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ig Abstract

14 In recent years scaling-down approaches on supercapacitors has led to the definition of Micro-

15 Supercapacitors (uSC). The demand for these devices is increasing for many applications in

16 microelectronics, such as wearable energy storage and self-powered sensors. Recently, many efforts

g have been made to achieve good results in terms of power and energy densities. However, the current

19 research challenge is to develop a sustainable chain production, involving eco-friendly materials, such

20 as water-based electrolytes, organic binders and low-impact active material. This work presents a

21 hybrid uSC using low impact materials and a fully water-based solution. Different approaches were

22 adopted for patterning the current collectors and for the deposition of the active materials. The

gf’l material chosen as anode was MnO; deposited by electroplating, which presents pseudocapacitive

o5 behavior. The active material used for the cathode was Activated Carbon (AC), deposited by drop-
26 casting, which works through the electric double layer (EDL) capacitance effect. The electrolyte was

27 1 M NaxSO4 in water. We investigated the addition of an interlayer micro-structure made of
gg Dendritic-Gold (D-Gold). The results show that such a layer seems to have positive effects in terms

of wettability and mechanical stability, enhancing the adhesion of the active material. Electron
31 microscopy measurement shows the characteristic tree-like shape of the layer. The device reports a
32 capacitance of about 14 to 23 mF cm™ and a large voltage window equal to 1.6 V. The present
33 research explores, for the first time, the effects of dendritic gold in planar electrochemical capacitors.
The findings should give an important contribution for boost energy storage densities in the field of
36 2D micro-supercapacitors.
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1.

Introduction

The miniaturization of electronics has led to the miniaturization of energy storage devices needed for
the power supply or backup solutions in the Internet of Things (1oT). An example is efficient power
management sensor grids, based on low-accuracy and low-power sensors/electronics. These are
exploited to generate high-accuracy information thanks to data fusion employing energy harvesting
solutions and energy storage systems to prolong the sensing platform life [1,2]. At present, the
miniaturization trend is evolving at different scaling rates, with the integration of electronic devices
developing fastest. Energy storage devices (ESDs) are currently used for portable and remote
electronic systems, as well as equipped on circuit boards as power supplies or power backups. The
next area to address is the reduction of power consumption of the ESDs reduction [3,4]. Currently,
the flexible electronics market is growing for niche applications such as wearable and healthcare
electronics. [3-8]. This growth has led to the development of ESDs compliant with mechano-
chemical requirements. [9]. At present, secondary battery and capacitor technologies are exploited
mainly to supply power and guarantee energy backups to electrical systems. Batteries are mostly
exploited for prolonged applications because of their high energy density capabilities. Micro-batteries
have been developed in the last decade, but they suffer from low power capabilities and short life
cycle [10-12]. Moreover, in some cases electrolytic capacitors are used rather than batteries because
power backup operations do not require prolonged functioning. Despite the high-power capabilities
of electrolytic capacitors, their energy density is so low that sometimes several devices are placed in
parallel to achieve the desired functionality.

Supercapacitors (SCs) can provide sufficiently high-power densities, with energy densities
well above the electrolytic capacitor’s performances. SCs possess also longer life cycle if compared
to batteries, especially if the energy storage mechanisms are limited to the surface [13]. SCs properties
and electronics power requirements led research focusing on the development of miniaturized SCs,
called micro-supercapacitors (USCs), suitable for power supply and especially as power backups.
[14]. Micro-supercapacitors represent a valuable alternative to low-energy-density electrolytic
capacitors. uSCs have a small footprint, relatively high energy density, and the ability to quickly
discharge to provide high-power densities [15]. In this framework, the development of low
environmental impact processes is of great importance due to the current energetic policies [16].
Unfortunately, for a long time, technological progress and profit prevailed over environmental
concerns [17]. Herein, we present a uSC fabricated mainly via electrochemical steps in aqueous
environment. The electrochemical fabrication process can be considered sustainable if the consumed
electricity comes from sustainable electrical energy sources, such as solar panels. If the main source
of electrical energy comes from fossil fuels, electrochemical processes and related products inherit
their contribution to the environmental impact. [18] In view of the transformation toward a zero-
carbon energy sector, the so-called energy transition, the development of sustainable and low-impact
electrochemical processes is then of relevance to follow the sustainable development goals. uSCs
potentialities are in the exploitation of these devices increasing for many applications in
microelectronics, such as wearable electronics energy storage recovery and self-powered sensors.
Recently, many efforts have been done to achieve good results in this field in terms of power and
energy densities by using a sustainable chain production that becomes the driving force of research
challenges. Moreover, particular attention was devoted to eco-friendly material, like water-based
electrolytes, organic binders, and low environmental impact active materials. Boosting the energy
density of uSCs is currently performed via electrode engineering. Asymmetric devices are designed
to extend devices voltage window and improve electrode capacities thus increasing the overall energy
density [19]. In this approach, charge balancing is a key design route. The charge balancing procedure
is much adopted in conventional devices [20-25] while not so frequently reported in the field of uSCs
[8,26]. In the work of Asbani et al., the charge balancing of a uSCs is carried out by properly balancing
the electrode thicknesses of both vanadium nitrate and ruthenium oxide. In this report, they show how
the exploitation of asymmetrical architectures allows to extend the operative voltage window (OVW)
of the device up to 1.15V in 1 M KOH aqueous electrolyte. The device rated 20 pWh cm at power
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2.1.

densities above 1 mW cm2, which represented an increase in the energy storage capability by a factor
of 5 with respect to symmetrical configurations[27]. The procedure consists in the optimization of
electrodes’ capacities to guarantee the maximum polarization, thus the maximum stored energy, of
the single electrodes.

In this work we present the fabrication of an aqueous-based, water-processed, hybrid pSC.
Top-down and bottom-up approaches were combined to successfully realize a flexible hybrid uSC
on a polyimide (PI) substrate. Bottom-up processes were carried out in water-based solution. Top-
down photolithographic steps were used to pattern the current collectors. The anode material was
MnO: deposited via electrochemical methods. The cathode material was activated carbon (AC)
deposited by drop casting. All the active materials were deposited on dendritic gold current collectors
allowing for improved mass loading and adhesion. According to the result, the layer seems to have
positive effects in terms of wettability and mechanical stability also improving the adhesion of the
active materials. The selected active materials have been exploited in the literature as electrode
materials for asymmetric supercapacitors [28,29]. Both materials, AC and MnQOg, are relatively large
available. Moreover, their deposition does not require, in principle, several processing steps since
manganese can be electrodeposited and thermally oxidized while activated carbons can be deposited
via electrophoresis. Manganese oxide is a transition metal oxide (TMO) having high theoretical
capacitance of several hundreds of F/g, low-cost, natural abundance, and good environmental
compatibility [30,31]. It can be electrodeposited via aqueous media as reported in the literature
reducing the environmental impact of its processing [32]. Carbon materials can be deposited via
electrophoresis from organic solvents [33—36] although in some works water-based processes have
been reported [37]. The presented device is obtained on Pl as a suitable substrate for flexible
electronics. Via physical vapor deposition (PVD) processes, a chromium adhesion layer is added to
allow evaporated gold adhesion to the substrate. Via lithographic steps, the uSC interdigitated
electrodes are obtained. (D-Gold is then electrochemically grown [38] on both current collectors and
exploited as substrates for the electrochemical deposition of manganese oxide [39] on one electrode
and for the electrophoretic deposition (EPD) of activated carbons on the other electrode. The EPD
process was carried out in water suspension of AC particles, in an unconventional setup, which will
be fully described in the next sections. The active materials were chosen to get a high-voltage aqueous
system since at neutral pH manganese oxide allows wide anodic polarization while carbon allows for
wide cathodic polarization. Moreover, activated carbons are the state-of-the-art materials for
electrical double layer capacitors (EDLC) production while manganese oxide is non-toxic, cheap, and
widely available on earth’s crust. The obtained asymmetric uSC showed a remarkable operative
voltage of 1.6 V which is in the range of the current literature results [40-43]. Moreover, the rated
areal capacitance was 23.0 mF cm with an areal energy density of 5.5 uyWh cm,

Experimental

The fabrication of 2D interdigitated uSCs is described below. The technological process of the uSC
combines a top-down approach to fabricate the 2D interdigitated current collectors and bottom-up
selective deposition of MnO; thin films.

Current collector fabrication

The technological process, for the fabrication of electrodes, is compatible with the microfabrication
methods available in the semiconductor industry. The first step was a thermal resistive Physical Vapor
Deposition (PVD): the process is aimed to deposit metallic current collectors over a Kapton©
substrate, using tungsten pot as hot vapor source. The Kapton© substrate was 10 cm x 10 cm and it
was cleaned by sonication for 1h and treated in an oxygen plasma for 5 min prior to the deposition
process. Two metal layers of chromium and gold were deposited onto the substrate, from pellets
precursor with a purity of 99.8 %. Less than 10 nm of chromium were used as adhesion layer, while
100 nm gold thin film were used as metal seed layer for the subsequent phases. A deposition rate of
1.9 A s has been set with a level vacuum in chamber of about 5-10"* Pa.



©CO~NOOOTA~AWNPE

2.2.

2.3.

Patterning

Photolithography and wet etching were used to perform the pattern (Fig. 2), the design of which
consists in a single digit separation, with a distance between the electrodes of 100 um. The single
digit geometry shown in Fig. 2, was patterned onto the metal film by photolithography. In detail,
photoresist AZ-1518 (Microchemicals GmbH, Germany) with a thickness of about 1200 nm was
firstly deposited on the surface through spin coating technique at 4000 rpm for 45 s. Afterwards, the
sample was soft baked to remove the solvent at 110 °C for 1 min. Then the sample was exposed by
using UV Lamp (3 mW/cm?) through a Mylar mask. After that, the sample was immersed in AZ400k
developer solution for 35 s. Finally, the patterned interdigital Cr/Au current collector was obtained
by wet etching in gold etch solution for 10 min and in chromium etch solution for 35 s

Growth of the dendritic interlayer

After photolithography, commercial Au-precursor solution (NB Semiplate Au 100 TH,
MicroChemicals GmbH) was used in an electrodeposition setup in three-electrode configuration. The
working electrode (WE) was connected to the interested electrode, the counter electrode (CE) was a
pure gold sheet thick 50 um and as reference Ag/AgCl electrode was used. The deposition was
performed in galvanostatic mode by applying a density current between the WE and the CE of 1.4
mA/cm? for 450 s, while electrodes were maintained at 4 cm distance. As shown in the figure (Fig.
1c) the current density was varied to obtain a deposition rate curve to find the best mass loading
parameters. The layer deposited presents a dendritic growth, which shows a characteristic tree-like
shape (Fig. 3a). The form is due to the fast growth that induced particularly crystallographic
orientations.
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Fig. 1 (a) Schematic of the plating cell. (b) Photograph of the sample showing the deposition color gradient given by changing density current during
D-Gold plating on Ti foil. (c) Mn?* deposition curve changing density current during the process, using an aqueous solution of Mn(CHs;COO), Na,SO,
provided by SigmaAldrich in milli-Q water. (d) D-Gold deposition curve obtained changing density current during the process. Solution used NB
Semiplate Au 100 TH provided by Microchemical GmbH.

Active material deposition

For the deposition of the active materials onto the current collectors, two approaches were used. For
the positive electrode, manganese dioxide was chosen as the storage material. A neutral (pH 7) plating
solution of Manganese (I1) Acetate 0.1 M and Sodium Sulfate 0.1 M (acting as the supporting salt)
was used as precursor. Both salts were provided by SigmaAldrich, Milli-Q water was used as solvent.
The setup configuration for the galvanostatic electrodeposition, was made up by three electrode
parallel plates. Working electrode, connected to the interested electrode (positive one), applying a
density current of 0.9 mA/cm? for 1000 s between working and counter electrode. Here reported the
plating reaction.

2+
Mn(

aq) + 2e” > Mn(s)

1)
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The distance between WE and CE was fixed to 4 cm. After plating, samples were washed in DI water
and dried in an oven at 60 °C for few 48h, and mass loading was measured before and after the process
with a Kern ALJ 210-5A Analytical balance with a linearity parameter of 0.1 mg. Two trials were
made to define deposition rate curves: one involves Manganese, the second one Gold (Fig. 1c 1d).
Moreover, different supporting salts have been involved to find the stability of the solution, such as
Potassium Sulfate or Magnesium Sulfate, even if, no relevant improvements were observed. After
plating of MnO- a calcination process was applied, with the sequent temperature profile: 1 h at 60 °C,
4 hat300°Cand1hat60 °C h, in Buchi Glass Oven (no vacuum) [44].

The active material for the negative electrode was deposited through drop casting technique. A water-
based colloidal solution 0.9 %wt of AC Kuraray was used with a very low amount of water binder
0.03 %wt. 100 ul of solution was cast onto the surface [15]. An electric field, generated by a DC
voltage of about 50 Vem™, was applied between the electrode cast and a needle. The positive potential
was imposed on the substrate electrode, the negative on the needle immersed in the meniscus. The
strong electric field starts to an electrophoretic process, that enhances the contact of the carbon
particles on the surface of the current collector (zeta potential measurements were made to explore
the polarization shell of the activated carbon, it results a zeta potential of about -30mV in DI water).
Both positive and negative electrodes were analyzed separately in tree electrodes configuration to
obtain for each electrode the charge storage performance. Two different electrodes were prepared one
with thermal treatment and one without thermal treatment for XPS measurement, (Fig. 4a) to
understand the oxidation state of the active material surface before and after the thermal process [45].
After this preliminary analysis a planar hybrid device was built. Although referring to a bulk
configuration, the first innovative study, on the concept of hybrid capacitor, was originally proposed
by Hong [46] and successively by T. Brousse et al. [47]. The studies propose an asymmetrical
configuration, involving activated carbon and manganese oxide in agueous media, in order to enlarge
the operating voltage window and give higher energy density. With the same intention, the study
proposed here aims at obtaining energy enhancement on planar devices.

2.5. Packaging

The planar hybrid single interdigit device, was sealed in a pouch cell package in a low vacuum
chamber to prevent electrolyte drying. A glass fiber Whatman separator of grade D exfoliated to 300
um thickness in order to keep the volume device low, was used to retain the electrolyte. The separator
soaked with 220 puL of Na,SO4 1 M, was used to simplify the welding step. A thermoplastic foil,
through the in/out edge, was posed to obtain a good isolation of the external contact point.

» — Glass Fiber Separator

/\
N ——— MnO, Electrode

AC Electrode

D-Gold Current Collector

Fig. 2 (a) illustration of the single interdigit device. (b) Top view of the device

2.6. Characterization techniques
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2.7.

XRD patterns of the electrodeposited manganese oxides were collected on a powder Xx-ray
diffractometer (Empyrean, Anton Paar, STATE) with CuKa radiation (A = 1.54052 A) at 40 kV, and
30 mA, and a 0.013 step size of 20 angle from 10 to 100. The samples were placed onto a zero-
background stage holder to avoid further signals. The software QualX with RRUFF- and COD-
database were used for the phase identifications. MAUD free software was employed for the
quantitative phase analysis and the refinement. Fityk free software was employed for the
deconvolution of the peaks and used only for graphical purposes. For the Reitveld refinement The
Crystallographic Open Database (COD) was used, the COD numbers employed are 00-900-8518, 00-
210-5394, 00-900-9111, 00-900-8463, 00-900-1963, 00-151-0524. XPS (X-ray Photoelectron
Spectroscopy) analyses have been carried out by means of a PHI 5000 Versaprobe (Physical
Electronics, Chanhassen, MN, USA) spectrometer, equipped with an Al k-alpha monochromatic
source (1486.6 eV). During the measurements samples have been subjected to a combined electron
and Ar ion gun neutralizer system, to decrease the electrical charging effect induced by photoelectrons
extraction. The semi-quantitative atomic concentration and fitting procedures were acquired using
Multipak 9.7.0.1 Version dedicated software. All core-level peak energies were referenced to C1s
peak at 284.8 eV (due to adventitious carbon) and the background contribution in high-resolution
(HR) scans was subtracted by means of a Shirley function.

Micro-Raman spectroscopy was performed by using a Renishaw InVia Qontor Raman microscope.
A laser diode source (A=532 nm) was used with 5 mW power, and sample inspection occurred through
a microscope objective (50X), with a backscattering light collection setup. The Raman spectrum
analysis was carried out with Fityk software [48]. Lorentzian functions were used as fitting functions.
All the data are reported with baseline correction.

The electrochemical synthesis and electrochemical characterizations of the single electrodes were
firstly performed for each single electrode by using a potentiostat/galvanostat Metrohm Autolab. The
electrodes were immersed in a beaker containing the electrolyte in three electrodes cell configuration,
with a platinum rod as counter electrode and Ag/AgCl as reference. OCP and subsequentially
Poteziostatic Electrochemical Impedance Spectroscopy (PEIS) were performed (frequency range: 1
MHz to 10 mHz with a signal amplitude = + 10 mV) to evaluate the electrode equivalent series
resistance. Arbin BT2000 potentiostat/galvanostat was used to perform the electrochemical
characterizations in the 2-electrode device. For 2D interdigitated micro-Supercapacitors, 220 pL of 1
M Na>SO4 aqueous electrolyte were infiltrated in the glass fiber separator.

Evaluation Formulas

The capacitance of the single electrode (C) and specific capacitance (C, C4) can be estimated by CV
curves using the following equations:

1
C T jlddt @)

where the integral represents the total charge passed during the discharging profile, and V. is the
potential window. The specific capacitance reported (in F/g) was calculated by:

1
— -] 3
Cm a.‘/w j ddt ()

considering only the mass of active material, the contribute of current collectors, separator and
packaging is not included. Only the discharging part was taken in account. The capacitance per unit
area was calculated by the following:

Cy = - | I;dt 4
A Aglijd (4)
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the area taken is the geometrical area of the entire active area, in other terms the part exposed to the
electrolyte, the gap between the electrodes is included. The energy and power performance of the
device were calculated using the following formulas:

1
Py =——| V;l,dt
d Ag'tdf ala ()

1
Ed = _f leddt (6)
Ag

The surface areal factor was calculated by the following:

Qrea _ Qrea
real — ;‘e = o _rcelm ()

Where the Qred is the cumulative charge involved in the reduction peak, e is the electron charge 1.6
e1® C, I is the charge per surface area for a gold oxide layer 384 uC cmand dn is surface metal atom
density.

A

400 nm

| 2 um

Fig. 3 (a, b)FESEM image for grown D-Gold on thif film gold. (c, d) FESEM image for grown MnO; on thin film gold current collector. (e, f)FESEM
images with different magnification of grown MnO, on D-Gold current collector.
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3.1

Result and discussion

Electrical characterization

Vander paw method, [49] was applied on the square metal film obtained through the technique. Tens
of measurements have been performed resulting in a sheet resistance of the metal film of about
300mQsquare.

. Physical and Chemical Characterization

Fig. 3 shows a tilted FESEM image of a selectively grown layer of D-Gold and MnO.. The thickness
of the deposited layer was determined using SEM and confocal microscopy. The morphological and
elemental analysis of the electrodes surface were performed using a Zeiss field emission scanning
electron microscope (SEM). The surface chemical composition of electrodes was estimated via XPS
analysis to evaluate surface chemical composition and manganese oxidation states of the deposited
materials. From survey spectra (not reported), for thermal treated and as-prepared samples, we can
confirm the presence of Mn, together with O, C and, in some cases, Au traces (< 1 at.%) coming from
the substrate, and remnants due to precursors and solvents used during the deposition procedures (i.e.
Na, K, S). We all know that Mn represents a tricky element to be fully understand by XPS technique.
This is mainly due to its six oxidation states, together with the presence of multiplet splitting (for
oxidation states I, 111 IV and V1) overlapping, and broadening due to the simultaneous presence of
more than one oxidation state at the same time. For this reason, we cannot rely only on Mn 2p doublet
analysis, to clearly determine Mn oxidation states. We should also consider Mn 3s doublet, from
which, by checking the two peaks relative separation distance in the binding energy scale, we can
obtain a further piece to complete the intricated puzzle. From Fig. 4a, we can clearly see that the two
Mn 2p signals, for the thermally treated (red line) and the as-prepared (blue line) samples, are clearly
different. A relative distance of 0.6 eV can be inferred between the two Mn 2ps/> peaks together with
the presence of a satellite structure (5.2 eV apart from Mn 2psz maximum), for the as-prepared
sample, above 644.0 eV, which is commonly attributed to shake-up losses due to MnO phase [50]. If
we now consider the Mn 3s doublet (not reported) we obtain two different values for the relative
distances (AE) between the two doublet peaks: 5.23 eV and 5.65 eV for the thermally treated and the
as-prepared one. The values are in good agreement with the table proposed by Chigane and Ishikawa
in [51] and is a further confirmation of the conversion of MnO into Mn2O3 by the thermal
treatment. There are many attributions in the literature to these values [52,53], according to the
oxidation state and relative crystallographic phases; but if we use the formula reported in [54] to
obtain the Average Oxidation State (AOS) by: AOS = 8.95 — 1.13 AE , we can evaluate which is the
main oxidation state present in the upper surface of our samples. The two calculated values are: 3.04
and 2.56 for the thermally treated and the as-prepared respectively. This means that the active material
which has undergone a thermal treatment presents a mean oxidation state equal to Mn(+3) as in
Mn203 or MNOOH, while the as-prepared electrode shows an oxidation state which is a mix between
Mn(+3) and Mn(+2).
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Fig. 4 (a) XPS Mn 2p doublet HR spectra for the thermally treated (red line) and as-prepared (blue line) samples (b) whole XRD pattern of the dendritic
electrode after background (polynomial6) subtraction and (d) magnification for angles below 40°.

The presence of the shake-up satellite due to MnO structure already predicted the existence of a
Mn(+2) component. Moreover, if we recall the relative distance highlighted in Fig. 4a between the
two Mn 2ps2 components (A = 0.6 eV), we can find out the same relative distance between MnO and
Mn203 or MnOOH reported in M. Biesinger et al. detailed work on transition metal oxides [50].

The Raman spectrum of manganese oxides has three main regions: 200-450 cm™ it is possible to find
the skeletal vibrations, 450-550 cm™ there are the deformation modes of the Mn-O-Mn structures and
in the region 550-750 cm™ the Mn-O stretching. Generally, literature reports are different among
natural and synthetic samples of claimed phase. In the work of Xin et al., complete chemical physical
characterization of synthesized manganese oxides/hydroxides were carried on, the abovementioned
work was taken a reference for the Raman spectrums [55]. The employed laser was 532 nm
continuous green light. Powders were compressed and analyzed over a glass substrate. The Raman
shift scale was calibrated with a crystalline Si-wafer. The structure of manganese oxides contains the
same MnOs octahedral building blocks, sharing edges and corners in different schemes. Such
octahedral structure possesses six normal vibrational modes: vi, v2, v3, va, vs, ve. Among these six
modes, only three are Raman active vi, v2 and vs whereas v3 and vs4 are IR active. However, the
nominally inactive modes may become active when the octahedra form layered and/or tunnel
structures. Our sample showed an intense peak at 655.7 cm™ which is attributed to the v1 vibrational
mode of Mn®*, with two shoulders at 620.5 cm™ and 583.7 cm™ still attributed to v1 vibrational mode
of Mn3" with less intensity. According to the data reported in [55], the possible phase is a-Mn2Os.
The same peaked response of a Mn>O3z sample synthesized by wet chemical route only was found in
different literature works [56-58]. It is worth mentioning that the same peak is a feature of MnzO4



©CO~NOOOTA~AWNPE

phases, as reported in other literature reports [59] as well as in [55]. However, this manganese oxide
phase was not considered because of the oxidation state of manganese. The information goes in good
agreement with the XPS results. Following this information, since the peak of the v3 mode at 703 cm"
! is absent, we can claim the material is not a layered or tunnel structure. Moreover, the vs peak at
318 cm is present for our sample at 317.1 cm™ with not so intense activity of the skeletal modes.
The v2 mode was found in position 545.7 cm™ instead of 538 cm™ as can be qualitatively appreciated
also from the report of Ram et. al.[60]. Our spectrum presented two more relatively intense peaks in
the range 300 to 500 cm™. According to the report of Karuppaiah et. al. [33], the two peaks can be
attributed to the presence of Mn,O3 nanoparticles as they reported peaks at 368 cm™, 483 cm™ and
652 cm™. However, particles dimensions are not clear out of this report, although precipitate powders
were claimed to be handled, suggesting nanometric sizes below 100 nm. Further, in the work of
Yousefi and coworkers [61]. According to the systematic study of Bernardini et. al., the small peak
at 990.2 cm™ can be attributed to the Manganosite phase (MnQ), which is not so present since the
relatively low peak intensity [44]. The usual poor crystallinity of electrolytic manganese oxides, the
size of the crystallites typically limited to the nanoscale and the presence of multiple phases, make
the identification and characterization of such family of compounds a real challenge with the XRD
for which IR, Raman and XPS spectroscopies are more sensitive. For this reason, together with the
studied electrode, two other measurements were carried out on samples prepared ad hoc to unravel
some features of the complex pattern of the dendritic electrode itself.

The reflections at the dendritic electrode are characterized by the presence of very strong and sharp
peaks imposed by the dendritic gold and by weak, but very broad, reflections arising from the
Kapton®© flexible substrate (evidenced in Fig. 4c XRD with the patterned yellow and orange peaks,
respectively) onto which the reflections of the manganese oxides are superimposed. It is worth
mentioning here that the reflections of the Kapton© support are identical before/after the thermal
treatment and that in the qualitative identification and quantitative analysis they were subtracted
together with the polynomial background. In order to have a less intense signal generated by the gold,
the electrochemical deposition of the manganese oxide was carried out also onto a flat-smooth gold
current collector with higher manganese-compounds mass loading. This sample allowed to better
focus the attention to the metal oxide electrodeposited rather than to the current collector. The same
sample was then annealed according to the usual procedure to prepare the dendritic electrodes. From
these three measurements it was possible to follow up the evolution of the gold current collector and
that of the manganese-related phases under thermal treatment. By combining a qualitative,
quantitative and Rietveld refinement analysis it is possible to conclude that the flat current collector
belongs to the gold Fm-3m space group with a face-centered cubic unit cell with cell parameter a =
4,099 A that decreases to 4,080 A after the thermal annealing. On the contrary, the average crystal
size increased from 758 to 833 A and the microstrain of the structure relaxed form 1.31p to 1.20p.
The dendritic gold instead shows a unit cell with a = 4.076 A and average crystal dimension much
larger, above 1150 A with microstrain of 1,35y even after the thermal treatment. Interestingly, in the
dendritic electrode, metallic gold (22 % of the weight of the sample) is not the only metallic phase.
Two Au-Mn alloys were computed to be present in relevant quantity during the refinement that are
(AusMn)og and AuziMng, accounting the 4.45 and 1.8 % of the total weight of the sample. Regarding
the manganese-based active material, onto the flat and dendritic current collectors two manganese
oxyhydroxide were identified that are the Hausmannite, a-MnzOs, and Pyrochroite, Mn(OH).. The
latter disappeared completely after the thermal treatment on the flat gold, but a little residue remains
onto the dendritic current collector (0.2 %). It is worth mentioning that before the thermal treatment
the Pyrochroite had small average crystal size of about 110 A, while the a-Mn3O4 showed large crystal
size of 1075 A that decreased massively to 164 A post the annealing. By the human eye, this change
in the crystalline size without altering other structural parameter of the phase, appears as a colour
change from light orange to deep brown. In order to perfectly close the Reitveld refinement of the
dendritic electrode, still one phase was missed (0.1 % by weight) and it is equally possible to be the
metallic Tl or TIF coming as impurity from the gold electroplating solution in which a Tl-based salt
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3.3.

IS present as brightening agent. It is possible that the residual Mn(OH). and the Tl-based compound
have been trapped in close porosities during the electrodeposition process onto such random shape or
because of insufficient annealing time/temperature. All the refined parameters of the phases identified
in the three samples are presented in Table XRD in the supporting information. In wet synthesis of
MnOx nanostructures, the nonequilibrium nature of crystallization at ambient temperatures initiates
the competition between different metastable phases, and multivalence mixtures of manganese oxides
are usually obtained [62]. Pyrochroite is in nature an abundant mineral in aquatic and wet
environments which readily transforms to higher oxidation states [63] with fast kinetic. Hausmanite
instead is the most stable phase of manganese oxides with the highest average oxidation state of Mn
as +2.66. a-Mn304 correspond to the space group of 141/ and it has a usual spinel structure presented
by the formula, Mn2*(Mn3®"),04 in which the Mn?* and Mn®" ions occupy the tetrahedral and
octahedral sites, respectively, with tetragonal distortion of Mn®" ions due to Jahn—Teller effect [64].
Bibyxite is a trivalent oxide, a-Mn2Og, ant it has a cubic structure with a space group of Ia3. In the
past few decades, it has attained a significant scientific interest because of its outstanding structural
architecture for supercapacitors. Chen et al. [65] proposed the phase change from precipitated wires
of Mn(OH)z and their phase transformation first to a-Mn304 and then to a-Mn2O3 by means of thermal
treatments in air or in nitrogen atmosphere. Similarly, Ramirez et al. [60] observed that when the
amorphous MnOx was heated above 450 °C (1) under air flux it turned to a-Mn2O3 crystal structure
similar to a distorted Bibyxite and (2) under Nitrogen it crystallized into the a-Mn3zO4 crystal structure
as Hausmanite. These reactions were carried out under flowing gasses in order to feed the surface
with the reactants. During the annealing procedure at 300 °C of the dendritic electrodes, instead, the
atmosphere was static, therefore the oxidizing agent at the surface was probably not sufficient to feed
the reaction more in depth and promote the oxidation of the Hausmanite into Bibyxite like on the
electrode surface. Additionally, for those metal oxides whose families have many oxidation states,
the phases on the surface are very different from those in the bulk. Song et al. [66] employed both
laboratory and synchrotron-based light analysis to unravel the phases at different depth in their
samples by using small angles and quartz capillary transmission XRD and they evidence the co-
presence of a-Mn30s and a-Mn;0s3 at different depth and annealing conditions. Therefore, in the
present study, the evidence of an evolution of the oxidation state from the bulk through XRD (depth
of analysis > 2000 nm) to the surface by Raman (<1000 nm) up to the interface by XPS (<10 nm) is
presented together with the structural evolution of the current collector from flat to dendritic gold.
Electrochemical Characterization

3.3.1. Flat Gold vs Dendritic Gold Analysis

A dendrite is a crystal with a tree-like branching structure (Fig. 3a), this type of shape can be observed
in different science fields, such as biology, metallurgy and crystallography. A well-known example,
present in nature of these structures, are crystals formed in snowflakes. In this context, we are
interested in metallic dendrites formed during electroplating deposition, and we give information
about the areal surface boost obtained by covering this type of surface with active materials for
supercapacitor applications. Highly porous metallic current collectors were prepared using the plating
solution proposed in the experimental section. An advantage of this technique is its cleanliness,
simplicity, making this easily transferable to production line with microelectronic facilities. For the
characterization of the dendritic metallic layer, preliminary cyclic voltammetry in H.SO40.5 M was
made. In Fig. 5a well known voltammograms of two different gold current collectors are shown: the
red curve represents flat gold (F-Gold), the gray one D-Gold. Here it is possible to distinguish two
regions: the oxygen one and the double-layer one. The oxygen region starts sweeping the CV over a
potential above 0.9 V vs Ag/AgCI for the D-Gold electrode, and starts sweeping the CV over a
potential above 1 V vs Ag/AgCl for the F-Gold electrode. We consider only the formation of thin
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Fig. 5 show (a) CV of thinf film gold and D-Gold overlapped at 100 mVsin H,SO, 0.5 M, the electrode potential is referenced to Silver/SilverCloride
reference electrode. (b) Dettail of the reduction peak used for the calculation of the areal factor.

anodic oxide films through a simplified reaction during the positive sweep prior to O2 evolution.
Hence, hydrated Au oxide monolayer is formed on the electrode, this region will be involved for the
evaluation of the real surface area. In the left part of the voltammograms, from 0 to 0.7 V, is evident
the double-layer region where only capacitive processes take place. The evaluation of the
electrochemical surface area (ECSA) was performed by estimating the reduction charge of the gold
oxide at 0.87 V vs Ag/AgCl as shown in Fig. 5b. The intensity of this current peak at this reaction
potential is proportional to the ECSA of the electrode. One peak refers to the flat gold in red color
(Fig. 5b), and the second one, in gray, refers to the dendritic gold. The charge associated with the
reduction of the oxide formed on the surface of the Au electrodes was measured to 1.2mC for flat
gold and 4.5 mC for the D-Gold electrode. The quantity that we want to evaluate from this amount
of charge is the ECSA and the roughness factor, i.e. the ratio between the effective area and the
geometrical footprint area [67],[68]. Through eq. 7, it was obtained, from the F-Gold electrode, with
a geometrical area of 0.5 cm?, a roughness factor of about 6.6 and an ECSA of about 3 cm?, and from
the D-Gold electrode, with a geometrical area of about 0.54 cm?, a roughness factor of about 22, and
a ECSA of about 12 cm?. The areal gain factor from thin film gold to dendritic gold is of about 4x. In
terms of areal capacitance dendritic gold layer offers a specific capacitance of about 0.5 mF cm this
value was calculated through CV in Na2SO4 1 M in a potential window 0 to 1 V, using e. 4, reporting
the absolute capacitance on to the foot print area. Further analyses were made tuning the D-Gold mass
loading with respect to the active material.

3.3.2. Electrodes Analysis

The charge storage properties of the MnO. film onto F-Gold current collector, prepared as described
in the experimental section, were first investigated through CV measurements. Furthermore, it was
studied how capacitance performances change in function of the pseudo-capacitive material mass
loading. Fig. 6a shows typical cyclic voltammograms obtained at a scan rate of 10mVs ™t between 0.1
and 1.1 V vs Ag/AgCl. The shape of the CV is almost nonlinear boxed and presents a good
pseudocapacitive behavior. In Fig. 6b the performance of this electrode, changing the MnO, mass
loading, is reported. It can be noted that the trend of the gravimetric capacitance results are linearly
degressive. This experimental evidence confirms that only the Manganese atoms, a constituent of the
electrode surface, are involved in the charge storage mechanism. The red line, indicating the areal
capacitance, reaches a plateau of about 35 mF cm for the electrodes with a MnO, mass loading over
0.25 mg cm. In conclusion, there are no consistent advantages in raising the mass loading of
manganese over 0.25 mg cm if the final applications are planar pSCs. However, rapid degradation
was observed with the F-Gold electrode from 0 to 1.1 V compared to Ag/AgCI. The wide potential
window leads to delamination of the electrode and consequently to its premature damage. It is
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assumed that the origin of this is due to the surface stress phenomena after a high number of cycles,
which occur in the vicinity of the O2 gas evolution region. For this reason, a limited operating
potential window of 0 to 0.7 V vs Ag/AgCl was chosen to ensure long-term cycle stability. For what
concern the subsequent analyses with D-Gold treated electrode, a fixed amount of MnO; of 0.7 mg
cm2 was used for three electrodes tests. The three electrodes were prepared with a mass loading of
D-Gold respectively of 0.88, 1.56, and 3.34 mg cm. The fixed MnO, mass loading was chosen to
give more evidence to the benefit obtained involving D-Gold layer. It is immediately clear that there
is difference in the shape of CV curves in Fig. 6¢c compared to Fig. 6a. The CV in Fig. 6¢ is more
boxed and larger in terms of current, than the one in Fig. 6a. It is also reasonable to say that the
dendritic layer enhancing effect, is limited until 3 mg cm of D-Gold material deposited. Therefore,
the red curve and the blue one in Fig. 6¢ almost overlap without highlighting other significant
differences. On the contrary, there are relevant differences regarding the gray curve with 0.88 mg cm-
2 compared to the red and blue ones in terms of capacitance performance.
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Fig. 6 (a) CV curves of MnO, loaded on to flat gold film, with differet MnO, mass loading, at a scan rate of 10 mV s™. (b) Gravimentric and areal
capacitance perfomance in function of MnO, mass loading. (c) CV curves of MnO, deposited on D-Gold Current collector, varyng mass laoding of D-
Gold, at a scan rate of 10 mVs™(d) Gravimentric and areal capacitance perfomance in function of D-Gold mass loading, with a fixed ammount of MnO,
0.7mg cm2,

Fig. 6d shows the gravimetric capacitance and the specific capacitance per area unit calculated from
eq. 5. It is possible to notice improved performances, tripled in terms of areal capacitance compared
to the trendline in Fig. 6b, and to denote good stability of the gravimetric capacitance giving a specific
value of about 100 mFcm™ for the MnO electrode. Additional CVs were performed with D-Gold
multilayered electrodes in two other neutral water-based electrolytes such as: K.SO4 and MgSOs (Fig.
7a, 7b, 7c). PEIS was performed before and after cycling voltametric measurements in order to
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investigate possible changes or activation phenomena of the active material surface, as supported by
Toupin et al. [69], cycling between 0 and 0.9 V can modify the oxidation state of the surface. Fig. 7a
and 7b show different slopes of the PEIS curves. In each single curve, the slope raises after cycling.
This difference is mainly justified by the intercalation, during the first cycles, of Na*, K*, Mg?* cations
in the bulk of MnO». Moreover, it is possible to note that better slope is reached by Na>SO4 electrolyte
in regard to K>SO4 electrolyte in the lowest frequency region. Speaking of the negative electrode
measurements, the electrochemical stability of the activated carbon electrode in the —1.1 Vto 0 V vs
Ag/AgCl voltage range was tested Na;SO4 1 M giving a specific capacitance of about 65 mF cm™
(Fig. 7d). In this case it is useful to analyze and to make a comparison between PEIS of AC based
electrode and the MnO> based electrode. The different morphological pore structures led to a different
PEIS curve. The typical semi-circular pattern of carbon-based electrode is absent in MnO> based
electrodes. This suggests a substantial difference in the porosity structure at the interface. PEIS of
AC based electrode is more similar to line 4 in Fig. 7f describing an inner bulk porosity almost closed
to the edge, while PEIS of MnO- based electrode is similar to lines 1-2 in Fig. 7f. where a well-open
rectangular pore structure is portrayed.
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Fig. 7 () PEIS curve of MnO; electrode before cycling in differentt water based electrolyte. (b) CV curves for MnO, in differente water based electrolyte.
At a scan rate of 10 mVs? (c) PEIS curve of MnO, electrode after cycling in differentt water based electrolyte. (d) CV curves for AC electrode at a scan
rate of 5 mVs™. (e) PEIS curve of AC electrode after cycling. (f) Reprinted from [82], Keiseret al. Abschatzung der porenstruktur pordser elektroden
aus impedanzmessungen. Electrochim Acta 1976,21,539-543. Copyright 2022, with permission from Elsevier.

3.3.3. Hybrid 2D Device Measurements

The hybrid device was built according to the procedure described in the experimental section.
Electrodes were balanced in terms of charge, tuning the mass loading during the electroplating
deposition techniques. The evolution of the cell voltage during charge/discharge cycle is shown in
Fig. 8. PEIS was used to evaluate, mainly, the transport properties of the device; from the
measurements resulted an equivalent series resistance of about 7 Q. Capacitance changes with the
scan rate, according to the different diffusion dynamics of the ions through the interface. At low scan
rates, it is possible to observe the maximum charge accumulation process Fig. 8c, enabling full
exploitation of pseudo-porosity. CCCD curves of the device denote a non perfectly linear behavior.

This means that under the rate of 50 pAcm self-discharge phenomena and electric losses occur. Non
negligible is the possible presence of activated carbon particles along the separation, the particles
could generate little resistive paths at the interface becoming terms for charge losses. Several future
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analyses must be carried out to understand and limit the self-discharge effect. After an initial loss of
12 % observed during the first 100 cycles, the capacitance stabilized at 17 mF cm™ cycling at 50 pmA
cm. The specific capacitance is calculated by the eq. 4. The capacitance retention plotted in Fig. 8d
show stability for long cycling the performance of the device tested for over 1500 cycle at 500 pA
cm2 discharge current rate. However, the maximum energy density calculated from eq. 6 reached 5
umWh cm with a discharging time of 550 s. This time scale represents an appropriate time regime
that can allow the use of MnO2-based micro-supercapacitors for the initially proposed purposes, such
as self-powered sensors, wearable electronics or many other applications where standard batteries
suffer short time power requests. No visible gas evolution was noted during cycling. Device energy
and power densities, evaluated by eq. 5 and eq. 6, are reported in Ragone plot Fig. 8e, and compared
with electrochemical performances of planar devices present in last decades’ literature, tested under
similar conditions. Table 1 presents a comparison of the device tested in this work to the recent
pseudocapacitive based micro-supercapacitor. As proposed in a recent review by Gao and Liu [70],
for solid-state supercapacitors, the capacitance should be calculated considering the geometric area,
since the active material weight is significantly lower if compared to the other constituents of the
device. In this case the comparison was made considering only the areal capacitance, electrolyte and
voltage windows of the various devices.
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Fig. 6 (a) PEIS of the hybrid device. (b) CCCD curves of the hybrid device at a current density of 50-500 uA4 cm® (c) areal capacitance at different
current rate (d) Capacitance retention of the devices at a current density of 500 u4 cm of 1600 cycles (e) Ragone plot of the presented work and
previous pseudocapacitive micro-supercapacitors device presents in literature.

Table 1
Material Capacitance Electrolyte Window | Cio00/Co Ref.
mF/cm? \/
MnO/AC (2D) 20 @50pAcm ™2 Na;SOs 1 M 1.6 90 % This Work
MnO,@SiNW (3D) 13 @10mVs? LiCIO4-PMPyrrBTA 2.2 90 % 101050 000771
GQDs/MnO 2 1.1 @15 pAcm? Na,S04 0.5 M 1 95 % 2l
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10.1002/adfm.201203

MnO/C/Al Nanowall Array | 1000 @2 mAcm2 Na;SOs1 M 1 90 % 10.1016,][7717‘3110W5m2
MnO,-Au (Sandwich-3D) 4.3 @50 pAcm 2 Na;SOs 1 M 0.8 83 % 10,1;l;£3§.jz;503
rGO/AuU-FS 0.77@1 Vs? PVA/H2SO4 1 71 % 10.1039,%%;03637
8-MnO- (2D) 0.26@5.4 pAcm™ PEDOT 0.8 80 % 101016,].[.7?‘;]”06”‘201
VN/MnO; (2D) 16@1 mVs? SiO2-LiTFSI gel 2.0 95 % 10'101:?%3::201&
MnO2/rGO 7.43@10 mvs' PVA/H3PO, 0.8 100 % 10.102;/E§afni.8boz

RuO; (2D) 812@1 mvst PVA-doped-(SiWa) 0.9 95 % 10.1002,[:7;9?],‘201901
B-MnO/MPG 6.5@1 Vs? KOH 15 95 % 10'1109,%25,3'2021.3
VN/hRuO2 200@3.7 mAcm? KOH 1 M 1.15 100 % 10'101:,?%%]1;'2021.
MnO./MnO; (ID) 50@10 mvs? EMImTOFgll\-;ILiTFSI 1 -- 10.101%%;2022.

4. Conclusion

This paper presented a complete preparation of a flexible planar 2D hybrid micro-supercapacitor. The
combination of two deposition techniques applied to the same substrate, led to an important
enhancement of the performance of the electrodes. We presented a hybrid capacitor with a negative
AC composite electrode and a positive MnO> composite electrode, working in a neutral aqueous
electrolyte. The processes for active material loading can be considered fully green, because only
zero-impact materials using a water-based solution were involved during the process.

Furthermore, the materials involved are easily available in nature and this facilitates their supply.
These are major strength points of this approach because they will ease the transition to sustainable
large-scale production. The plating solution of Manganese on dendritic gold (D-gold) for the
electrodes fabrication were tested and characterized by a mass loading curve. Physical analyses were
performed to understand the morphology and quality of the electrode surface. A predominant
presence of a-Mn2O3 phase (Bibyxite) was observed. Electrochemical analyses were successfully
performed on the D-gold electrode denoting its great areal boost effect. We obtained a roughness
factor of about 22 by adding a dendritic gold layer between the current collector and the active
material layer. This means an enhancement of the areal factor of about 400 %. We observed that the
electrode with the D-Gold layer can modify the behavior of the surface after cycling, modifying the
slope of the PEIS curve. The final experimental results demonstrate a device with a large voltage
window of 1.6 V in a water-based electrolyte, an areal capacitance of 20 mF cm?, a lifetime over
1500 cycle and a stable capacitance retention, over 90 %. This work aimed to simplify the procedures
inherent to microfabrication, which is a necessary step to bring this technology to the level of a large
scale production. The original approach proposed in this paper involves eco-friendly processes and
low impact active material. Future research should further develop the integration of this technology
with harvester batteries, and sensors in the 10T scenario.
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