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Abstract. The densi®cation of a ceramic electrolyte for rechargeable lithium ion batteries by using different

compaction methods is described. The ceramic electrolyte for lithium ions, BPO4- Li2O, is compacted using either

static or dynamic compaction methods. A difference in peak width in the X-ray diffraction spectra and a difference

in lithium ion conductivity is observed. The dynamically compacted BPO4-Li2O shows an increase of up to three

orders of magnitude in total ionic conductivity as compared with statically compacted samples. The total lithium

ion conductivity is up to 2.10ÿ4 S/cm at room temperature, which can compete with polymer electrolytes.
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1. Introduction

The advantages of Li-ion batteries such as high energy

density, high cell voltage, and cycleability outclass

conventional battery systems [1]. The market poten-

tial of Li-ion batteries has resulted in a widespread

interest in the materials research of components for

Li-ion batteries and to date a large number of

publications has appeared. The majority of these

papers deal with battery systems based on intercala-

tion compounds for both anode and cathode separated

by a liquid or polymer-based electrolyte. Instability of

these electrolytes, caused by high battery voltages,

causes capacity fade and a decrease in cycle life.

Decomposition of the electrolyte often results in gas

evolution leading to irreversible processes and high

pressures which may be detrimental to the battery

[2±4].

With regard to the variety of liquid and polymer-

based electrolytes only a few ceramic electrolytes

have been studied [5±14]. In addition, most of these

solid electrolytes contain exotic and/or expensive

metallic species and the lithium ion conductivity at

room temperature is signi®cantly lower than that of

the liquid and polymer-based electrolytes [15]. In a

previous paper [5] we reported on a new lithium ion

conducting ceramic electrolyte, BPO4-Li2O, which

can be synthesized using a very simple synthesis route

and commercially available precursor compounds.

A disadvantage of using only ceramic battery

components is the usual poor electrical contact

between electrode and electrolyte, thus leading to

high interface resistances. The contact areas may

be improved by using high temperatures and/or

high pressures. The use of high temperatures may

lead to interface reactions, decomposition, melting,



segregation, and grain growth of the components.

Therefore, our research focuses on the use of

high pressure pulses, also referred to as dynamic

compaction.

2. Experimental

The synthesis of BPO4-0.035Li2O via the boric acid

and a phosphoric reactant synthesis route is described

in [5]. The result of these syntheses is a ceramic foam

of Li-doped BPO4 with a very low density. In order to

decrease the volume, a slightly different synthesis is

used in the present study and is described below.

Phosphoric pentoxide (P2O5), boric acid �H3BO3�,
and lithium hydroxide mono hydrate �LiOH ? H2O�
are weighted in proper amounts according to the

following reaction:

P2O5 � 2H3BO3 � 0:14 LiOH ?H2O

� 2 BPO4 ?0:035Li2O� 3:21 H2O �1�
As a result BPO4 with 7 mole% Li is obtained. In [5]

it is shown that BPO4 with 7 mole% Li exhibits the

highest lithium ionic conductivity. P2O5, H3BO3, and

LiOH ? H2O are mixed in a Pyrex beaker with CO2-

free de-ionized water until a homogeneous paste is

formed. Subsequently, the beaker is covered with

aluminum foil with a few small holes and placed in a

programmable oven (NEY 2-525 series II). The

following temperature program was used:

± heating from room temperature to 110�C at

1�C/min

± kept at 110�C for 3 h

± subsequent heating from 110�C to 600�C at

5�C/min

± kept at 600�C for 10 h

± cooling down in the oven to room temperature.

The whole synthesis takes place in air. After

synthesis, the powders are ball-milled using a

planetary micro mill (Fritsch Pulverisette 7) in

order to break up the agglomerates down to

approximately 10 mm. Subsequently, the powders

were compacted by using the following compaction

methods:

Dynamically: Explosive Compaction (EXC) [16]

Magnetic Pulse Compaction (MPC)

[17]

Statically: Cold Uniaxial Pressing (CUP)

Hot Uniaxial Pressing (HUP)

The pressure and pressure velocity ranges of the

different compaction techniques are gathered in

Fig. 1. The EXC as well as the MPC experiments

are performed uniaxially. The HUP experiments

are performed at 1500�C and a processing time of

Fig. 1. Different compaction techniques with their typical pressure and pressure velocity ranges. The dotted lines indicate the pressure

ranges used in this study.
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5 min as the sample is also heated and cooled

down. The pressing time for the CUP samples is

10 min.

After compaction the relative density of the

samples is determined by measuring volume and

weight and dividing by the theoretical mass density

(TMD).

Subsequently, the samples were embedded in a

polyester resin and polished in order to obtain clean,

plan parallel samples with a smooth surface. Prior to

the electrical measurements the samples were dried

under vacuum at 50�C for at least 2 h. Two different

electrical measurement techniques are applied:

1. AC impedance spectroscopy performed with a

Schlumberger Solartron 1260 Frequency

Response Analyzer, amplitude 50 mV, frequency

range from 0.1 to 5.106 Hz.

2. DC measurements by applying a block voltage

pulse of 50 mV with a potentiostat (EG&G

Princeton Applied Research 273). The voltage

pulse duration is 60 or 120 seconds, which is

equivalent to a frequency of 0.02 or 0.01 Hz,

respectively. The selected pulse duration depends

upon the time to obtain a constant current.

These two measurement techniques are applied on

two different electrochemical cells, i.e.,

Cell I: Pt]jBPO4-Li2OjPt]

Cell II: Lijseparator* jBPO4-Li2Ojseparator* jLi
] sputtered, dense Pt electrode (Edwards Sputter

Coater S150B).

* separator: Celgard 2500 membrane (Hoechst)

®lled with a liquid electrolyte of LiBF4 in propylene

carbonate (PC).

With Cell I the Li� conductivity as well as

electronic conductivity can be measured using dc

pulse measurements. With Cell II however, only the

Li� conductivity is measured in the dc experiments.

The experiments on Cell II are performed with the cell

placed in an argon ®lled glove box.

From all the samples compacted with different

methods, one representative sample of each compac-

tion method is selected. The compacted samples and

the BPO4-Li2O starting powder are investigated with

X-ray diffraction (XRD) analysis (Siemens D500

diffractometer with incident beam CoKa1 monochro-

mator and position sensitive detector). As a reference

material a polycrystalline SiO2 powder is used. Prior

to the XRD analysis the samples are dried under

vacuum for 60 h at 60�C.

Finally, all the samples used for the XRD analysis

are investigated with Scanning Electron Microscopy

(SEM, Jeol 6400F and Leitz AMR 1000).

3. Results and Discussion

3.1. Starting Material

SEM analysis of the starting powder shows that the

material consists of agglomerates of primary particles

with a grain size of 50±100 nm (Fig. 2). Particle size

analysis (Fritsch Particle Sizer Analysette 22) shows a

bimodal agglomerate distribution with agglomerate

sizes of 3 and 7 mm. The theoretical mass density

(TMD) of 2.906 g/cm3 is determined from the XRD

spectrum of the starting powder. The crystal structure

of BPO4 is the high-cristoballite (tetragonal) structure.

According to JCPDS 34-132 [18] the TMD of pure

BPO4 without Li is 2.805 g/cm3. According to [18]

the pure BPO4 tetragonal material has an a-axis of

4.34253 AÊ and a c-axis of 6.6415 AÊ . The BPO4

without Li synthesized with the P2O5 synthesis as

described before shows an a-axis of 4.3383 AÊ and a c-

axis of 6.6436 AÊ . From the XRD spectrum of the

BPO4- Li2O (7 mole% Li) starting material an a-axis

of 4.3382 AÊ and a c-axis of 6.6298 AÊ are determined.

The decrease of 0.2% of the c-axis and, hence, an

increase of 0.67% in TMD can be explained by

incorporation of Li in the BPO4 structure. The a-axis

is not in¯uenced upon doping.

Fig. 2. SEM micrograph of the starting powder (P2O5 synthesis)

(bar� 1 mm).
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3.2. Compaction Results

Several results of the densi®cation of BPO4-Li2O with

different compaction methods are gathered in Table 1.

These samples are used for the XRD experiments.

From the data in this table it is obvious that the HUP

sample has the highest density and the CUP sample

the lowest density. The mentioned samples are

representative for each method, based on series of

experiments performed with each method. In Fig. 3

the ®nal density of BPO4-Li2O is depicted as a

function of the applied pressure. From this graph it

can be concluded that the ®nal density depends not

only on the applied pressure, but also on the pressure

wave velocity and the compaction temperature.

Scanning electron microscopy analysis clearly

shows densi®ed areas in the dynamically compacted

samples and the presence of the nano-structured

particles of the starting material (Fig. 4). These clearly

densi®ed areas are not observed in the CUP samples.

The CUP samples show a grain size of approximately

100±300 nm. The MPC and especially the CUP

samples are quite brittle. From this property it can

be deduced that the intergranular bonding is poor,

which is also supported by the observation that the

samples can be powdered easily. This weak inter-

granular bonding is caused by both the low

compaction velocity [19,20] and the low temperature.

On the contrary, the EXC and especially the HUP

samples show a very good mechanical strength. SEM

analysis of the HUP samples shows grain growth of

the primary particles (Fig. 5). The grain size varies

between about 100 nm and 1000 nm. After HUP the

material is still crystalline, which can be deduced

from the visible facets of the grains in Fig. 5 and the

narrow peaks in the XRD spectrum in Fig. 6.

Table 1. Results of BPO4-Li2O using different compaction methods (room temperature)

P Diameter Thickness Density b sLi�

Compaction method [MPa] [mm] [mm] [% TMD] [�2y] [mS/cm]

Hot Uniaxial Pressing (HUP) 500 9.7 2 94 0.17 0.7±2

Cold Uniaxial Pressing (CUP) 375 8.2 4.4 56 0.29 2±20

Magnetic Pulse Compaction (MPC) 1000 15 2 65 0.48 2±50

Explosive Compaction (EXC) 3500 10 2 70 0.45 80±200

Starting Powder Ð Ð Ð Ð 0.47 Ð

StartingPowder (800�C) Ð Ð Ð Ð 0.19 Ð

SiO2 reference Ð Ð Ð Ð 0.11 Ð

Fig. 3. Final density as percentage of the TMD as a function of

the applied pressure. NH4 stands for the ammonium synthesized

material ( foam) and P2O5 for the phosphorous pentoxide

synthesized material. EXC (¯at) means a ¯at pressure wave, EXC

(cylindrical) means a cylindrical pressure wave.

Fig. 4. SEM micrograph of an MPC sample (pressure 1.8 GPa,

density 68% TMD). Box indicates a clearly densi®ed area.
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3.3. X-Ray Diffraction Analysis

In Fig. 6 the XRD spectra of the samples of each

method listed in Table 1 are plotted. Comparison of

the XRD spectra with the starting powder spectrum

leads to three conclusions:

(a) no peak shift is observed

(b) no additional and/or disappearing peaks

(c) a decrease in peak width of the statically

compacted samples

Absence of peak shift and/or additional or disap-

pearing peaks proves that no phase transition took

place and/or second phases are formed. Furthermore,

macro strain is absent since macro strain also causes a

peak shift. The small peak at 2Y � 32:5� is attributed

to a new crystalline phase due to hydration [5]. In

order to study the peak width in more detail a slow

scan of the 2Y � 75:4� peak (representing the f213g
re¯ection) is performed (Fig. 7). From these scans it

is clear that a decrease in peak width of the statically

compacted samples compared with the starting

powder and the dynamically compacted material

took place. The results are quantitatively presented in

Table 1 as the integral width b, being the surface of

the peak divided by its height.

Peak broadening may be caused by the presence of

submicron particles (smaller than approx. 200 nm)

and/or lattice defects. The separation of these effects

is possible by XRD but outside the scope of this work.

The primary particles causing peak broadening are the

crystallites consisting of a coherently diffracting

domain. With lattice defects one- and more-dimen-

sional defects as well as point defects, inducing local

strain, are meant. The local strain will cause peak

broadening due to small deviations from the Bragg

re¯ection. The one- and more-dimensional defects are

not in thermodynamic equilibrium [21], and will,

therefore, disappear upon heating. On the contrary, the

point defects are in thermodynamic equilibrium, and

will remain upon heating and cooling [21]. In order to

study the possible type of defects, a slow scan of the

2Y � 75:4� peak of the starting powder which is

heated at 800�C for 12 h is recorded and reveals a

signi®cant decrease in peak width. During the heat

treatment sintering takes place, which is observed by

an increase in particle bonding. Comparison of the

peak width of the heat treated starting powder with the

peak width of the SiO2 reference (f113g re¯ection,

Table 1) indicates that these peak widths are

comparable. It is assumed that the as synthesized

powder doesn't contain a signi®cant amount of one-

and more-dimensional defects, since after the synth-

esis the powders are cooled down slowly. Therefore,

Fig. 5. SEM micrograph of a HUP sample (pressure 0.5 GPa,

T� 1500�C, density 90% TMD).

Fig. 6. XRD spectra of starting material and compacted samples.

Fig. 7. XRD spectra of starting material and compacted samples.

Slow scan of the 2Y � 75:4� peak (f213g re¯ection).
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the amount of point defects in the starting material is

probably negligible, and the decrease in peak width is

caused by the increase of the primary particle size. A

comparison of slightly mortared as synthesized

powder and ball-milled starting powder does not

show any difference in peak width which indicates

that none of the aforementioned defects are generated

by the milling process.

The very narrow peaks of the HUP sample (Figs. 6,

7) can be attributed to the effect of the high

temperature (1500�C, 5 min, 500 MPa) during the

HUP process. Due to this high temperature, most of

the one and more-dimensional lattice defects present

will disappear and grain growth will occur. This grain

growth was already shown in Fig. 5. When comparing

the width of the 2Y � 75:4� peak with the width

of the 2Y � 76:0� peak of the SiO2 reference, one

may conclude that the HUP BPO4-Li2O sample

has a high crystallinity and exhibits a low defect

concentration.

3.4. Electrical Measurements

In Fig. 8 a representative impedance spectrum of Cell

I is shown. In order to interpret the impedance spectra,

the different processes that occur in the electroche-

mical cell need to be considered. In Cell I three

processes may be distinguished, i.e., bulk conduc-

tivity, grain boundary conductivity, and polarization

of the interface PtjBPO4-Li2O. From literature [22] it

is known that the intercept of the Warburg impedance

with the real impedance axis �Z0� is the total ionic

resistance. This total ionic resistance includes bulk

and grain boundary resistance.

The spectra can be ®tted with an electrical

equivalent circuit containing two parallel branches

containing R and Q elements (with R representing a

resistor and Q representing a constant phase element)

in series with a Warburg-like constant phase element.

One of the parallel branches represents the Li� grain

boundary conductivity and the other branch represents

the Li� bulk conductivity. The impedance data are

simulated by using the data analysis program

EQUIVCRT [23]. A detailed impedance spectroscopy

study is beyond the scope of this paper and will be

published in a forthcoming paper. The dc resistance at

room temperature is of the order of 108 O or higher,

indicating a negligibly low electronic conductivity.

The ``in®nite'' dc resistance shows the absence of a

dc conduction path through this cell. Figure 9 shows a

representative spectrum of the measurements of Cell

II. The possible processes in this cell are: bulk

conductivity, grain boundary conductivity, the

BPO4Li2Ojseparator interface, and Lijseparator inter-

face. Measurements on the cell LijseparatorjLi show a

dc resistance of only a few Ohms. Therefore, we can

neglect the impedance of the interface Lijseparator.

The spectra of Cell II can be ®tted with the two

parallel branches as described for Cell I in series with

a parallel RQ branch in series. The parallel RQ branch

Fig. 8. Representative ac impedance spectra of Cell I:

PtjBPO4-Li2OjPt at room temperature in air. Sample is EXC

BPO4-Li2O.

Fig. 9. Representative ac impedance spectrum of Cell II:

LijseparatorjBPO4-Li2OjseparatorjLi at room temperature under

argon. Sample is EXC BPO4-Li2O.
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in series represents the BPO4jseparator interface. dc

measurements show a similar resistance compared

with the extrapolated resistance at the low-frequency

end of the impedance spectra. The ®nite dc resistance

shows the dc conduction path for Li� through this

cell. Comparison of the dc resistance of Cell II with

the intercept of the Warburg of Cell I shows a slightly

higher value. The difference between the two total

resistances is caused by the contribution of the

interface BPO4Li2Ojseparator. The contribution of

the interface BPO4-Li2Ojseparator is supported by the

observed increase of one of the semi-circles in time

due to evaporation of the liquid electrolyte in the

separator. From the similarity of the results it can be

concluded that the electronic resistance is negligible

and, therefore, the Li � conductivity is measured with

Cell I.

In Table 1 the results of the total Li� conductivity

�sLi�� of the different BPO4-Li2O samples at room

temperature are included. The total ionic conductivity

is speci®cally used since this parameter is relevant for

Li-ion batteries. From Table 1 it can be concluded that

the total ionic conductivity of the dynamically

compacted samples is signi®cantly higher than that

of the statically compacted samples. The differences

in Li� conductivity as a result of the different methods

are due to the different powder syntheses, which lead

to different particle sizes and hence different micro

structures and related variations in the density. The

total ionic conductivity of 2.10ÿ4 S/cm is comparable

with polymer-based lithium electrolytes. Total ionic

conductivity of these polymer-based electrolytes

ranges from 10ÿ3±10ÿ5 S/cm at room temperature

(for instance [24,25]).

4. Discussion

4.1. Comparison of the SEM and XRD Results

Summarizing the SEM and XRD results leads to a

trend between the grain size and the peak width. The

difference in peak widths is probably caused only by

the primary grain size, i.e., the smaller the primary

grains the broader the XRD peaks. The primary

particles causing peak broadening are the crystallites

consisting of a coherently diffracting domain. The

decrease in peak width of the statically compacted

samples is caused by grain growth during the

compaction process. The HUP BPO4-Li2O samples

clearly show this grain growth which is caused by the

high temperature during pressing. The CUP BPO4-

Li2O samples also show a slight grain growth which

indicates that applied pressures also activate grain

growth.

The dynamically compacted BPO4-Li2O samples

do not show any grain growth. The compaction time

during explosive compaction is only a few micro-

seconds and for magnetic pulse compaction about

200 ms. The process of dynamic compaction is too fast

for grain growth to occur. In addition, dynamic

compaction is a relatively low-temperature process.

4.2. Electrical Measurements

From the results of the electrical measurements it can

be concluded that the total ionic conductivity

increases with increasing compaction pressure or

pressure wave velocity. Combined with the SEM and

XRD results, a trend between the primary grain size

and ionic conductivity can be derived: the total ionic

conductivity increases with decreasing grain size. The

total ionic conductivity consists of grain boundary and

bulk conductivity. With the observed relation between

grain size and total ionic conductivity it may be

concluded that grain boundary conduction is the main

conduction mechanism. This conclusion is supported

by the fact that the dynamically compacted BPO4-

Li2O samples have a higher concentration of grain

boundaries than the statically compacted BPO4-Li2O

samples due to a smaller grain size of the dynamically

compacted material.

Accurate ac impedance analysis ®tting will result

in values for the bulk ionic conductivity and the grain

boundary ionic conductivity, which will be combined

with temperature dependent electrical measurements

in future research.

4.3. Introduction of Lattice Defects During
Dynamic Compaction

Introduction of one- or higher-dimensional lattice

defects during dynamic compaction could also

contribute to peak broadening. It was shown before

[26] that explosive compaction can introduce one- and

higher-dimensional lattice defects. In order to inves-

tigate the type and concentration of defects in the

dynamically compacted BPO4-Li2O a quantitative

series of XRD experiments will be complemented

with transmission electron microscopy (TEM) and
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high-resolution electron microscopy (HREM)

analysis. Ongoing dynamic nuclear magnetic reso-

nance (NMR) experiments on compacted BPO4-Li2O

samples will result in the Li� mobility in the

BPO4-Li2O lattice. From these data, combined with

the Nernst±Einstein relation and accurate values of

bulk ionic conductivities, the chemical diffusion

coef®cient can be calculated and the relevant lattice

defect concentration can be cross-checked. These

results will be published in a forthcoming paper.

5. Conclusions

Dynamic compaction is a suitable technique to

compact BPO4-Li2O samples up to 75% of the

theoretical mass density without altering the size of

the nano- structured particles. The total ionic

conductivity of dynamically compacted BPO4-Li2O

can be up to three orders of magnitude higher

compared to the total ionic conductivity of samples

densi®ed with static uniaxial pressing. The maximum

measured total Li� conductivity of explosively

compacted BPO4-Li2O samples is 2.10ÿ4 S/cm at

room temperature with grain boundary conductivity

as the main conduction mechanism. This total ionic

conductivity can compete with state-of-the-art

polymer-based electrolytes.
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