and porosity of the sintered ceramic pellets. As
observed, the pores generally decreased as sintering
temperature was elevated and sintering duration
was prolonged. However, this characterization was
partial since the observed parts were only fragments
of the pellets and it was difficult to quantify
porosity. Thus, pycnometry was taken advantage to
measure the open porosity, apparent density and
bulk density directly and then calculate closed
porosity and total porosity. To calculate closed
porosity and total porosity, theoretical density has to
be determined accurately. AGUESSE et al [20]
utilized 5.15 g/em® as the theoretical density for
Ga-doped LisLasZr,O1. After referring to the
crystal parameters from the work from WU et al [21]
by means of neutron powder diffraction refinement,
the theoretical density of LissGagzlasZrO12
could be calculated to be 5.17 g/cm®. However, the
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Fig. 2 Cross-section morphology of as-prepared pellets: (a) 1100°C-24h-M; (b) 1100°C-32h-M; (c¢) 1200°C-32h-M;
(d) 1200°C-36h-M; (e) 1250°C-32h-M; (f) 1250°C-36h-M; (g) 1200°C-32h-T1; (h) 1200°C-32h-T2; (i) 1250°C-24h-T;
(j) 1250°C-32h-T
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Li:Ga:La:Zr molar ratio from ICP-OES result was
7.02:0.19:3:1.95, which showed a disagreement
with the refinement result. In this case, 1250°C-
32h-M sample was chosen to measure its molar
ratio. The fact that the molar ratio of Li:Ga:La:Zr
from the ICP-OES result in Tablel was
6.66:0.20:3:1.95 demonstrated this inconsistency
again. No matter whether the real composition of
the sintered pellets was Lis4120Gao2LazZr;O121s or
oLi,0O + Lis4GagrlasZr,0,, it was not appropriate
to view 5.17 g/cm’ as theoretical density. Moreover,
some of the apparent density values from this series
of experiments exceeded 5.17 g/lcm’, which led to
difficulty of calculating closed porosity and
suggested the accidental and systematic experiment
error  when measuring the small solid-state
electrolytes for solid-state lithium batteries. Given
the small volume of these sintered pellets typically
with a diameter of 13—15 mm and a thickness of
2—3 mm, the hindsight accidental experiment error
estimation was made and the maximum error of
apparent density and open porosity were 8% and
2%, respectively. The systematic experiment error
mainly resulted from temperature variation during
measuring. Therefore, relative closed porosity (Prc)
and relative total porosity (Prr) were introduced to
reduce the influence of experiment error and
calculated based on Egs.(4) and (5) with the
theoretical density replaced by a specified value,
i.e., the maximum experimental apparent density
5.55 g/em® in this work. The calculated result is
shown in Fig. 3.

Table 1 Designed and characterized Li:Ga:La:Zr molar
ratio of nominal Lis4Gag,LazZr,01»

Molar ratio
. : Source
Designed Characterized
6.4:0.2:3:2 6.66:0.20:3:1.95 This work
6.4:0.2:3:2 7.02:0.19:3:1.95 Ref. [21]

3.2 lonic conductivity and activation energy of

inorganic solid-state electrolytes

Results of EIS measured at 303 K of the
as-prepared samples are exhibited in Figs. 4(a) and
(b). In a complete EIS spectra, the intercept of high
frequency on the real axis is considered as the
resistance of bulk and the following semicircle
is believed to be the resistance of grain boundary.
The arc at lower frequency is related to the
electrode process. Considering the impedance in
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Fig. 3 Calculated relative closed porosity (Prc) with
5.55 g/cm?® as specified value (a), and open porosity (Po)
(b) of samples

high frequencies as the signal representing the
ion conduction in solid-state electrolyte was
demonstrated by previous reports [22—24].
Specifically, the distance from zero to the intercept
of the tail with the real axis could be assigned to the
total resistance of solid-state electrolyte after
referring to the work by LI et al [25]. In this
work, two types of equivalent circuits (Riotal)-
(R.CPE2)(R:CPE3) and (Rp)(ReCPE1)(R.CPE2)-
(R3CPE3) were utilized to fit the experimental data
to obtain total ionic conductivity since some of the
samples did not exhibit a complete semicircle in
high frequency range. Figures 4(c, d) give the
Arrhenius plot. It was obvious that all the samples
obeyed the Arrhenius relationship well. The
calculated £, is listed in Table 2.



Zhi-hao GUO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 33623373 3367

(@)
01100°C-24h-M

F
g
g -0y
I
N
_5_

01100°C-32h-M _/
15| 41200°C-32h-M /

/

v 1200°C-36h-M
< 1250°C-32h-M
<1 1250°C-36h-M

=20
(b)
_15 L
)
2
g -0}
=
N
_5 L
> 1200°C-32h-T1
o 1200°C-32h-T2
% 1250°C-24h-T
o 1250‘I’C-32h-T

0 5 10 15 20 0 5 10 15 20
ZgJ(kQ-cm) ZpJ(kQ+cm)
2.4 1(c) 24 1(d)
DY T S 238

® 1100°C-24h-M
-4.0r ©1100°C-32h-M
A 1200°C-32h-M
-4.4} v 1200°C-36h-M

¢ 1250°C-32h-M
| <€ 1250°C-36h-M

lg[o/(S+cm™)]
I
=

lg[o/(S+cm™)]
I

» 1200°C-32h-T1
~4.41 1200°C-32h-T2
* 1250°C-24h-T
-4.8} ® 1250°C-32h-T

30 31 32

33

34

T7'/1073K™
Fig. 4 EIS results of samples treated at 303 K for creating model (a) and verifying model (b), and Arrhenius plots of

35

samples for creating model (c) and verifying model (d)

3.0 31 32 33 34 35
T-/107K"!

Table 2 Ionic conductivity at varied temperatures and activation energy of samples

Ionic conductivity/(mS-cm ™)

Sample E.J/eV
283 K 293 K 303K 313K 323K 333K

1100°C-24h-M 0.07 0.11 0.19 0.30 0.39 0.42 0.31
1100°C-32h-M 0.17 0.24 0.37 0.52 0.73 0.98 0.29
1200°C-32h-M 0.07 0.11 0.22 0.27 0.39 0.57 0.34
1200°C-36h-M 0.11 0.19 0.27 0.38 0.54 0.74 0.31
1250°C-32h-M 0.51 0.70 1.03 1.40 1.83 2.29 0.25
1250°C-36h-M 0.51 0.65 0.95 1.39 1.75 2.36 0.26
1200°C-32h-T1 0.10 0.14 0.22 0.33 0.48 0.68 0.32
1200°C-32h-T2 0.06 0.10 0.14 0.22 0.33 0.49 0.34
1250°C-24h-T 0.39 0.57 0.78 1.06 1.45 2.02 0.26
1250°C-32h-T 0.66 0.97 1.31 1.75 2.44 3.02 0.25

3.3 Relationship between ionic conductivity and porosity and ionic conductivity. Firstly, plots of

open porosity

ionic conductivity at 303 K versus relative closed

With quantitative data, mathematical model porosity, relative total porosity and open porosity
can be exploited to analyze the relationship between were separately plotted as shown in Fig. 5 and
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Fig. 6(a). It was clear that ionic conductivity
generally decreased when porosity increased. The
easily recognizable decay pattern emerged
separately between ionic conductivity versus
relative total porosity and open porosity. But the
most explicit decay relationship was the one
between ionic conductivity and open porosity.

1.5 @
1.2r

09r

0.6

o/(mS-cm™)

0.3 °
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Since there are so many mathematical models
that can explain this explicit relationship, “simple
principle” is taken into account. For instance,

y=Aexp(—x/T1)+A4> (®)
y=A1exp(—x/T1)+Aexp(—x/T2)+A3 )]

where x and y are independent variable Po and

1.5 )

(0]

— Fitting with Eq. (8) with

LZr adjusted R?=0.95

= 09F
S
W
E o6f
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03}
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(o]
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Fig. 5 Plots of ionic conductivity at 303 K versus relative closed porosity (a) and relative total porosity (b) (The blue
solid circles are to create model and the red open circles are to verify it)
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Fig. 6 Fitting results with exponential decay model and properties of parameters: (a) Comparison of fitting with Eqgs. (8)
and (9); (b) Testifying fitting result of Eq. (8) (The red open circles are to testify as-created model); (c) Relationship of
T versus temperature; (d) Relationship of 41, 4, and (4,+A42) versus temperature
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dependent variable o, and A1, 4>, A3, T and T are
certain constants at given temperature. The two
equations fitted so well with experiment data at the
same time that indeed these two fitting curves
totally coincided as shown in Fig. 6(a), the simpler
Eq. (8) was chosen as the thoroughly studied one.
Ionic conductivity and open porosity data at other
temperatures were also fitted with Eq. (8), and the
fitting results are shown in Fig. 6(b) and Table 3.
All of the fitting curves showed over 0.95 of
adjusted R” value. It manifested that a good fitting
model was found. Furthermore, the other four
samples were then brought in to testify Eq. (8) as
shown in Fig. 6(b). Although the data of
1250°C-24h-T sample deviated from fitting curves,
those of the remaining three samples almost
accurately lied on the fitting curves. This suggests
that the exponential decay relationship between
ionic conductivity and open porosity is probably
satisfied but needs correction later.

If Eq.(8) was applicable to this -case,
dimensional analysis method was then introduced,
so that this mathematical model could be converted
into a physicochemical model with the parameters
embodying real meanings. Since x represents open
porosity, 71 must be a decay constant related to
open porosity with the same unit. While y reflects
ionic conductivity, 4; and 4> must be referred to
two process of ion conduction with S/cm as unit.
Moreover, if T} refers to a constant, it will not
change so much against temperature. And if 4, and
A» refer to conductivity of ion conduction, then they
must obey the Arrhenius law. Figures 6(c) and (d)
are the relationships of Ti, A1, 4> and (4, + 4»)
versus temperature. 7 appeared to fluctuate around
a constant that was averaged to be 2.62%. What
was striking was that not only did 4, and 4>
obey the Arrhenius law quite well but also (4:+4>)

Table 3 Fitting results with Eq. (8)

3369

evidently obeyed it. Activation energy of assumed
conductivity of A, 4> and (41+42) was also
calculated to be 0.23, 0.33 and 0.24 eV. Therefore,
according to what is discussed, Eq.(8) can be
rewritten as

(10)

where o represents the total ionic conductivity of a

0=01eXp(—Po/Pcons)+02

given solid-state electrolyte material at a given
temperature; Pcons represents a constant of open
porosity, which is possibly affected by the shape and
distribution of the open pores; o1 and o represent
ionic conductivity of two certain conduction process,
which might be related to the chemical composition
and grain arrangement.

3.4 Correction of relationship between ionic

conductivity and porosity

Based on the understanding of ion conduction,
both open pores and closed pores are detrimental
to ionic conductivity. Revisiting Fig. 5(b), the
exponential decay relationship between relative
total porosity and ionic conductivity is also clear.
This doubt leads to a hypothesis that open porosity
is proportional to total porosity (Pr) as

P1=kPo (11)

where £ is the proportional coefficient. In this way,
Eq. (10) can be revised as

o=01exXp[—Pr1/(kPcons)|+02 (12)

Since £ is also a constant, it will not change the
exponential decay pattern at all. In our case, the
relationship of Po and Prr was explored as
observed in Fig. 7(a). Considering experiment error
and data fluctuation, confidence band was
introduced to assist analyzing. With the increment
of confidence level, more and more data points
were comprised and 90% prediction band included

A/(1073 S-em™) T, A>/(107* S-em™)
T/K Adjusted R?
Value Standard error Value Standard error Value Standard error
283 0.81 0.12 2.63 0.70 0.64 0.28 0.97
293 1.06 0.12 2.52 0.47 1.16 0.24 0.98
303 1.56 0.16 2.37 0.39 2.01 0.29 0.99
313 2.10 0.33 2.56 0.68 2.70 0.69 0.97
323 2.60 0.30 2.62 0.53 3.82 0.67 0.98
333 3.13 0.48 3.04 0.93 4.68 1.45 0.96




3370

all of them. The intercept of the fitting line was 1.61
instead of 0 and the origin point nearly lied on the
lower prediction limit line of 40% prediction band,
which reveals that the relationship between relative
total porosity and open porosity is more likely to be

Pr1=kPo+b (13)

where b is the intercept. Noticing that 1100°C-
32h-M and 1250°C-24h-T samples were possible
outliers, linear relationship of relative total porosity
and open porosity was explored further after
regrouping them in Fig. 7(b). The result implies that
different sintering conditions will lead to different
linear patterns. To verify Eq.(13) furthermore,
another four large pellets aiming to reduce the
relative error were prepared. Its relative total
porosity was calculated twice with 5.55 g/cm® and
5.17 g/em® as specified value. The relationship
between relative total porosity and open porosity is

30
(@)
25
Pr=1.7P5+1.6
20l TRT 0
=
EI5F
S8
10 % Possible outliers
—— Fitting line
5 40% confidence band
60% confidence band
90% confidence band
0 5 10 15 20
Po/%
1:5
© 333K
323K
121 313K
— 303K
~ — 293K
's 09r — 283K
o
2 o
{(; 0.6 -
© o

Pec/%
Fig. 7 (a) Linear relationship of open porosity and relative total porosity with confidence band; (b) Regrouped linear
relationship of open porosity and relative total porosity (fitted dash line explains the data with 5.17 g/cm® as the
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also displayed in Fig. 7(b). The excellent linear
relationship elucidates that the relationship of
relative total porosity and open porosity is
confirmed to be what Eq.(13) expresses.
Additionally, the similar linear patterns of small
pellets sintered at 1250 °C and large pellets sintered
at 1250 °C demonstrate that different sintering
conditions will lead to different linear patterns from
another perspective. However, it was a pity that the
crystal phase of larger pellets was difficult to be
identically cubic with good crystallinity as shown in
Fig. 8, and that their ionic conductivity could not be
stably obtained to exemplify Eq. (10) furthermore.

If Eq.(13) is applicable to describe the
relationship between relative total porosity and
open porosity, the extrapolated value of relative
total porosity will not be zero when open porosity
reaches zero. When open porosity reaches zero,
Eq. (10) could further be simplified as

30
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specified density value of pellet to calculate relative total porosity, the other solid lines explain the data with 5.55 g/cm?

as the specified density value of pellet to calculate relative total porosity); (c) Linear relationship of relative closed

porosity and ¢4 (the red open circles are to testify it); (d) Arrhenius plots of |65|, 0%, o5+a" and |g5|+0% (o4 is the slope,

and o%is the intercept. Since the numerical value of o5 is negative, the Arrhenius plot of ¢%is calculated based on its

absolute value)



Zhi-hao GUO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3362—-3373

I ﬂLarge pellet-3
e AN AW A

Large pellet-2,

Large pellet-1

L ) 1 I

10 20 30 40 50 60 70

Fig. 8 XRD patterns of four large pellets sintered at
1250 °C for 32 h

0=01102

(14)

suggesting that the two certain ion conduction
processes will follow the same rule under such
circumstances. This leads to another hypothesis that
o0 is related to the effect of closed porosity on ionic
conductivity, since Po=0 can be viewed as Pc=0 in
the open-pore Thus, why the ionic
conductivity of 1100°C-32h-M sample with an open
porosity of 4.8% and 1250°C-24h-T sample with an
open porosity of 4.7% varied much could also be
explained well with this hypothesis since their
closed porosity was of great difference.

To find out the relationship between o, and
closed porosity, a series of electrolytes with the
same open porosity but remarkably different closed
porosity have to be prepared, which seems to be
impossible to realize in reality. In our case, only
1100°C-32h-M and 1250°C-24h-T samples have
very close open porosity and different relative
closed porosities. Their o> values could be stripped
by subtracting o1exp(—Po/Pcons) from o with the

region.
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help of the obtained fitting parameters. But data of
only two samples are clearly not enough. For a
typical exponential decay relationship,
y=Aexp(—x/T)
where A4 and T are constants.

When x is over 37, the decrement of y will be
more than 95%. Therefore, o2 of the samples with
large open porosity could be approximately equal to
total ionic conductivity value. Several stripped and
approximate o, values are shown in Table 4. The
relationship between o, and relative closed porosity
is displayed in Fig. 7(c). Even though the result was
not ideal, the relationship between o, and relative
closed porosity was determined to be a linear one.

(16)
The fitting results are listed in Table 5. Again,
dimensional analysis method was brought in and
the Arrhenius plots of |64, 6%, ob+o% and |ob+o% were
established well in Fig. 7(d). Activation energy of
lob| and ¢% was calculated to be 0.24 and 0.27 eV,
respectively. Ultimately, the relationship between
porosity and ionic conductivity was adjusted to be

(17)

This result suggests that open pores and closed
pores have different effects on ion conduction,
which would make sense since their boundary
conditions are very distinctive. A study regarding
the effect on the electrical resistivity of carbon
materials illustrated that an increase of the open
porosity by 40% leads to a resistivity increase by
250% while the same increase in closed porosity
gives rise to a resistivity of only 25%, calculated
based on ideal fluid mechanics model and verified
with experiment data [26]. This reflects that
different types of pores in conductors need to
be treated differently. Moreover, it is important to

(15)

02=05Prct0"

0=01eXp(—Po/Pcons)+osPcto’

Table 4 o> values at different temperatures with different methods (10#S-cm™")

Sample 283 K 293 K 303 K 313K 323 K 333K Method
1100°C-32h-M 0.40 0.86 1.65 2.02 3.10 3.37 Strip
1250°C-24h-T 2.59 4.05 5.61 7.25 10.18 13.53 Strip
1100°C-24h-M 0.71 1.14 1.91 2.95 3.90 4.21 Approximate
1200°C-32h-M 0.69 1.13 2.15 2.66 3.86 5.69 Approximate
1200°C-36h-M 1.05 1.86 2.70 3.79 541 7.41 Approximate
1200°C-32h-T1 0.98 1.42 2.18 3.30 4.80 6.84 Approximate
1200°C-32h-T2 0.59 1.01 1.40 2.24 3.27 4.89 Approximate

The first five samples are used to create linear relationship, and 1200°C-32h-T1 and 1200°C-32h-T1 samples are used to testify it
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Table 5 Fitting results with Eq. (16)
05/(107° S-cm™) 0%/(10*S-cm™)

TIK Value Standard Value Standard Ad l]lgszted
error error
283 -—1.84 0.17 2.64 0.25 0.92
293 -2.80 0.32 4.16 0.30 0.95
303 —3.47 0.37 5.73 0.34 0.96
313 —4.34 0.72 7.39 0.67 0.90
323 -6.09 0.79 10.40 0.74 0.94
333 -8.52 1.33 14.00 1.25 0.91

density solid-state electrolytes for higher ionic
conductivity. Special sintering approaches, such as
hot-pressing sintering and spark plasma sintering,
are advantageous methods. To further understand
the effect of porosity better and deeper on ionic
conductivity in this case, theoretical model must be
established in future to unravel the detailed
meanings of Pcons, 01, o4 and ¢%. Fluid dynamics
mechanics might be a solution, which is the
research topic in the forthcoming work.

4 Conclusions

(1) Open porosity causes ionic conductivity to
decrease exponentially. The pre-exponential factor
obeys the Arrhenius Law quite well with the
activation energy of 0.23 eV, and the decay constant
is averaged to be 2.62%.

(2) Closed porosity causes ionic conductivity
to decrease linearly. The slope and intercept of
this linear pattern also obey the Arrhenius Law,
whose activation energies are 0.24 and 0.27 eV,
respectively.

(3) Total porosity is linearly dependent on the
open porosity. Different sintering conditions will
lead to different linear patterns with different slopes
and intercepts.
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