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Cerium oxides with variable oxidation states, high interfacial charge transfer rate have demonstrated to be a
potential pseudocapacitive material. In this paper, we present the structural and electrochemical properties
of undoped and Mn-doped CeO,synthesized using successive ionic layer adsorption and reaction(SILAR)
method. The structural results as obtained from x-ray diffraction (XRD) confirmed the cubic fluorite
structure of CeO, which was unaltered despite the doping concentration. However, a tensile strain of ~2.3%
was observed due to ionic radii difference. The topography showed a porous network of nanograins, ac-
counting for strong redox interfacial charge transfer. A specific capacitance of 690 Fg! was obtained for
5 wt% Mn-doped CeOs, from cyclic voltammetry curve at a scan rate of 10 mV/s. This value is considerably
higher than what was obtained for the undoped ceria, indicating that doping with Mn improved the

SILAR electrochemical performance of the ceria films.

Specific capacitance

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Reducing fossil fuel consumption and greenhouse emissions has
become a global objective that is imperative for the world’s sus-
tainability. Recently, many researchers have given much attention to
energy storage systems such as capacitors, supercapacitors, batteries
and fuel cells since alternative renewable energy resources that are
being advocated for are not always available. Hence, it is imperative
to store energy from these renewable energy resources to be used
when they are not available as well as for off grid applications.
Among energy storage systems, electrochemical capacitors (ECs)
otherwise called supercapacitors have received much interest as
they are characterized by higher specific power of several orders of
magnitude compared to most batteries and fuel cells [1,2]. Electrode
materials for ECs include carbon-based materials (graphene, CNT
etc), metal oxides (CeO,, Ru0O,, Fe,05 etc.) and conducting polymers
(polyaniline, polypyrrole, polythiophene etc.). Development of new
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electrochemical supercapacitor electrode material has been recently
deployed to overcome the challenges of low energy density. This has
been achieved by hybridizing the electrode materials through the
addition of electrochemically active materials to a carbon-particle-
based energy storage (ES) electrode layer or totally replacing the
carbon materials with electrochemically active materials [2].

In the fabrication of supercapacitors and improvement of elec-
trochemical performance of pseudocapacitors, materials with high
porosity and large surface areas are highly suitable [3,4]. Despite the
intrinsic properties of ruthenium and iridium oxides, its applications
are greatly affected by high cost, scarcity and high toxicity [5,6]. Due
to these inadequacies, exploration of electrode materials such as
Ce0,, MnO,, NiO, Co304, Fe,03; amongst others have gained much
attention by researchers [7-9]. However, CeO, has been proven
convenient, conducive and promising electrode material for super-
capacitors due to its low toxicity, abundance and outstanding redox
properties. Because of its redox property, it is used as a promising
and convenient electrode material for supercapacitors [10].

Various CeO, composites, such as graphene-CeO, [11,12], GO-CeO,
[13], Sn0,-Ce0,, [14], CNTs@CeO, hollow nanotubes [15] and rGO-CeO,
[16], with specific capacitances that is higher than that of the undoped
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CeO, have been successfully synthesized and reported. Hua et al. [17],
synthesized ceria/ZnO composite using ultrasonic assisted successive
ionic layer adsorption and reaction (SILAR) method and the films were
used in catalysis. Moreover, a specific capacitance of 1027.8 Fg™! has been
reported by Cui et al. using hydrothermal approach to synthesize mul-
tilayered CeO, such as NiO/MnO,/CeO, hybrid nanoflake arrays [18].
However, this synthesis involves a laborious process with several calci-
nation steps and the hydrothermal method is prone to wide dimension
standard deviation making it difficult to precisely control the final size
and morphology of the films. Although most papers reported compo-
sites and multilayered materials, a recent work showed that only the
nanostructured CeO, presents high capacitance of 927 Fg™' at 2 Ag™!
current density [19]. Doping of CeO, is also a promising strategy to
improve the electrochemical performance of this material since the
specific capacitance enhancement and cyclic stability of CeO, nanos-
tructures is based on the availability of valence 4f electrons [20]. In this
way, some works have been carried out by doping the CeO, with Mn
[21], noble metals like Ag and transition metals like La, Mn, Co or Ni [20]
and Fe [22]. It was demonstrated that specific capacitance and electro-
chemical stability were enhanced with transition metal doping in par-
ticular with Mn dopant [14]. However more work is needed to optimize
the dopant percentage and understand the physical processes involved
as well as the development of simple, low-coast and highly reproducible
synthesis methods. Therefore, an easily achievable synthesis approach
that supports large surface area fabrication on different types substrates
is successive ionic layer adsorption and reaction (SILAR) method which
operates with the principle of the immersion of substrates into sepa-
rately placed cationic and anionic precursors. SILAR method is one of the
modified chemical methods for depositing uniform and large area thin
films. In addition, precipitate formation in the solution is minimized.
Furthermore, the deposition rate and the thickness of the films can easily
be controlled over a given range of cycles and local over heating which
may be detrimental to the deposited films can be avoided. Few reports
have been published on the synthesis of CeO, using SILAR method [17].
However, to the best of the knowledge of the authors, no report of Mn-
doped CeO, synthesized using the SILAR method and tailored to energy
storage application has been reported. Therefore, this work is among the
first attempt towards the use of Mn doped cerium oxide synthesized via
SILAR method for pseudocapacitor application.

2. Materials and methods

We used analytical grade of chemicals which include cerium
nitrate hexahydrate (Ce(NO3)3.6H,0), manganese acetate (CHs.
(CO0),Mn 0.4H,0) and hydrogen peroxide (H,0,) and all were ob-
tained from Sigma-Aldrich company. They were used without fur-
ther purification.

2.1. Preparation of undoped CeO, and Mn-doped CeO, thin films

The immersion of substrates into separately placed anion and
cation precursor solutions employed in this experiment obeys the
principle of successive ionic layer adsorption and reaction technique.
As illustrated in Fig. 1, four beakers were used for the deposition of
undoped and Mn-doped CeO, thin films on substrates. Substrate
pretreatment procedures have been described elsewhere [23].

Mn-doped CeO, thin films were prepared using (Ce(NO3)3.6H,0)
and CH5.(CO0),Mn 0.4H,0 (for various concentration of Mn** =1, 3,
and 5 wt%). 2.0 ml of H,0, mixed with 100 ml of distilled water was
used as the complexing agent and the anionic precursor. Beakers (a)
and (c) containing respectively the cationic and anionic precursors
were heated to 85°C while those containing distilled water (i.e.
beakers b and d) were kept at room temperature. Duration for im-
mersion in cationic and anionic beakers are 20 s each while the time
for rinsing in the beaker containing distilled water was 5s. In this
case, a total of 20 cycles was carried out. Varying the number of
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Fig. 1. Schematic representation of SILAR deposition technique.

cycles helps to control the thickness of the deposited films. Similarly,
for the deposition of CeO,, the process was repeated without the
addition of Mn*". The films were annealed at 600 °C for 6 h in order
to improve the crystal sizes.

2.2. Characterization techniques

Atomic force microscope (AFM) operating in tapping mode was used
in measuring the topographical structure of the SILAR deposited films.
The structure of undoped CeO, and Mn-doped CeO, were studied on x-
ray diffractometer (Rigaku SmartLab diffractometer) with Cu-Ka radia-
tion (=1.540593 A). XPS measurements were used to determine the
binding energies of CeO,, Mn:CeO, Ce 3d, Mn 2p and O 1s from Kratos
AXIS Nova Spectrometer (Kratos Analytical Ltd., Canada) using the Al-Ka
(1486.74 eV) operating at 250 W (beam power). Optical studies were
done via transmittance spectra which was recorded within the wave-
length range of 300-1100 nm using Beckman Coulter DU 720 UV-Vis-
NIR spectrophotometer with untreated glass as reference. The electro-
chemical properties of the films were studied using a potentiostat
(VersaSTAT MC, Princeton Applied Research) workstation, in a three-
electrode set-up. The 0.1 M KOH aqueous solution was used as electro-
lyte while graphite rod and Ag/AgCl was used as counter electrode and
reference electrode respectively.

3. Results and discussion
3.1. X-ray diffraction (XRD) analysis

The x-ray diffraction pattern of CeO, and Mn-doped CeO, thin films
are depicted in Fig. 2. From the patterns, it was evident that ceria based
thin films crystallized out in a cubic structure which are indexed to
JCPDS No. 34-0394. The Bragg reflections show the fluorite structure of
CeO, is in strong agreement with those reported in the literature
[24-26]. In the Mn-doped samples, there was no indication of additional
peaks ascribed to impurities, such as MnO,. A closer inspection of the
most intense peak at 20=28.5° showed slight peak shift towards the
lower 20 angle with a slight increase in the full width at half maximum
(FWHM). This indicates the instability and probable structural adjust-
ment in the cubic lattice. Considering the ionic radii of Ce** (0.97 A,
coordination number, CN=8) and Mn** (0.96 A) as the substituent, the
effect of cationic disordering is therefore noted. By using Scherrer, Wil-
liamson and Hall equation [27]:

Bag = (kA/D c0s0) +4e tan 0 1)

(where ¢ =is the line broadening at half the maximum intensity,
D = crystalline size, k = shape factor, » = wavelength of radiation, 0 = is
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Fig. 2. (a) XRD pattern of as deposited samples of undoped CeO, and Mn-doped CeO, (b) Variation of the microstrain versus Mn content.

the bragg angle and ¢ = is the microstain in radians, which is the ratio
of peak width to peak position), the crystal size and microstrain of
the films were estimated. The obtained results show that crystal size
decreases by increased concentration of the dopant whereas the
tensile strain increases culminating to ~2.3% for 5wt% of Mn (see
Fig. 2b). This can be explained by slight ionic radii variance between
Ce and Mn. However, it is worth noting that the fluorite structure
maintained almost its unit cell volume despite the strain.

3.2. X-ray photoelectron spectroscopy (XPS) analysis

XPS was used in quantifying the oxidation states and identifying
the differences in the core-line spectra of undoped and Mn-doped
CeO,. Fig. 3a shows the spectrum of CeO, and Mn-doped CeO,
while Fig. 3(b-d) respectively show the XPS spectra of Mn 2p, O 1s
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and Ce 3d. In the O 1s spectra, the peak at 531.87 eV likely corre-
sponds to the lattice oxygen while the deconvoluted peak at
530.25eV in the Mn doped CeO, may be due to oxygen vacancy in
the material arising from mismatch in ionic radii of Ce*" and Mn?*.
The peaks at 640.75eV and 642.23 eV in the Mn 2p XPS spectra
(Fig. 3b) demonstrate the presence of Mn*'. In Fig. 3d, the highest
binding energy peaks located at 885.02 eV and 881.98 eV are the
result of Ce 3d5/2 while the lowest binding energy states are at
881.19eV and 885.85eV. Mn 2p peak has significantly split spin-
orbit components as well as asymmetric shape for metal. However,
the following observations were made: (i) the presence of Ce>* was
not noticed and (ii) the dopant (Mn) has no effect on the valence
state of Ce.

To show the presence of oxygen in the sample, the O 1s spectrum
in figure 3c has its peak at 531.87 eV. This is due to the effect of 0%
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Fig. 3. The XP spectra plots. (a) survey spectra of CeO, and Mn-doped CeO,, (b) Mn 2p spectra, (c) O 1s spectra, (d) Ce 3d spectra.
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Fig. 4. AFM images showing the roughness of as-deposited and annealed films. (B1, B2, B3 and B4 is the undoped CeO,, 1 wt%, 3 wt% and 5 wt% Mn-doped CeO, respectively).

The interaction of the O—Mn and O—Ce bonds could be attributed to
the presence of Mn:CeO, which was detected at 532.59 eV in the O
1s peak from the lattice oxygen. This is in agreement with the report
of Eric et al. [28].

3.3. Atomic force microscopy (AFM): surface topography and roughness

AFM was used to determine the roughness and surface topo-
graphy of the deposited films. Fig. 4 displays the AFM images of
SILAR deposited undoped and Mn-doped CeO, thin films. The

undoped and Mn-doped CeO, thin films are similar in texture. All
the films were crack-free and dense on the surface. Despite the
dense nature of the grains, the mean heights are in the range of
200-250 nm for the unannealed films. All the annealed samples
appear smoother and more homogenous compared to unannealed
samples. Surface roughness analysis as presented in Table 1, show a
small increase in roughness as Mn content increases in the annealed
films, while no trend was noted in the as-deposited films. Hence, the
root mean square value of roughness are 51.8 nm and 26.0 nm re-
spectively for annealed and unannealed 5 wt% Mn-doped CeO,. The
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Table 1
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Roughness of undoped and Mn-doped CeO, films. (The presented values are Rq values in nm, of 2 pum x 2 pm square areas).

Sample Ce0, - Undoped CeO, - 1 wt% Mn-doped CeO, - 3wt% Mn-doped Ce0, - 5wt% Mn-doped
Roughness (nm) - As-deposited 34.7 44.9 384 41.8
Roughness (nm) - Annealed 345 6.11 6.46 26.0

Table 2

Grain size of the undoped and Mn-doped CeO, films. (Values are the diameter of a circle of equivalent area).

CeO; - 1 wt% Mn-doped

CeO; - 3 wt% Mn-doped CeO, - 5 wt% Mn-doped

Sample label CeO, - Undoped
Grain size (nm) - As deposited 114.52 4814
Grain size (nm) - Annealed 60.87 28.10

67.42 61.08
48.93 63.03

5wt% Mn-doped film was considerably rougher than the lower
content films. In the same vein, grain size analysis as shown in
Table 2 presents the estimation of the grain sizes of the synthesized
thin films.

In general, the grain size estimation suggests smaller grains upon
annealing of the films, with the exception of the 5% Mn-doped film.
The non-linearity in the grain size after annealing especially at 5%
dopant concentration could be attributed to the inability of the do-
pant to form a ternary compound of high unit cell size with the host
lattice at this concentration. The annealed and doped CeO, films
showed an increase in the grain size as doping concentration in-
creased from 1% to 5%. The reduction in the grain size with annealing
could be attributed to the crystallization of the films, which lead to
reduction in defects and increase in perfection with concomitant
reduction in the grain size. On the other hand, the increase in the
grain size of the annealed and Mn doped films suggests that the
incorporation of Mn ion enhances the growth of the CeO, film.

3.4. Optical absorption studies

Fig. 5 shows that the absorption edge of the nanostructured CeO,
shifted into the visible region due to the charge transfer transition of
ions from 2p (0%) to 4f (Ce**) orbitals [29,30]. Hence, the spectral
profiles show that the 4f' - 5d transition of Ce>* project with charge
transfer transition of Ce** [31]. The optical band gap (E,) was eval-
uated from Eq. (2):

E, = 12401 2)

where ) is the absorption edge wavelength. From Table 3, the value
of E, for undoped CeO, is in agreement with the reports in the

0. =Undoped CeO,
1% Mn doped CeO2
0. 3% Mn doped CeO2

5% Mn doped CeO2

Absorbancce (at)

Wavelength, A (nm)

Fig. 5. Optical absorption spectra of the nanostructured undoped and Mn doped CeO,
thin films.

Table 3
The energy band gap of undoped and Mn-doped CeO, of various concentrations.

Undoped CeO,

Mn-doped CeO, (wt%)

1 3 5
Unannealed (eV) 2.38 2.75 3.00 319
Annealed (eV) 2.50 2.90 2.85 2.55

literature [30-32]. Comparatively, many authors have also reported
this similar trend of the band gap for Mn- and Ni-doped CeO,
[33,34]. The extensive structural changes observed and reduction in
the band gap of CeO, as Mn percentage increases could be ascribed
to the incorporation of interstitial dopant [34]. The decrease in E; of
annealed 3wt% and 5wt% samples can be as a result of the im-
provement in morphology and crystallinity of the samples.The fu-
sion of Mn ions could be assigned to the presence of the observed
peak shift which must be due to oxygen vacancies or impurities [33].

Consequently, presence of oxygen vacancies and impurities af-
fects the band gap and also occurred in the formation of transition
states. However, narrowing of band gap exhibited by Mn-doped
CeO, has potential applications in photocatalytic or photovoltaic
systems [35].

3.5. Electrochemical studies

3.5.1. Cyclic voltammetry (CV)

Fig. 6 shows the CV curves of undoped and Mn-doped CeO,
analyzed at different scan rates. The presence of strong redox peaks
at each curve is clear evidence that capacitance characteristics are in
coordinate with Faradaic reactions. The peaks are due to Ce** « Ce**
redox processes. Some responses of CeO, and Mn-doped Ce0O, that
show pseudocapacitive behavior are:

(i) the presence of noticeable peaks especially at lower scan rates,
(ii) the variation in wt%, produces different shapes of CV curves for
different samples and
(iii) the increase in scan rate resulted in the shifts in positive and
negative directions of the potential of the cathodic and anodic
peaks respectively.

The specific capacitance of CeO, and Mn-doped CeO, samples
can be estimated by using Eq. (3):

Ly (3)

where m = the mass of deposit, (dV/dt) = the scan rate, [Idt = the area
under the CV curve and C;=the specific capacitance (F/g) [36-39].
The specific capacitance values at potential scan rates of 10, 20 and
100 mV/s were observed to be ~410-275 F/g for undoped CeO, while
for the 1, 3 and 5wt% Mn films, the values are 486-280F/g,
509-297 F/g and 690-382 F/g, respectively. At higher scan rate, the
specific capacitance value decreases because the ions do not have



LM. Nwachukwu, A.C. Nwanya, R. Osuji et al.

20
—- (a) —0.01V/s
< —0.02 V/s |
g 101 —0.1V/s
z
o 01
S
S
=}
O -107

-20

-5 -1.0 -0.5 0.0 0.5 1.0
Potential (V/Ag/AgCl)

4] ©
z |
£, ]
c
g
5 -4 -
o

-8 — 0.1 V/s ]

— 0.02 V/s

-1.5 -1.0 -0.5

0.0 0.5 1.0
Potential (V/Ag/AgCl)

Journal of Alloys and Compounds 886 (2021) 161206

<

E

-

<

o

S

Y

=
——0.01 V/s

© ——0.02 V/s |
—0.1V/s

-80
-15 -1.0 -05 0.0 05 1.0
Potential (V/Ag/AgCI)

~ 1004 (d)

<

£

£ O

[H]

S

S

3-1 00 ——0.01V/s
——0.02 V/s]
—0.1V/s

-200

-5 -1.0 -05 0.0 05 1.0
Potential (V/Ag/AgCl)

Fig. 6. CV curves at different scan rates of (a) Undoped CeO, (b) 1 wt% Mn-doped CeO, (c) 3 wt% Mn-doped CeO, (d) 5 wt% Mn-doped CeO,.

Table 4

Specific capacitances from some CeO, composites at different synthesis techniques and scan rates.
Electrode Synthesis Techniques Specific Capacitance (Fg™") Scan rate (mVs™) Ref.
CeO,/Graphene Solid State Route 652 5 [11]
CeO,/Graphene Solid State Route 110 10 [12]
Ce0,/rGO 0il bath Method 243 20 [13]
rGO-CeO, Hydrothermal Method 91 3 [16]
Mn-doped CeO, SILAR 690 10 This work

enough time to diffuse through the inner active sites of the electrode
while at lower scan rates an increase in specific capacitance was
observed due to larger lengths of time permitting better diffusion
and intercalation of the ions within the active and interlayer sites.
This is in agreement with the report of Nagamuthu et al. [40] and
others as shown in Table 4. Most of the Mn doped CeO, seen in the
literature are not used for supercapacitive application. As evidenced
from Table 4, the value we obtained is higher than what previous
authors obtained using graphene or reduced graphene oxide to form
a composite with CeO,.

Fig. 7 is the plot of specific capacitance at different scan rate. It
can be seen that the increase in scan rate causes a drastic decrease in
specific capacitance.Mn-doped CeO, films have shown higher spe-
cific capacitance than undoped film, this could be as result of its
large surface area and porous structure.This is fairly in agreement
with the reports of Maheswari et al. [41].

3.5.2. Galvanostatic charge-discharge (GCD)

Fig. 8 shows the galvanostatic charge-discharge curves of un-
doped and Mn-doped CeO, samples plotted as a potential-time
graph at different current densities in 0.1 M aqueous KOH electro-
lytes. From the discharge curve as shown in Fig. 8, we observed the
following: (i) a linear variation of potential-time plot which is due to
charge separation at the electrode-electrolyte interface; and (ii) a
deviation in slope which is a result of the redox reaction between
electrolyte and electrodes.

At different applied current densities, the specific capacitance
could be derived from the voltage-time measurements plot using
Eq. (4):

I . 1 . 1 v 1 .

—a—0wt%
—e—1wWt%
—A—3wt%| -
—v—5wt%

\ ;
N |
=

1 * 1 ®: 1 . 1

0 20 40 60 8 100
Scan rate (mv/s)

350

Speclfic capacitance (F/g)

Fig. 7. The specific capacitance of CeO, and Mn-doped CeO, films at different scan
rates for various Mn wt%.

_lat

* T mav (4)
where AV (v)=the potential, m(g)=the mass of the deposit and
I (A)=the discharge current for the applied time duration At (s).
From Fig. 8, the evaluated values of specific capacitances for CeO,
and Mn-doped CeO, films at various Mn wt% (0, 1, 3 and 5 wt%) and
different current densities of 2, 3 and 4 mA cm™2, were found to be



LM. Nwachukwu, A.C. Nwanya, R. Osuji et al.

1.0 x . .

i (@) ——2 mA/em?
~ 051 4 ——3 mA/cmz.
2 2
et —— 4 mA/cm” |
s 0.0
= CeO,

3
£ -0.5
-1.01

0 50 100 150 200 250 300

Time (s)
H ——2 mA/cm?
- —e— 3 mA/cm’ |
Z
=
= 3 Wt% Mn-CeO,
%3 4
~—
=
~
5 10 15 20
Time (s)

Potential (V)

Journal of Alloys and Compounds 886 (2021) 161206

(b) ——2 mA/em’
A —— 4 mA/cm’]

L
[
/
[
i
[
/
=
h
[
;

¢ | 1 wt% Mn-CeO, |

0 10 20 30 40 50 60 70

Time (s)

0.4- ) i : a — 2 mA/cmz
— | e —e— 3 mA/cm"{
?, H —i— 4 mA/em?®
—~ 0.0 . ]
S 5 wt% Mn-CeO,
N []
= i
S 04
S -0.
&

0.8

0 50 100 150 200 250
Time (s)
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Fig. 9. The specific capacitance against current density of undoped and Mn-doped
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325-234, 387-259, 419-268 and 428-286 Fg! for 0, 1, 3 & 5wt%
respectively. The specific capacitance value of undoped CeO, is quite
similar with the report of Maheswari et al. [41]. Due to the increase
in surface area, the specific capacitance increases with the increase
in the dopant concentration. However, increase in the current den-
sity causes lower specific capacitance value in GCD measurements
(Fig. 9). Irrespective of how well a device is, the ohmic effect on the
polarization due to higher current densities must not be neglected.
This is strongly in agreement with the report of Chen et al. [42] and
Vijayakumar et al. [43].

3.5.3. Electrochemical impedance spectroscopy
The impedance characteristics of undoped and Mn-doped CeO,
electrode were evaluated with electrochemical impedance

measurement within the frequency range of 100 KHz-100 mHz at
potential amplitude of +2.0 V. The Nyquist plots of undoped and Mn-
doped CeO, have a semicircular arc at the high frequency region
which demonstrates the better capacitive performance of the elec-
trodes as shown in Fig. 10. Insets of Fig. 10 shows the equivalent
circuit used to model the electrochemical behaviour of CeO, elec-
trode and Mn-doped CeO,.

The characteristic equivalent electrical circuits have the basic
components such as charge-transfer resistance (R.), ohmic re-
sistance (R;), Warburg resistance (W) and capacitor (C) [44]. The
charge transfer resistance depicts the resistance involving the elec-
trokinetics exchange between tetravalent cerium and divalent
manganese ions ie. Ce** + Mn2* = Mn** + Ce2+ as well as the re-
sistance to charge movement at the electrode-electrolyte interface.
The Warburg resistance in this case corresponds to the diffusion of
ionic species in the bulk electrolytic solution whereas the impedance
of the bulk KOH solution is regarded as the ohmic resistance. As
observed from Fig. 10, in particular undoped, 1 and 5 wt% Mn doped
CeO,, the Nyquist plot shows a near diagonal at mid to low fre-
quency region, indicating the presence of the Warburg resistance.
The diffusion of these ionic species is however known to be slow at
high frequency as they do not travel far, thus reducing the Warburg
resistance. At low frequency, the diffusion is faster and they travel
far; this positively influences the Warburg resistance. For the re-
presentative samples, the Warburg resistance is observed to in-
crease/decrease at low/high frequency, again confirming the feature
pointed out previously.

The values of charge transfer resistance derived from the experi-
mental results using the equivalent circuit model of undoped and Mn-
doped CeO, were observed to be 6.87, 9.21, 12.96 and 18.95Q for un-
doped and 1 wt%, 3wt% and 5wt% for Mn-doped CeO, respectively. It
shows that the charge transfer resistance increases with doping, how-
ever other structural factors such as the surface area, porosity, lattice
defects which improved in the doped samples enhanced the overall
specific capacitance obtained from the doped CeO,.
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Fig. 10. Nyquist plots of undoped and Mn-doped CeO, films for various MnO, wt% (1 wt% Mn-doped, 3 wt% Mn-doped and 5 wt% Mn-doped) and the equivalent circuits models.

4. Conclusion

In summary, undoped and Mn-doped CeO, thin films electrode
materials were successfully synthesized via SILAR method. XRD re-
sults confirmed the presence of tensile strain in the fluorite structure
of undoped CeO, because of its slight difference in the metal radii.
The electronic transition was due to impurity transition states
within the energy gap culminating to a red shift in the absorption
edge of the lattice. The XPS spectrum proves that the manganese
oxide exists as Mn** while the presence of Ce>** was not noticed. AFM
topographies revealed a porous network of spherically shaped grains
that provided active sites for electrochemical redox reaction. This
remarkable property alongside others paved way for high specific
capacitance of 690 Fg™! for 5 wt% Mn-doped CeO, as proved by cyclic
voltammetry.
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