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ABSTRACT

b |esr deposition is used 1o deposil thin films of Ma superionic Concucion (MASICON). The resulting thin lilms are good ionic

il rmaistvities batween 2 = 107 and &

10° 1 cm al reom tempetature degending on the depasition conditions. By deposit

fime on Aalpore catlon-satective membranes, composie membranes Gan be fabricated. The cumulathse current elficiency o
Iieitanes for 1he productisn of sodium hydroxide from sodium sullale using elactrolysis is impreved by 23%. In addition, the com-
ipimhranes prosanted a Flghar resistance to fouling by multivalent calions than tha polymerc membranes

Introduction
cliva membranas are used (0 varouk applications in the
madical, chemical, pulp and paper, and othar industnes
il In alectralysis and bipolar membrane plecirodialysis
B apitiing salts inio their companent acid and bato Paly
purnmle membranes can be used, each one having its
gg and drawbacks. Larpe araa pelymeric membrangs can
belirad and used 1o bulld leak-Tree systemsa. However,
ymirc: mombranes prasant problems ol selectivity and
hich reduce afficiency and Ile. Caramic membranes do
thisi problems but, becauss of the thicknass neces.
mechanical stability, ey sualy hava high resistance. It
Frvaniagaous to comiing 1he wo types of matenal in a
g mambrana which may have the advantages of both
Wi 1o o this (5 10 deposit a thin film ef ceramic on a poly-
gmimbrane. The polymerlc membrana may be any of the
1 fon selecilve materials such as Mafion™ ar Raipore”, An
it cancidata for the ceramic matarial tor Na sall splitting
G, MASICON i a caramic lormed by a solid: solution
o), and MNaZr(5i0., of average composition
P Dy, where X varles between O and 3. As indicaied
mime; NASICOM has & high jonic conductivity which
o tha value of & and is maximal for x = 2° Relatively
BIGOM films (=25 pm) have been used as sodium seles
whranes for sodium sulfate splitting,” Howevar {he use of

fel pm) has not been reporied.
sk ol ther complex stoichiometry, it s difficult 1o deposil
Mihinfilms by corventional evaparation or sputtenng tech
Thin films of NASIGON have been deposited using fhe sol-
fue !t Howewer, this process regquires high temperature
q-=700°C) which makas it unsuitable for deposition on
“Recently pulsed iaser depesition (PLEY has emerged as
kabde technigue tor deposition of caramics with compiex
glry, such as high Te superconducting oxidas® This lech-
ik 2uitable for the deposition of supefionic ceramics as well.’

Experimental
the-oplical beam of a pulsed laser is focused al the sur
glarget of the material which we wish to deposit as a thin
vary high enargy density impinging on the target induces
soralive expiosion, with ejection, normal lo the surace, of
alfrom he target. Because of the extremely hich rate of fam:
3'elevation, this process leads 1o a congruent gvaporation
B ot [ we placa a substrale facing the larget, deposition of
I gceurs. Deposition can be perlormid in vacuum ar using
Wi gas atmoesphare,

xperimantal setup used here has heen described in cetail
Briglly, the laser beam from a KiF excimer laser [k =

iwas fncused on an eliptic spot with an area of 1 to2 mim
gy density incident on Lhe targat was controfied by aten-
i IfiE coming laser beam: The laser repetition rate was 30 Ha
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Thi target-to-sample dutance was vared from 5.5 1o 18,5 em il
samples were 8l foon lamperalurg

MNASICOMN targels word prapared from a misiure al ZrSi0, and
Na,PO, - 12H,0 powders, pressed at 500 bar and sinterac at
1200°C for at lgast & h. Deposition was dane on Raipare 4010
cation-salective polymaric membranes. The araa af the membrana
was vared from 3 = 3to 7 = 7 om®, Soma deposis wara macdé an
Si.N./Si substrates 1o allow electrical measuremant up to 400°C

Film composilon was maasured by x-ray photoaleclron spoc
troscopy {XPS). The film thickness was measured using a Dektak
profilometer, The crystaliography of the deposited fiims was avald
ated using x-ray diffraction (XRD), The marphology was studled by
seanning electron microscopy (SEM). Elacirical characterizatian
was carmed oul using ac and de methods. Reslativity measura
mants ware perdormed by ac Impeaance using a lock-in ampliher
coupled with a polentiostal-galvanastat. The fragquency range was
freimy 0,01 Hz 1o 100 kHz, The measuraments ware done batweean
wo platinym slectrodes, 1 5 % & mm spaced by 1,5 mm, deposll
ed by magneiron sputtering. The resistivity was avaluated lram the
high frequency intercaptl of the raal-axis In the Myguist plot,
Efficiency and do polanzation measurements War maca in & call
consisting of two Pt covered elecirodes. two electrolyte compart-
ments. and a 1 cm® cation salective memixana saparaling thase
compartmenis. The current efficiency of tha compasite membrane
was maasured from the production of NaOH from the electrolysis
of sodium sultate. When a voltage is applied batween tha two alec-
trodes. the sodium oes migrate through the membrane toward the
negative electroda. The initial concentration of Na.SQ; in the
anolyie compartment was 1 M. NaCH was present in the catholyle
compartment with an Initial concentration of 1 M. The acid and
baso concentrations in the catholyte and analyfe comparimenis
ware measured by titration during the experiment

Results and Discussion
ge of PLD is its ability 1o transfer stolchiometry
from target to substrate, even lor comples materials, However, this
{5 not always the case. Even if the evaporation 1s congrusnt, tha dit-
ference in sticking coefficients from different species, and the lor-
mation of volalile compounds during the flight from target to sub-
sirate may lead lo nonstoichiomelric degosition i
We have reporied thal target sioichiomelry iz preservad when
NASICON compounds are deposited on Si or SLN./Sisubstrates”
However, XPS measurements of the composition of films depasit-
&d on Raipore substrates show very small or evan 2era Na content

Table |. Compeosition of the surfaca of MASICON thin films
deposited on: Raipore fresh membrane, Raipore membrane
which was dipped in a Na,S0, solution, and Si,N./Si.

NASICON film  NASICON fiim
! = an modified
F':_-llpgre (at. %)

MASICON film
on SiMNJSE (at %)
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al the surface of the films: In Table | we show the compasition of
NASICON films deposited on SiM,/Si and Rapora subsirates
placed side-by-side in the processing chamber Since Ma is pre-
sert in the film deposited on the Si,M,/Si subsirate, we excluds fhe
{ormation of volatile compounds as the cause of the Na depistion
After the deposition of the firs] faw monolayers, further deposition
{akes place on-a ceramic in both cases Thus, wa do nal expect
that the sticking ceefficien! dilference could explain the Na depie
tion for thick fims. When the Raipore membrana 15 dipped into a
Ma, 50, solution for a few hours, the composibon ol tha Raipore
surlace is greatly modified. It the geposiion 15 done on such a
modified membrane the Na depletion is largely reduced {sea
Table 1), Therslore, we suppose thal Na ditfusion imto the palymer
i the cause of depletion of Ma from fhe caramic deposited on a
fresh Ralpore mambrane. Similar behavior &5 ohserved whan
NASICON fims are depasited on 510,51 subsirates. In fhis case
plastic recoll detection (ERD) measuremants show thil Ma con-
pentration (nereases in the interior of the caramic fim. Despite tha
Na deplation, the ceramic fiim- Raipore composile Mmemiranas
chow gxcallan behavior as wa show below

The deposiion rate may vary widely with various deposiion
paramelers such as enargy densily, {arget to substrate cistance,
@lc. Daposition ratas ranging from 2 » 1077 io 0,03 nm/pulse wera
gbtalned with a targel-to-substrate distance o 5.5 cm and energy
dmpaitins ranging trom 0.7 1o 2 Jiem®. This range is determined by
the chaice of depositon paramaters, and does nol rapresent thi
limits of deposition ratas. Using a repelilon rate ol 30 Hz. the depo
gitian of 100 nm, chosen A& an appropriale thickness for the fabri
cation of a membrang, takes from 2 10 30 nin, depanding on depo
sliflan conditions, This value compares witdl with olhar lechniques
such pg spullering

The anergy density also has a major influance on the surlacs
merphalogy of the deposited filme. In Fig, 1, we show a micrograph
ol the surlace of o NASICON film depasited on a Raipore mém-
brana at 0.72 Jiem®, The surface is relatively smooth, with a small
nutmber of particles. For films deposited al higher enargy dansity
fhe number of paricles and thedr sizg increase An enlample of this
is shown In Fig. 2, where the NASICON fiim was deposited al
1.6 Jiem®, Tha presence ol parlicles can lead 1o the formation of
pinholas which reduce the efficienty of tha composile membrane
However, their relative area is small and, as sean el they do not
preciude the good oparalon of the composite mambrans

¥A[D measurements ware underiaken o siudy the crystaio
graphic state of the deposited films Films: deposited al medium
and low energy density (below —1.0 Jicm’} are amorphous as
shown by the absence of characienslic peaks in ¥RD spectra (Fig
ab}, Al higher energy densily (1.8 Jigm®), XRD measuremeants
show that the films are partially crystalling (Fig. 3¢} and in a MNASH-
CON phase as shown by the comparnson with thie-spectrum of the
WASICON tamget (Fig. 3a]

Resistivily Measuremenis weie performed osing impedance
spectioscopy. Aesistivity at room termnperaturs is between 3 % 107
and 5 10° £} cm, depending on the depcsition condilions From
reslslance measuraments between 30 and 400°C. the adiivaton
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Fig. 1. Micrograph of a NASICON thin film deposited at
0.72 Jicm® on a Raipore membrare.
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Fig. 2. Micrograph of a NASICON thin film depos
1.5 J'em® on a Ralpore membrane, "

anargy was batwesn 0.3 and 0.5 eV, Incremsing Wil o
restativity, The measured resistvilies and araatar than thi'
repor ted values for bulk crystalling MASICON, 1% 10" {ken
tor bulk amorphous MASICON 2 % 107 0 em ¥

The parormance al the membrangs wis el L
inq the current efficiancy for the production ol sodium
fram sodium sullate using slactralysis, This is delnmd a5
al the actual quantity of base squivlant produced 1o 1 ST
quantity caloutated using Faraday's law, from the currant Al
appllad: It = (Fwhara (is the cuarren] density, He thi durifan et
application of the gurrant dengity, { s the nuenber of el
axpectad, and F ihe Faraday constant (96,485 C mal 'l

Figure 4 shows the cumulative current alficiences o1d Y
ite mambrana, and of a Aalpara membrana, The composi F
brane was made by depositing a 300 nm hick NASIGEHN
| 4 Jiem® energy density on a frash Aalpers SuRsce,
cumulative current atficiency is the ratio of he numbar il
base produced over the total number of males o gkl
crassed the cell since tha beginning of Lhe axperiment, Tha
tative cument efliciency at high conceniration | S0
Raipore membrang and B9% lor e compasite mambrang,
13%, |ncrease ol the cumulative current efliciency rege
23%, impravemant fram the initlal charagiensics,

To halp understand the origin of this improvemant e md
Iha de resistance af the Ralpare and the compasite Mamee
o different solutions, in @ 32% H:5C, solutlan, whers cond
is essentially due to H' ions passing thraugh fhe mermbr
- 10% NaOH solution, where Ma are the canducting (638

b) 0.4 Jiem®

Intensity (Arb. units)

a) NASICON targsl

15 25 35 45 {hiEs
28

Fig. 3 XRD spactra of: {(a) MASICOMN targel, and |
deposited at: (b} low energy density (0.4 Joem®y and (g}
energy density (1.6 Jiem®}. 4




M 50 Vol. 144, Mo. 12, December 1987 € The Electrochemical Society, Inc.

+ Composite
®  Raipore
1 1
0.2 0.4 0.8
Acid concentration (M)

lative current elliclency of Raipore and com-
branes as o function of acid concentration, The
brane was made by depositing a 300 nm thick
w14 Jiem® energy density on a fresh Raiporoe

g ol the composile mambrang is hghar in Boh solu
b b nxprcied, sinoe in (e composila membrands the
* il 1ha NASICON is In serles with the resistance of the
Vi, the incrense of resistance lor the M ions, 6.7 £1
o ths Ma' jong, 5001 The increase of efficlency
Beranae 1he composie mambrane it more selachive
i lhan he Ralpord membrane. Anather ingication of
s of witar fram the catholyle sidi 1o the anolyte
A thls transpart s due 1o transpan of H,Q" ans,
LA ansterred By he composite membang. n
dillons, alter 90 h of oparation, 28 ml of water are
gy the Raipore membrane and only 23 when
imposite membrane, This indlcates once more & batler
et e, rangport for 1he composite membrane
fly afthe membeane s ancthar imgertant eritenion in
ofthe pararmance of the compasite mambranes. We
sha-dissolution af thin films of NASICON in acid
ki hats hean reporeed o be a problem™" ), and the
prafion of the composita membranes. The scraich
pd b evaluate the adhesion of the NASIGON film 1o
mambrang, Quantitative analysis could not be par
s the pefymer shows cohesive fallure betore delam:-
g, Howaver, we may conclude that the adhesion
B dasolution expariment, & thin film of NASICON
1 8aM,5 was placed in & high concentration sulfuric
Mfer 1 wieak, 409 of the thicknass of NASICON was
waeks na further decrease was observed. Finally,
wasaubjema-ti 1o-over B0 days of continuous opera-
rﬂlysls cell. Mo decrease of efficiency was observed.
durability of the composite membrang (longer
gress).
smbrang can alse be influenced by s resistance
wsauch as iron, caleium, and magnesium. The joul

L35

ing process occurs through the precipitation of the hydroxida salis
of these agenis inskde the membrane whan thase ions cross it-and
encounler a relatively high' concentration of hydroxida on the
catholyte side of the membrane, To compara the resistance of each
membrane o fouling, measurements were parlormad in the same
elacirolysis cell, bul the anolyte was charged with 275 ppm ol far-
rous sullate, Alter only 4 days of operation, the Ralpore membrane
failed, In contrast, the composite membrane functioned for 26 days
in the samsa conditions, and was still functioning when the expari-
ment was terminated. More completa rasults on this and an mem-
brane selectivity will ba reporied slsewhere.

Conclusion
NASIGON thin films can be deposited by PLD. The depasited
films are good lonic conductors. Composite lon selective mem-
brane can be labricated by depositing al thin film of NASICON by
PLD on a Raipora membrane. This composita mambrana has bet-
ter efficiency and resistance o fouling than the Halpore membrana.
Thus, this represents a promising technological development."
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