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Scalable fabrication and electrochemical characterization of
binder-free Fes0,@C films on Cu Current Collector

Hameed Ullah,*2 Seyedhossein Mortazavi, 2 Assegid Mengistu Flatae, ® Asad Muhammad Khan, ©
and Xin Jiang *2

Here we present a scalable strategy for fabrication of nanostructured magnetite (Fe;O4) films directly on a copper (Cu)
current collector as potential anodes for energy storage devices. Hydrothermal synthesis was employed in first step to realize
Fe304 films which were subsequently encapsulated in carbon shell in a controlled way using chemical vapor deposition (CVD)
techniques. Through a systematic investigations, it was revealed that lower hydrothermal temperature (80°C) gives
rhombus-shaped nanoarchitectures which were primarily composed of a-FeOOH. At higher temperature (120°C), three-
dimensional (3D) superstructures comprising of Fes;0s/iron carbonate (FeCOs) composite nanolayers were found.
Furthermore, it was revelaed that, irrespective of the composition of hydrothermally synthesized film, each one converted
upon calcination to a cubic Fe;04 without any significant changes in the morphology. A conformal carbon encapsulation
allowed to form Fe;0,@C core—shell structures having tunable shell thicknesses and strong interfacial bonding (Fe-O-C).
Although structural investigations showed improvement in crystallinity with carbon encapsulation by either CVD techniques,
but it was more pronounced in case of microwave plasma CVD (MP-CVD), which also induced partial reduction of Fe;0,4 to
metallic iron (Fe). The films showed pseudocapacitive behavior in 1M Na,SO, during electrochemical evaluation, and stored
charge at lower scan rates predominantly by a diffusion-controlled process, which decreased with increasing scan rate,
leading to a dominant capacitive process for charge storage. The developed binder-free films have a great potential as highly
robust anodes for lithium and post-lithium ion batteries (LIBs), supercapacitors, and battery-supercapacitor hybrid devices.

Introduction

The demand for environmentally responsible and renewable energy
has increased significantly, owing to the escalating demand for rapid
electrification of transportation; consequently, the demand for high
capacity energy storage systems for large scale applications has
intensified during the last couple of years 3. Presently, lithium ion
batteries (LIBs) are the preferred energy storage devices owing to
their high energy storage density and reliability 3. However, the
commercially available LIBs of today rely primarily upon electrode
materials which are suffered by their intrinsically low theoretical
specific capacities °. For example, the main anode material i.e.,
graphite has a theoretical specific capacity of 372 mAhg? which is
already achieved ®. It is, therefore, unrealistic to look towards these
materials for their implementation in LIBs having the potential to
fully meet future requirements of the extended range and high
power applications 7-°. Owing to these facts, it is need of the time to
develop alternative anode materials, having high specific capacities,
low cost, environmental accountability and robustness compared to
the conventional graphite-based anodes 1°.
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Transition metal oxides (TMOs) are decorated with nearly all these
characteristics, and therefore, attracted significant research
attention. While operating via conversion reaction mechanism,
majority of them, TMOs have the capabilities to deliver specific
capacities many times higher than the graphite-based anodes owing
to their utilization of multiple oxidation states 112, Among the TMOs,
magnetite (Fes04) is particularly interesting as electrode material for
energy storage devices owing to its high theoretical capacity of ~920
mAhg1, environmental benignity, abundance, and cost-effectiveness
13, Fe30;4 is highly versatile as an energy storage material, showing
extended potential as electrode material not only for LIBs but in
some of the emerging energy storage technologies like post-LIBs and
supercapacitors 14717,

Despite all these advantages, Fe304 anodes could not pave their way
towards large scale implementation in practical energy storage
devices owing to their fundamental challenges which are intrinsic to
nearly all conversion-type electrode materials. Two of these
challenges i.e., extreme volume changes during conversion and low
electrical conductivities are particularly significant to be considered
while designing and developing the electrode materials. First, the
volume change during metalation/demetalation is massive (>200%),
leading to significant mechanical stress which causes active material
pulverization, electrical isolation, and continuous fracturing of the
solid electrolyte interphase (SEl) layer 1820, Second, the intrinsically
low electrical conductivity of Fes04 is responsible for restricting the
electron transport kinetics on one hand, and on the other hand,
limiting the rate capability 2. Additionally, these issues are further
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aggravated in the traditional slurry based electrode fabrications by
the polymer binders and conductive additives as they are responsible
for introduction of inactive mass/volume on one hand, and on the
other hand, rely on the weak van der Waals forces between the
material and the current collector 142223,

The issues related to the binders could be overcome by growing the
active materials directly onto the current collector through an
effective strategy to realize binder-free electrodes 2426, The
architectures which are engineered this way help in ensuring of
robust electrical contact on one hand, and on the other hand, help in
eliminating of inactive weights of the resulting electrodes 2°.
Additionally, if included during fabrication, the open porous
structure accommodates effectively the strain produced during
cycling 26, This strategy have been previously demonstrated and
reported, showing improved performance of hydrothermally grown
FesOs materials directly onto the substrate 27-2°. However, the
intrinsic issue of conductivity and pulverization at the particle level
could not be alone resolved through the binder-free approach. The
remaining challenges could be effectively overcome by
encapsulating the Fes04 particles of the directly deposited materials
on the current collector within a conductive carbon shell 3032, A
viably designed and robustly engineered carbon shell while acting as
physical buffer mitigates the volume changes during cycling on one
hand, and on the other hand, provide continuous conductive
pathways 33735, Of the various techniques and approaches available
and employed for this purpose, chemical vapor deposition (CVD) is
quite a unique technique with numerous advantages while coating
complex three dimensional (3D) architectures. For example, CVD
provide uniform and conformal coatings without compromising the
original morphology of the underlying particles as it involves a gas-
phase process that can penetrate complex pores 3638,

However, to the best of our knowledge, there is lacking of a
systematic investigations of binder-free FesO, encapsulation in
carbon shell by CVD, and thus a large research and technology gap
exists in this regards. Therefore, in our opinion, it is needed to
address this gap effectively through a viably designed and robustly
executed fabrication strategy. Furthermore, the effect of CVD
parameters on the phase, microstructure and morphology of the
carbon encapsulated Fe304 architectures is not well understood, and
thus on their electrochemical performance. Therefore, a systematic
probing of the CVD parameters influence on the binder-free Fe304
material properties and its electrochemical performance is critical to
be investigated.

Numerous synthesis methods have been explored for preparation of
morphology-specific nanoarchitectures. However, realization of
Fe304 directly on the current collector in the desired shape is quite
challenging, if not impossible. Despite these challenges, the
hydrothermal synthesis method is decorated with more pros than
cons, including control over engineering of the desired architecture
at nanometer-level scale, for achieving this goal . It is pertinent to
mention here that the shape of nanoparticle is critical in dictating the
functionalities of the materials %41, For example, rhombus-shaped
one-dimensional (1D) nanostructures showed higher
electrochemical performance, which was owed to their unique
architecture and morphology >~%4. These unique architectures, i.e.,
rhombus-shaped 1D nanorods for FesO4 have not been explored to
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binder-free electrode materials directly on th&¢ukdRteolectepO12F
Here, we present on the fabrication of binder free Fe304 films directly
on the current collector in the desired morphologies by the so-called
hydrothermal synthesis, and carbon encapsulation of these films by
two distinct CVD systems including thermal CVD (T-CVD) using
acetylene (C;H;) gas and microwave plasma enhanced CVD (MP-CVD)
using methane (CH,4) gas as carbon sources to investigate the effect
of carbon encapsulation on the structure and properties of the
resulting nanomaterials. The aim was to demonstrate that the
selected method of synthesis of Fe304, i.e., hydrothermal have the
potential to equip us with the ability to tailor the shape of the Fe3z04
nanoarchitectures as desired. Furthermore, the aim was to coat the
binder-free Fe304 intricate films without compromising their
morphology. Finally, it was aimed to systematically investigate the
structure-property relationships by following the fabricated film
electrochemically.

Experimental

Materials

All the materials used in this research were purchased from
commercial suppliers and used as received unless mentioned
otherwise. Copper (Cu) foil (>99.95 %) of 0.1 mm thickness was
purchased from Carl Roth GmbH and cleaned by ultrasonication for
10 minutes in distilled water (produced in our own laboratory facility)
followed by ethanol (>96 % of VWR Chemicals). The thoroughly
cleaned Cu foil was overnight dried in laboratory oven at 60°C.
Iron(ll) sulfate heptahydrate (FeSO4-7H,0) (>99 %) and Na;SO4 (>99
%) of Sigma-Aldrich, urea (99 %) of ThermoFischer and ammonium
fluoride (NH4F) (~96%) of Alfa Aesar were purchased from
commercial supplier and used as received.

Hydrothermal processing

Following the reported procedure 26, the solution for hydrothermal
processing of Cu foil was prepared by dissolving 5 mmol of
FeS0O4-7H,0, 15 mmol of urea and 10 mmol of NH4F into 70 mL of
distilled water by stirring at 500 rpm at room temperature. After 10
minutes of stirring, the solution was transferred into a PTFE-lined 125
mL stainless steel autoclave (acid digestion vessel of Parr Instrument
(Deutschland) GmbH) along with thoroughly prepared Cu foil which
was positioned at 45°. After tightly closing, the vessel was placed in
a laboratory oven which was pre-heated to the desired temperature
of 80°C (120°C), and maintained for 12 hours. Afterwards, the vessel
was allowed to cool down to room temperature naturally. The Cu foil
was retrieved, and rinsed with ethanol and distilled water. The loose
powder, which were precipitated in the vessel, were recovered by
centrifugation at 6000 rpm and cleaned by washing with distilled
water and ethanol. Both Cu foil and the powder were dried overnight
at 60°C in the laboratory oven, and then calcined at 450°C under
nitrogen (N;) stream (200 sccm) for 4 hours while furnace was heated
at a rate of 5°C/min.

Carbon-encapsulation

This journal is © The Royal Society of Chemistry 20xx
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Carbon encapsulation of the resulting films particles were carried out
by CVD techniques including thermal CVD (T-CVD) and MP-CVD. The
post-calcination films were inserted into the T-CVD chamber which
was then sealed tightly and flushed with dry N, for 30 minutes.
Afterwards, the chamber was heated at a rate of 5°C/min up to 450°C
and then flushed with Ar gas. For coating, a mixture of Ar (80%) and
acetylene (C;Hz, Messer Industriegase GmbH, Germany) (20%) was
allowed into the chamber for 30 minutes followed by cooling of it
naturally to room temperature. Likewise, MP-CVD was used for the
carbon-encapsulation of the films particles. The sample was placed
in the MP-CVD chamber which was flushed for 10 minutes with
hydrogen (H3), flowing at rate of 100 sccm and pressure of 15 Torr.
Afterwards, CH4 at 10 sccm flow rate and 19 Torr of pressure was
allowed to enter the chamber. The coating was continued for five
minutes at microwave power of 500 W during which time the
temperature raised to ~450°C.

All the prepared samples are summarized in Table SI-1, showing the
sample codes used in this manuscript and the synthesis parameters.

Characterization

The x-ray diffraction (XRD) data were collected by PANalytical
Empyrean (XRD) diffractometer which was equipped with Cu Ka (A =
1.5425 A) radiations. The data were searched and matched by
XPertPro software while Rietveld refinement were carried out by
FullProf Suite. Raman spectra were measured using InVita Reflex
(Renishaw) equipped with Laser (excitation A = 656 nm) which was
used for continuous perpendicular illumination of the sample. X-rays
photoelectron spectroscopy (XPS) measurements were performed
on SSX-100 (XPS) spectrometer (Evans Analytical Group LLC) and the
data were fitted using CasaXPS software. Scanning electron
microscopy (SEM) images were acquired by using Zeiss Ultra 55 (FE-
SEM). Energy-dispersive X-ray (EDX) spectroscopy was carried out
with a FE-SEM coupled Thermo Scientific detector, and quantitative
and qualitative elemental analysis spectra and mapping were
acquired. Transmission electron microscopy (TEM) and scanning TEM
(STEM) were performed over FEI Talos 200 FA.

Electrochemical measurements

Electrochemical measurements were performed in a conventional
three-electrode cell by CHI660E Electrochemical Workstation. A1 cm
x 1 cm piece of the film was used as working electrode. Platinum (Pt)
wire was used as counter electrode while Ag/AgCl was used as
reference electrode. All the measurement were made in a 1 M
Na,SO; solution at room temperature. Cyclic voltammetry (CV)
measurements were studied in the potential window of 0 Vto-1.0V
at different scanning rates ranging from 5 mV/s to 150 mV/s. For
each sample, two cycles were recorded. Electrochemical impedance
spectroscopy (EIS) measurements were carried out at open circuit
potential in the frequency range of 10 kHz — 0.01 Hz while keeping
the AC perturbation amplitude of 5 mV.

Results and discussion

The samples were prepared with the aim to fabricate FesO4 films
directly on the current collector i.e., Cu for applications as negative
electrode (anode) in solid state batteries. As anticipated, the material

This journal is © The Royal Society of Chemistry 20xx
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deposits on the Cu substrate as film, while the excess;settles.down
as powder. The powder as well as filnPQhéPelOfEtFREVEEOERE
characterized by powder XRD. The pre- and post-calcination XRD
patterns of the powder received at the end of hydrothermal process
carried out at 80°C are presented in Fig. 1(a), showing distinct
diffraction peaks. However, the position and intensities of the peaks
are different for the pre- and post-calcination powder, indicating that
the crystalline phase and composition of the as received powder has
changed upon calcination. Peaks in the XRD pattern of pre-
calcination powder were searched and matched using XpertPro and
found that the powder is composed of iron oxy-hydroxide (FeOOH).
The main intensity peaks match with standard XRD pattern of B-
FeOOH given by the powder diffraction file (PDF) [01-075-1594] in
the inorganic crystal structure database (ICSD). A small fraction of
peaks was found, matching the standard XRD pattern of a-FeOOH
(PDF: [00-017-0536]), indicating the fact that the FeOOH powder
crystallizes in two phases in which B-FeOOH is the majority while a-
FeOOH is the minority phase. The post-calcination XRD pattern
shown in Fig. 1(a) was searched and the peaks were matched with
standard XRD pattern of cubic Fe3O4 given by PDF [01-076-1849].
From the XRD data it is obvious that the FeEOOH decomposes upon
heating under the applied conditions and converts to Fe;O4
according to the following proposed decomposition reaction (Eq. 1).

12Fe00H 2% 4Fe,0, + 6H,0 + 0, (1)

Furthermore, it is evident that the transformation of FeOOH to Fe304
completes under the applied conditions, as no other phase is shown
by the XRD pattern of the post-calcination powder.

XRD pattern of the film deposited directly on Cu substrate through
hydrothermal processing at 80°C is presented Fig. 1(b), showing
distinct diffraction peaks at various 26. The intense peaks at 26 of
43.29°, 50.42° and 74.11° correspond to the diffraction peaks of Cu
substrate as per matching with the standard XRD pattern given in
ICSD by PDF [01-085-1326] and the uncoated Cu substrate XRD
pattern which is presented in Fig. SI-1. The rest of the diffraction
peaks were searched and matched by XpertPro, and found that they
match well with standard XRD pattern of a-FeOOH which is given by
PDF [01-081-0462] in ICSD. Contrary to the settled down powder
which were mostly composed of B-FeOOH, the film is comprising of
o-FeOOH. Like powder, the as fabricated film by hydrothermal
treatment at 80°C converts to FesO04 which is confirmed by the XRD
pattern presented in Fig. 1(b), showing intense diffraction peaks
which match exactly with the standard PDF [01-076-1849] of cubic
Fes304. The post-calcination film on Cu substrate was subjected to
carbon coating of the Fe3Os4 material by thermal CVD, and the
pertinent XRD pattern is presented in Fig. 1(b). In comparison to the
pre-carbon-coated film, XRD pattern of the post-carbon-coated film
appears with some visible changes. A hump superimposed with a
diffraction peak of FesO4 appears in 20 range of 15° to 25°. Secondly,
the intensity of Fes04 peaks decreases. However, the peaks upon
search and match corresponds to the reflection of standard XRD
pattern given by PDF [01-076-1849] of Fe304. This indicates that the
film material is crystalline, and the phase and composition remained
unchanged after coating with carbon. The changes including
appearance of the hump and the decrease in intensity of Fes04 peaks
could be corresponded to the presence of amorphous carbon. The
XRD pattern in Fig. 1(b) of the film coated with carbon by MP-CVD

J. Name., 2013, 00, 1-3 | 3
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tells a different story. Like the XRD pattern of carbon-coated film by
thermal CVD, the MP-CVD carbon-coated film shows a broad hump
in 20 range of 15° to 30°. The search and match of the XRD pattern
by XpertPro show that the basic crystalline structure remain
unchanged i.e., the film is composed of FesO4 as the pre-carbon-
coated film was. However, contrary to the thermal CVD carbon-
coated film, intensity of Fe3Os4 peaks increased significantly,
indicating an improvement in the crystal quality. Furthermore, new
peaks in addition to those of Fe304 and Cu substrate appeared at 26
of 44.63° and 64.87°. Upon search and match it was found that these
very peaks match with the standard XRD pattern of iron (Fe) given by
PDF [01-087-0721] in the ICSD. It means that the FesO4 film upon
subjecting to carbon coating by MP-CVD underwent reduction,
though partially.

XRD patterns of the pre- and post-calcination powder sample
retrieved from autoclave which was heat treated at 120°C for
fabrication of film on the Cu substrate are presented in Fig. 1(c).
Diffractogram of the as received powder sample shows distinct
diffraction peaks which were searched and matched by XpertPro
with the standard XRD pattern of cubic FesO4 given by PDF [01-076-
1849] in ICSD. A second set of lower intensity reflections at 26 of
24.62°,31.97°, 38.09°, 46.15°, 50.99°, 52.79° etc. was found besides
the diffraction peaks of Fe30,4. After search and match by XpertPro
with standard XRD pattern given by PDF [00-003-0746], it was found
that these peaks are owed to the reflections from crystal planes of
iron carbonate (FeCOs). The post-calcination XRD pattern of the
powder retrieved from autoclave of the hydrothermal process
carried out at 120°C is presented in Fig. 1(c), showing distinct peaks
which were searched and matched with standard XRD pattern (PDF:
[01-076-1849]) of cubic Fe304. This indicates that under the given
calcination regime, the powder comprising of Fe304 and FeCOs were
converted to a single phase material i.e., Fe304 according to the
following proposed decomposition reaction of FeCOs (Eq. 2).

Calcination

6F6603 2F3304_ +C+5C02 (2)

Besides the peaks of Fe304 phase, no other peaks are shown by the
XRD pattern of post-calcination powder sample.

The films fabricated on Cu substrate by hydrothermal processing at
120°C were characterized by powder XRD and the pertinent
diffractograms are presented in Fig. 1(d). The as fabricated film gives
well established peaks in its XRD pattern for the Cu substrate and the
coating on it. Upon search and match by XpertPro, the peaks other
than those of Cu substrate are the result of reflections from
crystallographic planes of Fes04 and FeCOs as these peaks match very
well with the standard XRD patterns of cubic FesOs and
Rhombohedral FeCOs which are given, respectively, by PDF [01-076-
1849] and [00-003-0746] in ICSD. Contrary to the powder sample,
film has higher amount of FeCOs. Upon calcination of the as received
film, the crystal quality improved significantly which is evident from
the intensity and narrowing of the peaks in the XRD pattern of the
post-calcination film presented in Fig. 1(d). The peaks were searched
and matched by XpertPro, and found that the film is composed of a
single phase i.e., Fes04 as the reflections match very well with the
stand XRD pattern of Fe304 given by PDF [01-079-0418] in ICSD. The
XRD pattern of the post-calcination films after coating with carbon
by thermal CVD is presented in Fig. 1(d). The peaks match with a
single phase i.e., cubic Fe304 given by PDF [01-079-0418] from the

4| J. Name., 2012, 00, 1-3

ICSD. However, the peaks intensity is lower after coating with-cashop
which is also shown by a broad hump iROthE) XRB/atteryias
amorphous material. The film coated with carbon by MP-CVD gives
peaks which match with standard XRD pattern in PDF [01-075-1372]
of cubic Fe304. However, the diffractogram gives also peaks for a
second phase which is matched with PDF [00-006-0696] in ICSD of
cubic Fe. A hump superimposed with peaks of Fe304 phase is also
given by the XRD pattern, indicating the presence of amorphous
carbon.
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Fig. 1. Powder XRD patterns of the pre- and post-calcined powder
obtained by hydrothermal processing at 80°C (a) and 120°C (c), and
films deposited on Cu-substrate by hydrothermal processing at 80°C
(a) and 120°C (b), and subsequently coated with carbon by thermal
and microwave plasma CVD.

Rietveld refinement of the samples (residual powder and films) was
carried out by employing the Rietveld’s whole-profile fitting method
using FullProf software 4°, and the pertinent XRD patterns with
Rietveld refined data are presented in supplementary information
(SI). In the refined XRD patterns presented in SI, the Bragg’s peak
positions are given by vertical lines, the line of difference between
the observed and the calculated intensities is presented at the
bottom of the corresponding patterns, the observed intensity is
given by open circles and the refined/calculated intensity by Rietveld
refinement is given as solid line superimposed over the measured
XRD pattern. The reflection peaks are labelled with the
corresponding lattice planes. Pseudo-Voigt analytical function given
in Table SI-2 and 5 was used for fitting the experimental diffraction
profiles as it has certain advantages discussed elsewhere %6, The
refinement steps involve refinement of the parameters in the
following order unless stated otherwise: scale factor, zero point of
detector, background which was fixed by using linear interpolation
between a set of points provided, lattice constants, atomic positions
unless stated otherwise, peak shape and symmetry parameters,
atom occupancies unless stated otherwise and overall temperature
factor. The quality of refinement was quantified from the figures of
merit, including R, (pattern residual), Rwp, (weighted pattern
residual), Rexp (expected pattern residual), Rs (Bragg’s factor), Re
(structural factor) and goodness of fit (x?), for which the
mathematical relations are numerously reported in the published
literature 47, Values of the above mentioned reliability factors for all
the samples are presented Table SI-2 and 5. Refinement was
continued till achieving of convergence and goodness of fit (GOF =

This journal is © The Royal Society of Chemistry 20xx
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Ruwp/Rexp) close to 1. It is pertinent to mention here that each time the
data were plotted and the convergence/fitting of refined pattern
with the measured one was visually observed.

XRD pattern of the residual powder (labelled as FO80-Py)) retrieved
from autoclave which was subjected to heating at 80°C was refined
and is presented in Fig. SI-2 (a), showing a very good fitting. The
refined parameters like crystal axes and the crystal axial angles
match with those of space groups 14/m of tetragonal phase (B-
FeOOH: Akaganeite) and Pbnm of orthorhombic phase (a-FeOOH:
Goethite), indicating the fact that the powder is composed of two
different phases of FeOOH. However, B-FeOOH is the major
constituent amounting to 98.07% while a-FeOOH contributes only
1.93% to the powder diffraction pattern. The interplanar spacing, d,
presented in Table SI-4 shows a decrease as compared to the
standard sample reported in ICSD, indicating the fact that the lattice
is strained. Therefore, Williamson-Hall (W-H) method was used to
measure the micro-strain and the crystallite size by plotting Bcos6 vs.
4sinB of the relation reported elsewhere #84°. W-H plots for the B-
and a-FeOOH are presented in Fig. SI-2 (b) and (c), respectively, and
the pertinent crystallite size and micro-strain data are given in Table
SI-2, showing crystallite size of 53 nm and 25 nm, respectively, for
the B- and a-FeOOH phases. As shown by the W-H plots in Fig. 2 (b)
and (c) of the B- and a-FeOOH phases, respectively, the micro-strain
(slope) has positive and negative values, indicating that the strain is
tensile in case of B-FeOOH phase and compressive in case of a-
FeOOH phase °%°1, Rietveld refined XRD pattern (labelled as FO80-
P(aq)) of the post-calcination powder retrieved from autoclave which
was processed at 80°C is presented in Fig. SI-3(a). The refined XRD
pattern shows that the film is composed of a single phase i.e., cubic
Fe304 in Fd-3m space group. The calculated lattice constants are
slightly shorter than the standard reported in PDF [01-076-1849]. The
effect is also observed on the interplanar spacings which are also
slightly shorter than those of the standard. The average particle size
and micro-strain were obtained from W-H plot which is presented in
Fig. SI-3 (b). The linear fit gives a straight line which is not perfect.
Therefore, indicating that there is some dispersion in size and micro-
strain of the film particles. The average crystallite size determined
from W-H plot is ~37.23 nm (Table SI-2). The micro-strain of 0.0012
(0.12%) is positive, indicating that the micro-strain of the particles is
due to lattice expansion. Rietveld refined XRD patterns of the pre-
and post-calcination, and carbon-coated films on Cu substrate
retrieved from autoclave after hydrothermal processing at 80°C are
presented in Sl along with their pertinent data. Rietveld refined XRD
pattern of the as prepared film (labelled as FO80-0) is presented in
Fig. SI-4(a), which matches exactly with a single phase i.e., a-FeOOH
(space group: Pbnm), indicating that the film is composed of only one
phase contrary to the residual powder which were mainly composed
of B-FeOOH. Furthermore, the lattice constants and the interplanar
spacing of the a-FeOOH constituting the film are significantly
increased as compared to a-FeOOH of powder and the standard
(Table SI-2 and 4). The W-H plot in Fig. SI-4(b) shows higher linearity
which indicates that the film particles are homogeneous compared
to the particles of residual powder. The crystallite size of 153.83 nm
was estimated from the W-H plot. A positive micro-strain of 0.0024
(0.24%) indicates that the film particles are under tensile strain.
Rietveld refined XRD pattern (Fig. SI-5) of the calcined film (labelled
as FO80-1) matches with standard XRD pattern of cubic Fe304 having
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space group Fd-3m. The lattice constants of FO80-}.are;smaller
compared to that of powder sample and th®StaHUHHPKRD A4ttérh
of Fes04 given by PDF [01-076-1849]. Therefore, it is pertinent to
confirm that the calcined film (FO80-1) is Fe3s04 and not maghemite
(y-Fe203), as the two have nearly indistinguishable crystal structures
with the main difference being their lattice constants, which are
smaller (~8.34 &) for y-Fe,03 and relatively larger (~8.39 &) for Fe304,
whereas we observed ~8.363 A for FO80-1, which lies somewhere in
between the two. Previously, it has been reported that y-Fe,03 gives
two additional small peaks at 26 of 23.77° and 26.10° 52, which we
did not observe in the diffractograms of FO80-1. Additionally, Kim et
al. 52 comprehensively investigated the Fes04 and y-Fe,03 systems,
and proposed a method involving the comparison of reflection from
(511) plane, which gives a doublet if a mixture of the two phases is
present. As shown in Fig. SI-5(c), we could not observed a doublet for
this very plane, instead a Voigt-fitted single peak around ~57.1° is
given, corresponding to Fe3Os phase 2. It is pertinent to mention
here that the reflection from (511) plane in case of y-Fe;03 phase
emerges at 20 >57.3° 52. Furthermore, Schwaminger et al. >3
differentiated between the two phases using Raman spectroscopy,
which showed peaks at ~660 cm™ for the Fe304 and 710 cm™ for the
y-Fe,03 >3. Here in case of FO80-1, the Raman spectrum (Fig. SI-14(b))
gives a single peak at 651 cm™. Even upon deconvolution, the y-Fe;03
peak reported at 710 cm™ is not observed (Fig. SI-14(h)). The
decrease in lattice constant of FO80-1 as compared to that of the
standard Fe304 could be corresponded to the lattice strain and
distortions which are responsible for contraction of the unit cell as
reported previously >, and evident from the W-H plot in Fig. SI-5(b),
which shows compressive strain. Furthermore, the W-H plot (Fig. SI-
5(b)) is completely straight and linear, indicating that the crystallites
and/or particles and the micro-strain are homogeneously
distributed. The crystallite size estimated from W-H plot is ~14.66 nm
and the micro-strain -0.0007 (0.07%). XRD pattern of the thermal
CVD carbon coated film (FO80-2) was subjected to Rietveld
refinement and found that the basic composition of the film remain
unchanged as it matches exactly with the Fd-3m space group of Fe304
(Fig. SI-6(a)). The measured lattice constants and the interplanar
spacings are in good agreement with those of the standard, but
larger than those of the precursor. The W-H plot in Fig. SI-6(b) shows
some deviation from the straight line, indicating that the
homogeneous distribution of particle and micro-strain are somewhat
disturbed. The estimated particle size from W-H plot is 28.85 nm
which is almost double the particle size of its precursor film. Although
the micro-strain has a negative value (-0.0006) as of the precursor,
but increased slightly. Rietveld refined XRD pattern of MP-CVD
carbon coated film (FO80-3) is presented in Fig. SI-7(a), showing that
the film is composed of two phases i.e., Fes04 (space group Fd-3m)
and pure iron (Fe) which crystallizes in space group Im-3m. The
lattice constants of Fe304 have been increased slightly compared to
its precursor but remained smaller than that of standard given by
PDF [01-076-1849]. Likewise, the lattice constants of cubic Fe are
slightly smaller than that of standard Fe in PDF [01-087-0721]. The
percent fraction of Fe in the film is less than 1%. The crystallite size
from W-H plot, in case of Fes04 phase, and Scherrer’s equation, in
case of Fe, were estimated, respectively, 22.35 nm and 24.00 nm.
The W-H plot in Fig. SI-7(b) of FesOs4 phase is exactly straight
indicating that the particles and micro-strains are homogeneously

J. Name., 2013, 00, 1-3 | 5


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ya00012f

Open Access Article. Published on 26 May 2026. Downloaded on 5/27/2026 2:31:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Energy Advances

distributed. The negative value of micro-strain shows a compressive
strain in the particles amounting to -0.0005 (0.05%). The negative
and smaller value of micro-strain further indicates that the peaks
broadening are insignificantly affected by micro-strain.

Rietveld refined XRD pattern of sample (FO120-P()) received as
powder from autoclave, which was processed at 120°C, is presented
in Fig. SI-8(a). The powder is composed of two phases i.e., Fe304 in
space group Fd-3m and FeCOs; in space group R-3c. The percent
fraction of the two phases are, respectively, 91.95% and 08.05%,
indicating that the main phase is cubic Fe3O4. The interplanar
spacings of Fe304 phase lattice are increased slightly compared to
that of standard lattice in PDF [01-076-1849]. However, there is
observed a significant deviation from standard in lattice constants of
FeCOs; phase. The W-H plots of the two phases i.e., Fe304 and FeCO3
are presented, respectively, in Fig. SI-8(b) and (c), showing a marked
difference between them. As evident from the straight line, the
particles of Fe30, are more homogeneously distributed than the
particles of FeCOs. Furthermore, the crystallites of the two phases
are differently strained as evident from the positive slope (tensile
strain) of Fes04 and negative slope (compressive strain) of FeCO3 W-
H plots. The crystallite size estimated from W-H plots are 72.05 nm
(Fes04) and 50.28 nm (FeCOs). The post-calcination powder sample
(FO120-P(a)) was Rietveld refined and found that the resulting
material consists of a single phase i.e., cubic FesO4 (space group: Fd-
3m), as shown by the Rietveld refined XRD pattern in Fig. SI-9(a).
From the Tables SI-5 and SI-7, it is evident that there is no significant
change in lattice parameters upon calcination of the as received
powder from autoclave at 120°C. However, the crystallite size
estimated from W-H plot in Fig. SI-9(b) is significantly large i.e.,
~114.03 nm compared to 72.05 nm of its precursor. Rietveld refined
XRD pattern of the pre-calcination film (FO120-0) achieved by
hydrothermal processing at 120°C (Fig. SI-10(a)) shows that the film
is also composed of two phases alike the residual powder. However,
the percent fractions of the two phases i.e., Fes04 and FeCOs in the
film are quite different than those in residual powder. Contrary to
the 8.05% share of FeCOs in composition of the powder, the film is
composed of 35.17% of FeCOs. The particles are under tensile strain
and more homogeneously distributed as evident, respectively, from
the positive slope (micro-strain) and straight lines of W-H plots of
Fe30. and FeCOs; given in Fig. SI-10 (b) and (c). The crystallite size
estimated are 33.22 (Fe3O4) nm and 42.85 nm (FeCOs). From the
Tables SI-5 and SI-7, it is evident that the lattice parameters deviates
slightly from those of standard lattices. The post-calcination Rietveld
refined XRD pattern of film (FO120-1) given in Fig. SI-11(a) shows a
single phase i.e., cubic Fes0s (space group: Fd-3m). The lattice
constants of cubic Fe304 phase decreased significantly compared to
the lattice constants of the same phase in its precursor. However, the
crystallite size determined from W-H plot in Fig. SI-11(b) increased
up to 46.42 nm. Furthermore, contrary to the precursor, the W-H
plot deviates significantly from straight line and gives negative slope,
indicating that the particles are less homogeneously distributed and
under compressive strain. The post-calcination film upon coating
with carbon by T-CVD (FO120-2) was subjected to Rietveld
refinement and found that the refined XRD pattern matches very
well with the cubic Fe304 (space group: Fd-3m) as shown in Fig. SI-
12(a). No significant change in its lattice parameters was observed
compared to the those of the precursor but the crystallites size is

6 | J. Name., 2012, 00, 1-3

witnessed to be decreased to 37.91 nm from 46.42, nmQf.its
precursor. This may be owed to the so-call¥d pBréREdge’ effdet.
Contrary to the FO80-2, FO120-2 involves the evolution of CO, which
is responsible for creation of larger pores in the skeleton. During
carbon coating by T-CVD, the C;H; precursor molecules easily diffuse
deep into these internal pores. The following carbon deposition then
exert compressive strain through mechanical pressure, which leads
to the fragmentation of the Fe304 crystallites and thus decrease in
their size >°. The W-H plot in Fig. SI-12(b), which gives a negative plot
and increased deviation from straight line, further support this
explanation. Rietveld refined XRD pattern of film (FO120-3) obtained
by coating the calcined film with MP-CVD is presented in Fig. SI-13(a),
showing that the film is composed of two phases i.e., cubic Fe30a
(space group: Fd-3m) and cubic Fe (space group: Im-3m) in percent
fraction of 93.73% and 6.27%, respectively. The W-H plot in Fig. SI-
13(b) for the cubic Fes04 phase is positive and shows lesser deviation
from straight line compared to its precursor. This indicates that the
Fes0, particles have tensile stress and more homogeneous
distribution. Furthermore, the crystallite size (58.63 nm) of FesO4
phase is far larger than of its precursor (46.42 nm) and the T-CVD
coated film (37.91 nm).

The films were characterized by Ramen spectroscopy to get some
insight into the nature of the film materials. The as synthesized film
(FO80-0) by hydrothermal processing at 80°C showed almost
identical Raman spectrum as was reported previously *4°7. As shown
in Fig. SI-14(a), the peaks are quite broad and thus overlapped, but
their positions are corresponding to those of a-FeOOH (Goethite)
56,57 Upon calcination of FO80-0, the Raman spectrum given in Fig.
SI-14(b) of film FO80-1 shows a peculiar peak of cubic Fe3Os
(magnetite) at 651 cm™ for the A;; mode 2750, Besides, we can see
another strong peak at 1306 cm, which is corresponded to the
decomposition of Fe304 to Fe;03 upon irradiation of the sample with
strong laser light during Raman measurements ®1. Raman spectrum
in Fig. SI-14(c) is presented for the sample (FO80-2) obtained by
coating the post-calcination film (FO80-1) with T-CVD. As one can see
that the Raman spectrum shows a peculiar peak for the magnetite
(cubic Fe304) at 669 cm™ as was observed in the Raman spectrum of
its precursor. Besides the magnetite peaks, the Raman spectrum of
the film (FO80-2) shows two other distinct peaks at 1347 cm™ and
1581 cm. These peaks are corresponded to the disordered (D-band)
and graphitic (G-band) bands, respectively, of carbon 2. These very
bands were deconvoluted by fitting with Lorentzian function as
shown in Fig. 2(a), and found that the areas under D band is quite
larger than the area under G band, indicating the fact that the carbon
material is largely disordered. The ratio (lp/lg) of D and G bands was
determined from the peaks area and found to be ~1.21. The same
precursor film when coated by MP-CVD, the resulting film (FO80-3)
gives Raman peaks for Fe304 and also for the carbon materials as
shown in Fig. SI-14(d) and Fig. 2(b). However, the carbon peaks are
superimposed by the dominant peaks of Fes04 in contrary to that of
T-CVD carbon coated film (FO80-2). The peak in the region of 850 cm-
1t0 1950 cm™ were deconvoluted to extract the peaks of the carbon
materials. As shown in Fig. 2(b), the peak of D-band is weaker than
the overlapped peaks of the Fe;03, which come from decomposition
of Fe304 under the Raman laser light, while that of G-band is further
weaker 2, The ratio of Ip/ls is ~1.72, which is larger than that of T-
CVD coated Fe;04 film (FO80-2). This indicates that the disordered
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carbon is larger in quantity as compared to the ordered carbon 2. As
we would see in the following sections, the lower intensity of the
carbon peaks in presence of magnetite peaks could also be due to
the thinner carbon coating around magnetite particles as compared
to carbon coating produced by T-CVD. The post calcination sample
(FO120-1) which was obtained from the precursor film processed
hydrothermally at 120°C shows in its Raman spectrum in Fig. SI-14
(e) a peculiar peak of cubic Fe304 (magnetite) at 665 cm™. However,
this very film upon coating with carbon by T-CVD shows in its Raman
spectrum in Fig. SI-14(f) peaks besides those of magnetite (cubic
Fe304). The peaks at 1315 cm™ and 1565 cm are the corresponding
peaks of D- and G-band of carbon material. The two peaks were
deconvoluted using the Lorentzian function and the ratio of Ip/lg was
determined to be ~2.11, as shown in Fig. 2(c). Raman spectrum in
Fig. SI-14(g) for the samples FO120-3 (film obtained by carbon
coating with MP-CVD of the post-calcination film obtained at 120°C
by hydrothermal processing) gives the peculiar peaks of magnetite
(cubic Fe30a). Besides, peaks for carbon material appears at 1323 cm-
Land 1538 cm™* due to the D- and G-band, respectively. Although the
peak for D-band is quite clear, but the G-band peak could only be
obtained through deconvolution of the spectrum employing
Lorentzian function. As presented in Fig. 2(d), the deconvoluted
spectrum gives peaks for D- and G-band with a ratio of 2.13,
indicating the fact that the carbon material is for the most part a
disordered one 62,
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Fig. 2. (a) Deconvoluted Raman spectra of sample FO80-2 (a), FO80-
3 (b), FO120-2 (c) and FO120-3 (d) in the region of 850 cm™ to 1950
cml, showing the D- and G-band of the carbon material

XPS was used to probe the elemental compositions and valence
states of the surfaces of pre- and post-calcination, and carbon coated
post-calcination films. The as prepared, by hydrothermal processing
at 80°C, film (FO80-0) shows a typical a-FeOOH (Goethite) XPS survey
spectrum (Fig. SI-15(a)) with major peaks of Fe 2p, O 1s and Fe 3p,
corresponding very well to the reported XPS spectra of a-FeOOH 6364,
As shown in Fig. SI-15(a), the XPS spectrum of FO80-0 also shows
peaks of carbon (C 1s) and Fluorine (F 1s), which could be
corresponded to the presence of adsorbed organic species from
solvents and NH4F, respectively. As shown in Fig. 3(a), Fe 2p bands
appear at binding energy (BE) of 711.0 eV and 724.9 eV for the 2ps/,
and 2p1/,, respectively ®°. Besides, two peaks at 719.7 eV and 732.4
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eV appear, respectively, for the satellite peaks of Fe 2pss. and fie 2Rz
636668 Fach of the Fe 2p peaks showsD&AdOJGBEBRAYLOUPSH
deconvolution at 710.7 eV and 712.8 eV, and 724.7 eV and 727.8 eV,
respectively, for the Fe 2py/3 and Fe 2p1/2 bands, indicating 3+ (i.e.,
Fe3*) valence state of Fe. Materials having Fe in its Fe3* valence state
show this sort of typical bands for Fe 2p 656970, The O 1s spectrum of
sample FO80-0 is given in Fig. 3(b), showing BE peaks at 529.8 eV,
531.2 eV, 532.2 eV and 533.4 eV, respectively, for the lattice oxygen
(Fe-0), lattice hydroxyl group (Fe-OH), adsorbed hydroxyl group (Fe-
OHags) and adsorbed water (H20) 7272, The deconvoluted O 1s
spectrum shown in Fig. 3(b) reveals that the contribution of lattice
Fe-O and lattice Fe-OH are predominant. The presence of Fe-OHags
could be justified by the fact that the water (H,0) after adsorption
on Fe species decomposes to OH when subjected to heating. The film
were prepared by processing the Fe-based material at elevated
temperature (80°C) in a tightly closed vessel (i.e., autoclave).
Therefore, the adsorbed water would have been transformed upon
the surface of a-FeOOH film according to the following chemical
reaction (Eq. 3), which was previously proposed based on the
temperature programmed desorption (TPD) studies 72.

H0 - OHgqs + Haas (3)

Owing to this reaction on Fe, the contribution of Fe-OH,gs is increased
than the contribution of adsorbed H,0 72. XPS survey spectrum of
post-calcination film (FO80-1) is presented in Fig. SI-15(b). By
comparing it with its precursor’s XPS survey spectrum, one can
clearly see that the peaks of F are completely vanished, while the
peaks of carbon decreased in intensity to be nearly insignificant.
From these observations it is obvious that the F and C peaks in its
precursor’s XPS spectrum were owed to the presence of adsorbed F
and carbon species, which upon calcination were removed. The
significant peaks shown in XPS spectrum of FO80-1 are owed to Fe
2p, O 1s and Fe 3P. Fe 2p spectrum is presented in Fig. 3(c), showing
two peaks of Fe 2ps;; and Fe 2pi, at 710.8 eV and 724.5 eV,
respectively, resembling the reported Fe 2p spectrum of Fes04 73. The
ratio of 2pss/2p1/2 determined from the area under the peaks is
approximately 1.65, which is closer to the expected value of 2. The
Fe 2ps/2 and Fe 2pi1/2 peaks were deconvoluted and found the peaks
for Fe?* at 710.4 eV and 724.1 eV, and Fe3* at 712.7 eV and 727.0 eV,
which are in good agreement with the previously reported values of
pure Fes04 74, The Fe 2p3/; satellite peak shifts to lower value on one
hand, and on the other hand is poorly resolved owing to the
overlapping of satellite structures of the octahedral Fe?* and Fe3*, a
characteristic of Fes04 74, The ratio of Fe 2ps/; satellite peak over the
main Fe 2ps; is quite small i.e., 0.09 (8.5% of the main peak), which
is reaching above 0.45 in case of iron oxide containing only Fe3* (like
y-Fe203 and a-Fe;03) 74. This indicates that the post-calcination film
is primarily composed of Fe304. The O 1s spectrum in Fig. 3(d) shows
an increased contribution of the lattice oxygen (i.e., Fe-O) as
compared to its precursor. This is further indication of the fact that
the precursor a-FeOOH transformed to Fe304 upon calcination under
the applied heat treatment regime. The contribution from adsorbed
H,0 is insignificant (ratio of main Fe-O to H,0 peak is ~0.04 compared
t0 0.10 in case of precursor). Similarly, the ratio of main Fe-O peak to
OHags is lowered to 0.19 from 0.49 of the precursor. On the other
hand, the ratio of main Fe-O peak to Fe-OH increased by ~293%,
confirming further that the main phase of the post-calcination film is
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Fe304. This is in good agreement with the XRD and Raman data
presented above. The full survey spectrum of the carbon coated
post-calcination film (FO80-2) is presented in Fig. SI-15(c), showing
peaks for the core shell electrons of Fe 2p, O 1s and C 1s besides the
peaks for Fe 3p and Fe 3s. Contrary to the XPS spectrum of its
precursor, the core level electrons peak of C 1s is quite strong and
prominent, indicating the fact that the film is coated with the
required element i.e., carbon. The deconvoluted Fe 2p spectrum of
FO80-2 is presented in Fig. 3(e), showing a BE peak at 711.1 eV and
another one at 724.5 eV for the core electrons of Fe 2ps;; and Fe
2p1,, respectively 7>. The peaks were deconvoluted to 710.2 eV and
712.4 eV (Fe 2pss2), and 724.1 eV and 728.2 eV (Fe 2p1/2). The Fe?* to
Fe3* ratio was calculated to be 0.37:0.63, which slightly deviates from
the 0.33:0.67 ratio of stoichiometric Fe3O4 expressed as FeO-Fe,03
7>, This indicates the fact that the resulting film contains nearly
stoichiometric Fes304, corresponding the XRD and Raman data
presented above. Furthermore, the single phase of iron oxide i.e.,
Fe304 composing the film is evident from two others but important
features of the Fe 2p spectrum. One, the satellite peak at 719.1 eV
which is trademark of pure Fe3* based materials is completely absent
in the XPS spectrum of Fe 2p of the film FO80-2. Second, the shoulder
peak at 710.2 eV which appears for Fe?* in the Fe304 became quite
prominent as compared to its precursor 74. From these observation
it is quite clear that by treating the film in T-CVD, we did not only
incorporate the carbon coating around the Fe304 but also improved
the crystallinity of the iron oxide to single phase Fe304. The O 1s
spectrum of FO80-2 in Fig. 3(f) shows a dominant peak at 530.5 eV
for the lattice oxygen (Fe-O). There are two other important peaks in
O 1s spectrum of FO80-2 film, appearing at BE of 531.7 eV and 532.9
eV which are corresponded to the core shell electrons of carbon
involved in bonding with oxygen of Fe304 in Fe-O-C and C-O bonds,
respectively 26-30, It is worth mentioning here that the formation of
Fe-O-C bond indicates a strong interaction between the core (i.e.,
Fe30.) and the shell (i.e., carbon). This interaction is particularly

important for enhanced strength of encapsulation of,core;in. shell,
improving the conductivity by shedding of Fe30) frioH & Hfor etk
on one hand. On the other hand, it helps in stabilizing the Fe;04 by
restraining its particles aggregations during electrochemical
applications 76. A peak appearing at 534.0 eV in the O 1s spectrum of
FO80-2 shows an insignificant contribution to this very spectrum
from the adsorbed water species. It is possible that the insignificant
amount of water has been adsorbed during handling of the sample.
The high resolution core level XPS spectrum of C 1s is presented in
Fig. 3(g), showing a main peak at 284.8 eV which is corresponded to
the graphitized carbon (sp2-C) 77-8%, This indicates that most of the
carbon atoms are in conjugated hexagonal form &, The peak at 286.0
eV is corresponded to the C-O, indicating that the carbon shell is
strongly bonded with the Fe304 core through Fe-O-C bonding as was
also observed in XPS spectrum of O 1s 77779, The tail of the peak at
higher BE side was also deconvoluted to small peaks appearing at
287.4 eV and 288.9 eV which correspond to C=0 and O-C=0 77,7880~
82, The deconvoluted peak at 290.7 eV is corresponded to the m-nt*
of the graphitic carbon 2. Alike the FO80-2 film, XPS spectrum in Fig.
SI-15(d) of carbon coated Fe304 by MP-CVD shows three main peaks
for the core electrons of Fe 2P, O 1s and C 1s. The high resolution XPS
spectrum of Fe 2p is presented in Fig. 3(h), showing the usual two
peaks of Fe 2ps/; and Fe 2p/; at 710.7 eV and 724.2 eV, respectively.
These very peaks were deconvoluted to 710.1 eV (Fe?*) and 712.2 eV
(Fe3*), and 723.9 eV (Fe?*) and 727.8 eV (Fe*). The satellite peak at
719.4 eVis negligible, indicating that the material is single phase pure
Fes304. The O 1s spectrum of FO80-3 shows three peaks at 530.5 eV,
531.8 eV and 532.9 eV corresponding to lattice oxygen (Fe-O),
oxygen bridging iron and carbon (Fe-O-C) and C-O, respectively 78-80,
Unlike its precursor and the T-CVD carbon coated Fe304 film (FO80-
2), the high resolution C 1s spectrum of MP-CVD coated Fe304 film
(FO80-3) shows only three peaks at 284.7 eV, 286.2 eV and 288.24
eV, corresponding to C-C, C-O and C=0, respectively, of the graphitic
carbon, most probably of graphene 8283,
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The films prepared at 120°C by hydrothermal technique and followed
by heat treatment to get the calcined film (FO120-1) which was then
coated with carbon by T-CVD (FO120-2) and MP-CVD (FO120-3) were
also studied by XPS analysis to get their elemental compositions and
valence states. The relevant XPS survey spectrum of the post-
calcination film (FO120-1) is presented in SI-15(e) which shows core
electron peaks of Fe 2p and O 1s along an insignificant peak of C 1s,
corresponding to the XPS spectrum of post-calcination film (FO80-1).
The high resolution Fe 2p XPS spectrum of FO120-1 is presented in
Fig. 4(a) which shows two peaks at 711.0 eV and 724.6 eV for the Fe
2ps3/2 and Fe 2py/2, respectively. Both the peaks were deconvoluted
to get the contribution from Fe?* and Fe3* to each peak. The Fe 2ps/;
gives deconvoluted peaks at 710.4 eV and 712.6 eV for the
contribution of Fe* and Fe3*, respectively. Likewise the Fe 2py/, peak
is deconvoluted to two peaks at 724.3 eV and 728.9 eV, respectively,
for the contribution of Fe?* and Fe3*. These values correspond to
post-calcination film (FO80-1) and the reported FesO, materials,
indicating that the film is composed of cubic Fes0,4 as revealed by
XRD and Raman data presented in the preceding sections.
Furthermore, as was shown by the post calcination film FO80-1, Fe
2p XPS spectrum of the post calcination film FO120-1 also shows a
clear shoulder at around 710.1 eV and flattened satellite peak at
719.3 eV which is obviously insignificant. The appearance of clear
shoulder and absence of satellite peak is peculiarity of Fe3O4 74. This
indicates the fact that the film in FO120-1 is composed of single

phase Fe304. Contrary to the as retrieved films, the deconvoluted O
1s core electron XPS spectrum presented in Fig. 4(b) of FO120-1
shows main peak at 530.7 eV, corresponding to the lattice oxygen
i.e., Fe-0. Like the post calcination film FO80-1, O 1s XPS spectrum of
FO120-1 also shows peaks at 531.6 eV, 532.6 eV and 533.8 eV for the
Fe-OH, Fe-OHa,gs and H,0 oxygen, respectively. The adsorbed water
contribution to the O 1s spectrum is nearly negligible, and could be
due to the adsorbed water during handling of the sample. XPS survey
spectra of the post calcination film coated with carbon by T-CVD
(FO120-2) and MP-CVD (FO120-3) are presented in Fig. SI-15(f) and
(g), respectively, showing peaks for the elements Fe, O and C. The
high resolution Fe 2p XPS spectrum presented in Fig. 4(c) and (f) are
almost identical, and correspond to those of FO80-2 and FO80-3. This
indicates the fact that the films are composed of Fe3;0, for its iron
contents. The high resolution O 1s XPS spectra presented in Fig. (d)
and (g), respectively, of FO120-2 and FO120-3 are in good agreement
too with the high resolution O 1s spectra of FO80-2 and FO80-3. As
shown in the XPS survey spectra (Fig. SI-15), the T-CVD and MP-CVD
carbon coated films i.e., FO120-2 and FO120-3, respectively, show C
1s core electrons peak which is nearly negligible in their precursor
film i.e., FO120-1. Furthermore, the high resolution C 1s XPS spectra
of FO120-2 and FO120-3 presented, respectively, in Fig. 4(e) and (h)
are no different than the C 1s spectra of FO80-2 and FO80-3. This
indicates that the Fe304 material of FO120-2 and FO120-3 films is
successfully encapsulated in carbon materials.

-
=
L
G

Intensity (a. u.)
Intensity (a. u.)

Qoeovsroom 531,80

01y

. (326

710 720 730
Binding Energy (eV)

|
740 527 528 529 530 531 532 533 534 535 536
Binding Energy (V)

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ya00012f

Open Access Article. Published on 26 May 2026. Downloaded on 5/27/2026 2:31:31 AM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

2 cE s Energy A

ARTICLE

Journal Name

(e)| Fe 2, i
Dl Fe2p,
J—" (724.01) l_”‘ -

R
71038 cn

Intensity (1. )

]| () Fe03048

o+ Fe0-CS315T)

o) ) e iﬁl View Article Online
0oOI:{10.1039/D6YAO0012F

8 028588
& croawn

Intensity (a. )

Qo
B 1,0 (53447)

00 705 70 TIS 720 725 730 735 T40 527

518 529 530 531 532 533 5M 535 536 282 284 286 288 290 92

FR 120m

T 98) (73388

Intensity (a. u.)
Intensity (a. )

Binding Encrgy (eV) Binding Energy (eV) Binding Energy (eV)
® Fe p,, reze]| (2) it owp| ®Mf cComm c1
B3] w2 LA ox :

Gprres Fe-0-CHSILT2Y
%, Conms

Intensity (a. u.)

700 705 70 TIS 720 725 30 735 740 527 518 29 5M0 53

Binding Energy (¢V)

Binding Energy (eV)

535 282 284 286 288 290 il
Binding Energy (V)

5§32 533 53
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Structural morphology of the film surfaces were examined by FE-SEM
and the pertinent FE-SEM images are presented in Fig. 5 and Fig. SI-
16. As shown in FE-SEM image in Fig. SI-16(a), the as synthesized film
(FO80-0) by hydrothermal processing at 80°C gives densely
populated nanorods (NRs) which are uniformly grown on the Cu
substrate surface. The high resolution FE-SEM image of FO80-0 in Fig.
SI-16(b) shows that the NRs have rhombus shape, having sides of
equal lengths and smooth surfaces. The average side length ranges
between 205 nm to 400 nm, and an induced edge angle of 50° which
is peculiarity of the rhombus shape. Previously, an identical
morphology was reported for Cos04 when it was realized under,
nearly, the same synthesis conditions which were applied here by us
4243 Upon calcination, morphological structure of the film (FO80-1)
does not varied significantly. As one can see in Fig. 5(a), FE-SEM
image of FO80-1 film shows densely populated Cu-substrate surface
with NR arrays. The high magnification FE-SEM image of FO80-1 in
Fig. 5(b) shows that the basic rhombus shape of the NR arrays is
intact after calcination. It is evident from the FE-SEM images of
samples FO80-2 and FO80-3 in Fig. 5(c) and (e), respectively, that the

morphological structure upon the Cu-substrate surfaces pronounced
more than in their precursor (i.e., FO80-0). However, in case of both
the carbon coated samples ie., FO80-2 and FO80-3, the basic
rhombus structure of the NR arrays remained intact, which is evident
from their high magnification FE-SEM images given, respectively, in
Fig. 5(d) and (f). Although the basic rhombus structure was preserved
upon carbon coatings, but the surface of the NR arrays becomes
coarse in case of FO80-2, and coarse and porous in case of FO80-3.
The T-CVD carbon coated rhombus NR arrays also shown an increase
in length of their edges and a change in induced edges angles. The
average edge length of the rhombus NRs are ranging between 325
nm and 475 nm while the induced edges angle between 45° and 63°.
The significant increase in edge length and the change in edges angle
could be corresponded to the carbon coating which may have
brought some deformation to the basic structure of the rhombus NR
arrays. Contrarily, the MP-CVD carbon coated rhombus NRs arrays
show a slight increase in their edge lengths and angles, indicating
that the carbon coating is thin and more uniform by MP-CVD than
the T-CVD.
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Fig. 5. Low as well as high magnification FE-SEM images of FO80-1 ((a) & (b)), FO80-2 ((c) & (d)), FO80-3 ((e) & (f)), FO120-1 ((g) & (h)), FO120-

2 ((i) & (j)), and FO120-3 ((k) & (1))

Structural morphology of the as synthesized film (FO120-0) at 120°C
for 12 hours is quite the same as reported earlier 6. However,
contrary to that, the morphology in this case is realized at higher
hydrothermal temperature i.e., at 120°C. As shown in Fig. SI-16(c),
FE-SEM image of the sample FO120-0 shows nanolayers which are
assembled to give layer-by-layer three dimensional (3D)
superstructures. The high magnification FE-SEM image of FO120-0 in
Fig. SI-16(d) shows that the nanolayers are actually formed of the
self-assembled nanoparticles. Upon calcination, the basic
morphology is retained as shown by the FE-SEM image of FO120-1 in
Fig. 5(g). The high resolution FE-SEM image of the same film in Fig.
5(h) indicates very clearly the nanolayers which are formed of
nanoparticles. The layered structure of the precursor is also
preserved in the carbon coated films i.e., FO120-2 and FO120-3 by T-
CVD and MP-CVD, respectively. However, contrary to the precursor
and also the post-calcination films, the carbon coated film show
porous morphology. Using the EDX analyzer coupled with FE-SEM,
elemental compositions of the films were also studied, and the
pertinent data are presented in the Fig. SI-17. The EDX spectra and
the corresponding elemental mappings show all the essential
elements of the films. It is pertinent to mention here that the EDX
spectra of the precursor films i.e., FO80-0 and FO120-0 also show
peaks for fluorine (F,) besides the peaks for integral elements of the
films.

TEM image of FO80-0 is given in Fig. SI-18(a), showing self-assembled
NR arrays, conforming to the morphology shown by FE-SEM images
in Fig. SI-16(a) and (b). The high magnification TEM image which is
given as inset in Fig. SI-18(a) shows a single rod having length of 1.96
pum and width of 430 nm, indicating the fact that the NR arrays have
length in micrometers while width in nanometers. Furthermore, the
high magnification TEM image as inset in Fig. SI-18(a) shows that the
NR are quite smooth, having no structures on their surfaces. The HR-
TEM image of FO80-0 is presented in Fig. SI-18(b), showing clear
lattice fringes of ~0.273 nm which corresponds to the interplanar
distance of 0.269 nm of lattice plane (130) of a-FeOOH #4. Inset in Fig.
SI-18(b) is given the Fast Fourier Transformed (FFT) pattern of the
HR-TEM image. The clear pattern of dots shown by the FFT image
indicate the fact that the NR arrays are crystalline in nature,
conforming to the XRD results. Elemental composition of the NR
arrays was also studied by EDX coupled with TEM. As shown in Fig.
SI-18(c), the EDX spectrum of FO80-0 shows peaks for the integral
elements i.e., Fe and O of a-FeOOH. Besides, peaks of C and F are
also clearly shown as were shown in EDX spectrum obtained by EDX
analyzer coupled with SEM. EDX line scan profile of a single NR was
obtained along the line indicated in Fig. SI-18(d), showing C pattern
which is mainly owed to the carbon film of the TEM grid. It is

This journal is © The Royal Society of Chemistry 20xx

pertinent to mention here that the carbon film supported TEM grids
were used to provide support to the nanoparticles during TEM
analysis. Elemental mapping images in Fig. SI-18(e) shows uniform
distribution of the two essential elements i.e., Fe and O besides of F.
However, in the elemental mapping image of C, the background
carbon film is more visible than any carbon of NR array. TEM image
of the post-calcination film i.e., FO80-1 is given in Fig. SI-18(f),
showing NR arrays having lengths and widths comparable to those of
the precursor (FO80-0). The NRs have smooth surfaces as was the
case with their precursor, showing no additional features and/or
structures over their surfaces as is evident from the high
magnification TEM image presented as inset in Fig. SI-18(f). HR-TEM
image presented in Fig. SI-18(g) shows clear fringes with spacings of
0.260 nm, 0.300 nm and 0.460 nm, respectively, corresponding to
the interplanar spacings of lattice planes (311), (220) and (111) of
cubic Fe304 8. This conforms the XRD data which shows that upon
calcination, the a-FeOOH film completely transforms to Fe304 under
the applied calcination regime. The crystalline nature of the film
material of FO80-1 is further evident from FFT image presented as
inset in Fig. SI-18(g), showing a clear pattern of dots. EDX spectrum
in Fig. SI-18(h) of FO80-1 shows only the essential elements i.e., Fe
and O of Fe304, and contrary to the precursor, F peak is missing in
the EDX spectrum of post-calcination film as was the case with the
EDX spectrum obtained by EDX analyzer coupled with SEM. However,
C peak could be seen and could be owed to the carbon film of TEM
grid. EDX line scan profile of a single NR was obtained along the line
indicated in Fig. SI-18(i). As shown by the graph in Fig. SI-18(i), the Fe
and O are uniformly distributed over the entire NR. The insignificant
profile of C could be owed to the carbon film of TEM grid. This is
further evident from the EDX mapping images of FO80-1 presented
in Fig. SI-18(j), showing uniform distribution of Fe and O over the
entire NR. However, EDX mapping of C is clearly shown to be due to
the carbon film of TEM grid.

Low magnification TEM images of the film, FO80-2, obtained after
carbon coating of the post-calcination film (FO80-1) have shown NRs
arrays having lengths in micrometers while diameter spanning over
a large range, conforming its SEM images. Upon scratching from the
substrate and then dispersing in ethanol for casting on the TEM grid,
the smaller width NR arrays mostly remained agglomerated as
shown in Fig. SI-19(a) while the larger width NR arrays dispersed
completely into individual NR as shown in Fig. 6(a). Contrary the
precursor, surfaces of the NR arrays turned rough upon carbon
coating in T-CVD. The STEM HAADF images presented as inset in Fig.
6(a) and Fig. SI-19(a), shows blind holes which seems to be formed
by etching the surface by the reactive gas. The high magnification
TEM images presented in Fig. 6(b) and Fig. SI-19(b) show a central-
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part (core) covered by a thin shell. The FFT performed over the
central-part (i.e., core) shows a clear pattern of dots while the
overlayer (shell) shows no diffraction spots, as given in insets of Fig.
6(b) and Fig. SI-19(b). This indicates the fact that the character of the
core is crystalline while that of shell is amorphous. HR-TEM images
of NR arrays are presented in Fig. 6(c) and Fig. SI-19(c), showing well
defined fringes at ~0.498 nm and 0.300 nm for the interplanar
spacings of lattice planes (111) and (220) , respectively, of cubic
Fe304 8°. EDX spectra measured over an agglomerate as well as
standing alone NRs show peaks for the three elements i.e., Fe, O and
C as shown in Fig. SI-19(d). As indicated in Fig. SI-19(e), the EDX line
scan profile of a single NR shows variation in Fe, O and C distribution.
While passing through the ends and the surface holes of NR array,
intensity of C line surges while those of Fe and O decrease, indicating
the fact that the C surrounds the FesO4 particles. This fact is further
evident from the EDX elemental mapping images in Fig. 6(d) and Fig.
SI-19(f), showing although uniform distribution of the elements Fe,
O and C, but the C intensity is stronger at the extremities and at the
holes in the NR array. To discern the increased intensities at the
extremities and the holes in the NR arrays, the scratched film was
subjected to strong and prolonged ultrasonication and then drop
cast over the TEM grid. TEM image given in Fig. SI-19(g) shows that
the holes worked as fissure lines, supporting disintegration of the NR

arrays into non-uniform core-shell particles. High magpificationd.EM
image in Fig. SI-19(h) was subjected to FFT d¢fdl fouHPhat theoshen
is amorphous as the FFT pattern is blurry while the core is crystalline
as the FFT pattern shows clear pattern of dots. HR-TEM image in Fig.
SI-19(i) shows that the core is primarily made up of Fe304 by giving
clear fringes of 0.450 nm which correspond to the interplanar
spacing of lattice plane (111) of cubic Fe304. MP-CVD carbon coated
film (FO80-3) is no more different in its morphological structure than
the T-CVD carbon coated film (FO80-2). The low and high
magnification TEM images in Fig. 6(e) and (f), respectively, show NR
arrays having rough surface with holes as those of FO80-2. High
magnification and HR-TEM images in Fig. 6(f) and (g), respectively,
show that the NR arrays are consisting of crystalline particles of Fe3s04
surrounded by amorphous carbon as depicted by the FFT dot
patterns and fringes, and blurry FFT pattern, respectively. This is
further supported by the EDX data and their line scan profile depicted
in Fig. SI-20(c) and (d), respectively. Contrary to the precursor (FO80-
1) as well as the T-CVD coated film (FO80-2), the EDX line scan profile
show decreased O intensity in comparison to the intensity of Fe. It is
understandable as the MP-CVD carbon coated film contains metallic
Fe besides Fe30,, increasing overall contents of Fe in comparison to
0. The presence of metallic Fe is well established from the powder
XRD data presented in the preceding sections.
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Fig. 6. Low (a) and high (b) magnification TEM images, HR-TEM image with FFT as inset (c), and elemental mapping (d) of FO80:2, Jaw.(ehand
high (f) magnification TEM images, HR-TEM image with FFT as inset (g), and elemental mapping (h) of FO80-3, low (i) aR@high ({Pragfiiatich
TEM images, HR-TEM image with FFT as inset (k), and elemental mapping (l) of FO120-2, low (m) and high (n) magnification TEM images, HR-
TEM image with FFT as inset (0), and elemental mapping (p) of FO120-3

To get clear insight of material’s morphology, T-CVD coated post-
calcination film (FO120-2) obtained by hydrothermal processing at
120°C was subjected to prolonged ultrasonication before drop
casting on the TEM grid. In Fig. 6(i) is presented TEM image which
shows tiny particles arranged into a layer. High magnification TEM
image in Fig. 6(j) shows that the particle are consisting of core
(average size ~73 nm) and shell (average thickness ~9.5 nm). The
shell is amorphous as is shown by the blurry FFT pattern presented
as inset in Fig. 6(j). The core on the other hand is crystalline and is
supported by the very clear fringes of 0.300 nm and 0.253 nm
corresponding to the interplanar spacings of lattice planes (220) and
(311), respectively, of cubic Fes30s (Fig. 6(k)). Furthermore,
crystallinity of the core is also evident from its FFT pattern comprising
of clear dots as shown as inset in Fig. 6(k). The core and shell
structure of the particles is also evident from the elemental mapping
images of Fe, O and C in Fig. 6(l). EDX line scan profile along the line
depicted in Fig. SI-20(e) shows a clear surge in carbon intensity at the
extremities of the particles while at the center the Fe and O
intensities are stronger. Morphology of MP-CVD carbon coated film
material is no different than the T-CVD carbon coated film material,
which is evident from the TEM, HR-TEM and elemental mapping
images presented in Fig. 6(m) and (n), (o) and (p), respectively.
However, EDX line scan profile along the line depicted in Fig. SI-20 (f)
shows increased intensity of Fe in comparison to the O intensity
exactly in the same fashion and for the same reason as was the case
with MP-CVD carbon coated film FO80-3. Furthermore, the C
intensity is increased at the extremities while it is almost uniform in
the middle, indicating overlapping of the Fe30. particle by carbon
shell.

Electrochemical behavior of the samples was studied by cyclic
voltammetry (CV) and the pertinent data are presented in Fig. 7. The
voltammograms were measured while applying cut-off potentials of
-1.0 V and 0 V at different scan rates (v) ranging from 5 mVs™ up to
150 mVs?tin 1 molar Na;SO, solution. Cyclic voltammograms of the
as prepared Fe;0; film (FO80-1) which was obtained by calcination
of the as received film from hydrothermal processing at 80°C is
presented in Fig. SI-21(a), showing nearly identical voltammograms
to the previously reported ones 8. Besides that Fe30, is generally
considered a negative electrode material of pseudocapacitive
nature, the nearly symmetrical nature of the curves with redox peaks
supports the fact that the film possesses pseudocapacitive
properties. The broad redox peaks could be owed to the Fe'/Fe"
redox reactions which may also be accompanied by the
(de)intercalation of Na* ion to maintain the local charge neutrality
87,86, The phenomenon which was also previously observed for Fe304
and other charge storage materials is depicted by the following
chemical reaction (Eg. 4), where x is the mole fraction of Na* ion
(de)intercalated 86:88-20,

Fe;04 + xe~ + xNa* - Na,Fe;0, (4)

Furthermore, the current intensity increases with increasing v but
the shape remains almost unchanged even up to v of 150 mVs?,

This journal is © The Royal Society of Chemistry 20xx

indicating the fact that the Fes0,4 film has good rate capability with
rapid redox reaction occurring on the electrode °1. To understand the
electrochemical kinetics of the Fe30, film, current at fix anodic and
cathodic potentials of -0.243 V and -0.607 V, respectively, was
plotted against the square root of varying v. As shown in Fig. SI-21(b),
the relationships between the current and the square root of v is
deviating from linear, indicating that the redox reaction is pre-
dominantly controlled by capacitive process °2. To further
understand the nature of the current, either capacitive or diffusion-
controlled, CV data at various v were analyzed by following the
power law (Eq. 5) 3.

i = avb (5)

In this equation (Eqg. 5), i is the current at a selected voltage V and v
is the scan rate while a and b are adjustable parameters. The
contribution of current, either capacitive or diffusion-controlled,
depends upon the b value which is determined from the slope of
log(i) vs. log(v) plot. When it is close to 1, the current is
predominantly capacitive in nature while when it is close to 0.5 the
current is predominantly diffusion-controlled °¢. The value of b
determined from log(i) vs. log(v) plot given in Fig. SI-21(c) is equal to
~0.879, indicating that the contribution of current to the CV curve is
predominantly from charge storage by capacitive process.
Furthermore, the percentage contribution to the CV curve from
capacitive and diffusion-controlled processes was determined
following the equation (Eq. 6) >°6.

l(V) = k1V+ szl/Z (6)

where (V) is current at given potential, and kiv and kov¥/?2 are the
capacitive-controlled (/) and diffusion-controlled (/4), respectively,
current fractions contributing to the total stored current. The
equation could be further simplified by rearranging to the one shown
in (Eq. 7).

v
( )/vl/z = kv + 1k, (7)

v, and ki and k; are the scan rate, and adjustable parameters,
respectively, which can be determined from the slope and intercept
of the plot between i(V)/v/2 and v*/2 (Fig. SI-21(d)). The percentage
capacitive and diffusion-controlled current contributions are
presented in Fig. SI-21(e), showing higher capacitive contributions as
compared to the diffusion-controlled on one hand. On the other
hand, it shows increasing capacitive current contribution with
increasing scan rate, indicating the fact that the capacitive charge
storage process is dominant in storing the total charge by the Fe304
film (FO80-1).

The post-calcination film after coating with carbon by T-CVD was also
followed by CV for exploration of its electrochemical characteristics,
and the pertinent CV curves at cut-off voltage range of -1.0 V to 0.0
V at varying v are presented in Fig. 7(a). As depicted by the CV scans
in Fig. 7(a), the carbon-coated film (FO80-2) shows a higher charge
storage than its precursor (FO80-1), which is evident from the
comparison of areas under the closed patterns. Furthermore, it is
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also evident from the specific capacitance values, which increased
significantly upon carbon coating of the film, as shown by the Fig. SI-
22(a). The increase in specific capacitance could be attributed to
enhanced electrical conductivity on the one hand and, on the other
hand, reduced charge-transfer resistance due to the carbon coating.
Alike the precursor film (FO80-1), CV curves of FO80-2 (carbon-
coated film) shows clear but remarkably enhanced redox peaks,
indicating that the film has strong pseudocapacitive and/or diffusion-
controlled capacity ¥. This corresponds to the vast literature citing
Fe30,4 as negative electrode material of pseudocapacitive nature %7.
The increase in strength of current-potential response giving wider
CV curves of FO80-2 film as compared to its precursor FO80-1 film
could be corresponded to the carbon coating, which increases the
conductivity on one hand, and on the other hand, contributing to
charge storage through its own electrochemical double layer (EDL)
process 8. Furthermore, the multiple redox peaks appearing in the
CV curves of FO80-2 are corresponded to the fact that the film
underwent a number of valence state transformation under the
applied potential window. The plots in Fig. 7(b) of peak current (i)
of the prominent oxidation and reduction peaks as a function of the
square root of v shows a linear relationship, indicating that the
charge storage is dominated by diffusion-controlled process. The
anodic and cathodic iy - (scan rate) plots were linear fitted and the
measured correlation coefficient (R?) values of 98.2% and 98.7%,
respectively, indicate that film shows battery behavior while storing
charge dominantly by diffusion-controlled process *°. Fig. 7(c) of the
prominent anodic and cathodic peaks also shows a linear
relationship, giving slopes (= b values according to Eq. 5) of 0.695 and
0.681, respectively. This further support the fact that diffusion-
controlled process is the dominant mechanism for charge storage. As
shown in Fig. 7(d), the percentage contribution of diffusion-
controlled process towards the total charge storage is higher in case
of carbon-coated film (FO80-2) than its precursor film (FO80-1). Even
at 100 mV/s, the percent contribution from diffusion controlled
process is half of the total charge storage as shown in Fig. 7(e). The
enhanced contribution of charge storage by diffusion controlled
process could be corresponded to the carbon coating as well as to
the morphology of the film. The conductive carbon coating provide
highways for rapid and efficient transport of electron and ions, thus
supporting the diffusion controlled charge storage process 19,

Additionally, as one can see in the TEM and SEM images presented
in the preceding sections, the particles SfOEdtbBRUGKTES FlkAs
possess large number of tiny holes compared to the particles of
precursor which have smooth surfaces. This holes could allow the
electrolyte to reach deep into the bulk of the film particles, ensuring
pseudocapacitive process on the surface as well as in the bulk. In fact
nano porous structures facilities rapid diffusion of electrons and ions,
thus enhancing the share of charge storage by diffusion controlled
process 101, This is further evident from the EIS Nyquist plot
presented in Fig. SI-22(a), showing a small semi-circle at the higher
frequency end while a strong and steeper oblique line at an angle of
approximately 45°. The semicircle represents the resistance to the
charge transfer at interface, while the oblique line is the Warburg
resistance, a resistance to the diffusion of ions 12 This indicates that
mostly the charge transfer occurs through diffusion-controlled
process, and thus the contribution of diffusion-controlled charge
storage is higher than the capacitive. The post-calcination film (FO80-
1) upon coating with carbon by MP-CVD shows, in principle, an
identical CV curves in the potential window of -1.0 V to 0.0 V at
varying v as depicted in Fig. 7(f). The enclosed area under CV curves
is larger than its precursor (FO80-1) and smaller than T-CVD carbon
coated film (FO80-2). The electrochemical charge storage
mechanism is dominated by the pseudocapacitive process which is
evident from the peaks in its CV scans. It is further supported by the
linear relationship of i,-(v)Y/2 curves presented in Fig. 7(g), giving R?
values close to 1 for the anodic and cathodic peaks. Following Eq. 5,
b values were determined by plotting log(ip) versus log(v) as shown
in Fig. 7(h). It is also evident from the b values that the charge storage
mechanism is dominated by diffusion-controlled process. The
percentage charge storage contribution either capacitive or
diffusion-controlled to the total was determined by following the Eq.
7. As presented in Fig. 7(i), the charge storage mechanism at lower
scan rates is dominated by diffusion-controlled amounting to
approximately 62% at 5 mV/s, decreasing with increasing scan rate.
As shown in Fig. 7(j), diffusion controlled charge storage share in case
of FO80-3 (MP-CVD carbon coated Fes;04 film) drops to ~26% as
compared to that of T-CVD coated Fe304 film (~46%) but still higher
by ~19% compared to that of the FO80-1 (bare Fe304 film). These
observations signify the impact of carbon coating and the nano
porosity upon the charge storage mechanism.
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Fig. 7. CV curves of FO80-2 (a) and FO80-3 (f) at varying v of 5 mV/s to150 mV/s in 1M Na,SO, in the potential range of 1.0 V to 0.0 V, peaks
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and FO80-3 (h), contribution proportions of diffusion-controlled and capacitive to the total charge storage at different scan rates of £Q80-2
(d) and FO80-3 (i), and separation of diffusion-controlled and capacitive current at 100 mV/s of FO80-2 (e) and FO80C%(j)L0.1039/D6YA00012F

The CV curves of FO120-1 (the calcined film derived from the film
prepared by hydrothermal processing at 120°C) are presented Fig. SI-
23(a), showing nearly rectangular shapes with an oxidation peak
which increases in intensity with increasing scan rate of up to 40
mV/s. Afterwards, this very peak decreases in intensity and finally
adopts a rectangular shape at 100 mV/s. this very peak also shifts
towards right with increasing scan rate indicating an irreversible
oxidation of the iron specie 1%. Contrary to the uncoated Fe304 film
(FO120-1), the carbon coated, either by T-CVD or MP-CVD, films
show nearly rectangular shapes of their CV curves, corresponding to
the typical CV curves of carbon coated Fe3;04 materials reported

earlier 101104105 The R? and b values obtained from the graphs of i vs.
(v)¥2 and log(i) vs. log(v), respectively, lie in the range (see Fig. 8(b)
and (c)) and (g) and (h)), respectively for the FO120-2 and FO120-3,
which support major contribution from diffusion-controlled process
to the total charge. The contribution proportions based on Eq. 7 at
different scan rates in Fig. 8(d) and (i), respectively, for the films
FO120-2 and FO120-3 shows that the diffusion-controlled process is
dominant at lower scan rates. Even at 100 mV/s, the contribution
from diffusion-controlled process is almost half of the total charge
stored.
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Fig. 8. CV curves of FO120-2 (a) and FO120-3 (f) at varying v of 5 mV/s t0150 mV/s in 1M Na,SO;, in the potential range of 1.0 V to 0.0 V,
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FO120-2 (c) and FO120-3 (h), contribution proportions of diffusion-controlled and capacitive to the total charge storage at different scan
rates of FO120-2 (d) and FO120-3 (i), and separation of diffusion-controlled and capacitive current at 100 mV/s of FO120-2 (e) and FO120-3

(i)

Based on the presented results, the deposition of films have been
depicted by an illustration given in Fig. 9. As reported elsewhere 19,
and observed here by us, the phase and morphological evolution of
the films was found to be highly sensitive to the hydrothermal
environment, which includes the autoclave pressure, hydrolysis
kinetics of urea and substrate-directed nucleation. The urea
undergoes competitive reactions, i.e., oxidative hydrolysis and
carbonation, depending on the hydrothermal process temperature.
These reactions are given by the chemical equations (Eq. 8-10) in the
following 107,108,

CO(NH,), + H,0 5 2NH; + €O, (8)
NH5; + H,0 - NH} + OH™ (9)

CO, + H,0 » H,CO3 - HCO3 + HY - CO5™ + H*  (10)

As evident from these equations, urea have served as pH-regulating
agent at both the temperatures i.e., 80°C and 120°C by releasing
hydroxyl (OH-) and carbonate (COs?) ions. In addition to these ions,
the possible formation of transient metal fluoride complexes such as
([FeFn]2M) may have moderated the process by preventing the
premature precipitation #2. Mostly derived from ionization of urea,
all these ions have served as precursors for realization of either

This journal is © The Royal Society of Chemistry 20xx

FeOOH (80°C) or FeCOs3 (120°C)after reacting with the iron ions (FeZ*)
under the applied hydrothermal processing conditions. Initially, the
Fe?* ions partially oxidized to Fe(OH)s during the solution formation
at ambient (Eq. 11) 6.

Fe?t + 0, + H,0 - Fe(OH)3 (11)

The Fe(OH); has strong potential for anchoring, and thus adhered to
the surface of the copper (Cu) substrate, serving as seeds for
nucleation process #2. As the hydrothermal processing at 80°C
proceeded, reaction occurred between the leftover Fe?* ions and OH-
ions, which were produced during urea hydrolysis, giving FeOOH (Eq.
12). Furthermore, the Fe(OH)s produced in the previous step get
converted to FeOOH (Eq. 13) 6.

4Fe?* + 80H™ + 0, »4Fe00H + 2H,0 (12)

Fe(OH); »FeOOH + H,0 (13)

On the other hand, at the hydrothermal processing at 120°C, besides
the formation of Fe(OH); and FeOOH, precipitation of Fe(COs) also
occurred. It is pertinent to mention here that the formation of metal
carbonates in hydrothermal processing at higher temperatures in
presence of urea is not without a precedence 44107108,

J. Name., 2013, 00, 1-3 | 15
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An interesting situation was observed at hydrothermal processing at
80°C. At this temperature, predominantly was observed the
formation of a-FeOOH and B-FeOOH, respectively, at the substrate
and in the bulk solution as a result of oxidative hydrolysis of Fe?* ions
(Eg. 12). This indicates that the Cu foil surface i.e., the substrate
surface supported the growth of a-FeOOH phase, while a suitable
environment was provided by the solution for the growth of B-
FeOOH phase. This is attributed to the difference in nucleation
energies at the two different places i.e., at the surface of substrate
(Cu foil) and in the solution. The heterogeneous surface provided by
Cu substrate stabilizes the thermodynamically favoured a-FeOOH
phase (Goethite) through the potential lattice matching with the
copper oxide surface layer which is inevitably formed during
hydrothermal processing 19, In fact, the preferential growth of the
a-FeOOH phase on the substrate is owed to the lower interfacial
energy provided by the Cu substrate surface 1%, On the other hand,
the solution contains F-ions furnished by the NH4F precursor. These
ions incorporate into the B-FeOOH phase (Akaganeite), which has a
tunnel-type structure, and thus stabilize it. Therefore, owing to the
availability of high local concentration of F ions in solution for
formation of tunnel structures of FeOOH, the powder have dominant
B-FeEOOH phase 19, It is pertinent to mention here that the
achievement of single phase film i.e., a-FeOOH is contrary to the mix
phases i.e., a-FeOOH/B-FeOOH reported by Cao et al. 26, while the
experimental conditions were exactly the same except the autoclave
size. Besides, there is a marked difference in morphology of the films.
Instead of 3D framework of layered nanosheets of Cao et al. %%, we
obtained 1D rhombus-shaped nanorods. The difference in
morphology is owed then to the autoclave size as all other
hydrothermal processing parameters were the same.

Rhombohedrons were commonly achieved owing to the oriented
attachment growth 11, |t was observed that the realization of
rhombohedrons at the expense of other structures through
dissolution-reprecipitation process enhances with increasing
amount of ammonia (NHs). By using a larger vessel for the same
amount of solution, the filling ratio (f) of the autoclave decreased
from 70% in case of Cao et al. 26 to 56% in the present work, leading
to creation of lower internal pressure 12, The reduced internal
pressure then facilitated and accelerated the urea hydrolysis
reaction (Eq. 8) 113, producing increased amount of NHs, which then
ultimately favoured the formation of anisotropic 1D rhombohedral
structures. It is also pertinent to mention here that the role of F- as
structure directing agent could not be ignored, as previously it was
reported that F-is critical in realization of 1D rhombus nanorods upon

16 | J. Name., 2012, 00, 1-3

diverse substrate at hydrothermal temperatures below 100°C 4%~
44,114.

By increasing the temperature from 80°C to 120°C, the conditions
resembling that of Cao et al. 2 may have been achieved even with
the larger size autoclave, leading to the formation of the 3D
framework of layered nanosheets. However, the increase in
hydrothermal processing temperature also shifted the
thermodynamic stability. As a result a phase transition occurred from
oxyhydroxides at 80°C to a mixture of Fes04 and FeCOsat 120°C %4, In
fact, urea hydrolysis was further accelerated by the increasing
hydrothermal temperature from 80°C to 120°C which increased then
the concentration of COs% (Eg. 10), shifting the equilibrium toward
the precipitation of FeCOs (Eq. 14) 108,

Fe2+ + C0%™— FeCO; (14)

Interestingly, the film contains significantly higher FeCOs; content
(~35%) than the precipitated powder (~8%). This highlights the role
of Cu substrate in stabilizing the FeCO3 nucleation under the applied
hydrothermal conditions. Nonetheless, Fe304 is the dominant
component in film as well as in the precipitate. This is due to the
reaction between FeOOH and Fe(OH); suspension under decreasing
concentration of CO3% 108,

2Fe00H + Fe(OH), - Fe30, + H,0 (15)

From this observations, the role of hydrothermal temperature upon
the phase and the morphology of the nanostructures is obviously
demonstrated.

Upon calcination at 450°C, all the as synthesized precursors
underwent a topotactic transformation to Fe304. The fundamental
morphologies i.e., the rhombus-shaped 1D nanorods and 3D
framework of layered nanosheets, respectively, from the 80°C and
120°C synthesis were preserved. This indicates the robustness of the
nanostructures. However, tiny holes appears upon calcination at
450°C due to the decomposition and degassing of the volatile species
26, These species are in fact the chemically bound water and CO,
molecules, which evolve as a result of the decomposition of FeOOH
and FeCOs, respectively, upon heating.

As no reduction was induced by T-CVD, the Fe304 films were partially
reduced to metallic iron (Fe) during carbon coating by MP-CVD. This
was inevitable as the strong hydrogen plasma alongside the carbon
precursor produces a more aggressive reducing environment 115,
Despite the reduction induced by the MP-CVD, the structural
framework of the Fe30s nanostructures was robust enough to
preserve the basic morphology. The preservation of morphology and

This journal is © The Royal Society of Chemistry 20xx
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tiny holes during the carbon coating by T- and MP-CVD is critical for
performance point of view. They maximize the surface area, ensuring
high electrolyte accessibility in electrochemical applications. Effect of
these factors have been clearly demonstrated by the synthesized
films during their electrochemical characterization.

Conclusion

In conclusion, it is stated that carbon encapsulated Fe304 films as
binder-free electrodes for potential application in energy storage
devices were prepared directly on the Cu current collector by a
scalable approach, involving hydrothermal growth in first step,
followed by calcination in the second step and finally carbon coating
by CVD in the third step. The results showed that the hydrothermal
parameter i.e., temperature has a marked influence on the phase
and morphology of the films. It was found that the hydrothermal
processing of the desired reactants at 80°C gives rhombus-shaped
a-FeOOH nanostructures. At higher hydrothermal processing
temperature of 120°C, the phase and morphology of the films were
entirely different i.e., nanolayers of Fes04/FeCO3 composite
arranged into 3D superstructures. The nanostructures were stable
and robust enough that the basic morphology was retained after
calcination and even after carbon coating by CVD techniques.
Although the morphology was not affected by either the calcination
or carbon coating, but the crystallographic phase changed from
FeOOH to the desired phase i.e., Fe304. Both the CVD techniques i.e.,
T- and MP-CVD gave well-defined Fe30,@C core-shell
nanoarchitectures having strong interfacial interactions through the
formation of Fe-O-C bridges. The crystallinity was further improved
by MP-CVD, which also induced partial reduction of Fes04 to Fe. The
electrochemical characterizations of the samples showed that the
charge storage predominantly occurs by diffusion-controlled process
at lower scan rates, while by capacitive process at higher scan rates.
In addition to the improved charge storage, it was found that the
charge transfer resistance is lower for the carbon-encapsulated
binder-free electrodes. Furthermore, these electrodes have shown
superior stability. The improvements in electrochemical
characteristics were attributed to the synergistic benefits of Cu
substrate  which provided direct electron pathways,
nanostructuration which shortened the diffusion pathlengths, and
the carbon shells which provided a conductive protection. In nutshell
it is concluded that the key limitation of Fe3O4 electrodes were
addressed through a thoroughly explored strategy which include the
control over film morphology, binder-free architecting, and carbon
encapsulation. Therefore, we confidently say that the strategy offers
a promising platform for realization of high rate and long-life anodes
for next generation electrochemical energy storage devices, which
include but not limited to batteries, supercapacitors and hybrid
devices. Additionally, the rationally designed and viably realized
strategy will pave the way for fabrication of metal-oxide-based
electrodes which have improved performance on one hand, and on
the other hand, potential of scalability.
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