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Abstract: Fast electrochemical phenomena occurring in supercapacitors are hard to analyze by ex
situ or in situ techniques because many of them are meta-stable (the supercapacitor relaxes once it is
not further polarized). In a steady state, one observes the effect of charge storage but not necessarily
the mechanism. This is a problem for Raman spectroscopy, too, even though Raman spectra of the
electrodes of supercapacitors are commonly recorded ex situ or in a steady state in situ. Raman
operando is desired, but it represents a technological challenge since the electrochemical events in a
supercapacitor are very fast (occurring within seconds), and in contrast, Raman requires from seconds
to minutes to collect enough photons for reliable spectra. This work presents the development of
electrodes made of thin layers of iron oxide grown solvothermally on Si wafers, with a porosified
surface and resistivity of 0.005 Qcm, to study their performance as electrodes in supercapacitors and
analyze their energy storage mechanisms by cyclic voltammetry and Raman operando. Being flat
and containing just iron oxide and silicon, these electrodes allow for studying interfacial phenomena

with minor interferents.
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Developing energy storage systems with higher reliability, higher capacity, higher effi-
ciency, longer lifetime, lower cost, and higher power has been a hot topic for researchers in
the last two decades [1]. Particularly, high-power energy storage is of great interest because
of the applications demanding it and the challenges of studying it. A supercapacitor (SC) is
an energy storage device with unique features such as a high power density, fast charge and
discharge rate, long cycle life, and wide working temperature range [2]. Researchers have
sought ways to optimize the electrochemical performance of supercapacitors by developing
new electrode materials and cell designs [3]. However, as the energy storage mechanism is
not fully understood, the further development of these devices is limited.

It is commonly thought that the main energy storage mechanism of supercapacitors
is capacitive, directly proportional to the surface area of the active materials. However,
many times, the capacity is larger than expected. In such a case, the charge storage

may not be limited to the surface of the electrodes but should also be related to redox
processes in the shallow bulk of the electrodes (faradaic processes) [4]. When charges
are stored in a way that the current is proportional to the change in voltage in time, it
seems capacitive; however, if one knows that it is not fully capacitive, as stated before, the
mechanism is called pseudocapacitive. So far, it is known that a pseudocapacitive-type
Attribution (CC BY) license (https:// ~ TedoX process occurs over a wide potential range and in a discharge time of seconds—
creativecommons.org/licenses/by/  minutes, while a battery-type redox process occurs at a specific potential and in a longer
40/). time (minutes-hours) [5]. However, as the processes may occur very shallowly in the bulk
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of the electrodes, and they may present metastable phenomena depending on the potential,
they are difficult to study. It is not yet well known how the structure or composition of
metal oxides are altered while charging/discharging the supercapacitors made of them.
The behavior is not entirely clear in the specific case of magnetite (Fe30,). Some authors
attribute its storage to a contribution of EDLC and pseudocapacitance, which imply the
reduction/oxidation of anions specifically adsorbed on the surface [6,7]. Other authors
only attribute its capacitance, at least in part, to a surface redox reaction that depends on
the electrolyte used [8,9].

Here, Fe304 (magnetite) was used in thin layers grown directly on a planar sub-
strate to more clearly observe the processes on the surface. Different methods exist to
synthesize Fe;O,4 nanoparticles, such as ball milling [10], coprecipitation [11], sonochem-
ical methods [12], chemical methods [13,14], and solvothermal methods [15-17]. In this
research, the solvothermal route was used because it is a technique that allows the material
to be synthesized in a single step; on the other hand, it is a soft chemical technique that
offers the possibility of tuning the morphology and size of the particles of the products.
However, the focus is on obtaining thin films, and there are just a few reports of solvother-
mal synthesis of films [18-20]. Particularly, magnetite deposition by the solvothermal route
has still not been well studied.

This work aims to elucidate the energy storage mechanisms of supercapacitors of
metal oxides by operando Raman spectroscopy. Since there are different theories for
electrochemical energy storage mechanisms, which have not been confirmed due to the
high speed of the processes, using an operando technique could be the answer. Operando
Raman studies could allow for the analysis of the intermediate compounds and of the
surface reactions of the electrode with the electrolyte. Fe3sO4 was selected to be studied
in this work as an example, considering that it is a typical material for anionic storage.
For this purpose, Fe304 nanoparticles were grown on a Si wafer with a porosified surface
and resistivity of 0.005 Qcm by solvothermal synthesis without the use of any additives
(conductive additive or binder). The porous surface offered nucleation spots for the
growth of the Fe3O4 nanoparticles, which have the shape of nano-walls. To the best of the
knowledge of the authors, there are no previous reports on operando Raman spectroscopy
of magnetite supercapacitors.

2. Materials and Methods
2.1. Fe3Oy Electrode Synthesis

Iron (IL, III) oxide was prepared using as a precursor an iron (III) chloride hexahydrate
(sigma-aldrich 98%) at 0.12 M, sodium acetate (sigma-aldrich 99%) at 1.2 M as an electro-
static agent to control the particle growth from attracting each other, and ethylene glycol
anhydrous (sigma-aldrich 99.8%) as a high boiling point reducing agent. The mixture was
stirred for 30 min at room temperature to obtain a well-dispersed solution before trans-
ferring into a hydrothermal Teflon reactor. The synthesis conditions were 12 h at 195 °C,
just like other investigations, to produce iron oxides [21,22]. However, the difference in
the present work is that magnetite was deposited on a textured Si chip (of 1 cm?). For this,
the chip was introduced in the Teflon reactor before adding the mother solution. After
the synthesis, the sample was recovered by magnetic separation. Afterward, repetitive
washes were performed with ethanol and water. Then, the sample was allowed to dry
under vacuum. The final product was a uniform film of magnetite with 0.0163 g weight on
the textured substrate.

2.2. Silicon Substrate Treatment

A p-type silicon wafer (1-0-0) chip with a 0.001-0.005 Qdcm resistivity and thickness of
500 =+ 10 pm was treated with a 4:4:32 (V:V:V) etching solution of HF:H,O,:H,O for 10 min
at 40 °C. These conditions have effectively achieved texturization of the silicon wafer [23],
aiming to obtain nanometric nucleation points for the deposition of iron oxide.
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2.3. Characterization

X-ray diffractometry was performed with a Panalytical-Empyrean diffractometer
to identify the solids formed after the solvothermal process. A Horiba LabRAM Raman
microscope (Minami-ku, Kyoto, Japan) with a He-Ne laser (632.8 nm) was used for chemical
and structural analysis. The morphology of the samples was observed by scanning electron
microscopy (SEM) with a JSM-7800F (Jeol, Akishima, Tokyo, Japan). Cyclic voltammetry
was performed using a Zennium Zahner potentiostat (Kronach, Germany). For this, an
electrochemical cell with three electrodes was used. The counter electrode was platinum,
with Ag/AgCl as a reference electrode, and the iron oxide was deposited on a Si chip as a
working electrode. Measurements were made using 1 M sodium sulfate (Na;SO4) or 3 M
potassium chloride (KCl) as electrolytes at scanning rates of 2-200 mV/s.

3. Results and Discussion

The diffractogram of the powder product without substrate (Figure 1) shows peaks
located at angular positions of 18.4°, 24.8°, 30.2°, 35.6°, 37.4°,43.3°, 53.7°, 57.2°, 62.8°, 71.4°,
74.2°,75.6°, and 79.3° 20 indexed to the planes (111), (211), (220), (311), (222), (400), (422),
(511), (440), (620), (533), (622), and (444) of Fe304 (magnetite), which has a cubic structure
with space group Fd-3m (JCPDS #100-6668) [24]. Using the Debye-Scherrer equation [25]
and measuring the FWHM of the (311) peak, the crystallite size was determined to be
18.5 nm. No characteristic peaks of other iron oxides were observed in the XRD pattern.
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Figure 1. XRD pattern of Fe304 synthesized via a solvothermal route.

Raman spectra were recorded to confirm the presence of magnetite. Figure 2 illustrates
the spectrum for the iron oxide film deposited on the silicon wafer, which showed three
prominent bands at 310, 460, 530, and 666 cm ! associated with the vibration modes Eg,
Tag, Tog, and Ajg of magnetite [26]. All bands can be attributed to Fe-O lattice vibrations.
Furthermore, the Aj¢ band is broad and prominent, as is characteristic of magnetite [27].

Figure 3 shows SEM micrographs of the silicon chip coated with iron oxide. This
technique corroborates that iron oxide is obtained in nanometric size. One can conclude
that by carrying out a single-step synthesis process, the nanostructures can be deposited
on a Si current collector to be used as an electrode in a supercapacitor. Figure 3a is a
micrograph of a chemically treated Si chip; it can be seen that pores of about 55 nm are
formed and are evenly distributed on the Si surface. Figure 3b,c show micrographs that
indicate that a uniform coating of iron oxide particles is deposited on the Si substrate.
The particles have a nano-wall shape. Such a large-surface-area shape is promissory for
enhanced electrochemical performance [28]. The growth and distribution of the iron oxide
particles coincide with the size and distribution of the nanopores in the silicon wafer. This
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indicates that the pores at the surface of the Si chip served as a nucleation point for the iron
oxide, influencing its size and shape.
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Figure 2. Raman spectrum of Fe3Oy4 on a textured silicon chip.

Figure 3. SEM micrographs of (a) the porosified silicon chip and of (b,c) the Fe304 film.

Cyclic voltammetry tests were performed using a three-electrode cell to determine
the iron oxide processes when used as a supercapacitor’s electrode. Figure 4 shows the
voltammograms belonging to the Fe;Oy films in a Na;SO4 [1 M] aqueous solution at the
rates of 2, 5, and 10 mVs ! in a potential window of —0.9 to —0.2 V. An increase in the
width of the graphs when increasing the rates and a well-defined rectangular shape can be
attributed to the simultaneous occurrence of faradaic and non-faradaic processes to store
energy [29]. At higher rates (Figure 51), a large ohmic contribution to the total current can
be observed (the slope of the curves is large).

The thin films used as electrodes in a supercapacitor were analyzed by ex situ Raman
before and after cyclic voltammetry. After being cycled with the NaySO, electrolyte,
considerable differences were found when compared with the pristine sample. In Figure 5,
one can see that in the Raman spectrum, besides the Fe304 bands, bands corresponding
to the hematite phase («-Fe;O3) appear at positions 220, 240, 305, and 610 cm~! [30]. The
additional bands at 520 and 992 cm ™! correspond to Si and Na,SOy, respectively. The
result indicates that magnetite was oxidized to hematite when using an electrolyte with a
high oxygen content, such as NapSOy, during cyclic voltammetry. It has been shown that
the oxygen in an aqueous solution is unable to turn magnetite into hematite. However,
adding an oxidant triggers the oxidation reaction [31]. Na;SO4 works as an oxidant to form
hematite, as described in Equations (1) and (2) [31]:
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Figure 4. Cyclic voltammetry of the Fe3Oy4 substrates in Na;SOy at different scan rates.
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Figure 5. Ex situ Raman spectrum of the Fe;O; film after the CV cycles in [1 M] NaySOy.

Considering that magnetite is oxidized to hematite in NapySOy, cyclic voltammetry was
then performed using 3 M KCl as an electrolyte. We decided to change the electrolyte to one
that does not contain oxygen in its structure to avoid the oxidation of magnetite. KCI has
already been used in supercapacitors in the range of —0.1 to 0.7 V, avoiding oxidation [32].
It is known that the presence of oxygen-containing functional groups favors the oxidation
of mixed oxides such as magnetite [33]. In this work, we tried to avoid the oxidation
of magnetite to hematite because the capacitances reported for hematite are much lower
(~190 E/g) [34,35] than those of Fe3O4, which are around 500/600 F/g [8,36,37].

Figure 6 shows the voltammetric responses obtained at different scan rates from
2mVs~! to 10 mVs~!. In all cases, the potential sweep initiates negatively concerning the
zero-current potential. It is observed that at slower scanning rates, the electrode’s response
as a supercapacitor is better. A semi-rectangular shape is observed, but a faradaic peak
can be observed even at rates as high as 10 mV/s at about 0.15 V. The electrochemical
performance of the electrodes highly depends on the physicochemical properties of the
electrolyte, such as molar conductivity and ionic mobility [38]. The current density observed
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with KCl is larger than with Na;SOy, probably due to the higher ionic conductivity of the
KCl solution (probably because it has a higher concentration).
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Figure 6. Cyclic voltammetry of the Fe3O4 substrates in KCl at different scan rates.

Fe30y is known as an anion-storing electrode for supercapacitors. As KCl is a salt
that readily dissociates in water, the C1~ anions could be adsorbed and desorbed on the
surface of the Fe3Oy particles, being responsible for the capacitance and pseudocapacitance.
Physisorption and desorption of C1™ are not exactly reversible, or they have different
velocities, so the CV curves were not found to be symmetrical, which is in agreement with
previous studies [39,40].

Ex situ Raman was used to analyze the supercapacitor electrodes before and after
cycling using a KCl electrolyte, as shown in Figure 7. In this case, the spectrum did
not change significantly, and no bands corresponding to other iron oxides appeared. The
predominant bands observed were those of magnetite at 670, 530, and 310 cm L. This makes
KCl a good candidate for analyzing the storage mechanism of Fe304 in an electrochemical
supercapacitor.
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Figure 7. Ex situ Raman spectra of Fe3Oy film before and after the CV cycles in [3 M] KCl.

To calculate the capacitance of the supercapacitor assembly being evaluated, Equation (3)
was used, which describes the typical relaxation time (7) of a capacitor with capacitance C in
parallel with a resistor with resistance R. Any real capacitor presents conduction current,
whose existence can be modeled with R. The values of T and could be obtained from the
current components that can be observed in the voltammogram of Figure 8. The exponential
line represents mainly a capacitive current (ic) since it is at least one order of magnitude
larger than the ohmic current in the marked current section. By fitting that curve section
with Equation (4) and changing the x-axis by time, T can be calculated. Here, t is the time,
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and iy is the current at time ¢ = 0. This fit is correct if performed at voltages at which redox
contributions to the current are minimum (where no peaks are observed). Finally, the
linear line represents an ohmic current (ig), from which the resistance can be obtained with
Equation (5), where V is the voltage and % is the inverse of the discrete derivative of the
curve. The whole data treatment to determine the C of a supercapacitor can, from now on,
be known as Quiroga’s method.
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Figure 8. Typical cyclic voltammogram indicating the different components of the observed current.

Table 1 illustrates the behavior of capacitance, resistance, and relaxation time as a
function of the scan rate of the analyzed sample in KCl. The capacitance at high scan rates
has an almost constant tendency, which can be attributed to the fact that the capacitive
component of the supercapacitor does not respond correctly due to the concentration of the
electrolyte (Figure S2). This material’s activity as a supercapacitor is generally analyzed
at rates lower than 20 mVs~! since the response is not linearly proportional to the scan
rate compared to an ideal capacitor [41]. As the scan rates decrease, it can be observed that
the capacitance is larger and relatively constant. On the other hand, the resistance and the
relaxation time increase. Since the resistance of the solution and the electrode can distort
the response of the current at the switching potential, and this distortion depends on the
scan rate, the shape of the curves changes when increasing the scan rate [42].

Table 1. Capacitance, resistance, and relaxation time values as a function of the scan rate.

Scan Rate [V/s] R[] T [s] C[F] C [F/g]
0.002 881.05727 45.79298 0.05198 16.65866
0.005 505.61798 22.94127 0.04537 14.54254

0.01 321.94598 14.39368 0.04471 14.32961
0.02 242.71845 9.96214 0.04104 13.15513
0.05 271.96653 6.22587 0.02289 7.33719
0.1 240.32043 4.2858 0.01783 5.71593

0.2 283.28612 2.6158 0.00923 2.95954
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To gain insight into the storage mechanism of iron oxide thin films used as electrodes
in a supercapacitor, we analyzed the capacitive (icsp) and diffusive (igy) currents using
Equation (6), where Vel is the voltage sweep rate and Ky is the diffusion coefficient. This
equation is a modification of Dunn’s equation, typically used to explain the energy storage
mechanisms in supercapacitors, but incorporating the ohmic current. To know about the
diffusion and capacitive currents, the ohmic current must be first eliminated. The premise
of the existence of the ohmic current is the base of Quiroga’s method. The results are
condensed in Table 2 for the current at about 0.15 V (where a redox peak is observed). It
can be observed that at voltage scan rates up to 50 mVs~!, charge storage is diffusion-
limited (icap /iy < 1), despite the capacitance being relatively constant in that voltage
scan rate range. Supercapacitors are commonly planned to have a high capacitive or
pseudocapacitive response, looking for high power density [43,44]. When the process is
limited by diffusion, as in the present case, the charge/discharge rates are constrained, and
also the power density obtained [45,46].

i=Iig+ icap + idif =ig+ C Vel + KdifVel% (6)

Table 2. Capacitive and diffusive current and their relationship as a function of scanning rate.

Scan Rate [V/s] C=7/R[F] icap idif imp/idif
0.002 0.05198 1.04 x 1074 7.42 x 1074 0.1401
0.005 0.04537 227 x 10~* 0.00109 0.20898
0.01 0.04471 447 x 10~* 0.00134 0.33273
0.02 0.04104 821 x 10~* 0.00125 0.65907
0.05 0.02289 0.00114 0.00156 0.73582

0.1 0.01783 0.00178 7.93 x 1074 2.24978
0.2 0.00923 0.00185 9.69 x 10* 1.90594

Under experimental conditions, magnetite is easily prone to oxidation when exposed
to heat or humidity. In fact, during the measurement of the Raman scattering spectra, the
cell assembly with the Fe;0y electrode was exposed to the environment for several hours,
which led to the sample being slightly oxidized before being measured in the operating
Raman. In the oxidation of magnetite, the crystal size is a crucial factor in determining
oxidation kinetics and, therefore, different oxidation mechanisms [47]. For tiny crystals
(less than 300 nm), an intermediate phase, maghemite (y-Fe,O3), is produced before the
final product, hematite (x-Fe,O3), is formed [48].

The iron oxide-based electrode was characterized by means of operando Raman
spectroscopy. There are some works on operando Raman spectroscopy of some metal
oxides and 2D materials [49-51], especially studying batteries [52,53]; however, there are
no previous reports on operando Raman of Fe304 electrodes in a supercapacitor. Applying
the technique to the study of supercapacitors could be complicated due to the short-time
processes occurring and the long time needed to acquire a good number of counts by
Raman. In this work, the study of magnetite electrodes was enabled by growing them as a
thin film directly on an inert substrate without using any additives or binders that could
mask certain phenomena.

Raman spectra were recorded while performing cyclic voltammetry in the range of
—0.81t0 0.6 V at a rate of 5mVs~!. The band at 490 cm !, corresponding to the y -Fe;O3
(maghemite) phase [54], is the one that suffers the largest changes, as can be observed in
Figure 9. No apparent changes could be observed in other bands (see Figure S3). As a
shoulder at about 510 cm ™!, it is possible to identify Fe30, (magnetite) [18]. Interestingly,
as the voltage goes to positive values, the band moves towards maghemite, while it moves
towards magnetite when going back to negative values. A vertical dashed line is drawn in
Figure 9 in order to easily observe this shift. The observed phenomenon can be explained
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in the following way: when the voltages go positive, the chlorine ions are attracted to the
surface of the electrode, and they cannot only form a double-layer electrochemical capacitor
but they can also be allocated inside the iron oxides, as elucidated from the voltammetry
tests. Such an effect has been observed in studies of chlorinated water in iron pipes. In the
presence of chlorine, ferrous oxides are transformed into ferric oxides, and the residual
chlorine is consumed in the process [55]. Actually, Fe is partially in ferrous form (2+) in
magnetite, and it is in ferric form (3+) in maghemite. The shift may be enhanced due to the
stress induced by the incorporation of chlorine. It is known that when there is tensile stress
(as occurs when introducing chlorine into the structure), there is a red shift of the Raman
bands, and when there is compressive stress (as occurs when releasing chlorine), there is a
blue shift [56]. It is remarkable that the process is reversible in the present study.
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Figure 9. Raman operando spectra of Fe3Oj film (a) charge and (b) discharge in [3 M] KCI.

4. Conclusions

Using the solvothermal method and Si substrates with a porosified surface, it has been
possible to deposit thin films of Fe3O4. These samples have been used as model electrodes
of supercapacitors to study interfacial phenomena by voltammetry and operando Raman.
It has been observed that diffusion-limited processes dominate energy storage, even at
voltage scan rates of 50 mVs~!, despite the capacitance being relatively constant. This
process could be related to chlorine incorporation into Fe;Oy, causing its oxidation to
v-Fe;O3. At much larger voltage scan rates, energy storage is mainly capacitive despite it
being low. This study may represent the first one on operando Raman of Fe3Oy, electrodes
in a supercapacitor, and one of the first ones on operando Raman of supercapacitors in
general. The developed methodology can be applied to other fast electrochemical systems.
The formation of meta-stable compounds, as has been evidenced in the present study, is
complicated by any ex situ techniques.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 / physchem4040037 /s1, Figure S1. Cyclic voltammetry and ca-
pacitance of the thin Fe3Oy4 substrates in [1 M] NapSOy, at different scan rates; Figure S2. Cyclic
voltammetry and capacitance of the thin Fe;O4 substrates in [3 M] KCl, at different scan rates: Figure
53. Raman operando spectra of Fe3Oy film in [3 M] KCI. Reference [57] appears in the Supplementary
Materials file.
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