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LaMnO? perovskite was prepared by heat treatment of an oxide film which was electrochemically 
deposited on a Pt electrode in solutions containing both La” and Mn’+ ions. The LaiMn ratio in the 

deposited oxide films increased with an increase in the [La”]/[Mn”] ratio in solution and with a 

positive shift of electrode potential. The maximum value in this ratio was about one, and was obtained 
in solution with [La~+]/[Mnzt] > 500 and/or in a potential region more positive than about 1.9 V vs. 

AglAgCI. II was presumed from IR, TG, XRD, and XPS measurements that the incorporation of La” 

ion into the oxide film during electrochemical deposition is based on a specifc adsorption of La” ions 

onto the surface of amorphous and hydrous c-MnO,, which has some oxygen deficiencies, and that the 
La” ion exists as a hydroxide in the oxide. A single phase of LaMnO, perovskite was obtained by 
heat-treatment of the deposited oxide film with LaiMn + I .tJ at a temperature higher than about 750°C. 

which was always lower than the preparation temperature in the ceramic technique (about 1200°C). 
The crystallization process in the heat treatment was also discussed from TG and XRD analysis. 

I” IVYI Academic Press. Inc. 

Introduction 

It is well known that an oxide film can be 
anodically prepared on a metal substrate, 
where the metal electrochemically dissolves 
as a cation into solution, followed by some 
chemical reactions with OH- and/or HZ0 in 
the solution. In this case, a complex oxide 
film can be synthesized if the solution con- 
tains other metal cations. From this point of 
view, we have electrochemically synthe- 
sized iron spine1 oxide Fe,-,XLi.,O,, where 
the solution contains Li+ ion (1). From a 
similar point of view, LaCrO, (2), LiNbO,, 
and BaTiO, (3) were also electrochemically 
synthesized. The electrochemical synthesis 
of complex oxide film has the following two 

advantages compared with other methods 
such as CVD and sputtering etc. One is that 
the film can be easily prepared with a simple 
apparatus and under simple conditions. The 
other is that the film thickness and the grain 
size of the oxide can be controlled with the 
quantity of electricity and the current den- 
sity, respectively. 

LaMnO, is suitable as an air electrode 
material for high temperature solid oxide 
fuel cells (SOFC), because of its chemical 
stability at high temperature, electrocata- 
lytic property, high electron conductivity, 
and thermal expansion match with the solid 
oxide electrolyte, yttria-stabilized zirconia 
(4). For use as an air electrode in a SOFC, 
the cathode must be thin and porous, so that 
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oxygen easily diffuses onto the electrolyte 
(5). Some preparation methods for the thin 
and porous films of LaMnO, have been stud- 
ied (6). 

It is well known that manganese oxide can 
be directly synthesized on an electrode by 
anodic oxidation in a solution containing 
Mn2+ ion. Therefore, it may be possible to 
form LaMnO, films by anodic oxidation, if 
the solution contains both metal cations 
Mn2+ and La3+, as in the preparation case 
of Fe,-.Li.,O, (I). In this paper, a new prepa- 
ration method of the LaMnO, film using 
electrochemical oxidation is demonstrated 
and its mechanism is discussed. 

Experimental 

Pt plates (99.9%, IO x 10 mm) were used 
as the working and counter electrodes, and 
a Ag/AgCI electrode was used as the refer- 
ence. Electrode potential was referred to 
Ag/AgCl unless otherwise stated. The elec- 
trolytes were Mn(NO,), and La(NO,), in 
aqueous solutions, whose total concentra- 
tion ([La3’] + [Mn’+]) was always I M. 
Both galvanostatic and potentiostatic elec- 
trolysis were carried out for 3 hr at room 
temperature. In the case of the galvanostatic 
electrolysis, current density was kept con- 
stant at 0.5 mA cm-l. The oxide films pre- 
pared on the electrode were washed with 
distilled water, followed by drying at room 
temperature. The as-deposited oxide films 
were examined by infrared absorption spec- 
troscopy (IR), thermal gravimetry (TG), and 
X-ray photoelectron spectroscopy (XPS). 
All the samples were heated in air at various 
temperatures for 4 hr for the purpose of 
crystallization, since the as-deposited oxide 
films prepared at room temperature were 
always amorphous. The structures of the 
oxide films after the heat-treatment were ex- 
amined by X-ray diffraction analysis (XRD) 
with monochromatic CuKa radiation. Mor- 
phological observations of the oxide films 
were carried out by a scanning electron mi- 
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FIG. I. Time dependences of the Pt electrode poten- 

tial under galvanostatic electrolysis of 0.5 mA cm-? in 

solutions with the [La”]/[Mn”] ratios of IO (A), 50 

(IS), and 1000 (C). 

croscope (SEM). The oxide films were dis- 
solved into HCI and then analyzed by induc- 
tively coupled plasma (ICP) spectroscopy to 
determine the atomic ratios of La/Mn in the 
oxide films. 

Results and Discussion 

Galvmnostatic~ Synthrsis 

Figure I shows some typical time depen- 
dences of the electrode potential under gal- 
vanostatic electrolysis in the solutions con- 
sisting of the various ratios of [La’+]/ 
[Mn”]. The variation of potential with time 
was dependent on the [La’+]/[Mn’+] ratio in 
the solution, where two plateaus of about 
1 .O- I. I V and 1.6-I .65 V were observed, as 
shown in Fig. 1. In general, type A and type 
C curves in this figure were observed in the 
solutions with the low (< 10) and high (>500) 
ratios of [La”]/[Mn”], respectively. Reac- 
tions at 1.0-I. I V and 1.6-I .65 V are mainly 
based on MnO, production and O2 evolution 
respectively, since O2 evolution was ob- 
served at the latter potential. The amounts 
of La3+ ions contained in the oxide films 
prepared at high potential (1.6-l .65 V) were 
always larger than those in the oxide films 
prepared at low potential (1.0-l. I V), sug- 
gesting that the incorporation of La into the 
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FIG. 2. Atomic ratio of La/Mn in the oxide film (A) 
and ILaMno3 (B), as a function of the [La3’]/[Mn?‘] ratio 
in solution. 

oxide film depends on the electrode poten- 
tial as well as the [Laj’]/[Mn2’] ratios as 
described below. 

Figure 2A shows the atomic ratio of La/ 
Mn in the oxide film which was analyzed by 
using ICP spectroscopy as a function of the 
[La’+]/[Mn’+] ratio in the solution. The 
atomic ratio of La/Mn in the oxide increases 
with an increase in the [La3+]/[Mn2+] ratio 
in the solution, but saturates to 1 at an ionic 
ratio of 1000. The oxide film deposited in the 
solution with the [La3+]/[Mn2+] ratio of 1000 
corresponded to the La/Mn atomic ratio in 
LaMnO,, but was amorphous, because no 
peaks were observed in the X-ray diffraction 
pattern. After heat-treatment at lOOo”C, sin- 
gle phase LaMnO, was observed for the 
[La’+]/[Mn’+] ratio > 1000. The importance 
of the cation ratio in solution is illustrated 
in Fig. 3, which shows typical X-ray diffrac- 
tion patterns of the heat-treated oxide films 
at 1000°C. Samples A and B in this figure 
were prepared in the solutions with the 
[La3+]/[Mn2+] ratios of 1000 and 100, re- 
spectively. As can be seen, sample A con- 

sisted of the single phase of LaMnO,, while 
sample B consisted of a mixture of Mn,O, 
and LaMnO,. For the intensities in Fig. 3, 
the following equation was used for the pur- 
pose of qualitative evaluation of the degree 
of LaMnO, formation in the oxide film, 

I LaMnO = zLaMn03(IOO)~(~LaMn03,100) + 

I Mn304Wd (l) 

where ILaMn03(1m) and I~,,30421 ,) are the inten- 
sities of the (100) diffraction peak of 
LaMnO, perovskite and of the (211) diffrac- 
tion peak of Mn,O,, respectively. ILaMno3 
as a function of the [La3’]/[Mn2’] ratio in 
solution in the electrolysis is shown in Fig. 
28. As a matter of course, a single phase of 
LaMnO, was obtained for the oxide with the 
La/Mn ratio of 1. 

Figures 4A and 4B are SEM micrographs 
of the as-deposited oxide film with the La/ 
Mn atomic ratio of 1 and the 1000°C heat- 
treated oxide film, respectively. The thick- 
ness of this as-deposited oxide film and the 
heat-treated oxide film was about 3-4 pm 
and 2-3 pm, respectively. The grain size of 
the latter film was l-2 p. The amount of La 
in the as-deposited oxide film was signifi- 
cantly decreased by immersion for 30 min 
in water immediately after the electrolysis. 
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FIG. 3. X-ray diffraction patterns of the heat-treated 
oxide films at 1000°C. The films were prepared in solu- 
tion with [La3’]/[Mnz’] ratios of 1000 (A) and 100 (B). 
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FIG. ‘ 1. SEM micrographs of the as-deposited oxide film prepared by the galvanostatic synthesis in 
soluti on with the [La3’]/[Mn”] ratio of 1000 (A) and its heat-treated oxide film at 1000°C (B). 

Figure 5 shows the atomic ratio of La/Mn simple adsorption of La3+ ion onto the ( 
in the or ride film after the immersion, as a posited MnOz as the deposition mechani 
function of the [La3’]/[Mn2’] ratio in the of La3+ ions. In order to evaluate the coni 
solution. This decrease indicates that La in bution of simple adsorption of La3* ion 
the as-d< :posited oxide film easily dissolves the incorporation, MnO, films which wf 
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FIG. 5. Atomic ratio of LaiMn in the oxide film after 
immersion in water for 30 min, as a function of the 
[La3’]/[Mn”] ratio in solution. 

the galvanostatic electrolysis were im- 
mersed in 1 M La(NO,), solution for 3 hr. 
The concentrations of Mn?+ and La’+ ions 
in the above solutions correspond to those 
in the electrolyte with the [La3’]/[Mn”] ra- 
tio of 100. The MnO, film was washed with 
water and then analyzed with ICP spectros- 
copy. The atomic ratio of La/Mn in this 
oxide was less than about 0.1. This value 
was very small compared with that (0.8) in 
the oxide film electrochemically prepared in 
the solution with the [La3’]/[Mn”] ratio of 
100. This result suggests that the incorpora- 
tion of La+ ion into the oxide can not be 
based on simple adsorption but must involve 
specific adsorption with weak chemical 
bonds. 

Potentiostmtk Synthesis 

The typical time dependence of current 
density is illustrated in Fig. 6, where the Pt 
electrode was held at I .8 V in the solution 
with the [La3’]/[Mn”] ratio of 1000. A de- 
crease of the current density in the initial 
stage in this figure is due to the Pt electrode 
surface being covered with the oxide film, 
indicating that the conductivity of the de- 
posited oxide film is low. 

Figure 7 shows the La/Mn ratios in the 
oxide films deposited in the solutions with 
the [La3’]/[Mn2’] ratio of IO (A) and 100 
(B), as a function of the electrode potential 

applied in electrolysis. In the case of galva- 
nostatic electrolysis in the solution with the 
[La3’]/[Mn2’] ratio of 10, where the elec- 
trode potential was about 1.1 V, the atomic 
ratio of La/Mn in the deposited oxide film 
was about 0. I (Fig. 2A).On the other hand, 
in potentiostatic elecrolysis, the atomic ra- 
tios of La/Mn in the prepared oxide films 
are larger than about 0.4, when the electrode 
potential is more positive than about I .9 V. 
Thus, the La content in the oxide film in- 
creases as the applied potential becomes 
more positive. Figure 8 shows SEM micro- 
graphs of the as-deposited oxide films pre- 
pared at various potentials in the solution 
with the [La3’]/[Mn”] ratio of 10. The mor- 
phology of the as-deposited oxide largely 
depends on the applied potential. In general, 
for the oxide deposited under high current 
density, the particle size and the surface 
area are small and large, respectively. 
Therefore, the oxide prepared under this 
condition can easily react with some cat- 
ions, which can explain the potential depen- 
dence of the atomic ratio of La/Mn seen in 
Fig. 7, because the current density increases 
with the positive shift of applied potential. 

Crystallization Process 

Figure 9 shows the X-ray diffraction pat- 
tern of the as-deposited oxide film which 
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FIG. 6. Time dependence of current density where 
the Pt electrode was held at 1.X V in solution with an 
ILa”]/[Mn”J ratio of IOOO. 
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FIG. 7. Atomic ratios of LaiMn in the oxide films 
prepared under potentiostatic electrolysis, as a func- 
tion ofthe applied potential. A and B denote the electro- 
lytes with [La3’]/[Mn2+] ratios of IO and 100, respec- 
tively. 

was prepared by galvanostatic synthesis in 
a (0.1 M Mn(NO,), solution in an autoclave 
at 150°C under pressure of I x 10’ Pa. The 
sharp X-ray diffraction peaks indicate that 
the crystallization occurred during the depo- 
sition process at 150°C. The X-ray diffrac- 
tion pattern of the film was identified to be 
r-MnO,. X-ray diffraction patterns similar 
to that in Fig. 9 were obtained for the as- 
deposited oxide films prepared in the solu- 
tion containing both La3+ and Mn*+ ions at 
150°C. Consequently, the as-deposited ox- 
ide films prepared at room temperature are 
presumed to be similar to &-MnOz con- 
taining La3+ ion in structure, although this 
is amorphous. 

Figure 10 shows the typical infrared ab- 
sorption spectra of the as-deposited oxide 
films which were prepared under 2.1 V in 0.1 
M Mn(NO,), solution (A) and in the solution 
with the [La3’]/[Mn2’] ratio of 10 (B). The 
absorption band (a) was assigned to the 
O-H stretching vibration of hydroxyl 
groups on the oxide surface, and the absorp- 
tion band (b) was assigned to the O-H 
stretching vibration of adsorped water (7, 
8). It should be noted that the absorption 
band (a) in the spectrum A is relatively 
smaller than that in the spectrum B. This 
indicates that a large amount of the hydroxyl 

groups are present in the as-deposited oxide 
containing La3+ ion, suggesting that La3+ 
ion will exist as a hydroxide in the as-depos- 
ited oxide. The x-ray photoelectron spectra 
of Mn2p,,, level were also measured to eval- 
uate the valence of Mn in the as-deposited 
oxide films prepared in solutions containing 
both La3+ and Mn*+ ions. These peak posi- 
tions for all samples were same as that of 
MnO, (641.9 eV), suggesting that the Mn in 
the oxide films exists as Mn4+. This supports 
the idea that the as-deposited oxide films 
consist of an amorphous and hydrous MnO, 
with lanthanum hydroxide. 

Figure I1 shows the thermogravimetric 
(TG) and differential thermogravimetric 
(DTG) curves of the oxide films prepared 
under 2.1 V in 0. I M Mn(NO,), solution (A) 
and in solution with a [La”]/[Mn*‘] ratio of 
10 (B). According to a previous thermograv- 
imetric study of electrochemically depos- 
ited MnO, (9), some of the weight changes 
in Fig. I IA can be characterized as follows. 
A weight loss at temperatures below 130°C 
is due to the evaporation of water adsorbed 
on the oxide. The subsequent gradual 
weight loss between I30 and 500°C is mainly 
due to desorption of bonding water. Weight 
losses at 550 and 950°C are based on the 
formation of Mn,O, and Mn,O,, respec- 
tively. Therefore, the value of x in MnO., 
and the water content in the as-deposited 
oxide were estimated from the TG curve in 
Fig. I IA to give the composition MnO,,, . 
I .5H,O. 

The TG-DTG curves in B are different in 
shape from those in A, although at tempera- 
tures below 130°C similar weight loss due to 
the evaporation of water was observed. A 
broad peak at about 250°C in the DTG curve 
in B probably comes from the decomposi- 
tion of La(OH), in the as-deposited MnO,, 
because La(OH), decomposes to LaO(OH) 
at 200-300°C (10, I I). That is, a large 
amount of OH groups are present in the as- 
deposited oxide containing La. This result 
is in harmony with those observed for the 
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FIG. 8. SEM micrographs of the as-deposited films prepared at various potentials (I .3-2. I V) in solution 
with an [La’+]/[Mn’+j ratio of IO. 
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FIG. 9. X-ray diffraction pattern of the as-deposited 
oxide film which was prepared by the galvanostatic 
synthesis in 0.1 M Mn(NO& solution at 150°C under 
pressure of I X IO6 Pa. 

IR spectrum. Consequently, we conclude 
that amorphous MnO, containing La will be 
electrochemically deposited as follows, 

Mn*+ + mH,O + MnO,_, * nH,O 

+ (2m - 2n)H+ + (2m - 2n)e- (I) 

Mn02 --x . nH,O + La3+ + 3H20 

-+ MnO,-, . nH,O . La(OH), + 3H+ (2) 

where m equals 2 - x + n and the value of 
n must be near 1 S. La(OH), will specifically 
adsorb onto MnO,_, in such a way that the 
La/Mn ratio is one. 

Figure 12 shows the X-ray diffraction pat- 
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FIG. 10. Infrared spectra of the as-deposited oxide FIG. 12. X-ray diffraction patterns of the oxides 
films which were prepared at 2. I V in 0.1 M Mn(NO,), heated at various temperatures. All the samples were 
solution (A) and in solution with the [La3’]/[Mn’+] ratio prepared in solution with an [La”]/[Mn”] ratio of 
of IO(B). 1000. 
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FIG. 1 I. TG-DTG curves of the oxides prepared at 
2. I V in 0.1 M Mn(NO,)? solution (A) and in solution 
with the [La”]/[Mn”] ratio of 10 (B). 

terns of the oxide films heated at various 
temperatures, which were prepared by the 
galvanostatic synthesis in the solution with 
the [La”]/[Mn*‘] ratio of 1000 so that their 
LaiMn ratios were about one. No diffrac- 
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tion peaks were observed for the samples 
heated at temperatures below 400°C. As 
shown in Fig. 12, crystallization of MnO, 
occurs at about 500°C. The change of MnOz 
to Mn,O, at 600°C agrees with the result in 
weight loss in TG (Fig. 1 I A). However, this 
result was not clearly observed for the oxide 
containing La (Fig. 1lB). It may be that the 
x in MnO,-i. will be larger for the oxide 
containing La, leading to a smaller weight 
loss when the structure changes from MnO, 
to Mn,O,. 

LaMnO, was observed by heat-treatment 
at 800°C. That is, LaMnO, perovskite was 
formed at a temperature range of 
750-800°C. No weight loss in the formation 
of LaMnO, in this temperature range (Fig. 
1 lB) indicates that LaMnO, is produced by 
a no weight loss reaction between MnZO, 
and La,O,. Consequently, the processes of 
LaMnO, perovskie formation from the ox- 
ide films containing La (La/Mn = I) are 
summarized as follows, 

MnOzm. . nH,O . La(OH), 

?oo”c MnO,_, . La(OH),, (3) 

MnO,-., . MOW, 

?(w)-3(xpc MnO,-., . LaO(OH), (4) 

MnO,-.,. . LaO(OH) 

z MnO,_, . fLa?O,, (5) 

MnO,-, . 4Laz0, 

Z00-600”C Mn,O, . La,O,, (6) 

Mn,O, - L+O, 

75o-8oo”c LaMnO,. (7) 

In this process, bonding water in the oxide 
is neglected as a matter of convenience, al- 
though some bonding water will be released 
in the temperature range of 200-500°C. No 
diffraction peaks for La compounds such as 

La(OH),, LaO(OH), and La,O, were ob- 
served in Fig. 12, indicating that they exist 
as amorphous or very small particles. Ac- 
cording to Refs. (10) and (f I), Reaction (4) 
must also proceed, although a distinct 
weight loss was not observed in the TG 
curve. The gradual weight loss at the tem- 
perature range 250-700°C in Fig. I 1B sug- 
gests that processes (3-7) continuously oc- 
cur in the oxide film. 

Summary 

LaMnO? perovskite films (2-3 ,um thick) 
were prepared by heat-treatment of oxides 
which were electrochemically deposited on 
a Pt electrode in solution containing both 
La3+ and Mn’+ ions. The La/Mn atomic ra- 
tio in the deposited oxide film strongly de- 
pends on the [La3’]/[Mn”] ratio in the solu- 
tion and electrode potential. The maximum 
value of the La/Mn atomic ratio obtained 
was about I, which corresponds to the cat- 
ion ratio in LaMnO,, in solution with 
[La3’]/[Mn”] > 500, and/or in a potential 
region more positive than about 1.9 V vs 
AgiAgCl. From IR, TG, XRD, and XPS 
measurements, the as-deposited oxide with 
an La/Mn atomic ratio of I was presumed 
to be amorphous and hydrous MnO, which 
contained La3’ ions by specific adsorption, 
such as MnO,-., . 1.5H,O . La(OH), . It was 
also found that the as-deposited oxide was 
dehydrated to MnOz and LaO(OH) at 
200-300°C and then decomposed to Mn,O, 
and La,O, at 450-600°C. LaMnO, was fi- 
nally formed by reaction of Mn,O, with 
Laz03 at temperatures higher than 750°C. 
This is a new preparation method of 
LaMnO, film at relatively low temperature, 
whose composition can be controlled by 
electrode potential. 
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