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Novel composite materials are being investigated for improving the energy storage performance of
electrochemical capacitors. For this goal, synergistic effects via the combination of diverse types of
materials are crucial. In this work, electrodes composed of reduced graphene oxide, multiwall carbon
nanotubes, as well as cerium and manganese oxides were fabricated through reactive inverse matrix-
assisted pulsed laser evaporation (RIMAPLE). UV-pulsed laser irradiation of frozen aqueous dispersions
containing graphene oxide sheets, carbon nanotubes, and ceria nanoentities, besides manganese acetate
precursor, led to the simultaneous chemical transformation and co-deposition of hybrid electrodes onto
flexible metallic substrates via photothermal and photochemical processes. Thorough morphological and
compositional studies of the electrodes demonstrated the laser-induced reduction of graphene oxide,
besides the crystallization of a mixture of cerium and manganese oxide nanostructures decorating the
carbon nanoentities during the deposition process. Electrochemical analyses revealed a remarkable
improvement of performance with the combination of electrochemical double layer in the porous
nanocarbon framework with pseudocapacitance from the oxide nanostructures, obtaining excellent
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Accepted 13th December 2020 volumetric capacitances of up to 140 F cm™~ at 10 mV s™* with the combination of all four materials.

The attained results are the best ones yet published regarding RIMAPLE of hybrid nanocarbon-based
DOI: 10.1039/d0ta06756¢ electrodes with micrometric thickness. Finally, symmetric electrochemical capacitors were fabricated

rsc.li/materials-a using aqueous electrolyte, revealing excellent stability upon tens of thousands of charge—discharge cycles.
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1. Introduction

The technological advance of portable consumer electronics,
wearable medical devices, electric vehicles, smart electric grids
and the emerging Internet of Things requires innovation in
energy storage technologies.” Without doubts, electrochemical
energy storage technologies play a major role in this subject. In
particular, supercapacitors are important for their fast and
reversible use of energy, high power density, long cycle life, low
maintenance cost, and environment-friendly nature.>* The
storage mechanism of supercapacitors consists in two contri-
butions: (i) the electrostatic accumulation of ionic charges from
the electrolyte on the electrode's surface (electric double layer,
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EDL); and (ii) through surface reversible faradaic redox reac-
tions at the surface of the active materials (pseudocapacitance).*
Carbon-based materials are widely investigated for super-
capacitor electrodes using EDL mechanism (ie. activated
carbon, reduced graphene oxide, rGO; carbon nanotubes,
CNT).>®* Many transition metal oxides (TMO) have been re-
ported as either intrinsic or extrinsic pseudocapacitive mate-
rials, i.e. RuO,, MnO,, Fe;04 NiO or V,05.**° Combining
materials with both energy storage mechanisms can lead to
synergistic effects, in which the electrochemical performance is
enhanced, avoiding the low conductivity, poor stability and
durability during charge/discharge processes common in metal
oxides and preserving the advantages of rGO and CNT like high
thermal conductivity, high electron mobility, mechanical
stability and large surface area.*' Cerium dioxide (CeO,) is an
important rare earth metal oxide, abundant and inexpensive,
which outstanding supercapacitive performance has been
recently reported as nanostructures,"™ in combination with
carbon-based materials*** or other TMO.'®" Despite its good
redox characteristics, it suffers from poor conductivity and
structure stability as stated before. Consequently, it is worth the
study of this material in combination with carbon materials and

This journal is © The Royal Society of Chemistry 2021
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TMO. In recent years, it has been proven that the electrical
conductivity can be enhanced with the combination of two or
more metal oxide materials. Hence, increasing charge transport
improves their charge storage performance.'® These combina-
tions of metal oxides possess different oxidation states enabling
multiple redox reactions, enhancing rapid faradaic reactions
from the metal species with synergistic effects.” Transition
metal oxides based on manganese (MnO,) are promising
materials with good electrochemical performance, low price,
abundance, environmentally friendly and structural diversity.
Although MnO, is the most performant of the oxides,* MnO
and Mn;0, are also used for supercapacitor electrodes with
good performance.”** Recently, many studies were focused on
the study of supercapacitive behaviour of mixtures composed of
two or more metal oxides. Regarding CeO,, enhanced perfor-
mance has been reported in combination with cobalt’® and
ZnO,* and for manganese oxides, in combination with C03;0,,*
Zn0,*” Fe,0;,>® Cu,0,* and different metal ions as cobalt,
copper, nickel or chromium.**** Moreover, many reports
combined MnO, and CeO, with outstanding performance®* ¢
but a limited number of reports deal with Mn3;0,.*” In summary,
the synergistic effect obtained from the combination of cerium
and manganese oxide materials might point to a promising
composite for supercapacitive devices.

The synthesis of carbon-based materials decorated with
metal-oxide nanostructures can be achieved by laser-based
techniques. These fabrication methods have a high potential
for fast and versatile production of flexible supercapacitor
electrodes and devices avoiding lasting high-temperature
conditions and toxic chemicals.**** Importantly, laser
methods produce very fast photolysis and heating of the irra-
diated material leading to the development of chemical reac-
tions and phase changes out of the thermodynamic equilibrium
that cannot be developed through conventional techniques.
Additionally, laser heating can change the thermo-optical
properties of the medium introducing non-linearities in the
interaction process. Therefore, unusual chemical pathways and
reaction products, novel material microstructures and phases,
and new morphologies can be obtained.” Considering these
advantages, reactive inverse matrix-assisted pulsed laser evap-
oration (RIMAPLE) stands up as a promising method for the
fabrication of composite films formed by carbon nanomaterials
coated with transition metal oxide nanostructures for super-
capacitor electrodes.”*¢ In this approach, the coating of the
carbon nanomaterials is provided by the melting and recrys-
tallization of TMO nanoparticles (NPs) present in the target.
Remarkably, Steiner et al. proved that MAPLE technique also
allows the deposition of metal oxides nanoparticles using
aqueous solutions of metal organic precursors (acetates) in the
frozen targets.”” Thus, the UV photon energy and developed
temperature rise are high enough for the laser-induced
decomposition of the acetate precursors, allowing the free
metal ions to crystallize nanostructures within the target before
the ejection of material. To the best of our knowledge, the
combined deposition of nanoentities by using metal organic
precursors has not been addressed so far.

This journal is © The Royal Society of Chemistry 2021
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In this work, we present a novel RIMAPLE method for the
synthesis of micrometric-thick hybrid electrodes composed of
rGO and multiwall carbon nanotubes (MWCNTSs) decorated
with cerium and manganese oxides by combination of CeO,
NPs and Mn-based metal organic precursors in the target. Laser-
induced photothermal/photochemical mechanisms led to the
formation of CeO, and Ce,O; besides MnO and Mn;0, nano-
structures on the surface of rGO sheets and MWCNTs. The
morphological, structural and electrochemical properties of the
obtained electrodes were investigated. The contribution of the
different components to the electrochemical performance was
also studied. It is noted a significant increase of the volumetric
capacitance in the final composite due to the insertion of CNTs
that prevents re-stacking of rGO sheets and increases the
porosity,”® as well as the increase of pseudocapacitance
provided by cerium and manganese oxides. As a proof of
concept a symmetric electrochemical capacitor was assembled
to test the fabricated electrodes in practical use, exhibiting
outstanding stability performance upon cycling.

2. Experimental
2.1 Samples fabrication

RIMAPLE targets were prepared by mixing different aqueous
dispersions composed of graphene oxide (GO) powder (Nano-
Innova Technologies), multiwall carbon nanotubes (Sigma-
Aldrich), cerium(iv) oxide nanoparticles (Sigma-Aldrich) and
manganese(n) acetate (Sigma-Aldrich). GO powder was
composed of 1-15 layers thick flakes around 1 um?® in lateral
size. Carbon nanotubes were about 10 nm in diameter and up to
1.5 pm in length, doped with carboxylic groups for enhancing
their dispersibility. CeO, nanoparticles were about 25 nm in
diameter. The concentration of GO and CeO, nanoparticles
were chosen as 5 wt% for preventing precipitation and exces-
sively high viscosity of the dispersions, and for obtaining high
rate deposition process. The concentration of the rest of the
precursors was varied to investigate their influence in the
electrodes’ performance. Table 1 shows the relative concentra-
tion of the precursors present in the dispersions. Once
synthesized, the dispersions were stirred and sonicated at room
temperature. MAPLE targets were prepared by filling 3 mL
aluminium holder and immediately flash frozen submerging it
in liquid-N,. Finally, the holders with the frozen dispersions
were placed inside the deposition chamber and remained
frozen during the deposition process by using a liquid N,-
cooled holder. This flash-freezing method ensures the homo-
geneity of the target dispersion and allows a congruent depo-
sition of the material.

The films were deposited by accumulation of 6000 UV laser
pulses (266 nm wavelength, =4 ns pulse duration, 10 Hz
repetition rate) with 0.4 J cm ™ laser fluence submitted to the
frozen target using a Quantel Brilliant B Nd:YAG laser system.
During the deposition, the laser beam scanned the target
surface at an incident angle of 45°. Flexible and conducting 1 x
1 cm? substrates made of (i) 0.5 mm-thick copper and (ii) 0.1
mm-thick stainless steel AISI 316L, were positioned in front of
the target at a separation distance of 4 cm. The deposition
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Table 1 Relative concentration of precursors in the aqueous dispersions for MAPLE targets

Dispersion Composition
GO-Ce GO (5 wt%) + CeO, NPs (5 wt%)
CNT-Ce MWCNT (2 wt%) + CeO, NPs (5 wt%)

GO-CNT-Ce-515
GO-CNT-Ce-525
GO-CNT-Ce-Mn-5151
GO-CNT-Ce-Mn-5152
GO-CNT-Ce-Mn-5155

process was performed at room temperature, in a 20 Pa N,
background gas environment after evacuation to a residual
pressure of 0.1 Pa.

A symmetric electrochemical capacitor was assembled with
the best performant electrode by using stainless steel AISI 316L
substrate (1 cm” area, 0.1 mm thickness) as current collector.
The electrodes were separated by glass microfiber filter paper
(Prat Dumas) impregnated with 1 M Na,SO, aqueous electro-
lyte. A few cm long copper contacts were attached to the steel
current collector and the system was sealed with plastic film
using an impulse heat sealer type IS300C.

2.2 Characterization techniques

Thermal simulations of the GO, CNT and CeO, nanoparticles
within the water ice matrix were performed by solving the
transient heat equation using the finite element method with
COMSOL 5.5 software. The thickness and the morphology of the
composite films were studied by field emission scanning elec-
tron microscopy (SEM) using QUANTA 200 FEG-ESEM and
extreme high resolution (XHRSEM) Magellan 400 L microscopes
(FEI). The study of their structural properties was performed
through high resolution transmission electron microscopy
(HRTEM) and high-angle annular dark field (HAADF) imaging
in high resolution scanning transmission electron microscopy
(STEM) through a Tecnai F20 equipment (FEI). The chemical
composition of the fabricated films was investigated by X-ray
photoelectron spectroscopy (XPS) using a SPECS XPS spec-
trometer based on a Phoibos 150 electron energy analyser
operated in a constant energy mode. The system used the
aluminium anode (Al Ko 1486.74 eV) as a monochromatic X-ray
source. Wide range spectra over 1500 eV binding energies were
recorded using a 50 eV analyser pass energy. High reso-
lution spectra were also acquired over 20 eV ranges at 10 eV
pass energy with an energy resolution of 0.7 eV. All the
XPS measurements were performed in ultra-high vacuum
(=107 Pa). Synchrotron-based Fourier Transform Infrared
Microspectroscopy (SR-FTIRM) was also used to study the
chemical composition of the composite materials. This analysis
was carried out at the infrared beamline MIRAS of ALBA
synchrotron light source using a Hyperion 3000 microscope
coupled to a Vertex 70 spectrometer (Bruker, Germany). The
microscope is equipped with a liquid Nj-cooled mercury
cadmium telluride 50 um MCT detector. A 36 x Schwarzschild
objective (NA = 0.52) was used and all the spectra were collected
in the trans-reflection mode using a single masking aperture
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+ Mn(CH,CO,), (1 wt%)
+ Mn(CH;3CO,), (2 wt%)
+ Mn(CH,CO,), (5 wt%)

AR

size of 10 x 10 um>. A collection of 9 spectra for each sample
was obtained in the 4000-600 cm ™' mid-infrared spectral range
at 4 cm™ " spectral resolution with 1024 co-added scans per
spectrum. For the correct identification of bands, baselines
were subtracted.

The electrochemical performance of the fabricated elec-
trodes was investigated through cyclic voltammetry (CV) in the
voltage range [0, 0.8] V using a Keithley 2450-EC Electrochem-
istry Lab System. The samples deposited on stainless steel were
used as working electrodes in a three-electrode configuration.
The analyses were performed in a 0.5 cm” samples area using
a plate material electrochemical cell (Bio-logic), and Ag/AgCl
reference electrode (3 M KCl internal solution), a Pt wire
counter electrode and 1 M Na,SO, aqueous solution as elec-
trolyte at room temperature. Galvanostatic charge-discharge
(GCD) analyses were performed with the same cell configura-
tion as CV studies changing the current density. Electro-
chemical impedance spectroscopy (EIS) measurements were
also fulfilled through a Hioki IM3590 chemical impedance
analyser. Impedance values were acquired in the frequency
range of 1 Hz to 200 kHz at open circuit potential with an
amplitude perturbation of 5 mV. An average of 5 measurements
per data point was obtained to minimize the experimental error.
Regression of EIS data to equivalent circuit models was per-
formed using EIS Spectrum Analyser software.

3. Results and discussion

The targets submitted to laser radiation are composed of
a mixture of GO sheets, MWCNTs and CeO, NPs homoge-
neously dispersed in a frozen matrix of water at a measured
temperature of about —30 °C. Due to the low temperature of the
matrix, the targets having Mn precursor are considered to
mainly contain aggregated Mn(CH;COO), molecules. Fig. 1a
displays a scheme of the proposed mechanisms occurring
during laser irradiation of the target. Photochemical processes
involve the direct breaking of chemical bonds and photo-
thermal interactions are caused by the thermalization of the
excited electrons having interaction times longer than photo-
chemical processes ones.* Preceding studies proved the
photochemical reduction of GO solutions by UV light.*® Using
the laser radiation with 266 nm wavelength, which corresponds
to ca. 4.7 eV photon energy, there is enough energy for the
reduction taking into account that the threshold was deter-
mined to be 3.2 eV.*® Therefore, the photochemical processes

This journal is © The Royal Society of Chemistry 2021
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(a) Scheme of the photothermal and photochemical mechanisms involved during laser irradiation, and (b) simulated temperature of CeO,

NPs and carbon-based materials during laser irradiation. Inset: temperature map of an aggregate of 6 NPs surrounding a single one. Circle
indicates the surrounding region with enough temperature for manganese acetate decomposition.

are considered to be the dominating ones for GO reduction®*
even though photothermal processes also take place. Regarding
graphitic domains of GO and MWCNTs, the main process is
considered to be photothermal due to the lack of enough
photonic energy to break C=C sp” bonds (6.4 eV).> The UV
radiation excites both ¢ and m-bonded electrons constituent of
graphene and CNT structures, leading to their fast heating.>
Considering the absorption of CeO, nanoparticles (bandgap of
ca. 3.2 eV **), the excited electrons would also lead to significant
heating by electron-phonon scattering. It is noteworthy that
they would not be energetic enough for the CeO, reduction to
form Ce,O; ** despite that photochemical processes drive the
exothermal reduction of GO producing a large amount of heat.*®
Nevertheless, the presence of intrinsic oxygen vacancies from
the nanoparticle lattice or laser-induced defects may generate
a reversible transition between the cerium oxidation states Ce**
and Ce*"." Lastly, the laser radiation absorbed by manganese
acetate molecules has enough energy to break the Mn-O bond
from the acetate (photodissociation process).”> However,
Steiner et al. established that in reactive MAPLE process the
decomposition of acetates is dominated by photothermal
pathways and their deposition can be limited by a water
explosive boiling temperature lower than the decomposition
one.” In the present work, the main contribution of thermal
energy required to reach the decomposition temperature of the
Mn acetate is due to GO, CNTs and CeO, NPs, which rapidly
heat the matrix surrounding them beyond the acetate decom-
position temperature (over 600 K).***° Additionally, photo-
chemical processes can occur producing diverse species of
manganese oxide.*

Previous works studied UV laser irradiation of GO, MWCNT
and different types NPs immersed in a water-ice target during
RIMAPLE deposition process.®>® In this work, CeO, NPs were
used for the first time in RIMAPLE experiments. Considering
the thermophysical® and optical properties®* of CeO, NPs, the
temperature evolution was simulated upon one laser pulse
irradiation. As previously reported, water ice is transparent to
the used UV radiation though the nanocarbon materials and the
oxide NPs absorb it, being rapidly heated. As observed in

This journal is © The Royal Society of Chemistry 2021

Fig. 1b, the sudden heat released by a single NP or a carbon
nanoentity (GO, CNT) leads to an explosive boiling of the
surrounding water ice resulting in the deposition of material
onto the facing substrate.*>*” The laser-induced chemical reac-
tions cause the reduction of GO, resulting in a material similar
to pristine graphene, called reduced graphene oxide (rGO)** and
the thermally-driven recrystallization of the metal oxide nano-
structures, which rise over 1000 °C during several ns. The
photothermal simulations indicate that the individual heating
of a CeO, NP is far from reaching its melting temperature.
Nonetheless, it is well known the tendency of NPs to aggregate.
Laser irradiation of small NPs aggregates with at least double
the radius of a single one is enough to induce the CeO, phase
change as it is demonstrated in Fig. 1b. Moreover, the reached
matrix temperature in a radius of ca. 200 nm around CeO, NPs,
GO and CNTs would be enough for the decomposition of
manganese acetate molecules, producing the crystallization of
its oxides, as previously mentioned. Seven different samples
were prepared (Table 1): four of them to optimize the concen-
tration of GO-CNT-CeO, and three with different concentration
of manganese acetate. The electrodes will be referred onwards
as their corresponding dispersion. The fabricated films are
adhered to the flexible substrate and show homogeneous black
colour. As seen in Table S1,T film thickness is similar in all of
them, varying in the range of 1.1-1.7 um.

3.1 Morphological characterization

Morphological XHRSEM analyses reveal that all the fabricated
samples present a homogeneous structure without visible
differences at low magnification with the addition of the
different compounds (Fig. S1t). At higher magnification, the
homogeneity and evenly distribution of compounds of the GO-
Ce (Fig. S2at) and CNT-Ce (Fig. S2bt) electrodes are clear. Both
carbon-based materials present neither visible structural
damage nor wrinkles. The combination of GO, CNT and CeO,
NPs (Fig. S2ct), produces a similar structure than in the
previous cases but with a visible variation of porosity. However,
the addition of manganese acetate does not reflect significant

J. Mater. Chem. A, 2021, 9, 192-1206 | 1195
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Fig. 2 XHRSEM images of (a) GO-Ce, and (b) GO-CNT-Ce-Mn-5152 with magnified region on the right; (c) HRTEM image of CNT-Ce; (d)
HAADF-STEM image of a nanotube of GO-CNT-Ce-Mn-5152 with EDX spectra of the depicted regions.

differences. At even higher magnification, there is no obvious
difference in the samples with the increasing amount of
manganese acetate (Fig. S3t). Focusing on CNTs amount,
Fig. S47 illustrates influence in morphology by the addition of
a higher concentration. The addition of 2 wt% of CNTs causes
their agglomeration (Fig. S4bf), not noticeable in lower
concentration where the CNTs are evenly distributed. Fig. 2a
and b show various XHRSEM images where it can be differen-
tiated the presence of rGO sheets and CNTs randomly distrib-
uted and decorated with nanostructures. Interestingly, it can
also be witnessed the formation of nanostructures along the

CNTs (zoomed region of Fig. 2b). Focusing on the size of
nanoparticles, average diameters in the range of 5-75 nm were
measured, though highest resolution images demonstrate sizes
as small as 1.5 nm. This size range, different from that of raw
CeO, NPs (25 nm) is due to laser-induced structural-chemical
transformation during the deposition process. Molten CeO,
NPs would suffer dewetting, forming smaller particles, besides
coalescence, forming larger ones. In the samples obtained with
targets containing Mn acetate, the formation of manganese
oxide crystallites is expected from Mn ions dissolved in boiling
water, generating nanostructures with different sizes in the

Fig. 3 HRTEM image of GO-CNT-Ce-Mn-5155 with FFT and filtrated lattices of the specified regions.
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fabricated electrode. In Fig. 2c¢, a CNT (0.34 nm interplanar
distance) covered by nanocrystals is shown by HRTEM. The
crystal structures observed on the surface show interplanar
distance of 0.31 nm corresponding to (111) CeO, (JCPDS 00-004-
0593). These structures, about 5 nm in size, are located at the
surface of the CNTs and do not appear highly aggregated. It is
worth noting that this crystal distribution is suitable for energy
storage because the CNT works both as scaffold and as current
collector for the insulating metal oxides, which store energy

View Article Online

Journal of Materials Chemistry A

through pseudocapacitance. Moreover, the small size of the
oxide crystals allows maintaining their electric resistance low.
Additional HRTEM image of electrodes containing rGO, CNT
and ceria NPs show different crystalline domains compatible
with (101) Ce,O; (JCPDs 00-023-1048) besides (111) CeO,, with
varying size domains from 5 to 35 nm (Fig. S5T). The change in
the oxidation state of Ce ions proves that ceria suffers reduction
processes during deposition. The HRTEM image shown in Fig. 3
reveals different crystal structures identified in GO-CNT-Ce-Mn-
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(a) Wide XPS spectra and fitting curves of high-resolution (b) C 1s and (c) O 1s spectra of samples GO-CNT-Ce-Mn-5152, CNT-Ce and
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5155, a sample where Mn component is present. Both CeO, and
Ce,O; were observed, being the same crystal structures found in
samples without Mn. At the same time, the Mn oxide species are
MnO (JCPDS 04-005-4310) and Mn;O, (JCPDS 01-075-0765).
This corroborates the decomposition of the original acetate and
the crystallization mechanism forming oxides. In this case, the
Mn ions suffer oxidation during laser irradiation since Mn;0,
has two different states of oxidation (Mn**, Mn>") that were not
present in the original compound (only Mn** in the acetate).
Both Ce- and Mn-based nanostructures can be found on rGO
(Fig. 3) and CNT, as seen in HAADF-STEM analysis shown in
Fig. 2d. Importantly, it can be determined that both Mn and Ce
oxides can be found in the same CNT but without sharing
position. Hence, there is no indication of the formation of
mixed oxides during the deposition process. The average size of
NPs in the Ce region (1) is 2.8 nm and in the Mn region (2) is
1.7 nm, being slightly smaller Mn structures than Ce ones in
general.

3.2 Compositional characterization

Compositional analyses of the fabricated electrodes were per-
formed using XPS and SR-FTIRM. Fig. 4a shows a wide XPS
spectrum identifying C, O, Ce and Mn XPS peaks besides some
other Auger peaks of characteristic samples (CNT-Ce, GO-CNT-
Ce-515 and GO-CNT-Ce-Mn-5152). All three spectra contain
equivalent peaks at wide XPS, with the presence of Mn related
peaks on the GO-CNT-Ce-Mn-5152 spectrum. No signal of
nitrogen is recorded, revealing a negligible incorporation of N
from background gas during the deposition process. In Fig. 4b
and c the C 1s and O 1s high-resolution spectra of characteristic
electrodes are presented, respectively. C 1s peak is deconvoluted
into sp>-bonded carbon (284.8 €V) probably containing some
contribution of sp® bonds, and carbon-oxygen hydroxyl
(285.7 eV), epoxide (286.5 eV) and carboxylic (289.5 eV) groups.**
Note the absence of carbonyl groups, generally present in
RIMAPLE samples containing NiO, TiO, and Fe;O, NPs.*"¢%%
Analysing the percentage of each peak, similar results are ob-
tained between the three electrodes (Fig. S6at). Regarding the
GO-CNT-Ce-515 sample, the sp>-bonded C=C contribution is
higher than in the others, indicating a greater graphitic struc-
ture restitution, even though this signal is the main contribu-
tion in all of them. Furthermore, O 1s signal is deconvoluted in
Ce"" (529.95 eV), Ce*" (531.4 eV) also related to oxygen vacancies
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0" in the lattice of metal oxide, hydroxyl (532.15 eV) and
carboxyl (532.91 eV) bond contributions.®**® In the samples
including manganese acetate in the dispersion, the deconvo-
lutions also include the O™ 2 structural peak, related to Mn-O-
Mn bond (529.64 eV).*>” This peak is the most intense in the O
1s spectra of Mn oxides (ca. 80%). Therefore, the contribution of
hydroxyl and water peaks is negligible. Using the Ce*" and Ce**
peaks, the relative content of each is calculated with the relative
integrated area of the constituent peaks, revealing similar
percentage of Ce** in CNT-Ce, GO-CNT-Ce-515 and GO-CNT-Ce-
Mn-5152 (73%, 61% and 71%, respectively) (Fig. S6bt). For
a better enquiry of the study of Ce states, Fig. 5 shows the
deconvolution of the Ce 3d;/, and 3ds, signals. The six peaks
labelled as vy, v4, v, (3ds/,) and V;),V/l and V/2 (3ds/) refer to the
three pairs of spin-orbit doublets characteristic of Ce** 3d final
states. Another two pairs of spin-orbit doublets uo/u'0 and
Uy /u'Z correspond to Ce®*.”* It is worth noting that these
doublets are not present in the XPS spectrum of raw-CeO,
nanoparticles, as seen in Fig. S7.f As for samples containing
Mn, the Ce 3d;), line overlaps with the Auger Mn line LMM
(900 eV). Since in this case a reasonable deconvolution cannot
be performed for the calculation of Ce**, we use the relation

Ce*™% = VIZ—ZO x 100% (1)
where v,% is the percentage of v, peak area respect to the total
Ce 3d area, with the relative error in the range of 10%.”> Using
this relation, the percentage of Ce*" for raw-CeO, nanoparticles
is 100%, for GO-CNT-Ce-Mn-5152 is 78%, for CNT-Ce of Ce*" is
69% and 70% for GO-CNT-Ce-515. The three last values are
similar to the ones obtained from the study of O 1s band. All
three spectra from the fabricated electrodes present similar
percentage of Ce*" and Ce"". The coexistence of both states
leads to the presence of Ce,O; and CeO, as determined with
HRTEM analyses. Moreover, there is a possibility of the exis-
tence of intermediate states of CeO,_, with partially reduced
CeO,. Therefore, some of the original NPs suffer reduction
during the deposition process, changing from Ce*" to Ce®" state.
Taking into account that stoichiometric CeO, is an insulator,
this reduction is important for enhancing the capability to store
and mobilize oxygen within the ceria matrix and for increasing
the electronic conduction attributed to the formation of small
polarons which follow a hopping mechanism to diffuse.®®”*
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Fig. 5 Ce 3d3z/; and Ce 3ds/, high resolution XPS of GO-CNT-Ce-515.
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Fig. 6 High resolution (a) Mn 2p and (b) Mn 3s XPS spectra and its
fitting curves of sample GO-CNT-Ce-Mn-5152.

XPS spectra of the Mn 2p line (Fig. 6a) is complex because of
the presence of a multiplet structure.” The Mn 2p;, spectra is
characteristic of the Mn;0, and MnO compounds, having peaks
at ca. 641.5 eV, 642.9 eV and 646.1 eV.**”* The doublet
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separation of the Mn 2p;,, and Mn 2ps, spin orbit (12 eV) is also
in agreement with these phases. The similar binding energies of
Mn 2p;/, peaks hinders the obtainment of the compositional
percentages of the compounds. Fortunately, there is a charac-
teristic satellite of Mn** and splitting of the Mn 3s line (Fig. 6b)
that depends on the oxidation state.” This splitting in the
measured spectra corroborates the presence of MnO and Mn;0,
phases” which is consistent with HRTEM analyses revealing
interplanar distances compatible with both oxide phases. From
the Mn 3s XPS spectrum it can be determined that the sample
contains a mixture of Mn>" (62%) and Mn®*' (38%) states,
therefore, having a mixture of MnO (43% Mn>") with Mn;O,4
(19% Mn** and 38% Mn’"). It is worth noticing that neither
peaks related to Ce-Mn bonds nor mixed phases have been
recorded, pointing out to the main formation of separated
cerium and manganese oxides, and a negligible incorporation
of Mn ions into the CeO, structure even during its molten state.
This fact is in concordance with TEM-EDX results (Fig. 2d).

To continue with a deeper study of compositional analysis,
synchrotron-based FTIRM studies were performed. Despite the
low quantity of material contained in the films, intense
synchrotron light source allowed to identify various character-
istic bands in the trans-reflection operation mode. Fig. 7 shows
the SR-FTIRM of representative samples. GO-raw spectrum has
peaks at 810 cm ' (attributed to C-H and/or C-O-C groups),
890 cm ™' (C-0-C), 1050 cm ™' (C-0 alkoxy), 1210 cm ™" (C-O-C),
1235 cm~ ' (C-OH) and at 1715 ecm ™' (C=0), all of them oxygen-
containing groups. The spectrum also reveals a flatten band at
1600 cm ™' (C=C sp®).”*”” All of the oxygen-containing bands
are reduced or disappear in the characteristic spectra of the
deposited samples containing GO, proving its reduction during
deposition process. CNT-raw spectrum mainly reveals C-OH
band from the carboxylic functionalization, though C=0 band
is not witnessed, and the C=C sp”> bond from the carbon
structure appears slightly shifted to lower wavenumbers.” The
bands originated from carboxylic groups disappear in the
spectra of GO-CNT-Ce-Mn-5152, GO-CNT-Ce-515 and CNT-Ce.
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Fig. 7 SR-FTIRM spectra of samples CNT-raw, GO-raw, CNT-Ce, GO-CNT-Ce 515 and GO-CNT-Ce-Mn-5152.
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The spectra of the deposited samples reveal a band at
980 cm~' (C=C). The C=C sp® groups are notable in the
spectra of all the deposited samples, showing a broadband in
the range 1560-1600 cm ™ '. The doublet peaks at 2857 cm™ " and
2925 cm™ ' are assigned to symmetric and antisymmetric
stretching vibrations of -CH, and the peak at 1450 cm ™!
correspond to -CH, bending.”®*® These groups are constituents
of alkyl chains, probably formed during reconfiguration of GO
to rGO and have been reported to contribute to the electro-
chemical performance.®* The small bands located at 2350 cm™*
are assigned to CO,. The bands above 3150 cm " are assigned to
-OH groups.

3.3 Electrochemical characterization

Electrochemical analyses were performed to study the energy
storage of the electrodes fabricated through cyclic voltammetry
(CV) in the 0-0.8 V voltage window and 10-150 mV s~ * sweep
rate ranges. Fig. 8a shows typical voltammograms for the
different sweep rates. The peak present at ca. 0.8 V is due to the
oxygen-evolution reaction in the aqueous electrolyte. The
recorded voltammograms show quasi-rectangular shape and no
presence of prominent peaks, attributed to redox reactions.
This behaviour points to capacitive (surface) processes as main
charge storage mechanisms in the electrodes.**** To obtain
more proves of the surface dominance mechanism, the capac-
itance contribution of surface and diffusion-controlled charge
storage processes are differentiated. In surface-dominant reac-
tions, response current varies linearly with the sweep rate (s). By
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are proportional to the square root of the sweep rate.® Therefore,
the current can be expressed as

. . . 12
i(8,V) = lcap + igisr = k15 + kas

(2)

Taking this into account, k; and k, constants can be deter-
mined from the fitting of i(s,V)/s"/> versus s/, hence differen-
tiating the capacitive current contribution from that of
diffusion-controlled processes. Fig. 8b and ¢ present the vol-
tammograms of the electrodes GO-Ce and GO-CNT-Ce-Mn-
5152, respectively, for 100 mV s~ * sweep rate with highlighted
region of the capacitive contribution from the total current
measured. Accordingly, Fig. 8d shows the percentage of the
capacitive contribution for all the samples. Regarding GO-CNT-
Ce-Mn-5155, k; and k, terms might not be correctly calculated
due to lack of linearity of eqn (2) in most of voltage values. Thus,
no simple mechanism for the origin of the sweep-rate depen-
dence can be determined. A reported explanation of this
behaviour is called the “porous-electrode” effect. The signal
may become attenuated in pores having finite resistance
leading to a progressively increase of iR-drop in them. There-
fore, local response current will become attenuated and cannot
be expressed as a simple relation between current and s or
s'/2,5485 Thus, the surface percentage could be underestimated.
Despite the behaviour of this specific sample, in the majority of
cases, the main contributions are surface processes. Interest-
ingly, the addition of Mn oxides and CNT increases the diffusive
component despite their pseudocapacitive behaviour® and

contrast, processes controlled by semi-infinite diffusion (bulk) porosity increase,* respectively. Considering the major
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contribution of surface process and the quasi-rectangular shape
of the voltammograms, the volumetric capacitance (C,) of the
electrodes can be calculated from CV data at different sweep
rates following the equation

¢, _ $1rdv

2AVsy (3)

where the integral represents the area enclosed of the CV plot
(anodic-cathodic charges), AV is the voltage window range
(0.8 V), s is the sweep rate and v represents the volume of the
active material (area x thickness). Fig. 8e shows the volumetric
capacitance at different sweep rates for all the different elec-
trodes. Comparing the capacitance measured at 10 mV s %,
both GO-Ce and CNT-Ce disclose ca. 60 F cm™>, although the
sample composed of CNT reveals lower storage of energy for
higher sweep rates, in agreement with the lower capacitive
surface contribution from the total current presented in Fig. 8d.
This result supports a previous work revealing that the addition
of CNTs to GO-NiO system increases the diffusive process,
reducing the capacitance in the fast processes produced at high
sweep rates.*® The addition of 1 wt% of CNTs to GO-Ce disper-
sion increases slightly the capacitance of the obtained electrode
to ca. 70 F cm >, The CNTs establish spacing between GO sheets
preventing re-stacking and increasing porosity, besides
producing an enhancement of the electron transport.** The
addition of a higher concentration of CNTs (2 wt%) reduces the
capacitance to 40 F cm ™, because of the increased agglomer-
ation of the materials,*® reducing the pathway for the electro-
lyte. Using the GO-CNT-Ce composite with the best capacitance
(1 wt% of CNT), the addition of manganese oxides increases its
electrochemical properties in all the cases. With the addition of
manganese acetate with only 1/5 concentration of that of CeO,
NPs, the capacitance reaches ca. 75 F em ™, which is slightly
higher than GO-CNT-Ce composite. Increasing the amount
of manganese oxide precursor with 2/5 and 5/5 Ce/Mn
concentration, the capacitance boosts to ca. 140 F cm™> and
130 F cm ™, respectively. Taking into consideration the experi-
mental error (caused essentially by the film thickness), both
values can be considered comparable. It is significant the
higher decay in the capacitance at higher sweep rates for the
electrode obtained with the highest amount of manganese
precursor. As already observed, this behaviour is due to an
increase of the diffusive contribution suggesting either the
movement limitation of electrolyte ions or to the extrinsic
pseudocapacitive nature of manganese oxides (MnO and
Mn;0,4).>* 23 It is worth noting that the volumetric capacitance
achieved in this work, by co-deposition of CeO, and MnO,
oxides, is considerably higher than the best one already ob-
tained by RIMAPLE fabrication of GO-based micrometric
thickness electrodes in combination with either NiO or ZnO
NPs (ca. 30 F cm™?).%% Furthermore, the study of the volu-
metric capacitance dependence on electrode's thickness reveals
almost no changes (Fig. S8at). This result proves that the
porosity is preserved even at thicker electrodes, having the
electrolyte ions good diffusion towards the active surface. Even
though, there is a slight increase of capacitance at lower scan
rates for thicker electrodes which is attributable to the larger

This journal is © The Royal Society of Chemistry 2021
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active surface involved. On the contrary, there is a decrease at
higher scan rates caused by slight hindering of diffusion
processes (Fig. S8b¥).

Galvanostatic  charge-discharge (GCD) measurements
were performed to the electrodes in a current density range of
0.2-2 mA cm 2. A typical charge-discharge curve is presented in
Fig. 9a, showing the quasi-linear voltage response with time
that generates the characteristic triangular shape of capacitive
materials. It can be also observed that with the increasing
current, the charge/discharge time decreases. The coulombic
efficiency (discharge/charge time relation) is around 98%,
hence no charge is practically lost during operation. The volu-
metric capacitance can be calculated from the GCD data using

I Atgisen
= 4
AV ( )

where I is the applied current density, Atgisn is the discharge
time, AV is the voltage window range (0.8 V) and d is the
thickness of the deposited film. As shown in Fig. 9b, the values
of capacitance obtained are compatible with the ones from CV
data, reaching similar values for 0.2 mA cm ™~ applied current to
the ones at 10 mV s~ sweep rate. There is also a decay in
capacitance as applied current density increases, accounting for
faster processes with less charge stored.
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Fig. 9 (a) Volumetric capacitance vs. applied current density of all the

fabricated samples; (b) galvanostatic charge—discharge data of GO-
CNT-Ce-Mn-5152 for different applied currents.
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on the imaginary impedance axis.

The best values of volumetric capacitance acquired with
either CV or GCD, are comparable to the ones reported in the
literature®®” and almost one order of magnitude higher than
GO-CNT-NiO electrodes also obtained with RIMAPLE.*

Additional studies of the electrodes were performed with
electrochemical impedance spectroscopy (EIS) measurements.
Fig. 10a presents the Nyquist plot for all the samples, where the
expected behaviour of carbon-based porous electrodes can be
observed. At high and middle frequencies, EDL and charge
transfer reactions take place, producing a partial semicircle
loop. At low frequency, diffusion processes are predominant,
generating the quasi-linear straight line in some cases and
partial semicircle of finite diffusion in the rest.*® All the curves
were fitted using the equivalent circuit represented in Fig. SOt
(modified Randles cell), and its plot is presented as continuous
lines in Fig. 10a. The equivalent circuit is composed of three
resistances: R1 as equivalent series resistance (ESR), R2 as
charge-transfer resistance and R3 accounting for leakages. The
two other components are constant phase elements (CPE). The
impedance of these elements is described as

1
ZCpE = m (5)

In this case, Y represents the capacitance and n index has
a value between 0 and 1. A CPE with n value of 1 indicates an
ideal capacitor, whereas lower values account for material
inhomogeneity. CPE1 represents the double layer charge

storage processes and CPE2 adds the pseudocapacitive contri-
bution generated by redox mechanisms.*> Table S21 summa-
rizes the values of the elements for the equivalent circuit fitting
of the EIS data. The ESR or R1, that can also be determined in
the cut of the horizontal axis in the inset of Fig. 10a, is similar in
all the electrodes (about 15 Q). This resistance is the sum of the
intrinsic resistance of electrodes and that of the electrolyte. The
R2 (charge-transfer resistance) values are similar in all the
electrodes except in CNT-Ce and GO-CNT-Ce-Mn-5155, which
show about one order of magnitude higher values. Those elec-
trodes presented higher decay of capacitance at higher sweep
rates (Fig. 8e). This higher resistance accounts for a slower
storage of energy, decreasing the performance in fast sweep
rates. Warburg impedance elements were negligible in the fitted
model, pointing to R2 element as the one including the
contribution of electrolyte diffusion in the studied frequency
range. R3 (leakage resistance) values are in the order of kQ
revealing low charge leakage. Regarding CPE, all n values are
higher than 0.82 confirming almost ideal capacitors. It is
important to notice the significant increase of capacitance
values for CPE2 (pseudocapacitance) in the samples including
Mn oxides, proving the high pseudocapacitance incorporated to
the electrodes through these compounds.

For a deeper study of the impedance spectra, a key parameter
is the relaxation time constant, 7, that acts as a factor of merit
and it is characteristic of each sample. The frequently used
method to determine t is with the phase Bode plot, with the
corresponding time on the cut at 45°. However, this method of

Table 2 Relaxation time constant from CPE1 and CPE2 for the different samples

Relaxation time constant
from CPE1 (ms)

Relaxation time
constant from CPE2 (ms)

GO-Ce

CNT-Ce
GO-CNT-Ce-515
GO-CNT-Ce-525
GO-CNT-Ce-Mn-5151
GO-CNT-Ce-Mn-5152
GO-CNT-Ce-Mn-5155 18

NN =N
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determination is not applicable when the series resistance to
the parallel R|CPE circuit has a similar order of magnitude in
resistance values.?® In these cases, the difficulties can be over-
come with the representation of the impedance imaginary part
as function of the frequency. The resistance components have
purely real impedance component, and they do not intervene in
this plot. Therefore, the contribution comes merely from the
capacitive components, where the relaxation time constant can
be obtained through the inverse of frequency at local maximum.
Fig. 10b presents the plot of the impedance imaginary compo-
nent of all the measured data (points) and simulation with the
equivalent circuit transfer function (lines). The low frequency
maximum, which corresponds to pseudocapacitive relaxation
time (CPE2), is clearly determined. It is important to take into
account that two samples (CNT-Ce and GO-CNT-Ce-Mn-5155)
have this maximum below 1 Hz, which is the minimum exper-
imentally measured frequency and its values are calculated.
Because of the high signal of the low frequency maximum, the
relaxation time constant related to faster processes found at
higher frequency values, cannot be directly determined.
However, a capacitor behaves as a short circuit when excited at
frequencies much higher than their characteristic one. There-
fore, the impedance contribution of the rest of the elements can
be calculated using the obtained equivalent circuit parameters
and considering a circuit without neither CPE2 nor R3,
obtaining the relaxation time constant related to CPE1. Fig. 10c
presents the deconvolution of one specific case (GO-CNT-Ce-
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Mn-5152) to show the different contributions. A bulge can be
differentiated, specially using logarithmic scale on the imagi-
nary impedance axis (inset of Fig. 10c). Table 2 shows the ob-
tained relaxation time constants related to the two different
processes involved (EDL and pseudocapacitance). Relaxation
time constants related to CPE1 are similar in all the cases, in the
order of the millisecond, except for CNT-Ce and GO-CNT-Ce-
Mn-5155, which have slightly higher times. On the other
hand, relaxation times related to CPE2 exhibit significant vari-
ations. The addition of CNT to GO-Ce increases the character-
istic time, and the addition of Mn oxides induces an even higher
increase of characteristic times, accounting for the remarkable
increase of the pseudocapacitance and diffusion processes. The
characteristic time of CNT-Ce is also higher than the GO-Ce due
to the increase of porosity between CNTs, which produces
aggregated oxide structures that lead to slower charge transport
mechanisms.

3.4 Device fabrication and performance study

The working performance of the best volumetric capacitance
electrode was investigated by assembling a symmetric electro-
chemical capacitor with two GO-CNT-Ce-Mn-5152 electrodes.
Fig. 11a shows the typical voltammograms for various sweep
rates, presenting similar shape to the single electrode (Fig. 8a).
The volumetric capacitance at different sweep rates (CV) and
different applied current (GCD) can be found in Fig. 11b and c,
respectively, reaching ca. 25 F cm > in both cases. As expected,
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available energy storage systems. Data for the lithium battery, 3.5 V/25 mF supercapacitor (SC) and 6.3 V/220 uF electrolytic capacitor,®® data for
the 2.75 V/44 mV activated carbon supercapacitor (AC-SC)°* and GO-NiO-imi symmetric device.** (e) Capacitance retention with charge—
discharge zoomed regions (superior insets) and coulombic efficiency (inferior inset).
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the values are lower than with a single electrode due to the fact
that both capacitors are in series. The Ragone plot (volumetric
energy vs. power densities), shown in Fig. 11d, allows the eval-
uation of the global performance of the device. For the calcu-
lation, the total volume of the active material has been used. A
comparison of different energy storage devices is also pre-
sented.*>**** It is important to emphasize the increase in both
energy and power densities as compared to previous RIMAPLE
symmetric N-doped rGO-NiO device, obtained with the same
fabrication technique. As witnessed, the fabricated CeO,-MnO,-
rGO-CNT capacitor exhibits higher power and energy densities,
up to 5.4 Wem > and 2.2 mW h em 3, respectively. Despite that
submicrometric thickness electrodes obtained by RIMAPLE
method are reported having comparable or higher storage
capabilities,**?> it has to be taken into account that the
performance of such thin electrodes will not be scalable without
losses due to microstructural rearrangements that hinders the
electrolyte diffusion and interaction with active material.”* The
stability of the device was also studied by galvanostatic charge-
discharge cycling at ca. 2 mA cm™ 2 current density (Fig. 11e).
The capacitance retention and the coulombic efficiency decay
ca. 10% after 20 000 cycles, maintaining the triangular charge-
discharge shape practically unaltered (Fig. 1le, inset). The
decay is presumably related to electrolyte drying process as
previously suggested for poorly sealed devices. Further work will
be focused on both the enhancement of the EC sealing and
post-mortem analyses of the electrodes. Even though, the
stability has been proved, doubling the number of cycles from
previous experiments.*

Conclusions

The presented hybrid electrodes developed by RIMAPLE laser
technique show excellent performance for electrochemical
supercapacitors. Through UV laser radiation, a myriad of
photochemical and photothermal processes occur inducing the
reduction of GO and the crystallization of metal oxides on the
surface of carbon nanomaterials. The decomposition of
manganese acetate through laser processing is demonstrated
with the formation of different oxides, MnO and Mn;O,, besides
chemical modification of ceria nanoparticles, submitted to
melting-coalescence-dewetting mechanisms, changing their
crystallographic phase to Ce,O;. The thorough morphological,
compositional and electrochemical analyses of the electrodes
provide proper understanding of the composite fabricated and
the mechanisms involved in charge storage. The electrodes
fabricated with rGO, MWCNT, Ce and Mn oxides combine EDL
and pseudocapacitance storage mechanisms. The maximum
volumetric capacitance of 140 F cm? obtained is significantly
higher than in previous works using RIMAPLE technique with
NiO NPs. Finally, the assembly of a symmetric electrochemical
capacitor proves the practical use of the developed hybrid
electrodes standing out their remarkable high stability upon
cycling. These outstanding results open the door to innovative
and versatile development of supercapacitors using laser
deposition techniques, with combinations of different metal
oxides either in nanoparticles or in ionic forms (dissolved metal
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organic precursors), allowing the formation of binary metal
oxides systems with new properties besides the use of different
combinations of carbon nanomaterials.
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