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An Ellipsometric Study of Manganese Oxide Films

In Situ Characterization of the Deposition and Electroreduction of MnO2
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The electrodeposition of manganese oxide films onto a platinum substrate was investigated by means ofin situ ellipsometry. In the
thickness range from 0 to 150 nm, the anodic oxide behaves as an isotropic single layer with optical constants that are independent
of thickness. Deviations at higher thickness are explained in terms of anisotropic properties of the film. The electroreduction of
thin films ~up toca.150 nm!in an alkaline electrolyte leads to a decrease in both the refractive index and the extinction coefficient
and is accompanied by a thickness increase ofca. 10%. The Mn~IV!to Mn~III! conversion takes place from the oxide/electrolyte
interface inwards.
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The wide spread use of MnO2 for battery electrodes has cont
ued over the years and has been extended today to nonaq
lithium cells.1-4 Manganese dioxide can exist as various polyty
denoteda-, b-, g-, ramsdellite,d- and l-forms, with theg-form,
referred to as nsutite, being the most active electrochemi
Among the samples referred to asg-MnO2 and depending on the
origin, natural MnO2 , chemical MnO2 ~CMD!, and electrolytic
MnO2 ~EMD! can be distinguished. The differences are assoc
to subtle structural changes. Electrolytic MnO2 films have been pre
pared using galvanostatic and potentiostatic methods.5,6 Amorphous
hydrous manganese oxides anodically deposited from MnSO4 solu-
tions of different pH show an acceptable capacity, high reversib
and high pulse-power properties for electrochemical su
capacitors.7,8

For battery-active manganese dioxides used in primary cel~g-
and«-MnO2),9 the electroreduction process during the first cycl
alkaline electrolytes has been extensively studied. Kozawa an
workers observed that the reduction process depends on
concentration.9,10 Amarilla et al.11 have studied the influence
KOH concentration on the MnO2 redox mechanism using step p
tential electrochemical spectroscopy~SPECS!and X-ray diffraction
~XRDS!. In 1 M KOH the voltamperometric and XRD data sh
that the redox mechanism can be described as a H1/e2 insertion/
desinsertion process with good reversibility. For strongly alka
KOH solutions, a different redox mechanism is observed afte
first cycle and a loss of electrochemical activity is also noticed

In general, the reduction ofg-MnO2 occurs in two potentia
regions. The first step corresponds to a homogeneous red
while the second step is a heterogeneous reduction pro
Swinkels et al.12-14 investigated the reduction of electrodepos
manganese dioxide~EMD!, birnessite, and Bi-birnessite electro
and found that each type of manganese dioxide underwent a h
geneous reduction followed by a heterogeneous reduction sta

The electrochemical process of insertion/desinsertion of H1 was
investigated by studying its influence on the evolution of the c
tallographic structure ofg-MnO2 in EMD samples during the di
charge and recharge processes of an alkaline battery usingin situ
X-ray diffraction ~XRD!.15 During the first discharge, proton ins
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tion up to 0.4 H1 per MnO2 causes an expansion of the Mn2
crystalline cell. The lattice expansion is attributed to the reductio
Mn41 to Mn31.

The kinetic behavior and the semiconducting properties of
ganese oxide films as well as the discharge processes were s
by electrochemical impedance spectroscopy~EIS!.16 Manganese ox
ide films behave as n-type semiconductors. It was also found th
reduction is controlled by the diffusion of protons in the bulk ox
The reduction and reoxidation process is reversible for thin la
while irreversibility was observed for thick films. The proton dif
sion process was also studied in porousg-MnO2 .17 Other studies o
the discharge process of electrodeposited manganese oxide
been reported.18-20 Raman spectroscopy, electrochemically mo
lated infrared reflectance spectroscopy~EMIRS!, and X-ray photo
emission spectroscopy~XPS! revealed that manganese oxide fi
are reduced to amorphous products, resulting in an oxidation
ber value not lower than three.

Only a few ellipsometric studies of manganese oxide have
published. The optical properties of films deposited by potentios
pulses were found to be strongly sensitive to the depos
conditions.21 The refractive index and the extinction coefficient w
reported to be dependent of film thickness, which was attribut
the insular structure of the films and to surface roughening.
changes in extinction coefficient were attributed to changes in
rosity. The electrodeposition reaction produced by galvano
pulses was also investigated.22 The extinction coefficient was foun
either to increase or to be independent of thickness in diff
thickness ranges. For relatively thick films optical data could no
interpreted in terms of uniform isotropic film models.21,22The elec
troreduction of the manganese oxide films leads to a decrea
both the refractive index and the extinction coefficient. In addi
the reduction/oxidation processes were qualitatively studied d
galvanostatic cycles.

More recently, the anodic growth of manganese oxide films
pared either by galvanostatic or potentiostatic pulses in the thic
range from 0 to 1000 nm was investigated by some of us.23,24 The
results obtained can be reasonably fitted into the whole thic
range in terms of the uniaxial anisotropy of the films. The an
tropic properties were related to preferential orientation of the
posits. The optical response of cycled hydrous manganese
obtained by electro-oxidation of manganese hydroxide prep
through chemical precipitation, also showed that the films beha
anisotropic single layers, which is related to the morphology o
hydrous oxide layer.25 In this case, the electroreduction process
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produces a decrease of the refractive indexes and a prono
diminution of the extinction coefficients to yield an almost trans
ent film.

In the present paper, we report on anin situ ellipsometric inves
tigation of the potentiostatic deposition of manganese oxide
and the change in optical properties obtained by electroreduct

Experimental

The MnO2 films of different thicknesses were deposi
onto a smooth platinum disk electrode from 0.1 M MnS4
1 0.017 M H2SO4 solution ~pH 2! by applying potentiostat
pulses according to the procedure previously described.23 Pulses o
1 s (Dt 5 1 s) were applied from an initial potentialEin 5 0.65 V
~vs. Hg/Hg2SO4 /Na2SO4 1 M! to different final potential value
(Ef), where the anodic deposition of MnO2 from Mn21 takes
place.23 Ef was changed in the potential range from 0.68 to 0.9
The number of pulses (N) was varied between 2 and 100. T
platinum substrate was cleaned in a 1:1 H2SO4 1 HNO3 mixture
and then polished to a mirror surface with 0.05mm alumina. The
electrolyte used for the electroreduction experiments was a 0
aqueous borate solution of pH 9.2 prepared from Millipore w
~MilliRo-MilliQ ! and analytical grade reagents and was purged
purified nitrogen gas. Experiments were performed at 22°C.

Ellipsometric data were obtained by using a three-compart
electrolysis cell made of Pyrex glass. The working electrode
mounted in a Teflon holder and placed horizontally in the cell c
partment provided with two plane windows adequate for op
measurements. The electrolytic cell was mounted in a Rudolp
search rotating-analyzer automatic ellipsometer~vertical type, 2000
FT model!equipped with a 75 W tungsten lamp as the light so
provided with a filter~546.1 nm!. The signal of the photomultipl
was averaged twice, and data were collected in continuous
during the experiments~ca. 1 s between each point!. The refract
index of the electrolyte was taken as 1.333. All measurements
performed at an angle of incidence of 70.00°. TheC-D plots were
analyzed according to different models.23,24 The Simplex
Method26,27 was used to minimize the error as previou
described.28,29

The anodic growth of manganese oxide films was followed
lipsometrically during the application of the potentiostatic pulse
the deposition solution. During the growth of thick films, the el
ticity angle,«, ~as defined in Ref. 30, p. 8! changes in sign (2p/4
< « < p/4), in some cases several times during an entire ex
ment. In a rotating-analyzer ellipsometer, the sign of the ellipt
must be entered before starting the measurements,31 which are ini-
tiated with a negative value corresponding to the bare platinum
strate. As film thickness increases and ellipticity becomes po
~for 180° < D < 360° in theC-D plane!, two options are possib
The first one is to maintain the negative sign in the instrumen
perform the entire experiment. In this case, about a half of theC-D
data are not properly obtained, and they must be discarded
second option is to stop the measurement as the region or cha
sign is approached, change the sign accordingly, and then rest
measurement, repeating the procedure as many times as nec
In both cases, and depending on the rate of film growth, some
are lacking.

In order to obtain the optical properties of the oxidized and e
troreduced states, the following procedure was applied. Aft
given thickness of MnO2 was deposited, the electrode was caref
rinsed with purified water and placed in the borate solution; he
10.1 V for 3 min, and then it was potentiodynamically electro
duced at 5 mV s21 up to 20.5 V.

Results and Discussion

Anodic growth of the manganese oxide film.—The variation o
the ellipsometric anglesC andD recorded during a typical depo
tion experiment by applying potentiostatic pulses atEf 5 0.68 V is
shown in Fig. 1~only the data with negative ellipticity are depicte!.
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Starting from theC and D values corresponding to the bare pl
num substrate, theC-D plot draws initially open loops and then
spirals inwards toward a different point as thickness increases
C-D response for the oxide growth is characteristic of a slig
absorbent film, and the point towards which it spirals at increa
thickness, is the point at which the film becomes the substrate
as optical measurements are concerned. The results cannot
equately fitted by means of a single-layer isotropic model30 in the
whole range of thickness for a given value of the film com
refractive index (nf 5 nf 2 kf i , wherenf is the film refractive in
dex andkf is the film extinction coefficient!. However, for thicknes
lower thanca. 150 nm, theC-D data can be adequately fitted
means of the single-layer model for a value ofnf 5 1.858
2 0.060i ~see Fig. 1!. For thicknesses higher than 150 nm~succes
sive loops!, increasing deviations from the theoretical line c
sponding to the single-layer model are observed. On the other
the point which theC-D curve approaches high thickness va
~the film behaves optically as if it were the substrate!, leads to a
value of nf 5 2.022 0.368i , i.e., a slight increase innf and a
pronounced increase inkf ~from kf ; 0.06 obtained from the best
for thickness lower than 150 nm, up tokf ; 0.37 when the film i
very thick!. Nevertheless, the simulated curve fornf 5 2.02
2 0.368i approaches the infinite thickness limit but does not fi
general behavior of the experimental results either in the thin fil
in the thick film regions. On the contrary, the simulated curve
the parameters fitted for the low thickness regions describes
tatively the shape of the curve in the thin film as well as in the t
film regions, although it spirals towards a different infinite thickn
limit.

The anodic growth of manganese oxide films prepared by p
tiostatic and galvanostatic methods has been previously explai
terms of nonhomogeneous deposition or multilayer models21,22

More recently, we have obtained a good fit of the optical data fo
galvanostatic growth of MnO2 films in a wide thickness range usi
a single-film model with optical anisotropy of the oxide.23,24 The
optical properties obtained for the anisotropic films were found
dependent on the current density employed for the growth. Fig

Figure 1. C-D response obtained during MnO2 anodic growth by applyin
100 potentiostatic pulses in a 0.1 M MnSO4 1 0.017 M H2SO4 solution~pH
2!. Ein 5 0.65 V, Ef 5 0.68 V. ~s! Experimental data;~d! theoretica
curve for a single-layer model; (nf 5 1.8582 0.060i ; thickness incremen
of 10 nm!.
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shows the ellipsometric results for a film grown atEf 5 0.75 V ~in
this caseC andD values were collected for both signs of ellipticip!
as well as the simulations for the best fit using the single-l
model up to a thickness ofca. 150 nm (nf 5 1.9832 0.083i ) and
using the anisotropic single-film model, which gives values ofnord

5 1.8282 0.097i andnex 5 1.9642 0.096i for the ordinary an
extraordinary complex refractive index of the film, respectively.
optical properties obtained are also dependent on potential. It c
seen from Fig. 2 that deviations of the single-layer are noticeab
thickness values higher than 200 nm.

In summary, although the anodic growth can be adequatel
scribed by the anisotropic single-film model with constant in
values in the whole thickness range, the differences betwee
isotropic and anisotropic single layer models are evident for th
ness values higher thanca. 200 nm~Fig. 2!. Within this restricte
thickness range, the anodic film behaves as a single isotropic
with optical constants that are independent of thickness. C
quently, in the present study of the MnO2 films electroreduction a
well as in their response during successive oxidation/redu
cycles in Part II of this series, the simpler isotropic model
chosen for analyzing the optical properties and for calculating
thickness of both the oxidized and electroreduced states for
thickness values lower thanca. 150 nm due to the similar resu
obtained.

Manganese oxide electroreduction.—MnO2 films of different
thickness were obtained according to the procedure described
Experimental section by applying a different number of poten
static pulses. After a given thickness of MnO2 was deposited, th
electrode was rinsed, placed in a borate solution, and the el
chemical and ellipsometric measurements were performed acco
to the procedure described in the Experimental section.

The C-D response for the oxidized and electroreduced film
different thickness is shown in Fig. 3. The oxidized state co
sponds to films polarized in the borate electrolyte at10.1 V for 3
min, when the anodic faradaic current rapidly drops to zero. Bec

Figure 2. C-D response obtained during MnO2 anodic growth by applyin
potentiostatic pulses in a 0.1 M MnSO4 1 0.017 M H2SO4 solution~pH 2!.
Ein 5 0.65 V, Ef 5 0.75 V. ~s! Experimental data. Simulations usi
~ ! the isotropic single-layer model (nf 5 1.9832 0.083i ); ~ !
the anisotropic single-layer model (nord 5 1.8282 0.097i ; nex 5 1.964
2 0.096i ).
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the as-prepared samples are a mixture of Mn~III! and Mn~IV! spe-
cies, this treatment was followed with a calculated oxidation
slightly lower than 4.19 The content of Mn~III!present in the ele
trodeposited MnO2 depends on both the deposition method and
conditions used as well as the water content and OH2 ions incorpo
ration into the oxide matrix.32 While the potential was held the
lipsometric parameters changed slightly and stabilized afterca. 1
min. TheC-D relationship for the oxidized samples was fitted w
the isotropic single-film model up to thickness ofca.150 nm, which
is the same model used during the anodic MnO2 growth in the
formation electrolyte. The complex refractive index obtained u
these conditions for the oxidized state isnox 5 1.6222 0.100i .
The oxide films were electroreduced by scanning the potential
10.1 to20.5 V at 5 mV s21 ~see inset in Fig. 3!. TheC-D relation-
ship for electroreduced films of different thickness is also show
Fig. 3. The best fit using the single-film model leads, in this cas
a value ofnred 5 1.5372 0.071i , indicating that there is a slig
decrease of the refractive index and a more pronounced dimin
of the extinction coefficient. Figure 3 also shows the changesC
and D during the first electroreduction cycle at 5 mV s21 for the
films of different thickness.

From the data in Fig. 3 for the oxidized and electroredu
states, the film thickness can also be obtained. The relationsh
tween the film thickness of the oxidized state (dox) and the reductio
charge (Qred) associated with oxide electroreduction is shown
Fig. 4a. From the slope of the thickness-charge relationship, a
ing that the surface roughness is one, and that one electro
manganese oxide@from Mn~IV! to Mn~III!# is transferred, a densi
value of 1.41 g cm23 is obtained. This low value is comparable w
the density obtained by other authors for electrolytic manga
oxide prepared by potentiostatic or galvanostatic methods.21,22How-
ever, it should be taken into account that the electroformed m
nese oxide film is a nonstoichiometric hydrous oxide, whose
position can be formally described as MnO(OH) (H O) . Thus,

Figure 3. C-D relationship obtained for oxidized~h! and electroreduce
~s! films of different thickness in the borate electrolyte. Solid lines indi
the theoretical lines obtained from fitting with the single-layer mode
nox 5 1.6222 0.100i and nred 5 1.5372 0.071i . The data points con
necting the oxidized and electroreduced states correspond to theC-D
changes obtained during the first electroreduction at 5 mV s21 for films of
different thickness. Inset: potentiodynamicj /E response at 5 mV s21 of a
manganese oxide film of 35 nm in a 0.1 M borate solution.
x y 2 z
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for a manganese oxidation state of14, this would correspond
MnO1.83(OH)0.60(H2O)0.43 according to XPS experiments.19 Also,
an oxidation number of around 3.3 for Mn after electroreductio
borate solutions has been found.19 This value indicates that the on
electron exchange would not be complete. Accordingly, higher
ues for the calculated density of manganese oxide would resu

On the other hand, the relationship between the thickness
oxidized and electroreduced states~Fig. 4b!shows that the electror
duction process is accompanied by an increase in thicknessca.
10%. This value is similar to that found for electroreduction of m
ganese oxide films prepared by galvanostatic methods.22 This lattice
expansion has been reported for the reduction of other mang
oxides and has been explained through the octahedral structu
tortion due to the formation of Mn31 species.33

Figure 4. ~a! Dependence of the thickness of the oxidized state obta
ellipsometrically with the electroreduction charge;~b! relationship betwee
the thickness for the oxidized and electroreduced states obtained e
metrically.
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Model for Mn(IV)/Mn(III) conversion.—Processes of electr
chemical film conversion are, in many cases, associated with s
cant changes in the optical properties of the film as those sho
Fig. 3 for manganese oxides. Sometimes, the changes in lig
sorption due to the electrochemical conversion process are r
ible and large enough as to make the material appropriate for
in display devices. For these cases, ellipsometry is a powerfu
for analyzing the mode of propagation of the optical cha
through the film, as described previously.34 The electrochemic
conversion process involves injection~or ejection!of electrons an
ionic charges in and out of the film. The mechanism of the con
sion depends on both the number and the rate of electronic and
transfer and transport through the bulk of the film. TheoreticalC-D
curves for the different mechanisms of film conversion can be s
lated if the optical properties of the oxidized and reduced stat
the film are known. For a conversion mechanism taking place
the oxide film/electrolyte interface moving inwards, the simulat
are made by calculating the change in the ellipsometric param
for a system consisting of a substrate covered by a dual fil
which the thickness of the outer part increases gradually at th
pense of the inner part, while for a conversion occurring from
metal/oxide film interface moving outwards, an increase of the
part is considered~two-layer models!. On the other hand, for
mechanism in which the optical properties of the film change
tinuously during the conversion, a one-layer model with prope
changing from one state to the other should be considered. Th
case is expected if the ionic charge injection into the film or i
transport through the film is rate determining in the overall ch
injection process, while the second case occurs if the elec
charge is controlling the overall rate. Uniform changes in op
properties are found when electronic and ionic processes with
film show similar rates or when both transport processes are fa
addition, the thickness variation during the conversion process
be included in the calculations.

Figures 5 and 6 show theC-D data for electroreduction of ma
ganese oxide films of different thickness as compared with
predicted from the different conversion models. The theoreticalC-D
curves were simulated for conversion of films of different thickn
occurring at the oxide/electrolyte interface~external model!, th
metal/oxide interface~internal model!as well as the uniform chan
of optical properties~homogeneous model!. The optical propertie

-

Figure 5. Comparison of experimental data for electroreduction of film
68 and 84 nm with simulations for the different conversion models.
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of the oxidized and reduced states of manganese oxide ob
from the analysis previously shown in Fig. 3 were employed. M
over, a 10% thickness increase on electroreduction~Fig. 4b! has
been taken into account in the simulations. For low or interme
thickness values~up to ca. 100 nm!, the shape of theC-D trace is
consistent with a conversion process of manganese oxide to M~III!
species in which the thickness of the Mn~III! outer layer increase
gradually at the expense of the manganese oxide inner layer~i.e., the
external model is taking place!, although important deviations a
obtained for the film of 110 nm~Fig. 6!. At this point, the reason
for this behavior remain unclear.

In summary, from the discussion of the foregoing ellipsome
results, it can be concluded that the Mn~IV! to Mn~III! conversion
takes place from the oxide/electrolyte interface inwards. This fin
is consistent with results obtained from electrochemical imped
spectroscopy where it is found that for thin manganese oxide
reduction process is controlled by proton ion diffusion in the b
oxide.16

Conclusions

The optical response during the anodic growth of manga
oxide films prepared by potentiostatic pulses as well as the M2
films electroreduction was determined byin situ ellipsometry. The
anodic film growth can be described by a single-film model
optical anisotropy of the oxide, with constant index values in
whole thickness range. Nevertheless, the differences betwee
isotropic and anisotropic single-layer models are noticeable
thickness values higher than 200 nm. Thin films behave as s
isotropic layers with optical properties independent of thickn
The C-D response for the oxidized as well as electroreduced
of different thickness can also be fitted with the isotropic sin
layer model up to thickness values ofca. 150 nm. The electroredu

Figure 6. Comparison of experimental data for electroreduction of film
99 and 110 nm with simulations for the different conversion models.
tion process produces a decrease of the refractive index and th
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extinction coefficient as well as an increase ofca. 10% in thickness
The comparison of experimental data with simulatedC-D curves fo
different mechanisms of film conversion indicates that electrore
tion of MnO2 to Mn~III! species is consistent with a gradual incre
of the thickness of an outer Mn~III! oxide layer at the expense of t
MnO2 inner layer, i.e., the Mn(IV) → Mn(III) conversion take
place from the oxide/electrolyte interface inwards.
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