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Abstract

Li2CO3 sputtered films of 300 nm have been subjected to physical and electro-

chemical characterization methods to analyze the influence of annealing treatment at

600 oC during 2 h, 6 h, 12 h and 18 h on the microstructure, surface and conductiv-

ity. X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), atomic

force microscopy (AFM) and electrochemical impedance (EIS) have been used for this

purpose. XRD and FT-IR have illustrated the evolution of the microstructure with

the annealing time. AFM analysis has shown the growth of new Li2CO3 particles that

increase with the annealing time presenting a maximum diameter of 16.8 µm without

compromising the continuity of the films. EIS measurements have described a fall in

the activation energy of Li2CO3 thin films presenting a minimum around 1.18 eV. The

results concerning the activation energy of the films have concluded an improvement
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regarding the results obtained previously in Li2CO3. These results serve to understand

and optimize the behaviour of Li2CO3 thin films in gas sensors, fuel cells or Li+ ion

batteries.

Introduction

Lithium carbonate (Li2CO3) as an ionic conductor, has diverse uses in electrical devices.

It can be employed as sensing electrode or solid electrolyte of CO2 electrochemical sensors.

Despite its employment is not so extended as other carbonates, the literature present Li2CO3

as a reliable material for these purposes.1–5 Moreover, this carbonate has another scope of

applicability in, for instance, the molten carbonate fuel cell (MCFC) field and Li+ ion batter-

ies. Li2CO3 has big influence on the life of this kind of batteries. Whether as an alternative

to graphite anode,6 an additive7 or as a product due to the oxidation of the electrolyte, the

reversibility of this carbonate contributes to the premature death of this kind of batteries.8

Despite its wide uses, there are few studies focused on its characterization.6,9,10 This is an

indispensable work because the performance of any device under different conditions can be

affected by several factors related to the behaviour of the materials it is made of.

A previous work of the group,11 was focused on understanding the influence of annealing

temperature on properties of Li2CO3 thin films. 200 nm Li2CO3 films were fabricated and

subjected to different annealing treatments. The optimal annealing temperature for Li2CO3

films was 600 oC because more crystalline, uniform and reproducible surfaces were obtained

with an activation energy of 1.5 eV at temperatures below 350 oC. An impedance increase was

observed when the films were tested above 350 oC affecting the high temperature behaviour

of Li2CO3 thin films. Two factors could be responsible of this behaviour: an inadequate film

thickness and an insufficient annealing time. For this reason, in this work, a thicker film of

Li2CO3 has been fabricated and longer stabilization times has been used. Samples annealed

during 2 h, 6h, 12 h and 18 h have been compared to observe the influence of the annealing

time on Li2CO3 thin films. These results serve to understand and optimize the behaviour of
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lithium carbonate thin films in gas sensors, fuel cells or Li+ ion batteries.

Au electrodes/pads

Li CO2 3

(a)

Au electrodes

Li CO2 3

Au pads25 mμ 25 mμ

(b)

Figure 1: Representation of the Li2CO3 sputtered cell.(a) Top view of the Li2CO3 over Au
interdigitated electrodes and (b) cross-section of the electrochemical cell.

Experimental

Li
2
CO

3
layers fabrication

Li2CO3 thin films deposition were performed from a high purity Li2CO3 target (99.9 % Test-

bourne) by RF magnetron sputtering (Pfeiffer Classic 500) on a polished α-Al2O3 substrate

with a reported by the manufacturer surface roughness of 5 nm (Kyocera) and in an entire

CO2 atmosphere. The masks used for the photolithographic process were manufactured by

Microlithography Services. The mask consists on a polyester based 007” thick film and a

black area that is the photosensitive coating after it has been developed through the pro-

cessing stage. The Li2CO3 layer was patterned as a square of 1.5 mm x 1.5 mm with an

average thickness of 300 nm measured with a KLA Tencor profilometer. The complete fab-

rication process of sputtered Li2CO3 thin films is described in previous research reports of

the group.11 Due to the high ionic conduction temperature of Li2CO3, a thermal treatment

temperature of 600 oC was established to stabilize the microstructure of Li2CO3 film and

avoid any possible phase transition during high temperature operation. The samples were

annealed at 600 oC during 2h, 6h, 12h and 18h to study the influence of the annealing
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time. All the thermal treatments were performed in a ATV PEO 601 furnace and in CO2

atmosphere. The reason for using this atmosphere in the deposition and in the annealing

treatment steps was to prevent the co-deposition of Li2O produced by the decomposition of

Li2CO3.
12

Electrochemical cell fabrication

Regarding EIS measurements, it is necessary to include thin film electrical connections and

a heater. An integrated electrochemical cell consisting of Au electrodes and a Pt heater is

formed. The Au electrodes and the Li2CO3 layer are illustrated in Figure 1. A 200 nm-thick

Pt heater was deposited by DC magnetron sputtering (Edwards coating system E306A) on

the bottom part of the Al2O3 substrate. The heater provides the different temperatures to

the Li2CO3 in this EIS study. Following this step, 200 nm-thick Au interdigitated electrodes

with a finger width of 25 µm were deposited by RF magnetron sputtering (Edwards coating

system E306A) on the top part of the Al2O3 substrate. The metalic layers were deposited

in an Ar atmosphere. Afterwards, an annealing treatment of 600 oC was applied for 2 hours

to stabilize both metallic layers in a synthetic air atmosphere. Finally, in order to get the

electrochemical cell, the Li2CO3 thin film is deposited using the fabrication process described

above.

Characterization methods

The crystallographic structure of the Li2CO3 films before and after the thermal treatments

was analyzed by X-ray diffraction (XRD) by means of a Philips XPERT MRD diffractometer

in a glancing angle configuration (ω = 2 o and Cu Kα1 = 1.54059 Å). The diffraction patterns

were obtained in the 20 o - 80 o range with a size of 0.015 o a time per step of 6.5 seconds.

FT-IR measurements were collected using Perkin-Elmer Spectrum 100 spectrometer with

Universal Attenuated Total Reflectance (UATR) accessory. Spectra were recorded over the

range 4000-650 cm-1, with a resolution of 4 cm-1 and 4 accumulations. A JPK NanoWizard
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atomic force microscope in the intermittent contact mode using a Silicon tip (r < 10 nm; As-

pect ratio < 6:1) with a force constant of 40 Nm-1 and a resonant frequency of approximately

300 kHz was employed to study the topography of the material under test. In addition to

this, a Quanta 3D field-emission scanning electron microscope (FE-SEM) system supplied by

FEI was used to study the topography. The micrographs were obtained using accelerating

voltages of 15 kV. The EIS analysis was performed with a Solartron 1260 frequency response

analyzer in the frequency range of 0.1 Hz - 4 MHz and an applied amplitude of 200 mV.

The data was obtained and processed with Zview and Zplot tools. Afterwards, the obtained

impedance patterns were fitted with an equivalent circuit in order to quantitatively analyze

the obtained results. These measurements were performed in a controlled CO2 atmosphere

by means of a computer-controlled flow of 200 sccm from Bronkhorst Hi-Tech, using certified

bottles of 99.9 % of CO2 provided by Air Liquide and inside a sealed stainless steal chamber.

Results and discussion

Continuous Li2CO3 films of 300 nm thickness over several mm were prepared depending on

the sputtering time as revealed by profilometer. These films are designed for working at high

temperature and therefore, an annealing temperature of 600 oC was established for Li2CO3

films. Appart from the annealing temperature, the annealing time have strong influence on

the microstructure of the material. For this purpose, XRD and FTIR techniques have been

used to analyze the evolution of Li2CO3 microstructure with the annealing time as Figures 2

and 3. All the observed peaks corresponding to Li2CO3 and their orientations are highlighted

in the picture as well as the rest of the peaks generated from the Al2O3 substrate. Due to

the low intensity of the Li2CO3 peaks, some of them are not easily observed mainly at short

annealing times. The obtained Bragg peaks are characteristics of a monoclinic structure with

(002) preferred orientation (checked against ICDD:00-022-1141). Observing the intensity of

the peaks, the (-110), (111), (-311) and (021) peaks remain practically unaltered with the
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annealing time. However, a change with the annealing time can be noticed in the intensity

of the peaks (-202), (-112) and (002). Peaks (-202) and (-112) are hardly observable in

the as-deposited samples and the samples treated during 2 hours. The intensity of the

peak (002), on the contrary, suffers a more gradual increase between samples. This means

that the samples are more crystalline with longer annealing times. Interestingly, the peak

(020) disappears with the annealing time. However, regarding the crystallinity, the longer

annealing time the more crystalline films are obtained. Finally, the absence of Li2O peaks

confirms the high purity of Li2CO3 films.

Figure 2: Li2CO3 diffraction pattern of as-deposited samples and samples annealed at 600
C during 2h, 6h, 12h and 18 h.

Figure 3 shows the absorption spectra of Li2CO3 samples obtained with FTIR technique

for the different applied thermal treatments. In general, the absorption bands located be-

tween 1800 cm-1 and 700 cm-1 are attributed to the vibration of the CO2−
3 ion.9,13 The clearly

differentiated twofold absorption band around 1500 cm-1, due to asymmetric stretching vi-

brations (υ3) of C=O, is characteristic in Li2CO3 compounds.8 A weak band around 1100

cm-1 is also observed due to symmetric stretching vibrations (υ1) that are more observable

in Raman Spectroscopy.9,14 The carbonates IR spectra show a narrow band around 860

cm-1 representing the bending out of plane (υ2) of the CO3
2- ion. After 2 hours of thermal

treatment, this band moves to higher wavenumber which is in agreement with the general
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trend that indicates the higher crystallinity of the films with increasing annealing time.15

Moreover, the carbonate spectra starts showing a new band located at 700 cm-1. This could

be atributed to bending in plane vibrations (υ4) of Li2CO3.
14 The appearance of this band

is explained by the splitting of the υ4 band observed in other carbonates. The bands lo-

cated at 631 cm-1 and below are associated to the Al2O3 substrate as the Figure 7 in the

SI illustrates and remains unaltered during the annealing treatment process. Unlike other

carbonates, as Li2CO3 only has one polymorph it indicates that no phase transformation

takes place and the carbonate crystallize in a monoclinic structure as evidenced also in XRD

analysis. In contrast to as-deposited samples, the flat characteristic within 4000-1750 cm-1

region indicates the absence of OH- and water molecules in the annealed samples crystal

structure.
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Figure 3: IR spectra collected for Li2CO3 for as-deposited samples and samples treated
during different annealing times.

Regarding the analysis of the topography of Li2CO3, the surface is an important pa-

rameter owing the electrochemical reactions that takes place there. An AFM analysis was

performed to study the evolution of the Li2CO3 surface with the annealing time as Fig-

ure 4 shows. The as-deposited samples, Figure 4(a), present a flat arrangement of small
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particles in contrast to the particles that appear with longer times. The obtained parti-

cles have a pseudo-hexagonal geometry and their size increases with longer annealing times

(see SI). These particles are illustrated in Figures 4(b)-(e). The observed particles have an

average diameter of 2.8 ± 0.1 µm, 4.3 ± 0.4 µm, 13.0 ± 1.1 µm and 16.8 ± 1.8 µm for

the samples treated during 2h, 6h, 12h and 18h, respectively. Moreover, the height of the

obtained Li2CO3 particles increases between samples and values of 0.65 ± 0.03 µm, 0.79

± 0.04 µm, 0.93 ± 0.11 µm and 1.16 ± 0.11 µm were obtained. Regarding the surface of

the pseudo-hexagonal particles a stepped arrangement is observed as Figure 4(f) illustrates,

specially for the samples annealed during 12 h and 18 h. A similar stepped arrangement

is observed in calcite crystal grown in presence of Li+ ions where a rhombohedral cleavage

is given.16 In light of the results, the surface of the particles of monoclinic Li2CO3 present

a basal cleavage-like growth with a slight tilt. Due to the nucleation and growth of these

particles, they present a tilt between 10 o and 15 o, measured from the cross sections of the

particles, similar to the values obtained in the bibliography for calcite crystals (CaCO3) in

presence of Li+ ions where similar growing structures have been observed.17,18 With regards

to the geometry of the pseudo-hexagonal particles, all of them present some vertex with a

specific angle of 114 o. This angle corresponds to the β angle of the monoclinic unit cell of

Li2CO3 which could be representing a preferred growing direction of the observed particles.

The roughness of the flat material that surrounds the particles, higher than the substrate

roughness, indicates that it is a Li2CO3 continuous film and the height of the particles might

be promoted by the contraction of the film in these particles, making the surrounding films

thinner. Moreover, the SEM micrograph shown in Figure 5 confirms this hypothesis showing

continuous nanogranular rough film around the particles.19–24 Unlike the samples of 200 nm

Li2CO3 the appearance of this specific particles is explained by the thickness of Li2CO3 films

but also by longer annealing times.

The EIS technique was used to study the influence of the annealing time on the impedance

and activation energy of Li2CO3 samples. All the samples were tested in a CO2 atmosphere

8

Page 8 of 19CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



(a)

10 mμ

(b)

10 mμ

(c)

10 mμ

(d)

10 mμ

(e)

1 mμ

(f)

Figure 4: AFM images of (a) as-deposited samples and the samples treated at 600 oC during
(b) 2h, (c) 6 h, (d) 12 h and (e) 18 h. (f) A closer image of the stepped arrangement of the
particles appeared in the samples treated during 18 h.

Figure 5: SEM micrograph of the samples treated during 12 h at 600 oC. A continuous film
between the particles is observed in the detail picture.
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in the temperature range of 200-425 oC. Figure 13(a) shows a detail of a representative

measurements obtained in the studied temperature range. The used equivalent circuit that

fits the results is shown in Figure 13(b). The complete impedance spectra is shown in Figure

8 in SI.

It is important to note that in all cases the spectra present a two arc graph whose

impedance diminishes with the measuring temperature. The high frequency arc (left hand

arc in Figure 13(a)) represents the processes related in the conduction through the Li2CO3

thin film whereas the low frequency arc represent the reaction in the electrodes. Focusing on

the high frequency arc, it gets smaller until it practically disappears at temperatures above

400 oC with an extremely low impedance value. This fact means that the conduction is

improved with the test temperature.

Table 1: Impedance value obtained from a sample treated at 600 oC during 2 h, 6 h, 12 h
and 18 h.

T.Temp (oC) Rp (kΩ) 2 h Rp (kΩ) 6 h Rp (kΩ) 12 h Rp (kΩ) 18 h
200 9480.5±26.7 6110.0±10.8 16300.0±77.0 24323.0±49.9
250 454.02±1.07 424.0±0.6 730.0±2.3 634.8±2.3
300 48.80±0.30 58.68±0.07 27.18±0.21 24.96±0.13
350 9.42±0.03 13.66±0.02 5.53±0.01 13.15±0.03
400 2.810±0.004 3.228±0.006 3.276±0.002 4.673±0.007
425 0.2650±0.0003 1.046±0.003 2.5262±0.0008 2.9865±0.001

The equivalent circuit that fits the impedance spectra, illustrated in Figure 13(b) is used

to analyze quantitatively the evolution of the impedance with the temperature and, this way,

obtain the activation energy of the samples and compare different samples to understand the

effect of the microstructure on conduction mechanism. The Rs and the Rp‖C parallel circuit

represents the resistance of the connections and the processes related to the conduction

through the Li2CO3 thin film, respectively. Only the high frequency arc, corresponding to

Li2CO3, is studied because of the irrelevance of the electrode arc in the Li2CO3 conduction

mechanism. The values obtained from the fitting of Figure 13(a) are shown in Table 1. As

it may be observed, the impedance decreases with the temperature in all cases presenting
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a 260 Ω impedance minimum at 425 oC for the samples treated during 2 hours. This low

value makes the high frequency arc almost imperceptible compared to the low frequency

arc. Samples of 300 nm thick do not present a change of tendency observed around 350

oC in contrast to the samples of 200 nm thick and a minimum impedance at 425 oC is

observed. Moreover, comparing the values of the samples treated during 2 hours at 350 oC,

the impedance has decreased one order of magnitude from 90 kΩ to 9 kΩ. The decrease on the

impedance is explained by the increase of the thickness of the Li2CO3 film and decrease of the

interdigitated electrodes width and the distance between them, reducing these magnitudes

from 50 µm to 25 µm. Interestingly, the impedance evolution with temperature present

different behaviour for each annealing treatment. This will be expressed in the obtained

activation energy of each sample. Observing the behaviour of C in the Table 2 of the SI,

its values remains practically constant for every annealing time at each one of the test

temperatures.

(a) (b)

Figure 6: (a) Li2CO3 spectra in the temperature range of 200-425 oC. These spectra corre-
sponds to samples annealed at 600 oC during 2 hours. (b) Electrical equivalent circuit that
was used to fit the obtained impedance spectra.

The Arrhenius plot represents the evolution of the impedance of the samples with the

temperature. A representative graph obtained for samples annealed at 18 h is depicted in
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SI. As the figure illustrates, only one slope is observed which corresponds to the intrinsic

region of Li2CO3 ionic conductor.
11 This means that the activation energy of the conduction

of Li ion through interstitial position4,25 is a process influenced by the thermally formed

new interstitial defects and the migration of the defects. Interestingly, there is a difference

between the samples annealed during 2 hours and the rest. The samples treated during 2

hours have an activation energy of 1.26 ± 0.01 eV whereas the samples annealed during

6, 12 and 18 hours have 1.18 ± 0.06 eV, 1.19 ± 0.03 eV and 1.15 ± 0.02 eV activation

energies, respectively. Therefore, it can be concluded that the activation energy suffers a

decrease for annealing treatments longer than 2 hours but it remains practically the same

above six hours. It must be highlighted that these values are lower than the 1.5 eV activation

energy obtained from previous work where 200 nm thick samples annealed at 600 oC during

2 hours were studied. Moreover, this values are in agreement with the values calculated by

different authors.26,27 It must be also highlighted, that the obtained values are similar to the

one reported for the binary carbonate Li2CO3-BaCO3.
28 Therefore, the influence of the thin

film thickness and the annealing time is obvious in light of these results. A lower activation

energy has been obtained and the operating temperature range has been extended due to

the possibility of operating till higher temperatures compared to the 200 nm samples where

a 350 oC limit was established.

Conclusions

Several characterization methods have been used (XRD, FTIR, AFM and EIS) to study new

sputtered lithium carbonate films that have been subjected to different thermal treatments

and that has been fabricated as indicated in earlier work of the group. XRD and FTIR,

confirms that the longer annealing times the more crystallinity. However, the crystallite size

remains constant.

AFM analysis has shown the appearance of Li2CO3 pseudo-hexagonal particles presenting
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a maximum diameter of 16.8 ± 1.8 µm and a maximum height of 1.16 ± 0.11 µm. The new

sputtered films have presented lower activation energy of 1.15 ± 0.02 eV compared to the

1.5 ± 0.06 eV obtained in previous work. Moreover, 300 nm thick films allow for higher test

temperatures (between 200 and 425 oC) without observing a Li2CO3 film behaviour decay.

This result supposes a new step on the use of Li2CO3 thin films as solid electrolyte due to

the decrease of the activation energy with respect to the one obtained in previous work or

the values simulated in several references. This means a enhancement in the features of the

fabricated thin film with respect to the ones fabricated previously.

The crucial factor is the thickness of the Li2CO3 layer. It is well known that film thickness

affects coating quality and costs and together with longer stabilization times brings Li2CO3

films with wider operating temperature range expanding the potential applications of Li2CO3

thin films.
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Table 2: Impedance value obtained from a sample treated at 600 oC during 2 h, 6 h, 12 h
and 18 h.

Test Temperature (oC) C (F) 2 h C (F) 6 h C (F) 12 h C (F) 18 h
200 2.88 x 10-11 2.93 x 10-11 2.80 x 10-11 3.17 x 10-11

250 2.60 x 10-11 2.70 x 10-11 2.59 x 10-11 2.77 x 10-11

300 2.47 x 10-11 2.59 x 10-11 2.35 x 10-11 2.74 x 10-11

350 2.14 x 10-11 2.50 x 10-11 2.92 x 10-11 2.46 x 10-11

400 2.32 x 10-11 2.81 x 10-11 2.25 x 10-11 3.32 x 10-11

425 2.04 x 10-11 3.87 x 10-11 2.75 x 10-11 2.36 x 10-11

This material is available free of charge via the Internet at http://pubs.acs.org/.
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Figure 7: IR spectra of Al2O3 substrate.

Figure 8: The complete impedance spectra of (Li2CO3 thin films.
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Figure 9: Arrhenius plot of Li2CO3 samples annealed at 600 oC during 18 hours. The
continuous line represent the performed linear fitting to calculate the activation energy of
this sample.

(a) (b)

Figure 10: (a) Height image and (b) cross section of a sample treated during 2 hours at 600
oC.

15

Page 15 of 19 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



(a) (b)

Figure 11: (a) Height image and (b) cross section of a sample treated during 6 hours at 600
oC.

(a) (b)

Figure 12: (a) Height image and (b) cross section of a sample treated during 12 hours at 600
oC.
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(a) (b)

Figure 13: (a) Height image and (b) cross section of a sample treated during 18 hours at 600
oC.
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