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1. 1. Composition of the ilmenite

The composition of ilmenite concentrate used as raw material for the synthesis of pseudobrookite
is given in table S1.

Table S 1. Composition of ilmenite concentrate.

Component TiO, Fe,O;' SiO, ALO MgO MnO CaO FeO P,0s

3
Wt. % 4474 4859 465 097 131 0.8 1.81 355 0.1

1.2. Rietveld refinement of the XRD patterns

The calcined powder X-ray diffraction data were refined by the Rietveld method using Match analysis
software as a front-end to FullProf. A Thompson—Cox—Hastings pseudo-Voigt line shape with axial-
divergence correction (TCHZ) and an 8-term Chebyshev background were employed. The structural model
comprised of Fe-substituted rutile TiO2 (tetragonal, P4./mnm), with Fe constrained to substitute on the Ti
2a site (Occ (Ti) = 1 — x, Occ (Fe) = x), and (ii) pseudobrookite Fe.TiOs (orthorhombic, Cmcm) using the
conventional setting, with Fe/Ti site constrained across M1 (4c) and M2 (8f) and all oxygen sites were kept
fully occupied. A single preferred-orientation parameter (March—Dollase) was tested and only retained if it
measurably reduced systematic intensity misfit. The refinement converged smoothly with Rwp = 7.2%,
RBragg =17.9%, and %> = 3.4 (Fig. S 1). The calculated amount for Ti,FeOs (Fe doped Rutile) and Fe,TiOs
was approximately 12.7wt% and 87.3 wt.% respectively. We can consider these two phases as a single
nonstoichiometric Fe, Ti;.,Os phase. The residuals are featureless and no additional Bragg peaks are
observed, indicating no crystalline impurities above the XRD detection limit i.e. ~ (2-3) wt.% under our
counting statistics.
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Figure S1. Rietveld refinement of the powder XRD pattern of the pseudobrookite sample.

1.3. Capacitive vs. Diffusive Contribution Analysis (Dunn’s Method)

To distinguish between capacitive (surface-controlled) and diffusion limited charge storage, the
current response at a fixed potential was analyzed using Dunn’s method.!? The total current i(V)
in a CV curve can be expressed as:

i(V)=K v+K,v!2 (S1)

where v is the scan rate, K;v represents the capacitive contribution, and K,v/2 represents the
diffusion-controlled contribution.

Rearranging gives:

i) )

1/2
vt/ = Kv24K,

which gives us a linear relationship between i(V)/ v2and v!’2. From the slope (K,) and intercept
(K5), the capacitive and diffusion contribution can be quantified at each potential. The capacitive



fraction at a given scan rate is obtained from Eq S3 while the remainder corresponds to the
diffusion-controlled fraction.
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1. 4. Thermodynamic calculation

In the initial step, ilmenite reacts with concentrated sulfuric acid, as shown in reaction 2, producing
iron sulfate and titaniumoxysulfate as a porous cake. Subsequently, during the leaching step, both
sulfate compounds dissolve in dilute sulfuric acid, resulting in the dissolution of Ti*" and Fe?" as
soluble ions. This process is similar to the initial steps of the sulfate process commonly employed
for the production of titanium dioxide.>*

FeTiOs + 2H,SO4 — FeSO4 + TiOSO4 + 2H,0 (S4)

At the precipitation step Iron sulfate and Titanium oxysulfate reacted with NaOH according:

FeSO,+2NaOH—Fe(OH),+Na,SO, (S5)
Fe,(S04)3(aq)+6NaOH(aq)—2Fe(OH);(s)+3Na,S04(aq) (S6)
TiOSO4+2 NaOH-+H,0—Ti(OH)4+Na,SOy4 (S7)

and during the calcination step:

2Fe (OH); + Ti (OH)4 — Fe,TiOs + SH,O (S8)
2 Fe (OH): + Ti (OH)s — Fe.TiOs + 3 H20 (S9)

The reactions 3, 4 represent a simplified view of the precipitation process. In reality, the chemistry
of titanium and iron in aqueous solutions is quite complex, with multiple species and equilibria
involved. The formation of hydroxides is a likely intermediate step, but not necessarily the final
stable species under all conditions. The Eh-pH diagrams provide a more comprehensive picture of
the stable species. In the Eh-pH diagram shown in Figures S1°-%, the stable species at the 6 to 8
pH range are mainly Fe,O; and TiO, but there may be some other phases like K,SO,, FeSO,,
Fe,TiOs, FeTi,0s, FeTiO; (which are insoluble) depending on the Eh of the system. For the Fe-
Ti-Na-S system the similar phases can be formed at the pH 6-8. The main differences for this case
are the formation of Na;(FeSQ,);, Nag(FeSO,4), complex (double) salt at this pH range, while there
are no complex salts formed for the Fe-Ti-K-S system in this region. The formation of FeSOy,
Naz(FeSO,);, Nag(FeSOy), which can change the stoichiometry of the precipitated Fe atoms and
cause the variation in the final Fe/Ti ratio in the pseudobrookite phase. Therefore, controlling the



Eh-pH in the regions which are marked with 3 in both graphs can help to ensure that the whole
dissolved Fe and Ti ions will precipitate.
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Figure S2. Eh-pH diagram of Fe-Ti-Na-S system.

1.5. Morphological and elemental characterization of precipitated powder

The SEM and EDS mapping analyses of the as precipitated samples with NaOH shown in Figure S3
displays a highly porous and agglomerated structure characterized by irregular, rough particles. This porous
and irregular morphology suggests that NaOH precipitation promotes the formation of amorphous
aggregates, as corroborated by the XRD results, likely due to rapid nucleation and growth during the
precipitation process.>!? Such rapid kinetics can lead to less controlled particle assembly, resulting in the
observed agglomeration. EDS mapping further indicates the presence of residual NaSOs salt which could
be due to the inefficient washing during the filtration process. The maps show that Na.SO. is not
homogeneously distributed but is instead locally crystallized in specific regions. This localization likely
results from the filtration step, where some Na.SO. remains trapped between the precipitated particles
during washing. Upon drying, this residual salt solidifies into crystalline Na2SOa.!! The co-localization of
sodium (Na) and sulfur (S) in the same regions, as observed in the EDS maps, confirms the presence of
NazSOa.
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Figure S3. SEM image (a & b) and MAP and EDS analysis of precipitated powder using NaOH before
calcination.



1.6. Characterization of graphene

Graphene was prepared by a modified Hummers method, starting from natural graphite powder
through oxidative exfoliation to obtain graphene oxide (GO), followed by chemical reduction to
yield graphene.!>!3 The structural and morphological features were confirmed by XRD, Raman
spectroscopy, SEM, and TEM (Figure S3(a)). The XRD pattern (Figure S4(a)) shows a broad peak
centered at 20 = 26°, corresponding to the (002) plane of graphitic carbon, consistent with few-
layer graphene.!* Raman spectra (Figure S3(b)) display the D band (~1350 cm™), G band (~1580
cm™), and a weak 2D band, with an Ip/Ig ratio indicative of defect rich and few layer sheets.!5-16
SEM images (Figure S3(c)) reveal wrinkled, sheet like morphologies with high surface roughness,
while STEM (Figure S3(d)) confirms ultrathin nanosheets with lateral sizes in the submicron to

micron range, confirming few layers character of synthesized graphene.!’
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Figure S4. Structural and morphological characterization of graphene synthesized by a modified
Hummers method. (a) XRD pattern showing a broad diffraction peak at ~26°(b) Raman spectrum

exhibiting characteristic D (~1350 cm™), G (~1580 cm™). (c¢) SEM image revealing wrinkled, sheet-like

morphology with high surface roughness. (d) STEM image confirming the ultrathin, transparent
nanosheet structure with lateral sizes in the submicron to micron range.



1.7 electrode dimensions and thickness

Figure S5a shows interdigitated pattern with four fingers in each side which each finger has a width of 1.8
mm and spacing, ensuring symmetric current distribution and minimal series resistance across the electrode
area. The profilometry analysis after spray coating for three different samples (Figure S5b) reveals that the
pseudobrookite films exhibit a approximate thickness of 16 pm over the deposited regions for all three
tested samples. The sharp height transition between the PET substrate and the active layer confirms good
edge definition after spray-coating and mask removal. Minor variations in height among different scanning
lines originate from the surface roughness of the pseudobrookite coating and localized agglomeration of
particles during solvent evaporation. The overall uniformity indicates homogeneous deposition and good
reproducibility of the fabrication process, which is essential for achieving balanced ion transport and
electrochemical performance between interdigitated fingers.
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sample 1 line 2
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Figure S5. MSC pattern and regarding dimensions (a) and profilometry results of different sample after
spray coatings (b).

2. Electrochemical evaluation with bode plot

Electrochemical impedance spectroscopy (EIS) was further analyzed in the form of Bode plots for
both symmetric and asymmetric devices (Figure S6). For the symmetric MSC, the impedance
magnitude |Z| remains very high at low frequency (~125 kQ at 0.01 Hz), accompanied by a
maximum phase angle of ~70°. This behavior indicates significant internal resistance and only
partial capacitive character, consistent with the distorted CV shapes.!? In contrast, the asymmetric
pseudobrookite/graphene MSC displays a much lower impedance magnitude (~6.5 kQ at 0.01 Hz)
and a maximum phase angle of ~38°, confirming improved electronic conductivity and faster ion
transport within the hybrid electrode—electrolyte system. The reduced |Z]| values in the asymmetric
configuration agree well with its superior CV and GCD response, as well as the higher areal energy

7



density reported in the main text.!%?° These results reinforce the hybrid charge-storage mechanism,
where pseudobrookite contributes Faradaic redox pseudocapacitance while graphene and carbon
provide rapid double-layer charge storage and electron conduction pathways.
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Figure S6. Bode plots of the (a) symmetric pseudobrookite MSC and (b) asymmetric
pseudobrookite/graphene MSC.
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