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Transparent and Flexible Mn,_,_, (Ce,La )O,_s Ultrathin-Film
Device for Highly-Stable Pseudocapacitance Application

Samane Maroufi,* Rasoul Khayyam Nekouei, Sajjad S. Mofarah, Anthony P. O’Mullane,

Yin Yao, Sean Lim, Claudio Cazorla, and Veena Sahajwalla

Control over the fabrication of state-of-the-art portable pseudocapacitors with
the desired transparency, mechanical flexibility, capacitance, and durability

is challenging, but if resolved will have fundamental implications. Here,
defect-rich Mn,_,_,(Ce,La,)O,_ ultrathin films with controllable thicknesses
(5-627 nm) and transmittance (=29-100%) are fabricated via an electrochem-
ical chronoamperometric deposition using a aqueous precursor derived from
end-of-life nickel-metal hydride batteries. Due to percolation impacts on the
optoelectronic properties of ultrathin films, a representative Mn,_,_,(Ce,La,)
O,_sfilm with 86% transmittance exhibits an outstanding areal capacitance
of 3.4 mF cm™2, mainly attributed to the intercalation/de-intercalation of
anionic O through the atomic tunnels of the stratified Mn,_,_,(Ce,La )O,_5
crystallites. Furthermore, the Mn,_,_, (Ce,La,)O,_s thin-film device exhibits
excellent capacitance retention of ~<90% after 16 000 cycles. Such stability is
associated with intervalence charge transfer occurring among interstitial Ce/
La cations and Mn oxidation states within the Mn,_,_,(Ce,La,)O,_s structure.
The energy and power densities of the transparent flexible Mn,_,_ (Ce,La,)
O,_;full-cell pseudocapacitor device, is measured to be 0.088 uWh cm=2 and
843 UW cm2, respectively. These values show insignificant changes under

1. Introduction

Transparent and flexible energy storage
devices are critical components in port-
able power-integrated electronic  sys-
tems(™?  such as shape-conformable
sensors, flexible displays, capacitive touch
screens, and solar cells.3! Compared to
other energy storage devices, pseudo and
supercapacitors are known as ideal candi-
dates for implementing such flexible and
transparent characteristics due to their
multifunctional properties and excellent
features, including high power density, fast
charge/discharge rate, and long cycling
life.”l Conductivity, mechanical flexibility,
transparency, electrochemical capacitance,
and durability of the used materials deter-
mine the performance of such energy
storage devices.”! To meet these criteria,
candidate materials need to be designed
in a 2D architecture. To date, several exam-

vigorous twisting and bending to 45-180° confirming these value-added
materials are intriguing alternatives for size-sensitive energy storage devices.
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ples of flexible and transparent capacitors
have been reported”) which can be clas-
sified into the following subgroups: I)
uniform ultrathin films fabricated from a
range of materials such as graphene,®'31 MXenel""®! (namely
2D transition metal carbides, nitrides, or carbonitrides), con-
ductive polymers,*16 transition metal oxides (TMOs) such
as Mn0,,2 NiO2'22 Co,0,” Ru0,/?3 and WO;24 1I) 1D
nanomaterials interlaced films from CNTs[?>2¢l and metal nano-
wires, 132728 T11) irregular mesh-like films,?%! TV) orderly pat-
terned films,33%34 and V) interdigitated patterned films.1>>-3]

Among these, uniform ultrathin films hold greater promise
due to their high stability under severe twisting, strong adher-
ence to the surface, and cost-effectiveness for high-yield fabrica-
tion.?¥#2 Furthermore, TMOs, by far, exhibit superior energy
density relative to those of carbon-based materials. This is
owing to their intrinsic high theoretical capacitances, multiva-
lence oxidation states, and rapid redox reactions. Nonetheless,
reproducible fabrication of these materials with controllable
thickness, their intrinsic low conductivity, and poor cycling
stability limit their widespread uses in flexible and size-sen-
sitive pseudocapacitance applications. One of the promising
approaches to overcome such shortcomings is engineering the
bandgap alignment to improve ionic and electronic conduc-
tivities by the formation of substitution or interstitial atomic
defects using extrinsic ions.

(10f13) © 2021 Wiley-VCH GmbH
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Here we demonstrate an electrochemical-based synthesis
method to fabricate defect-rich ultrathin Mn,_,_(Ce,La,)O,_s
films of tailored thicknesses. The as-synthesized films, which
are derived from electronic waste (e-waste, i.e., end-of-life
nickel-metal hybrid batteries) precursors, were made of atomi-
cally thin nanosheets and exhibited high mechanical flexibility,
transparency, and large density of mixed oxidation states.
The electrochemical performance of the films showed prom-
ising areal and gravimetric capacitances and exceptional long-
term cycling stability. The energy and power densities of the
Mn,_, ,(Ce,la,)O, 5 symmetric pseudocapacitor device were
also measured to be 0.088 uWh cm™ and 843 uW cm™2, respec-
tively, which remained unchanged after vigorous bending and
twisting. The present work enhances the application of flex-
ible defect-rich TMO-based pseudocapacitors for transparent
portable electronic devices, where superior durability can be
obtained through controllable design of the architecture and
structure.

2. Results and Discussion

2.1. Synthesis and Characterization of Defect-Rich
Mn,_,_,(Ce,La,)O,_s Ultrathin Films

The fabrication of ultrathin films involves selective electrodepo-
sition of dissolved cationic species using a polarization-based
anodic chronoamperometric technique in an aqueous pre-
cursor derived from end-of-life nickel metal hydride batteries,
as schematically shown in Figure Sla, Supporting Information.
The electrolyte, which was obtained by an e-waste recovery
process, consisted of Ce**, Mn?*, and La*" ions (Table S1, Sup-
porting Information). To obtain the optimum voltage for film
deposition, where co-oxidation of Ce** and Mn?* ions occur,
cyclic voltammetry (CV) analysis was carried out within a
potential range of 0.0-1.0 V versus standard calomel electrode
(SCE) (0.38-1.38 V vs RHE) at a pH of 2.5. The resulting CV
(blue curve) is shown in Figure 1a, where the increase in anodic
current with a shoulder at 0.92 V and a well-defined reduction
peak at 0.72 V are attributed to the Mn?* <> Mn*" reactions.

Thermodynamic calculations of the Ce** — Ce* oxidation
reaction using speciation and Pourbaix diagrams revealed
that the formation of CeO, may occur at potentials =0.6 V
versus SCE. This is verified with the experimental CV results
(red voltammogram in Figure 1a). The current density, which
is an indication of the mass deposition, for Ce** oxidation is
in the order of A, is much lower than that for Mn?* oxida-
tion (mA), suggesting that the MnO,-based structure is the
main phase deposited. Furthermore, the water oxidation reac-
tion, which occurs at Ej,0/0, = 1.23 V vs RHE, should be
avoided and therefore the optimum voltage for the synthesis of
MnO,_, (oxidation of aqueous Mn?*) was found to be 0.92 V vs
SCE (1.3 V vs RHE). This applied potential still avoids water
oxidation given the large overpotential associated with this
reaction.

Although anodic deposition requires direct oxidation through
a faradic process, a high concentration of La*" (=72 times more
than Mn?" and =8 times more than Ce3*) present in the elec-
trolyte can result in entrapment of La3" in the as-crystallized

Adv. Funct. Mater. 2021, 2100880

2100880 (2 of 13)

www.afm-journal.de

Mn,_,(Ce,)O,_s during the co-oxidation of Ce** and Mn?.
Despite the presence of Ni and Nd ions in the electrolyte
precursor, the time-of-flight secondary ion mass spectroscopy’s
(TOE-SIMS) depth profile of the film (Figure S2a, Supporting
Information) reveals no deposition of these two elements.
The depth profile of atomic concentrations of the elements
obtained by X-ray photoelectron spectrometer (XPS) is shown
in Figure S2b, Supporting Information, where the concen-
trations of Mn, Ce, La, and O are measured to be 45.6-46.9,
3.2-3.8, 2.8-3.2, and 46.4-47.8 at%, respectively.

The chemical structure of the ultrathin film was character-
ized using Raman microspectra, the data of which is shown
in Figure S3, Supporting Information. The three predomi-
nant bands, indicated by a magenta color, centered at 504, 568,
and 639 cm™ are related to the Mn-O in-plane/out-of-plane
stretching vibration of &MnO,.*** The deconvoluted bands
(blue) positioned at 386, 580, 649 and the band (orange) at
723 cm™! are assigned to vibrational modes of E; and A, cor-
responding to - and - phases of MnO,, respectively.*>*l The
mode at 606 cm™ is associated with Mn-O stretching vibra-
tions of Mn,05,* which is only present for the Mn;_,_(Ce,La,)
O,_g structure. The Raman characteristic peaks associated with
CeO, and La,0; structures were not found. Nonetheless, com-
paring the Raman spectrum of pristine MnO,_, with that of the
Mn,_, (Ce,La,)O,_s shown in Figure S3, Supporting Infor-
mation, partial phase transformation of 4MnO, to o~ and
phases can be attributed to the presence of La** and Ce?*.

According to Hume—Rothery’s rule for substantial solid solu-
bility, the large ionic size mismatches of 74 and 65% for La’*,
with an ionic radius of 0.1172 nm, and Ce*", with an ionic radius
of 0.111 nm, respectively, suggests that the formation of a solid
solution through a substitutional mechanism is highly unlikely.
Therefore, this leaves only one possibility, which is interstitial
solid solubility of the rare earth cations (RECs) in the MnO,
structure. The latter theory can be rationalized according to the
types of MnO, crystal structures, which are schematically illus-
trated in Figure 1b. #MnO, has a 2D layered structure (1 X oo)
with an interlayer separation of =7 A" Such a large inter-
layer gap can easily accommodate the large-size RECs with par-
tial phase transformation and minimal distortion.’ The RECs
can also stabilize the (1 X o) tunnels and thus shift the phase
into the o/ -MnO, forms. In addition, -MnO, provides atomic
tunnels along the [001] direction (c-axis)® with lateral dimen-
sions of 2 x 2 (4.6 x 4.6 A) and 1 x 1 (1.9 x 1.9 A).5?I The atomic
tunnels along the [110] direction of A/MnO, possess lateral
dimensions of 3.4 x 3.4 A. Therefore, similar to &MnO,, the
interstitial introduction of RECs is likely to occur in ¢/ f-MnO,
during crystallization, as has previously been reported.’*! The
interstitial solubility of REC in MnO, is also expected to form
high concentrations of structural defects.

To investigate the chemistry of structural defects that origi-
nate from unpaired electrons, electron paramagnetic resonance
(EPR) analysis was conducted. The resultant spectra for pristine
MnO,_, and Mn,_, ,(Ce,La)O, 5 are shown in Figure lc. As
for Mn ions, Mn?** (3d°, S = 5/2) and Mn*" (3d?, S = 3/2) spe-
cies are EPR active, while Mn?** (3d*, S = 2), with no unpaired
electrons, is EPR inactive. For pristine MnO,_,, the EPR signal
reveals a single broad line of Gaussian-like shape with a broad
linewidth (AHp = 367 mT) owing to the dipole-dipole exchange

© 2021 Wiley-VCH GmbH
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Figure 1. a) CVs of the precursor using a three-electrode configuration with FTO electrode as working electrode (WE), spiral Pt wire as the counter
electrode (CE), and standard calomel electrode (SCE) as reference electrode (RE), at 10 mV s™' scan rate and 70 °C, b) crystal structure of &, o, and -
MnO;, loaded with La*" and Ce**/*", c) EPR signals versus magnetic field curve of MnO,_, and Mn,_,,(Ce,La,)O,_ssamples, and d) Tauc plot (UV-visible
(ahv)/2 vs Ep curve) for pristine MnO,_, and Mny_,_,(Ce,La,)O,_s powder samples; e-h) theoretical estimation of the electronic band properties of the
(e) S, (f) B (g) & polymorphs of MnO,, and (h) Mny_,_,(Ce,La,)O,_sbased on first-principles DFT calculations. The bandgaps of the three polymorphs
are different, with MnO, presenting the largest value. The presence of Ce/La interstitial atoms induces the appearance of electronic mid-gap states.
Mn, O, Ce, and La atoms are represented with violet, red, green, and yellow spheres, respectively.

interactions between two identical paramagnetic Mn*" ions.  is consistent with those reported for MnO, nanostructures. For
The g factor of the signal was measured to be 1.960.01, which  the Mn,_,,(Ce,La,)O,_s film, the corresponding EPR signal
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shows multiple hyperfine splitting at magnetic fields in the
range of 320-380 mT that can be ascribed to the interactions
between Mn?*, Ce*, and La*". The co-existence of Mn* and
Mn?* for MnO and MnO, is manifested in the form of sharp
hyperfine features, with g valuesi® of 2.16, 2.10, and 1.96, with
shoulders (rounded humps) on each hyperfine, respectively.
The presence of Mn?' is further justified by revealing the
hyperfine feature with a g value of 2.005 associated with the
Mn;0,4 (2MnO MnO,) phase in the system.[*”! It is significant to
note that the hyperfine interaction between unpaired electrons
and atom nuclei yields information regarding the identity of
ions and their distances. Ce posses four stable isotopes (*°Ce,
138Ce, 19Ce, and *2Ce) and two oxidation states, 3+ and 4+, with
respective electron configurations of 4f ! and 5p°. Despite the
filled d orbital with the potential of forming ten absorption
peaks, Ce*" has no unpaired electrons and consequently is
EPR-inactive. In contrast, Ce*" has a single unpaired electron.
Table S2, Supporting Information, provides g factors obtained
according to the hyperfine interactions. As for the Ce dopant,
the presence of Ce**, O,, and Ce**~0—Ce* were identified
as shown in Figure lc. The hyperfine feature positioned at
g = 2.016 indicates the existence of superficial isolated anionic
vacancies caused by superoxide ligands linking to coordination
Ce* ions.’ In addition, the hyperfine feature with a g value of
1.96 can be assigned to a Ce*"-V-Ce*" interaction as a reflec-
tion of anionic vacancies on the surface.

Interstitial diffusion of Ce and La cations into the lattice
structure can potentially modify the physical and chemical
properties of functional materials, by controlling their ionic
and electronic conductivities.’® The atomic insertion into the
MnO,_, crystal structure in the form of cation intercalation
can change the bonding energy. This is achieved by producing
new molecular orbits which introduce impurity levels in semi-
conductors that can reduce the bandgap of the material.l’”! The
bandgap was evaluated using UV-vis absorption spectroscopy
for Mn,_,,(Ce,La,)O,_5 and pristine MnO,_, film electrodes,
with similar thicknesses. Tauc plots in Figure 1d show that the
bandgap shortened from 2.82 to 2.67 eV as a result of Ce and
La co-insertion. Accordingly, the concentration of free mov-
able electrons increases, which enhances electric conductivity.
The substantial point defects and oxygen vacancies in the
structure of MnO,_, can also contribute to the improvement
of electric conductivity.”® This enhancement in electrical con-
ductivity resulting from bandgap tuning and oxygen vacancies
will in principle further improve the electrochemical perfor-
mance, which is normally limited by carrier concentration and
mobility.>”]

By using first-principles methods based on density functional
theory (DFT), we estimated the electronic band properties of the
a, B, and 6 polymorphs of MnO, as well as the Mn,_,_ (Ce,La,)
O,_s phase. The DFT results shown in Figure le indicates that
i) the bandgap of the three undoped polymorphs are different,
with &MnO, presenting the largest value (Eg~2.3 eV), and
ii) Upon Ce/La insertion, the bandgap of MnO, can be further
altered due to the appearance of electronic mid-gap states intro-
duced by the interstitial metal ions. It is noted that the agree-
ment between the theoretical and experimental E, results is
quantitatively not perfect for MnO, polymorphs. Such discrep-
ancies, however, are understood based on the fact that in the

Adv. Funct. Mater. 2021, 2100880

2100880 (4 of 13)

DFT simulations, the analyzed systems are perfectly stoichio-
metric, whereas in the actual samples different types of defects
are abundant (e.g., oxygen vacancies, which are known to affect
E, significantly). Nevertheless, at the qualitative level, the DFT
simulations can be expected to be correct. Therefore, according
to the DFT theoretical calculations, we may argue that the
physical origins of the observed MnO, bandgap reduction
induced by Ce/La insertion is twofold, namely, 1) the accompa-
nying structural phase transformation from the J to the o and
B polymorphs, and 2) the appearance of Ce/La electronic mid-
gap states. Similar to previous reports on ultrathin oxide mate-
rials,’8! the presence of midgap states and a reduced bandgap
indicate enhanced electrical conductivity of the Mn;_,_,(Ce,La,)
O,_s over pristine MnO,.

The actual resistivity of MnO, and Mn;_, ,(Ce,la)O0;_ s
ultrathin films was measured using the four-point probe tech-
nique. The results match well with those obtained qualitatively
revealing an =11% reduction of resistivity upon insertion of Ce/
La cations in the Mn,_,,(Ce,La,)O,_s ultrathin films, as shown
in Figure S4, Supporting Information.

2.2. Optical and Chemical Analysis of Transparent Ultrathin Films

The flexibility of the anodic chronoamperometric synthesis
allows for the fabrication of ultrathin films with tailored thick-
nesses and thereby transparency. Figure 2a shows digital
images of Mny_, ,(Ce,La,)O,_s ultrathin films where the film
thickness increases from left to right as evident by the diminu-
tion of their transparencies. The morphological alteration of the
ultrathin films as a function of deposition time was explored
using field-emission scanning electron microscopy (FE-SEM)
images, as shown in Figure 2b. The sequential FE-SEM images
reveal that ultrathin films are deposited through stacking of the
extremely thin nanoflakes across the surface of the fluorine-
doped tin oxide (FTO) substrate.

The Mn;_, ,(Ce,La,)0, s films exhibited 2D nanosheet-
like morphology, which remained unchanged by increasing
the thickness and the interstitial introduction of Ce and La.
The ultrathin Mn-oxide-based nanosheets have been previ-
ously shown to deliver a high exposed surface area that is
critical for achieving high energy density. It has been shown!>’!
that flake-like microstructure of the Mn oxides enhances the
faradic reactions between the active material (in electrode)
and the electrolyte, thereby enhancing the specific capaci-
tance of the supercapacitor. Furthermore, considering the XPS
results which show high concentrations of point defects, owing
to the presence of low Mn oxidation states (Mn?* and Mn?*),
this type of morphology is highly advantageous since it maxi-
mizes the exposure of the structural defects and thus enhances
the electrochemical performance, which is directly influenced
by the number of these defects.

Figure 2c shows the transmittance spectrum obtained
for each film within a wide range between 300 and 900 nm.
The relationship between the optical transmittance (T%) of
the films, at 550 nm, and thicknesses is plotted, as shown
in Figure 2d. The results show that for thicknesses <46 nm
(samples II, III, IV), an outstanding T% value of >=~90% can
be achieved.

© 2021 Wiley-VCH GmbH
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Figure 2. a) Optical images of the as-synthesized Mn,_,_,(Ce,La,)O,_s thin-film electrodes, b) FE-SEM images of the surface of selected samples
presented in (a), ¢) UV-vis transmittance spectra of the corresponding films in the visible region, d) transmittance of the films at the wavelength of
550 nm as a function of thickness; and e) 2D and 3D TOF-SIMS elemental images for the measurement of the thickness, qualitative concentration,

and distribution of elements in the as-synthesized films.

However, increasing the thickness to 78 nm (sample V)
results in a considerable T% reduction to <60%. Furthermore,
an increase in thickness to 627 nm yields a low T% value of
12% (sample VIII). Table S3, Supporting Information, summa-
rizes the physical and optical properties of the ultrathin films.

To measure the thickness of the films, TOF-SIMS analysis
was used. The results of 2D TOF-SIMS analysis for three rep-
resentative samples II, III, and IV are shown in Figure 2e.
According to the penetration depth of the ion beam, the thick-
ness of the films was measured to be 11, 28, and 46 nm for
samples II, III, and IV, respectively. Figure 2e shows the bulk
distribution of Mn, Ce, and La ions for the three representative
samples II, III, and IV, revealing a homogenous distribution of
the ions across the ultrathin films.
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In order to confirm the accuracy of the TOF-SIMS results
in this study, an additional TEM analysis on the optimum
Mny_,,(Ce,La))O,_s ultrathin film with a thickness of 46 nm
(measured by TOF-SIMS) was carried out and compared. The
TEM image is provided in Figure S5, Supporting Information.

2.3. Electrochemical Performance of Ultrathin Films

The electrochemical behavior of the Mn,_, ,(Ce.La,)0, 5
ultrathin films was investigated in a three-electrode configu-
ration system in a 2 M KOH electrolyte. Figure 3a,b shows
CVs of the films at scan rates of 5 and 50 mV s~! within the
potential window of —0.3 to 0.5 V versus SCE. The peak areas

© 2021 Wiley-VCH GmbH
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Figure 3. Electrochemical results of the as-synthesized Mn;_,Ce,La,O,_g thin-film electrodes using a three-electrode cell configuration (thin-film elec-
trode as WE, Pt spiral wire as CE, and SCE as RE) in the potential window from —0.3 to 0.5 versus SCE/V in a 2 M KOH aqueous solution. CV of
electrodes at scan rates of a) 5 mV s, and b) 50 mV s7%; c) areal and gravimetric capacitances as a function of film thickness; d) areal capacitance
as a function of scan rate for the three thinnest electrodes Il, 111, and IV based on GCD test; €) EIS for the synthesized electrodes at 0.0 versus SCE/V
between 100 kHz to 100 mHz with the potential amplitude of 10 mV; f) stability performance of the three Mn,_,_,(Ce,La,)O,_s electrodes #II (at
35Ag™), #1ll (at20 A g), and #IV (at 15 A g7), and pristine MnO,_, film (at 15 A g™). g-i) The impact of percolation and thickness on the opto-
electronic properties of ultrathin films; (g) plot of film transmittance expressed as T-%°~1 as a function of film thickness, (h) areal capacitance, and
(i) volumetric capacitance of the films as a function of film thickness, using CV results at a scan rate of 5mV s™ in a 2 M KOH electrolyte.

of the voltammograms, which are associated with the areal
capacitance (F cm™) of the films, are shown to be enhanced by
increasing the film thickness. The difference in the CV shapes
obtained at 5 and 50 mV s7! is ascribed to the alteration of
charge/discharge mechanism and the depletion of charge car-
riers as a result of the rapid kinetics of the charge/discharge
process. It is critical to note that the insignificant contribution
of the substrate for the thinnest film, that is, 11 nm, # II, was
measured to be only =3%, as shown in Figure S6c, Supporting
Information. Further analysis of the electrochemical behavior
of the films was carried out using CV over a wide range of scan
rates. The details of the results are shown in Figure S7a—c, Sup-
porting Information. Furthermore, a comparative plot of areal
and gravimetric capacitances against the films’ thicknesses,
at two scan rates of 5 and 50 mV s7,, is shown in Figure 3c.

Adv. Funct. Mater. 2021, 2100880 2100880

The results reveal that increasing the film thickness from 11 to
627 nm reduced the gravimetric capacitance by 53%, while the
areal capacitance increased from =0.1 to 32.0 mF cm™. The
apparent capacitance gap between the scan rates originates
from the contribution of diffusion, which becomes insignifi-
cant at a rapid scan rate of 50 mV s7%.

To confirm the results of capacitance obtained by CV, the galva-
nostatic charge/discharge (GCD) technique was used. Figure 3d
shows a plot of areal capacitance against current density, which
is consistent with those obtained from the CV technique. The
other gravimetric and areal capacitances of the ultrathin films
at different scan rates and current densities are illustrated in
Figure S7g—i, Supporting Information, respectively.

Electrochemical impedance spectroscopy (EIS) of the films,
recorded at open circuit potential (OCP) with a potential
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amplitude of 10 mV, is shown in Figure 3e. To analyze the
EIS measurements, a physicochemical transport model was
applied (shown in the inset of Figure 3e), where the electrode
resistance (R,) is obtained by summation of resistances in
the bulk electrode and at the interface between the electrode
and current collector.’”) The R, values for the combination of
FTO substrate and films #II, #III, and #IV were measured to
be =9.5, 10.5, and 13.0 Q, respectively. The calculated results
for the Mn,_, (Ce,Lla,)O, 5 film indicate that with =17 nm
increase in the thickness, the resistance escalates by 1.0-1.5 Q.
Furthermore, the sum of the charge and mass transfer resist-
ance (Ry + Ry) was measured to be =0.29, 0.65, and 0.94 Q
for films #II, #11I, and #IV, respectively. The transition from
medium (semicircle) to low frequencies (linear line), which is
represented by a Warburg diffusion element (W,), describes the
diffusion of ions in the electrolyte.’!! The slope of the line, at
low frequencies, indicates whether the charging is under EDL
formation (>45°) or limited by ion diffusion in the electrolyte
(<45°).101 The general sharp slopes achieved for all the samples
indicates the presence of the EDL layer and predominant con-
tribution of pseudocapacitance.®”

The capacitance retention of the Mn,_, ,(Ce,La,)O,_s films
#11, #111, and #IV, and pristine MnO,_, film (with the thick-
ness equal to #IV, i.e., 46 nm) were investigated using GCD
analysis at current densities of 35, 20, and 15 A cm™, respec-
tively. Figure 3f shows excellent electrochemical stability with
95, 90, and 93% capacitance retention for films #II, #I1I, and
#1V, respectively, after 16 000 charge/discharge cycles. Such
outstanding performance stability can be associated with the
presence of the RECs that are shown to enhance the structural
and corrosive stabilities.®¥ In contrast, the pristine MnO,_,
film suffers from rapid degradation while cycling.

To obtain an optimal transparent pseudocapacitor, estab-
lishing an equilibrium between the specific capacitance, which
is either gravimetric or areal, and optoelectronic properties is
critical. In the present work, ultrathin film #II, with a thick-
ness of 11 nm, exhibited a relatively low areal capacitance of
1.37 mF cm™2, but the highest transparency (96%) (Figure 2c).
The increase in thickness to 28 (sample #III) and 46 nm (sample
#IV) resulted in enhancement of the areal capacitance to 2.81
and 5.07 mF cm™2; however, reduced the gravimetric capacitance
from 720 to 622 F g! while limiting the transparency to 92 and
85%, respectively. Although transparency can be achieved via the
fabrication of ultrathin electrodes, minimizing the thickness to
increase the transparency (Figure 2¢) can introduce certain limi-
tations due to percolation pathways, below which the obtained
transparency is not efficient for energy storage applications.

As a matter of fact, the intrinsic properties, including optoe-
lectronic properties, are thickness independent®¥ only in bulk-
like materials.[®l Therefore, the transition from bulk-like to per-
colative regimes, that is, ultrathin thicknesses, and percolation
impact in ultrathin films, should be taken into account.l®® This
is because when the thickness falls below the transition thick-
ness, the percolative impact begins to control the optoelectrical
conductivity.'#0%7l Besides, while volumetric capacitance is
thickness invariant for thick films, a significant deviation from
the bulk-like behavior was observed for ultrathin films.

To demonstrate the presence of both bulk-like and percola-
tive regimes, a further investigation was carried out, where the
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impact of thickness on the optoelectronic properties of ultrathin
films was analyzed. For conductive films, the transmittance (T)
for a given thickness, t, is controlled by the optical conductivity
(0up) through Equation (1):(419.64

ZoOopt T
T=[1+—0(;°P ] b

where z, is the impedance of free space (377 Q). There-
fore, the optical conductivity (0,p) was calculated to be o, =
153.8 S cm™! by measuring the slope of the line in the plot
of T-Y2-1 (at 550 nm) against the thickness of the film (t), as
shown in Figure 3g. This value is the lowest reported to date for
transparent supercapacitors such as SWCNT films (o, = 150-
200 S cm™)*86% and graphene films (o, = 100-2000 S cm™).7"!

The areal capacitances that were calculated based on the CV
curves are plotted against the film’s thickness in Figure 3h.
As shown, for thin films with thicknesses below 28 nm, the
areal capacitance varies linearly with thickness. It is reason-
able to consider this thickness value as the transition thickness
(tmin,c = 28 nm) around which the regime varies from percola-
tive to bulk-like behavior.

To further confirm this outcome, the film thickness was used
to calculate the volumetric capacitance, which is plotted as a
function of thickness as shown in Figure 3i. Considering that
the as-synthesized film possesses a well-defined surface area
per unit volume, then this volumetric capacitance (Cy) should
be independent of the film’s thickness for a bulk-like film
(assuming good electrolyte wetting). In the bulk-like regime
(bmin,c>28 nm), as expected, Cy is relatively constant with a
small variation around a mean value of 657 F cm™. In contrast,
in the percolative region (ty;, <28 nm), a significant increase
in Cy value is observed, which is attributed to the lower thick-
ness, which facilitates and expedites the movement of the elec-
trons towards the current collector substrate which therefore
results in higher capacitance.

While the thicknesses can be reduced to increase transmit-
tance, the areal capacitance decreases (Figure 3h). Therefore
with a trade-off between transmittance and capacitance and in
order to optimize the areal capacitance (C,) at certain transpar-
ency, the “capacitive figure of merit” (FoM,), Cy/G,p, should
be maximized.*) The FoM_ is determined to be Cy/o,, = 78,
6.3, and 4.2 F S7! for electrodes 11, 111, and 1V, respectively. The
values obtained in the present work are amongst the highest
reported to date including a RuO,/PEDOT:PSS thin film
(Cy/Gop = 6.1 F $7),1l PEDOT:PSS (Cy/0p = 1.7 F S, and a
disordered SWNT electrode (Cy/0,, = 0.3 F §71).11%

2.4. Impact of RECs in Mn,_,_,(Ce,La,)O,_s Lattice on Energy
Storage and Cycling Stability

2.4.1. Energy Storage Mechanism

There are two principal mechanisms during charge/
discharge of the Mn,_, (Ce,la)O, s film: i) redox reac-
tions at the surface of the electrode, which is the charac-
teristic of pseudocapacitance”™3 and ii) intercalation/
de-intercalation of the cations, which is characteristic of

© 2021 Wiley-VCH GmbH
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Figure 4. Effect of electrolyte concentration on redox reactions and intercalation mechanism of ions, using an electrode made of #IV ultrathin film;
a) CVs at the scan rate of 80 mV s™" in aqueous KOH electrolytes of varying concentration, b) CVs at 1 M KOH electrolyte at different scan rates, c) CVs at
electrolyte with charge carrier cations of 2 m Li*, Na*, K*, and neutral electrolyte of SO,2~ (using Na,SO,), and d) corresponding gravimetric capacitance.

intercalation pseudocapacitance.”””! The former mechanism is
determined by the number of active sites, for example, vacan-
cies, at the surface of the electrode, while the latter mechanism
requires crystallographic pathways that allow the charge car-
riers to intercalate/de-intercalate within/out of the bulk of the
electrode.

To elucidate the intercalation/de-intercalation mechanism,
alterations in the voltammogram shapes in response to the
increasing pH of the electrolyte (i.e., increasing hydroxyl ion
(OH") concentration) were investigated and hence the resultant
CVs are shown in Figure 4a. With the increase of the OH™ con-
centration, the peak potentials for both reduction and oxidation
reactions shifted to lower values which clarify the key role of OH~
ions during the charge/discharge process. During the anodic
scan, the voltammogram exhibits two distinctive peaks related
to two oxidation reactions of Mn?" — Mn*" and Mn** — Mn*".
It is significant to note that the former oxidation reaction shows
greater intensity implying a higher concentration of Mn?',
which is consistent with the results of EPR analysis (Figure 1c).
The large concentration of OH™, and thus its high accessibility,
in the electrolyte would result in the dissociation of OH™ to
0?% during the anodic scan.”® This can be followed by inter-
calation of the liberated O%" into the vacancy sites and atomic
gaps within the 2D layered structure (1 X o) of &MnO, of the
Mn,_,,(Ce,La,)O,_s electrode, which is more likely in compar-
ison to that of H* with negligible concentration.”] The charge/
discharge process through O intercalation/de-intercalation
is advantageous since it delivers two charges, rather than the
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typical single charge carriers. Therefore, a notable enhancement
in the specific capacitance is expected.”®! The free 0% inter-
calates into the vacancy sites, which is then accompanied by
proton transfer to the electrolyte hydroxide ions yielding water
as a product.”® At a very low OH~ concentration (0.1 m), shown
in Figure 4a, the peak associated with the Mn*" — Mn*" reac-
tion is significantly decreased confirming the significant role of
OH~ concentration in O~ anion intercalation.

Owing to the large ionic radius of O%7, the intercalation
is anticipated to be kinetically slow and hence diffusion-
controlled. This is supported by voltammograms obtained at
scan rates of 20, 40, and 80 mV s! (Figure 4b). The increase
in the scan rate resulted in a shift of the anodic peaks to higher
potential that can be attributed to the sluggish kinetics of O
intercalation within the insufficient scanning time. In con-
trast, for the cathodic cycle, increasing the scan rate resulted
in an insignificant shift in the cathodic peak potentials. This is
owing to the fact that, during the cathodic cycle, restoration of
the vacancies occurs by breaking the chemical bonds between
the intercalated O%~ and coordinated Mn atoms. Therefore, de-
intercalation of the as-released O?~ would not affect the peak
potentials by increasing the scan rate.

To further confirm that O% intercalation has a substan-
tial contribution to the energy storage performance of the
Mn_, ,(Ce,La,)O, 5 Figure 4c shows CVs of Mny_, ,(Ce,la,)
O,_s obtained in basic electrolytes with Li*, Na*, K* charge
carriers and a neutral electrolyte of 2 M Na,SO,. The meas-
urement of voltammogram areas (Figure 4d) revealed that
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the capacitances obtained in basic electrolytes exhibited =15%
increase compared to the ones obtained in neutral electrolytes.
Furthermore, the type of charge carriers in basic electrolytes
showed no significant impact on the capacitance indicating that
cations are not involved in the intercalation process.

Another critical factor in controlling the rate of intercalation/
de-intercalation of 0%~ is the density of Mn cations, with lower
oxidation states, and probably oxygen vacancies, which act as
active sites to entrap the O? species. The presence of these
active sites has been shown to change the electronic conduc-
tivity of the Mny_, ,(Ce,La)O,_5 by realignment of the band
positions, possibly through an introduction of midgap states.””!
Additionally, the formation of midgap states can also be attrib-
uted to the presence of La*" and Ce?* ions. The Tauc plot shown
in Figure 1d unveiled such an alteration, relative to the pris-
tine MnO,_,. Furthermore, the multivalence charge transfer
(MVCT) between the RE and Mn ions significantly impacts the
electrochemical performance by improving the electrical con-
ductivity.?%7280 Another reason for the improved electrochem-
ical performance of the Mn;_,_,(Ce,La,)O,_sis the formation of
tensile distortion, owing to the presence of RE ions at the inter-
stitial sites of the lattice, thus enabling ion transport by newly
established atomic channels.[281

Owing to the different valance charges of Mn ions, coopera-
tive Jahn-Teller effect (CJTE) is another factor that could impact
the conductivity of the Mn,_,_,(Ce,La,)O,_s samples. Mn* ions
are not Jahn-Teller (JT) active; however, the presence of Mn**
ions in Mny_,_,(Ce,La,)O,_sstructure offers a large CJTE, where
the lattice distortion originates from individual JT centers in
complex compounds.®2-84 The displacement of a portion of La/
Ce ions in long-ranged Ce/La-O-Mn3"-O-Ce/La interactions in
distorted octahedral sites can be periodically distorted in Mn
stripes using a charge modulation. Since in the structure of
Mn;_,,(Ce,La,)O,_s there are not enough Ce/La ions to form
linear 180° Ce/La-O-Mn**-O-La-Ce configuration, Ce/La ions
relax to disordered octahedral sites instead of the formation of
VLa/Ce-O-Mn3+-O-Ce/La. In the octahedral sites, the Ce/La ions
share the symmetric attraction of two adjacent JT-disordered
-O-Mn?*"-0-Ce-La configurations. As the linear 180° configura-
tion is not stable,® a long-ranged Vi,/c.-Ce/La repulsion in JT
centers is produced through Mn charge and d-orbital orderings.

2.4.2. Impact of RECs Insertion on Cyclic Stability

Comparative analyses were carried out to explore the chem-
ical alterations of MnO,_, and Mn,_, ,(Ce,La )O,_s electrodes
during charge/discharge cycling. Therefore, variations in defect
concentrations, as a reflection of Mn oxidation states, before
and after charge/discharge of the 1st and 16 000th cycles for
pristine MnO,_, and Mn,_,_,(Ce,La,)O,_s were examined using
XPS analysis, the results of which are shown in Figure 5.
Figure 5a,b show XPS spectra for Mn 2p;), orbital of pristine
MnO,_, and Mny_,(Ce,La )O,_5 The spectra are deconvoluted
into four distinctive multiplets using a Gaussian fitting tech-
nique. The multiplets positioned at 641.1, 642.2, and 643.5 eV
are assigned to Mn?*, Mn?*, and Mn*, respectively.

The atomic concentrations of the Mn oxidation states for the
as-synthesized MnO,_,, fully-discharged MnO,_, after one cycle,
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Figure 5. XPS spectra associated with the Mn 2ps, of a) pristine MnO,_,,
b) Mny_,,(Ce,La,)O,_s Alteration of Mn oxidation state, discharge (D)
of 1st and 16 000th cycles for c) pristine MnO,_,, and d) Mny_,_,(Ce,La,)
O,_s (AS stands for as-synthesized). XPS spectra associated with the
Mn 2p; , of pristine MnO,_, showing the concentration of MnZ*, Mn*",
Mn*" during 1st cycle’s e) charge (C), and f) discharge (D). XPS spectra
associated with the Mn 2p;, of Mn,_,_,(Ce,La,)O,_5 showing the con-
centration of Mn?*, Mn3*, Mn*" during 1st cycle’s g) charge (C), and
h) discharge (D).

and fully-discharged MnO,_, after 16 000 cycles are plotted in
Figure 5c. The low Mn oxidation states (Mn?" and Mn**), which
are counted as active sites, where O%" anions can be inserted, are
crucial to enhance the capacitance. In contrast, the Mn*", which
is obtained after the full-discharge process, is practically inactive
for energy storage performance. In the present work, MnO,_,
exhibits typical behavior, similar to other TMOs reported pre-
viously, in that Mn?* and Mn>" concentrations decrease with
cycling, while Mn*" concentration shows an increasing trend.
Therefore, the capacitance retention is expected to decrease with
cycling. This has been confirmed by more than 40% capacitance
reduction observed after 16 000 cycles.
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In contrast, the XPS results for Mn,_, (Ce,La,)O, 5 sample,
as shown in Figure 5d, revealed unprecedented behavior, where
the atomic concentrations of Mn?" and Mn** increased during
the discharge process after 16 000 cycles. This is accompanied
by a decrease of Mn*" from 29.3 to 25 at%. These results ration-
alize the outstanding capacitance retention of Mn;_, ,(Ce,la,)
O,_syielding an insignificant capacitance reduction of =10% after
16 000 cycles.

A more comprehensive investigation was carried out by a
comparative study on Mn concentrations for the charge and
discharge process. For the as-synthesised MnO,_, sample,
the initial concentrations were measured to be 21.3, 56.5, and
22.2 at% for Mn?t, Mn3*, and Mn*", respectively (Figure 5a).
The 1st cycle of charge resulted in oxidation of Mn%" and Mn3*
toward Mn*". Therefore, the concentration of Mn%* and Mn3*
decreased to 19.5 and 48.3 at%, while the Mn*" concentration
increased by 10 to 32 at% (Figure 5e). During the following dis-
charge process, however, an incomplete restoration of Mn oxi-
dation states occurred that caused a reduction of Mn?* and Mn3*
concentrations, relative to the as-synthesized sample, which led
to the evolution of Mn**. The resultant concentrations of Mn?*,
Mn?**, and Mn*" after the first cycle of discharge were meas-
ured to be 21.1, 51.4, and 26.7%, respectively (Figure 5f). The
constant reduction of Mn?* and Mn3" during 16 000 charge/
discharge cycles was observed, as shown in Figure 5f.

Figure 5b shows the as-synthesized Mn;_,_,(Ce,La))O,_5 pos-
sessing high densities of Mn with low oxidation states, that is,
Mn?* (16.3 at%) and Mn?* (54.5 at%), and only 29.3 at% of Mn*".
During the first cycle of charge, Mn?* and Mn** are oxidized to
Mn*" leading to a drop in the Mn?/Mn>** concentrations by =1
and 7%, respectively while the Mn*" concentration increased to
36.5% (Figure 5g). Upon discharge (Figure 5h), not only were the
Mn?* and Mn?** concentrations fully reversed, but also new Mn?*
states were generated. The concentrations of Mn?, Mn?**, and
Mn*" were measured to be 18.9, 53.5, and 274%, respectively. A
similar trend was observed after 16 000 cycles.

The microstructure of the pristine MnO,, and
Mn,_, (Ce,La)O, s were examined after 2500 and 16 000
cycles, respectively, and the corresponding SEM images are
shown in Figure S8a-d, Supporting Information. It clearly
reveals the trend where nanoflakes in the as-synthesized pris-
tine MnO,_, transform to nanowires after 2500 cycles while the
microstructure of Mn;_,_,(Ce,La,)O, s remained unchanged
even after 16 000 cycles. These results confirm that the REC
interstitials play a critical role in retaining the microstructure
and hence the energy storage performance. 81

In summary, morphology, phase stability, and conduc-
tivity are three key factors induced by REC insertion resulting
in promising pseudocapacitor electrodes with significantly
enhanced performance stability.

2.5. Electrochemical Performance of a Flexible, Transparent,
and Symmetric Pseudocapacitance Device

Capacitance values can significantly vary in different experi-
mental setups even with identical materials.®®] The
electrochemical ~performance of the Mny, (Cela,)0, s
ultrathin film with a thickness of 46 nm (#IV) was studied by
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synthesis of a flexible symmetric pseudocapacitance device.
The rationale to select sample #IV was for a fully combined
study of transparency and areal, gravimetric, and volumetric
capacitances. Figure 6a shows voltammograms obtained in a
symmetric two-electrode (Mny_,,(Ce,La)O, 5 film coated on
FTO) configuration system in a 2 M KOH aqueous solution at
scan rates ranging from 5 to 1000 mV s! within the potential
window of —0.3 and +0.5 V versus SCE. The clear rectangular
shape of the voltammogram is an indication of the EDL and
pseudocapacitance behavior. The gravimetric and areal capaci-
tances of the electrode as a function of scan rate were plotted,
as shown in Figure 6b. Both specific capacitances decrease by
increasing the scan rate, similar to the three-electrode con-
figuration system. According to the theory reported in the
literature,®%] the specific capacitance obtained from the three-
electrode system is calculated to be ca. quadruple that from
the symmetric two-electrode system even with totally identical
materials.®”) For instance, comparing the gravimetric capaci-
tance (142 F g™) obtained from the two-electrode aqueous setup
at a scan rate of 5 mV s (Figure 6b) with the one (489 F g)
obtained from the three-electrode configuration (for #IV) under
the same condition (Figure S7h, Supporting Information) indi-
cates that in our work Cyee-clectrode = 3-4 X Ciwo-clectrodes ShOWIng
that the two-electrode configuration is very close to what is
expected based on theoretical calculations.

The quasi-triangle shape of the GCD profiles at various current
densities is also shown in Figure S9a, Supporting Information.
The areal and gravimetric capacitances in Figure 6¢ are in accord-
ance with those obtained from the CV method (Figure 6b). Further
comparison between the gravimetric capacitance values obtained
using a two-electrode GCD test configuration (132 F g™!) at a spe-
cific current of 10 A g! (Figure 6¢) with one (466 F g™) obtained
using a three-electrode configuration (for #IV at Figure S7i, Sup-
porting Information) shows that Cyeeclectrode = 3-5Ciwo-electroder
which is consistent with the CV comparison and also close to the
theoretical value. The cycling stability of the two-electrode system
was evaluated using the GCD method (Figure 6d). The results
show high capacitance retention of ~82% after a large number of
cycles (16 000) at a current density of 10 A g™.

The two-electrode configuration system was further ana-
lyzed using a device with a solid-state electrolyte (a gel mixed of
LiCl, Polyvinylalcohol (PVA), and H,0), which are superior, in
terms of safety, compared to conventional liquid electrolytes.®®!
Figure S9b, Supporting Information, shows the resultant CVs
at scan rates in the range of 5-1000 mV s~ and in the potential
window from —0.3 to +0.5 V versus SCE.

The small deviation from the ideal-rectangular shape and
lower current density can be attributed to the larger electrical
resistance resulting from the slower electron transfer rate
within the solid electrolyte. This is shown in Figure 6e, where
the gravimetric and areal capacitances of the symmetric two-
electrode device, as a function of scan rate in a solid electrolyte,
experience a slight decrease compared with those obtained from
a similar system but in an aqueous electrolyte. This indicates
the excellent potential applicability of these Mn,_,_,(Ce,La,)O,_s
ultrathin films as electrode materials in flexible and transparent
pseudocapacitance devices.

The power and energy densities of the device were also
measured and compared with the outstanding values reported
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Figure 6. The results of the symmetric two-electrode (Mny_,_,(Ce,La,)O,_sfilm coated on FTO) cell in 2 m KOH aqueous solution and room tempera-
ture: a) CVs at different scan rates, b) gravimetric and areal capacitances as a function of scan rate, c) gravimetric and areal capacitances as a function
of current density, and d) stability performance at a current density of 10 A g™'. The results of Mny_,_,(Ce,La,)O,_s ultrathin film (deposited on FTO
substrate) solid-state symmetric device: e) areal and gravimetric capacitances as a function of scan rate, and f) Ragone plot along with values for other
devices developed in the literature. The results of the flexible solid-state symmetric two-electrode cell (the films deposited on ITO coated flexible PET);

g) photographs of the pseudocapacitor, h) CVs after twisting and bending.

recently for flexible ultrathin films, as shown in Figure 6f.
Both the power and energy densities exhibited high values
compared with those reported from benchmark pseudoca-
pacitor devices (either symmetric or asymmetric), including
RuO,/PEDOT:PSS,* carbon nanocap (CNC),?! pristine gra-
phene,®! and reduced multilayer graphene oxide (RMGO).®
In addition, three comparative tables have been prepared to
compare the results of the present study (including the resis-
tivity, capacitance, cycling stability, and the material) with the
literature, which are available in Tables S4-S6, Supporting
Information.

A flexible and transparent device was also fabricated by
controllable deposition of the Mny_, (Ce,la,)O, s on an
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ITO-coated flexible PET substrate while also using the solid
electrolyte, as shown in Figure 6g. The energy and power den-
sities of the ultrathin film-based flexible device were measured
using CV analysis in a wide range of scan rates between 5 and
1000 mV s7L. The results are shown in Figure S9¢,d, Supporting
Information. As a flexible and portable capacitor device, the
variations of the electrochemical performance upon twisting
and bending of electrodes at different angles of 45°, 90°, and
180° (Figure 6g) were explored. Figure 6h shows that the CV
area remains unaffected during the twisting and bending,
which illustrates the mechanical stability of the device. Fur-
thermore, the inset of Figure 6g and Videos S1 and S2, Sup-
porting Information, depict a full comparative analysis of the

© 2021 Wiley-VCH GmbH
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coated and uncoated substrates. These experiments revealed
high homogeneity, transparency, flexibility, and remarkable
adherence of the film even after complete folding of the sub-
strate. Such excellent mechanical flexibility and stability of the
device as well as the strong adherence of the film on the sub-
strate, even after vigorous bending and twisting, unveils great
potential for the use of these advanced functional materials
for state-of-the-art flexible and transparent pseudocapacitance
applications.

3. Conclusion

The present work demonstrated the fabrication of flexible,
transparent Mn,_,_,(Ce,La )O,_5 pseudocapacitor devices using
a spent-batteries-derived precursor. A representative ultrathin
film with high transmittance of 86% exhibited excellent areal
and gravimetric capacitances of 3.4 mF cm™ and 720 F g% The
excellent electrochemical performance was mainly ascribed
to the anionic intercalation/de-intercalation of 0%~ into the
atomic tunnels of Mny_,_,(Ce,La )O,_s crystal structure, which
is the first report for an oxide-based pseudocapacitor. Further,
the Mny_, (Ce,la)O, 5 yielded an outstanding capacitance
retention of =90% after 16 000 cycles, which can be ascribed
to the rapid redox reactions between the multivalence oxida-
tion states of extrinsic Ce**, Ce™, and La*" ions at the inter-
stitial sites and intrinsic Mn ions in Mny_, (Ce,La,)0,_s
lattice. Such rapid exchange in oxidation states resulted in the
retention of Mn cations with low oxidation states (i.e., Mn?*
and Mn?*) during long-term cycling. Further, the electro-
chemical performance of a representative symmetric full-cell
Mn,_,_,(Ce,La))O,_s pseudocapacitor with a solid-state electro-
lyte was tested under twisting and bending conditions at 45°,
90°, and 180°, where no significant attenuation in performance
was recorded. The present work establishes a new pathway
to synthesize TMO-based pseudocapacitors with engineered
defects and electronic properties to obtain pseudocapacitors
with the desired flexibility, transparency, and cycling stability
suitable for size-sensitive, portable, and wearable power-inte-
grated electronic devices.

4. Experimental Section

A detailed description of fabrication processes, mechanisms,
characterizations, computational studies, and additional analysis can be
found in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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