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ABSTRACT

Strain engineering is an effective strategy to tune the electronic structure and catalytic performance of functional materials. Here,
we demonstrate a single-step continuous hydrothermal flow synthesis (CHFS) that produces multiphase titanate-TiO,-reduced
graphene oxide (rGO) nanocomposites capable of both photocatalytic and mechanocatalytic activity. In this approach, in situ
KOH-mediated reduction of graphene oxide introduces interfacial lattice strain and directs the co-crystallisation of anatase
TiO,, layered K,Ti,Oq, and metastable TiO,(B). The resulting multiphase composites feature strain gradients and nanoscale het-
erojunctions that enhance visible-light absorption, charge separation, and mechanically assisted catalytic response. Density func-
tional theory (DFT) simulations confirm strain-induced bandgap narrowing and charge redistribution at oxide-2D interfaces.
Under simultaneous visible-light irradiation and mechanical stirring, these hybrids achieved near-complete degradation of
concentrated aqueous methylene blue (0.04 mM) within 60 min, with an apparent dual-mode rate constant of 0.1046 min™",

outperforming conventional photocatalysts. This single-step, scalable platform provides a general route to design multifunctional

catalysts for environmental remediation and solar-to-chemical energy conversion.

1 | Introduction

The development of next-generation catalytic materials
demands more than compositional optimisation; it requires pre-
cise control over structure-function relationships at the atomic
scale. One of the most effective tools to achieve this is strain
engineering, a strategy capable of modifying electronic band
structure, enhancing charge-carrier separation, and stabilising
active surface states, all without altering the chemical compo-
sition of the host lattice [1-3]. However, scalable methods to

embed functional strain directly into solution-processed nano-
materials, avoiding epitaxial growth or post-synthetic treat-
ments, remain scarce [4].

Here, we present a rational strain-engineering framework
enabled by a rapid, one-step synthesis platform: continuous
hydrothermal flow synthesis (CHFS) [5-7]. In contrast to conven-
tional batch hydrothermal methods, CHFS uses supercritical
water (>374°C, >22MPa) under dynamic flow conditions to
drive near-instantaneous nucleation and crystallisation. This
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highly non-equilibrium environment stabilises metastable and
layered oxide phases [8], inherently generating internal strain
through mismatches in thermal expansion, phase asymmetry,
and interfacial coupling [9]. By introducing strain in situ during
synthesis, CHFS provides a scalable, chemically versatile strategy
for tailored structural and electronic tuning [10].

To demonstrate this concept, we designed a TiO,-based multi-
phase oxide-carbon nanocomposite in which strain emerges nat-
urally from the coexistence of compositionally and structurally
distinct domains. Titanium dioxide (TiO,) was selected as the
model oxide platform owing to its well-established photocatalytic
performance and structural polymorphism, which make it par-
ticularly responsive to phase and strain-directed tuning [11].
Reduced graphene oxide (rGO) served as both a charge-extract-
ing scaffold and a mechanical modulator, inducing interfacial
strain via mismatch in thermal and structural properties [12].
Under controlled CHFS conditions with KOH as a reducing agent,
this coupling directed the selective formation of metastable
TiO,(B) and layered K,Ti;Oq, both known for their anisotropic
charge transport characteristics [13]. Systematic variation of
rGO loading revealed its multifunctional role: in addition to acting
as an electron acceptor, rGO serves as a strain-inducing and phase-
directing template that influences the composite’s polymorphic
outcome.

In this single-step process, KOH was employed as a dual-function
reagent: it guided oxide phase crystallisation and simultaneously
reduced graphene oxide in situ. This approach replaces the pre-
vious use of ammonia [10] and enables direct formation of a fully
integrated heterostructure. The result is a complex, yet highly
ordered nanocomposite featuring strain gradients, layered
domains, and strong interfacial electronic coupling, all of which
underpin its catalytic functionality.

Comprehensive structural and electronic characterisation (XRD,
HRTEM, Raman, UPS, UV-vis DRS, transient PL), together with
first-principles modelling, confirmed strain-driven bandgap nar-
rowing, interfacial charge redistribution, and extended carrier
lifetimes. Photocatalytic activity was evaluated through degrada-
tion of a concentrated model dye (0.04 mM), with the degrada-
tion mechanism investigated using EPR spectroscopy. Under
visible light irradiation with simultaneous mechanical stirring,
complete dye degradation was achieved in 60 min, corresponding
to an exceptionally high first-order rate constant of 0.1046 min™".
Remarkably, even under mechanical excitation alone, the mate-
rial retained significant catalytic activity, reaching ~40% degra-
dation (k=5.57x10"° min™' at 550rpm), indicating that
interfacial strain may facilitate charge activation through non-
photonic, mechanically driven pathways analogous to piezocatal-
ysis [14, 15].

Overall, this study introduces a generalisable strategy for synthe-
sising strain-activated photocatalytic materials. By uniting rapid,
flow-based processing with interfacial strain engineering and
metastable phase control, we establish a scalable route to multi-
functional catalysts that respond to both solar and mechanical
energy inputs. This approach opens a pathway to more versatile
materials design, adaptable across environmental remediation
and broader energy-conversion technologies [16].

2 | Results and Discussion

To translate our design framework into functional performance,
we synthesised a series of TiO,-based nanocomposites using con-
tinuous hydrothermal flow synthesis (CHFS), a rapid and scal-
able platform for delivering structural and compositional
complexity. By systematically varying graphene oxide content,
we directed the selective crystallisation of metastable TiO,(B)
and layered K,TiOo within an anatase-rich matrix. These
phases, embedded within a reduced graphene oxide (rGO) scaf-
fold, formed extended heterointerfaces characterised by lattice
mismatch and localised strain. Structural, spectroscopic, and
electronic characterisation revealed strong correlations between
rGO loading, phase composition, and band-edge modulation,
establishing strain as a tunable design parameter. We next
assessed catalytic behaviour under simulated solar irradiation
(A>400 nm), mechanical, and combined excitation to probe
how these features govern dual-mode activation in high-perfor-
mance catalytic materials.

For clarity, three reference labels are used throughout this work.
TiO,-CHFS denotes the anatase-only sample synthesised with-
out KOH or GO and is used solely as the unstrained Raman ref-
erence. TiO, denotes the multiphase control synthesised with
KOH but without GO and is the catalytic control discussed in
the main text. TiO,-rGO-x denotes the KOH-mediated multi-
phase composites prepared with an initial GO concentration
of x mg mL™" in the precursor feed.

2.1 | Structure, Morphology, and Surface Chemistry
of the Nanocomposites

Powder X-ray diffraction (XRD) confirms that the CHFS products
comprise a multiphase oxide matrix. The diffraction patterns
(Figure la-d) show peaks for tetragonal anatase TiO,, mono-
clinic TiO4(B), layered K,Ti4Oq, and a broad feature from the
hexagonal rGO scaffold. Increasing the GO loading in the precur-
sor systematically alters the phase composition: higher rGO con-
tent promotes the formation of TiO,(B) and K,Ti;Oo at the
expense of anatase. This trend is attributed to templating effects
of the 2D-rGO, whose high surface area and morphology influ-
ence nucleation kinetics. Le Bail refinements of the XRD data
corroborate these phase assignments and show changes in lattice
parameters and peak broadening indicative of internal strain
(Figure S1, S2, and Table S1).

The coexistence of anatase and TiO,(B) phases promotes hetero-
phase junctions that facilitate charge separation and suppress
electron-hole recombination to improve photocatalytic effi-
ciency [17]. Synthesising this biphasic mixture is challenging
because TiO,(B) is metastable and typically requires prolonged
reaction times [18]. CHFS overcomes these limitations by
enabling instantaneous nucleation and rapid phase evolution.
Although anatase is the thermodynamic product, the presence
of KOH and GO in the synthesis promotes the formation
and stabilisation of TiO,(B), consistent with a sequential path-
way: titanium(IV) bis(ammonium lactato) dihydroxide reacts
with KOH to form potassium titanates, which convert to
hydrogen titanates and subsequently dehydrate into TiO,(B) [19].
A fraction of TiO,(B) transforms to anatase at reaction
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FIGURE 1 | (a)Powder X-ray diffraction patterns of the synthesised nanocomposites; (b) Superimposed XRD patterns with identified crystalline

phases: monoclinic K,Ti,Og (C2/m), tetragonal anatase TiO, (I4,/amd), monoclinic TiO,(B) (C2/m), and hexagonal rGO (P65/mmc); (c) Zoomed-in view
of the 20 range from 19° to 42°, highlighting variations in peak intensity and broadening as a function of synthetic conditions. (d) Superimposed X-ray
diffraction patterns enabling direct comparison of crystallographic phases and relative peak intensities among the synthesised samples. Key: TiO, =

multiphase anatase/TiO,(B)/K,Ti Oq.

temperature, while GO critically governs the resulting phase dis-
tribution [20].

The phase composition, modulated by GO content and alkalinity,
dictates interfacial strain and heterojunction density (Table S1).
GO induces phase-selective lattice strain, most pronounced in
anatase (sample TiO,-r1GO-0.5, exgp = 33.2x1073), and
decreases at higher GO loadings. Unit-cell refinements indicate
minor a-axis expansion and c-axis contraction, consistent with
interfacial densification. K,Ti4O9 remains weakly strained up
to 1.0mg mL™' GO but exhibits a marked increase at higher
GO loadings (exgp = 216.5 x 107>), confirming interface-driven
distortion. TiO, (B) likely accommodates early lattice strain,
though its low intensity precluded quantitative analysis.
Raman spectroscopy provides complementary insight into local
vibrational strain within anatase.

High-resolution transmission electron microscopy (HRTEM)
provides direct evidence of the multiphase architecture and inter-
facial strain in CHFS-derived composites. The images (Figure 2)
display distinct lattice fringes corresponding to TiO,(B) (001,
0.63nm) [21] and K,Ti,Oy (200, 0.88 nm), confirming the coex-
istence of these phases [22]. TiO, nanoparticles ranging from
3-11nm (mean 6.5 £ 2.0nm) are uniformly distributed on
rGO sheets, reflecting growth suppression and surface templating
under CHFS supersaturation [23]. The coexistence of TiO,
phases with non-matching lattice parameters generates interfa-
cial strain, while lattice defects and dislocations localise addi-
tional distortion fields [24]. Comparative HRTEM of TiO,
anatase (Figure 3a) exhibits well-defined (101, 0.35nm), (110,
0.32nm), and (002, 0.19 nm) planes, whereas TiO,-rGO compo-
sites (Figure 3b,c) show fringe distortion and lattice curvature
(green arrows), resulting from rapid CHFS nucleation and
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FIGURE2 | (a) TEM image of the TiO, nanocomposite showing ana-
tase nanoparticles, rod-like TiO,(B), and K,Ti,Og; (b) representative mor-
phology of TiO,-rGO nanocomposites; (¢) HRTEM image highlighting
lattice fringes of K,Ti4Og; (d) lattice spacing corresponding to TiO,
(B), confirming phase identification.
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FIGURE 3 | (a) HRTEM image of pristine TiO, nanoparticles show-
ing lattice fringes and particle size distribution (n = 150); (b,c) represen-
tative HRTEM micrographs of TiO,-rGO nanocomposites highlighting
local lattice distortion induced by interfacial strain; (d) variation in d-
spacing across nanoparticles, evidencing strain-modulated structural
deformation. Regions marked in red and blue represent compressed
and expanded lattice, respectively; green arrows indicate distorted fringes
and lattice irregularities.

interface-mediated growth. Measured d-spacings vary from
0.185nm (compressed) to 0.196nm (expanded) (Figure 3d),
demonstrating tensile-compressive strain asymmetry across

crystallites. These atomic-scale distortions correlate with XRD-
derived microstrain (Table S1), establishing interfacial strain
as an intrinsic structural feature of the nanocomposite frame-
work. Additional HRTEM images are shown in Figure S3.

Raman spectroscopy provides further insights into local strain and
phase composition (Figure 4). All samples displayed the four char-
acteristic vibrational modes of anatase TiO,. In the unstrained ref-
erence sample (TiO,-CHFS synthesised without any KOH or GO),
the primary E, mode appeared sharply at 146.6 cm™ (with a full
width at half maximum, FWHM, of 19.06 cm™). Upon rGO incor-
poration, this peak exhibited a systematic blueshift and broaden-
ing (155.1 cm™, FWHM = 26.67 cm™*) in TiO,~rGO-2.0 indicative
of increasing compressive strain and phonon confinement (Figure
S4). Strain values (¢) calculated from the E, shift (ca. 146.6 cm™)
(Table S2) showed a monotonic increase with rGO loading, corre-
lating with microstrain (exgrp) extracted from XRD Rietveld anal-
ysis (Table S3), confirming the presence of lattice distortion induced
by interfacial mismatch between TiO, and rGO. TiO,(B), though
weakly Raman-active [25], was supported by a band near
280.7cm ™" and by broadening of the B, mode at~396cm™,
likely due to overlap with E, vibration near 440 cm™". Ti—O vibra-
tions in layered K,Ti4Oo, consistent with XRD results and the
expected vibrational range of titanate frameworks, were also pres-
ent. The D (~1340cm ™) and G (~1580 cm™") bands of rGO were
observed in all reduced samples. The Ip/Ig ratios remained con-
sistent (~1.1 confirming moderate defect density).

The XPS survey spectra (Figure S5) confirm the presence of Ti, O,
K, and C, consistent with rGO incorporation and potassium tita-
nate formation. Potassium was identified via the K,, doublet
at ~293.1eV, consistent with potassium titanate phase also
observed in XRD [26]. The O1s spectra exhibit a dominant peak
at ~530.0 eV attributable to lattice oxygen in Ti-O bonds, accom-
panied by a pronounced shoulder at~531.5-532.5eV arising
from surface hydroxyl groups and oxygenated carbon function-
alities, reflecting the complex and heterogeneous surface chem-
istry of the TiO,-rGO nanocomposites. High-resolution Ti,,
spectra (Figure S6) revealed characteristic Ti*+ 2ps/, and 2p,/,
peaks at 458.3 eV and 464.2 eV in the TiO, [27], indicative of stoi-
chiometric TiO,. Ti*" states (~456.8 eV) [28], which increased
with GO loading, were also observed. These Ti** features suggest
oxygen vacancy formation or partial reduction of Ti** species
facilitated by alkaline conditions in the CHFS reducing environ-
ment. These defects can contribute to bandgap narrowing and
improved conductivity. Deconvolution of the C1s spectra demon-
strated a dominant sp® carbon peak (~284.6 €V) accompanied by
oxygenated species attributed to C—O (~285.7¢eV), C=0
(~286.8eV), and O—C=0 (~288.6eV) functionalities [29].
Notably, TiO,-rGO-2.0 exhibited additional low binding energy
carbon features at 281.9 eV and 283.0 eV, consistent with strong
interfacial Ti—C/Ti—O—C coupling [30], indicative of chemical
coupling at the rGO-TiO, interface. This interfacial bonding is
expected to facilitate charge transfer across the TiO,-rGO
interface.

Quantitative elemental analysis (Table S4) shows the Ti/K ratio
decreases with more GO, (consistent with more K,Ti4Oq phase),
and the C content increases as expected. These trends mirror the
XRD phase evolution. Complementing these results, FTIR anal-
ysis (Figure S7) also demonstrates substantial reduction of
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FIGURE 4 | Raman spectra of pristine TiO, - CHFS and nanocomposites, showing characteristic modes of anatase (A), TiO,(B), and K,Ti,Oq (K).

The E, mode exhibits a progressive blueshift and broadening with rGO addition, indicating increasing compressive strain. Inset (a): E; peak shift

(~145-155cm™") used for strain analysis. Inset (b): D (~1340cm™) and G (~1580 cm™") bands confirm successful rGO incorporation.

oxygenated groups in TiO,-rGO compared to pristine GO. The
broad O—H band (3000-3500 cm™") in GO is significantly weak-
ened in TiO, and TiO,-rGO during CHFS synthesis [31]. The dis-
appearance of the 1030cm™ C—O stretching peak, and
attenuation of carboxyl and epoxy-related bands (1430 and
1220 cm™") further confirm GO reduction [32]. A Ti—O—Ti vibra-
tion near 800 cm ™ is observed in both TiO, and TiO,-rGO, with a
slight redshift in the latter suggesting Ti—O—C bond formation
[33]. Thermogravimetric analysis was also undertaken (Figure
S17), confirming the level of reduction of the rGO as measured
by XPS.

2.2 | Optical and Electronic Structure of the
Nanocomposites

Analysis of diffuse reflectance spectra (Figures 5, and S8 &
9) shows a progressive narrowing of bandgaps with increasing
GO content. This reflects a gradual perturbation of the electronic
structure, driven by interfacial strain, the formation of Ti** defect
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FIGURE 5 | Direct and indirect optical bandgaps of synthesised mul-
tiphase TiO, nanocomposites, showing progressive narrowing with
increasing GO content.

states, and the appearance of Ti—C and Ti—O—C interfacial bond-
ing, as confirmed by XPS, FTIR, and DFT results.

These features introduce localised sub-bandgap states, extending
the optical response into the visible region. Bandgap narrowing
in the TiO,-rGO-2.0 sample is particularly pronounced. All nano-
composites exhibit a multiphase oxide matrix comprising ana-
tase, TiO,(B), and K,Ti;Oo, each contributing distinct band
edge positions and redox properties [34].

Ultraviolet photoemission spectroscopy (UPS, Figure S10) reveals
systematic shifts in valence band maximum (VBM) and conduc-
tion band minimum (CBM) across the series, demonstrating
strong electronic coupling between the oxide phases and the car-
bon scaffold. Literature reports show that K,Ti;Oq exhibits a
VBM/CBM of +3.06 V/-0.48 V, providing a strong oxidative
potential favouring ROS generation [35]. Anatase (+2.67V/
-0.53 V) and monoclinic TiO,(B) (+2.34 V/-0.56 V) provide com-
plementary redox behaviour [36]. rGO rapidly extracts electrons
through Ti-C interfacial interactions and its conductive z-net-
work [37] suppressing charge recombination. These synergistic
effects account for the longer carrier lifetimes observed in
time-resolved photoluminescence (PL) decay (Figure 6) and
underpin the enhanced photocatalytic performance of the
strain-engineered composites.

The average lifetime (t,,,) was determined using the intensity
weighted average of fitted multiple exponentials (Equation (2)
[5], with detailed parameters summarised in Table S5.
Incorporation of rGO produces a clear increase in carrier lifetime,
from ca. 19 ns for the multiphase TiO, sample to about 27 ns for
TiO,-rGO-2.0, indicating more efficient suppression of electron-
hole recombination. This correlates with the trend in photocata-
lytic efficiency, confirming that longer-lived charges indeed
translate to better reaction performance. The longer lifetime orig-
inates from strong electronic coupling at the oxide-carbon inter-
face, where rGO serves as a conductive sink for photogenerated
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FIGURE6 | Time-resolved photoluminescence decays of the synthes-
ised multiphase TiO, and TiO,-rGO nanocomposites.

electrons. The formation of interfacial Ti—C and Ti—O—C bonds
facilitate charge delocalisation and stabilise the charge-
separated state. These lifetime enhancements also correlate with
the interfacial strain signatures observed experimentally, sug-
gesting that strain fields arising from lattice mismatch modulate
band curvature and carrier mobility, further promoting charge
transport.

Furthermore, to complement the experimental results, density
functional theory (DFT) calculations were performed to provide
insight into how rGO incorporation and applied strain influence
the electronic structure of the composites. The calculated bandg-
aps for anatase, monoclinic TiO,, and K,Ti;Oy semiconductors
are 3.18, 3.82, and 4.17 eV, respectively, whereas reduced gra-
phene oxide (rGO) is nearly zero-gap. Under uniaxial strain
(Figure S11), the bandgaps of these materials respond non-
uniformly: those of GO/rGO increase monotonically, while
TiO, polymorphs and K,Ti;Oy show orientation-dependent,
non-monotonic shifts due to orbital rehybridisation. This

behaviour is consistent with the experimentally observed bandgap
narrowing and enhanced visible-light absorption obtained from
UV-vis spectroscopy, which arise from combined effects of inter-
facial strain, Ti** defect states, and TiO,-rGO electronic coupling.

Interface models (Figure 7) show that lattice mismatch produces
mechanical deformation in both oxide and carbon phases.
Relaxed geometries yield strains of + 1.2% in anatase and 2.8%
in rGO for the anatase/rGO system, and + 1.1% in K,Ti;O¢ with
+0.5% in rGO for the K,Ti4O0/rGO interface. These values are in
good agreement with experimentally measured strain signatures,
including XRD microstrain, Raman E, peak shifts, and local lat-
tice distortions observed by HRTEM, confirming that interfacial
strain is an intrinsic feature of the multiphase nanocomposite
(Table S3). The graphene sheet in the anatase/rGO model
becomes significantly undulated to maximise contact, whereas
it remains flatter on K,Ti;Oq indicating a better lattice match
with the layered titanate. This suggests strain is more localised
at anatase-rGO interfaces.

Electronic-structure analysis indicates that contact with rGO
lowers the anatase work function relative to the isolated slab,
while the K,Ti,Oy/rGO interface exhibits a strain-dependent vari-
ation of approximately 0.04 eV per % strain (Figure 8). These cal-
culated work-function shifts are qualitatively consistent with the
UPS-derived band alignment and Fermi-level shifts, supporting
interfacial charge redistribution within the TiO,-rGO system.
Interfacial charge transfer analysis further highlights subtle yet
significant differences in electronic coupling: 0.0035 ° per carbon
atom is transferred from anatase to rGO, and 0.0022 e° per carbon
atom is found at the K,Ti Oo/rGO interface, indicating stronger
electronic coupling for anatase-rGO interactions. This interfacial
charge transfer correlates with the experimentally observed
increase in PL lifetimes, confirming improved charge separation
and reduced recombination in rGO-containing composites.

FIGURE 7 | (a)K,Ti4Oq / rGO contact; (b) TiO, / rGO contact, both under most stable strain conditions.
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FIGURE 8 | Local potential at the (a) TiO, / rGO contact, (b) K,Ti4O9 / rGO contact, and (c) the dependence of the work function on strain.
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FIGURE 9 | The photocatalytic degradation of methylene blue using multiphase TiO, and TiO,-rGO nanocomposites under (a) 1.0 sun and (b) 0.5

sun visible-range simulated solar irradiation.

To further probe the interfacial electronic interactions between
reduced graphene oxide (rGO) and titania domains, a series of
(TiOy,), clusters (n=4, 8, 12, 27, 36) were modelled on a 3 x4
rGO supercell, as depicted in Figure S12. The clusters were con-
structed in cubic geometries to reflect anatase-like motifs. Due to
the large supercell sizes and computational demand, electronic
structure calculations were performed using the PBE functional.
These calculations show that increasing TiO, domain size enhan-
ces charge transfer to rGO and lowers the work function, indicat-
ing stronger interfacial electronic coupling. The experimental
results demonstrate that overall catalytic performance is governed
by a combination of factors, including phase composition, strain
distribution, surface area, defect density, and interfacial accessibil-
ity. Thus, while the cluster models provide insight into charge-
transfer behaviour, they do not solely determine the observed
activity trends.

2.3 | Photocatalytic Degradation of
Methylene Blue

The photocatalytic activities of the nanocomposites were evalu-
ated using methylene blue (0.04 mM) as a model pollutant under
simulated solar irradiation (A > 400 nm) at two light intensities: 1
sun (100 mW cm™2) and 0.5 sun (50 mW cm™2). Under sunlight
intensity of 1 sun (Figure 9), all TiO,-rGO nanocomposites
achieved > 80% MB degradation within 20 min, outperforming the
multiphase TiO, (mixed anatase/TiOy(B)/K,Ti4O9). Amongst the
series, TiO,-tGO-2.0 exhibited the highest activity, reducing MB
to < 1% after 50min. A control test without catalyst confirmed
negligible photolysis (8.6%, Figure S13). Even under reduced
intensity (0.5 sun), the rGO-based composites maintained high
activity (up to 91% degradation), whereas the activity of the
TiO, reference (anatase/TiO,(B)-K,Ti;Oy without rGO) declined.
These improvements originate from rGO-induced bandgap nar-
rowing, enhanced visible-light absorption, and more efficient
charge separation, consistent with the optical and electronic anal-
yses discussed above.

The reaction kinetics were analysed using the Langmuir-
Hinshelwood model Equation (3), linear fits of In(C/C, vs. time,
Figure S14) provided apparent first-order rate constants (kapp)
(Table 1) [38]. Relative to the multiphase TiO, control, the rGO-
modified materials displayed substantially higher reaction rates;

TABLE 1 | Apparent first-order rate constants (k,p,) for MB
degradation over nanocomposites under 1.0 sun and 0.5 sun simulated
solar irradiation. Values obtained from linear fits of In(C;/C,) versus t.

Rate constant, min™!

Sample 1 sun 0.5 sun
TiO, 0.0247 0.0253
TiO,-rGO-0.5 0.0282 0.0269
TiO,-rGO-1.0 0.0254 0.0248
TiO,-rGO-2.0 0.0961 0.0329

notably, TiO,-rGO-2.0 achieved a Kk, nearly four times higher
under full solar flux (0.0961 min™" vs. 0.0247 min~*). The enhance-
ment stems from the dual function of rGO: its oxygen-containing
groups supply additional adsorption sites for dye molecules, while
its delocalised n-network efficiently extracts photogenerated elec-
trons, suppressing electron-hole recombination. Together, these
effects accelerate photo-oxidation and account for the superior cat-
alytic efficiency of the rGO-integrated composites.

2.4 | Adsorption Behaviour and Strain-Dependent
Surface Reactivity

The adsorption behaviour of the nanocomposites was investi-
gated in the dark to decouple surface interactions from photo-
chemical effects. The dye adsorption capacity (q;, Equation (4))
is summarised in Figure 10. Incorporation of reduced graphene
oxide (rGO) markedly improved the adsorption performance of
TiO,-based nanocomposites. Whereas the TiO, reference (ana-
tase/TiO,(B)/K,Ti,O9) sample exhibited limited adsorption
capacity, progressive addition of rGO led to greater dye uptake,
with TiO,-rGO-2.0 showing the most significant improvement.
This improvement is attributed to the larger accessible surface
area and the presence of oxygenated functional groups on
rGO, which provide additional active sites for dye adsorption.
BET analysis (Table S6) confirms that increasing rGO content
increases the surface area from 123.7m> g~' for TiO, to
242.8m* g~ for TiO,-rGO-2.0, thereby facilitating stronger sur-
face interactions and promoting faster interfacial charge transfer
during subsequent photocatalysis.
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FIGURE 10 | The adsorption capacity of multiphase TiO, and
TiO,-rGO nanocomposites.

To elucidate the adsorption kinetics, the experimental data were
fitted with both pseudo-first-order and pseudo-second-order
models (Equations (5) and (6)). The former primarily describes
initial physisorption, whereas the latter accounts for chemisorp-
tion processes involving electron sharing or transfer [39]. The
corresponding fits are shown in Figure S15, and the extracted
kinetic parameters are listed in Table S7. The TiO, (anatase/
TiO,(B)/K,Ti4O9) control sample follows the pseudo-first-order
model, indicating physisorption-dominated behaviour. In con-
trast, all multiphase TiO,-rGO nanocomposites are best described
by the pseudo-second-order model, consistent with a chemisorp-
tion process facilitated by rGO. The shift from physisorption to

chemisorption is supported by higher correlation coefficients (R?)
and increased rate constants (k,), indicating that rGO provides
new active adsorption sites for MB, likely via n—r interactions
or electrostatic attraction to rGO’s surface functionality.

The dye degradation performance of the synthesised nanocom-
posites was further studied through first-principles adsorption
calculations of methylene blue (MB), H*, and OH" on key com-
ponents: rGO, K,Ti Oy, and anatase TiO,. For anatase and
K,Ti404, the (101) and (010) low-index facets were selected as
representative surfaces [40], while rGO was modelled as a func-
tionalised graphene sheet with hydroxyl and epoxy groups
(Figure 11).

Adsorption calculations were performed under both unstrained
and biaxially strained conditions, simulating compression and
expansion along the x and y directions. Due to its comparatively
isotropic strain response within the chosen oxygen-functional-
ised graphene model, rGO exhibited negligible variation in
adsorption energy across strain conditions. Similarly, K,Ti,O9
displayed only modest strain-dependent modulation: MB binding
weakened slightly with expansion, while H*/OH" interactions
strengthened marginally. In contrast, anatase demonstrated a
pronounced anisotropic response. Strain along the x-axis induced
a moderate decrease in adsorption strength, whereas y-axis
expansion significantly enhanced surface affinity, particularly
for polar adsorbates.
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FIGURE11 |
expansion and compression.

Adsorption interaction of H*, OH*, and methylene blue (MB) with anatase TiO, (101), K,Ti4O, (010), and rGO as a function of unit cell
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This directional sensitivity is attributed to the inherent lattice
asymmetry and polar nature of the (101) facet, offering insight
into the strain-tunable reactivity of anatase-based photocatalysts.
Importantly, this behaviour is consistent with the experimentally
observed increase in adsorption capacity (Figure 10) and the
enhanced photocatalytic degradation rates for samples with opti-
mised rGO content and strain. In particular, the strengthened
adsorption of OH" species on strained anatase surfaces provides
a favourable environment for hydroxyl-radical-related (+OH)
pathways, consistent with the EPR spin-trapping results identi-
fying +OH-type species as a dominant reactive pathway. These
results suggest that moderate tensile strain in anatase enhances
adsorption of key intermediates without compromising surface
stability, while rGO remains largely strain-insensitive and K,Ti,Og
exhibits only minor contributions.

2.5 | Mechanocatalysis and Photo-Mechanical
Coupling

Catalytic activities were further examined under dark conditions
with mechanical stirring to probe strain-driven catalysis
(Figure 12). Remarkably, all composites displayed measurable
activity even in the absence of light. At 250 rpm, TiO,-rGO-0.5
and —1.0 showed significantly higher MB degradation than the
TiO, reference (anatase/TiO,(B)/K,Ti4Oq), confirming that
mechanical excitation alone can initiate catalytic processes when
strain-active interfaces are present. Thus, agitation likely induces
cyclic interfacial deformation and interparticle contact, promot-
ing charge separation and redox reactions at strain-active hetero-
interfaces. Increasing agitation speed enhanced the reaction rate
for all samples, although TiO,-rGO-0.5 consistently outperformed
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the others, with its rate constant increasing from 2.36 x 10~° to
5.57x107° min~" (Table 2). In contrast, TiO,-rGO-2.0, initially
less active, showed a threshold-like response, with a lower rate
at low rpm and a modest increase at high rpm.

This behaviour mirrors the strain distribution observed structur-
ally. TiO,-rGO-0.5 has moderate strain, which favours reversible
deformation and interfacial charge separation. At higher rGO
loadings, excessive network formation disrupts long-range order,
dampening mechanical responsiveness despite improved con-
ductivity [41, 42]. The coexistence of strain-tolerant phases
(e.g., K;TisO9, TiO,(B)) facilitates localised deformation but only
when synergistically coupled with anatase. Together, these
results demonstrate that internal strain within the TiO,-rGO
composites can be exploited for mechanically induced catalysis,
operating as a complementary activation mode to light-driven
photocatalysis.

TABLE 2 | Rate constants for strain-induced mechanocatalysis of
methylene-blue degradation.

Rate constant assigned at different
stirring speeds (x 10™* min™"

Sample 250rpm  350rpm 450rpm 550 rpm
TiO, 4.8 5.3 6.6 9.9
TiO,-rGO-0.5 23.6 43.9 46.6 55.7
TiO,-rGO-1.0 21.6 43.8 44.4 46.3
TiO,-1GO-2.0 8.6 20.6 22.9 25.3
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FIGURE 12 | Methylene blue degradation by multiphase TiO, and TiO,-rGO nanocomposites under mechanical excitation in the dark at varied
stirring speeds: (a) 250 rpm, (b) 350 rpm, (c) 450 rpm, and (d) 550 rpm, highlighting the influence of mechanical excitation on catalytic efficiency.
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FIGURE 13 | (a) Methylene blue degradation profiles under concurrent photo-mechanical excitation (1 sun, 250 rpm) for nanocomposites;

(b) corresponding apparent rate constants (K,pp), demonstrating synergistically accelerated degradation kinetics.

The catalysts were next evaluated under simultaneous solar irra-
diation and mechanical stirring (250 rpm) to assess cooperative
photo-mechanical activation (Figure 13). Under these condi-
tions, all TiO,-rGO composites exhibited enhanced performance.
Rapid dye degradation occurred within the first 20 min, with the
rGO-modified catalysts reaching>90% removal considerably
faster than the TiO, control, which achieved only ~85% removal
after 70 min. The TiO,-rGO-0.5 composite achieved nearly com-
plete degradation within this time frame. Rate constants derived
from these experiments quantify the synergy between the two
stimuli: the synergy factor (S) (Table S8) is approximately 1.05
for TiO,-rGO-0.5, indicating a positive interaction between light
and mechanical effects. By contrast, TiO,-rGO-2.0 gives S = ~0.93,
suggesting that excessive tGO coverage dampens strain transfer
and limits cooperative enhancement. Detailed mode-specific deg-
radation profiles (adsorption, photocatalysis, and mechanocatal-
ysis) for TiO,-rGO composites of varying rGO content are shown
in Figure S16, confirming the dominant role of photonic activa-
tion and synergistic strain effects.

To distinguish intrinsic activity from surface-area effects, appar-
ent rate constants were normalised by BET surface area (Knorm,
min™' m™ g™!, Table S8). The normalised values confirm that
differences in performance cannot be attributed solely to surface
area. Although TiO,-rGO-2.0 shows the highest apparent rate
under dual excitation, its intrinsic activity per unit surface area
is comparatively modest, indicating that the improvement arises
mainly from greater surface availability rather than enhanced
reactivity. In contrast, TiO,—rGO-0.5 exhibits both high apparent
and high normalised rate constants, demonstrating genuine syn-
ergy between photocatalytic and mechanocatalytic processes.
This composition balances accessible surface area with optimal
strain and electronic coupling, making it the most efficient cata-
lyst within the series. Additional analysis of the composites post
dye-degradation was carried out via Raman and FTIR (Figure
S18) to confirm the proposed mechanism and stability of the
catalysts.

2.6 | Electron Paramagnetic Resonance Spin-
Trapping Evidence for Reactive Oxygen Species

Electron paramagnetic resonance (EPR) spin-trapping experi-
ments using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) were

performed to probe reactive oxygen species (ROS) generated
during methylene blue degradation over the TiO,-rGO-0.5 pho-
tocatalyst, identified as the most active composition under
mechanical excitation and coupled photo-mechanical activation.
The spectra (Figure 14) exhibit a characteristic four-line pattern
(1:2:2:1) with hyperfine splitting constants a_N ~1.5mT and a_H
~1.5 mT, and a g-value of ~2.005, consistent with a DMPO-OH
adduct and indicative of hydroxyl radical-type species [43].

The spectral positions are preserved under both stirring (dark) and
combined light + stirring conditions, indicating a common domi-
nant radical pathway. Under illumination, however, additional
weak features appear between the main lines, suggesting the pres-
ence of a minor secondary component, plausibly arising from
superoxide-derived or surface-associated intermediates [43].

The detection of a clear EPR signal under stirring alone confirms
that mechanical stimulation can induce reactive oxygen species
(ROS) generation in the multiphase TiO,-rGO system. Under

TiO,/K, Ti,0/rGO: Stirring

TiO,/K, Ti;0,/rGO: Stirring + light

———

DMPO-OH simulated

3470 3480 3490 3500 3510 3520 3330
Magnetic Field (G)

FIGURE 14 | EPR spectra of the multiphase TiO,/K,Ti4Oo/rGO pho-
tocatalyst in methylene blue solution using DMPO as a spin-trapping
agent under (i) mechanical stimulation (stirring, dark) and (ii) combined
photo-mechanical activation (stirring under simulated solar irradiation).
The characteristic four-line signal corresponds to a DMPO-OH spin
adduct. Additional weak features observed under light suggest the pres-
ence of secondary reactive oxygen species.
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simultaneous photo-mechanical activation, photogenerated car-
riers and strain-induced effects act cooperatively, resulting in a
broader ROS distribution while maintaining the dominant
hydroxyl radical-type signature.

2.7 | Proposed Photo-Mechanical Charge-Transfer
Mechanism

The degradation of methylene blue over the TiO,(B)/anatase/
K,Ti4Oo/rGO composites is best described by a multiphase het-
erojunction mechanism involving defect-assisted visible-light
excitation and rGO-mediated charge separation. Under visible-
light irradiation, charge carriers are generated within the oxide
domains through bandgap narrowing and interfacial/defect
states associated with Ti** species and TiO,-rGO coupling.
Electrons are transferred to the rGO network, which acts as a con-
ductive mediator, suppressing electron-hole recombination and
promoting charge transport [44]. These electrons may participate
in oxygen reduction pathways to form O,s~, while holes remain-
ing in the oxide valence bands can oxidise surface-adsorbed H,0O/
OH™ to generate +OH-type species [45]. EPR spin-trapping sup-
ports «OH-type species as a dominant reactive pathway.

Under simultaneous visible-light irradiation and mechanical stir-
ring, cyclic interfacial deformation and strain redistribution likely
enhance local charge separation efficiency and reactive oxygen

Visible light, hv
(defect-assisted photoexcitation)

TiOA(B) ‘

species generation, accelerating degradation kinetics while
preserving the same fundamental reaction pathway [46].
The catalytic process can therefore be described as a coupled
photo-mechanical, rGO-mediated heterojunction mechanism
[47, 48]. A schematic representation of the proposed mechanism
is shown in Figure 15.

3 | Conclusions

This study demonstrates a rapid, single-step continuous hydro-
thermal flow synthesis strategy for producing multiphase
strain-engineered TiO,-rGO nanocomposites with dual photoca-
talytic and mechanocatalytic activity. In situ reduction of gra-
phene oxide under alkaline conditions induces interfacial
lattice strain (exgp ~ 33 x 107> in anatase, also evidenced by a
Raman E, shift of ~8.5cm™") concurrently with the crystallisa-
tion of anatase TiO,, TiO,(B), and K,Ti4Oq. These intimate het-
erointerfaces facilitate efficient carrier separation and robust
charge transfer to the rGO network. The resulting multiphase
framework exhibits a narrowed bandgap and prolonged carrier
lifetime, consistent with DFT-predicted strain-modulated band
alignment.

The optimised nanocomposite achieves near-complete methy-

lene-blue degradation (99%) within 60 min, delivering a synergy
factor of S > 1 under simultaneous photo-mechanical activation.
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FIGURE 15 | Proposed working mechanism for methylene blue (MB) degradation over multiphase TiO,(B)/anatase/K,Ti;Oo/rGO nanocomposites

under coupled visible-range simulated solar irradiation and mechanical stirring. Under visible light, defect- and interfacial-state-assisted excitation

generates charge carriers within the oxide domains. Electrons are transferred to the rGO network, which acts as a conductive mediator that facilitates

electron transport and suppresses recombination. Based on the UPS-derived band alignment, these electrons may reduce dissolved oxygen to form

superoxide radicals (O, "), while holes in the oxide valence bands oxidise surface-adsorbed H,O/OH™ to generate hydroxyl radicals (+OH). EPR

spin-trapping supports sOH-type species as the dominant reactive pathway. Mechanical stirring introduces cyclic interfacial deformation and strain

re-distribution, which enhance charge separation efficiency, suppress recombination, and increase reactive oxygen species generation, leading to accel-
erated degradation kinetics. The schematic represents a plausible mechanism based on UPS band alignment, UV-vis absorption, PL lifetime measure-
ments, DFT charge-transfer analysis, and EPR evidence.
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The dual rate constant (0.1046 min™") compares favourably with
many reported TiO,-based systems, and the mechanocatalytic
activity (5.57 x 10~ min™" at 550 rpm) is a rare demonstration
of non-photonic catalysis in an oxide material. These findings
demonstrate that strain-induced heterointerface coupling, vali-
dated across TEM, XRD, Raman, and DFT analyses, offers a
robust mechanism for band-edge engineering and charge-
transport enhancement in multiphase oxide-2D frameworks.
The CHFS platform offers a scalable, sustainable route for design-
ing multifunctional, strain-adaptive catalysts for sustainable
environmental and energy conversion applications.

4 | Experimental Methodology

4.1 | Synthesis of Multiphase TiO,-Potassium
Titanate-Reduced Graphene Oxide Nanocomposites

All chemicals were used as received without further purification.
Titanium(IV) bis(ammonium lactato)dihydroxide (50wt.% in
water, Sigma-Aldrich, UK) was employed as the sole titanium
precursor. It was diluted with deionised water to obtain a
0.2 M aqueous solution for use in the synthesis. Graphene oxide
(GO) was sourced from LayeredOne (Netherlands), and potas-
sium hydroxide (KOH, >85%, Sigma-Aldrich, UK) was used
as the alkaline precursor. To prepare the TiO,-potassium
titanate-reduced graphene oxide mixtures, GO was dispersed
in 1.0M KOH solution at concentrations of 0.5, 1.0, and
2.0mg mL™". The resulting suspensions were sonicated to ensure
homogeneous dispersion and subsequently stirred continuously
during the synthesis process to maintain uniformity. TiO,-based
nanocomposites were synthesised using a continuous hydrother-
mal flow synthesis (CHFS) system operated under supercritical
water conditions (Scheme 1).

Deionised water was delivered by Pump 1 at a flow rate of
20mLmin~* and heated to 450°C under a pressure of
24.8 MPa to reach supercritical conditions. Pump 2 introduced
the titanium precursor solution (0.2 M titanium (IV) bis (ammo-
nium lactato) dihydroxide), while Pump 3 delivered the GO-
KOH mixture at the desired concentrations. Both reagent streams
were introduced at 10mL min™". A control synthesis was also
conducted using only the titanium precursor in KOH without

Heater
Pump 1 J,.rl Reactor
- :
8
Titanium Q
precursors 3
1
Graphene Pump 3 T-junction . BPR
Oxide and [y . .

KOH

SCHEME1 | Continuous hydrothermal flow synthesis setup used for
the single-step preparation of multiphase TiO,-rGO nanocomposites.

the addition of GO. In all cases, the product stream was passed
through a heat exchanger and collected downstream of the back-
pressure regulator (BPR).

The resulting suspensions were cleaned via repeated centrifuga-
tion, and the recovered solids were freeze-dried to yield fine pow-
ders. The final products were denoted as TiO, (control, without
graphene oxide), TiO,-rGO-0.5, TiO,-rGO-1.0, and TiO,-rGO-
2.0, corresponding to the respective GO concentrations
employed. An additional reference sample was made to isolate
the effect of KOH/GO and used as an unstrained benchmark
for Raman analysis.

4.2 | Characterisation Techniques

High-resolution transmission electron microscopy (HRTEM)
images of the synthesised TiO, nanocomposites were acquired
using an image-aberration-corrected JEOL ARM200F microscope,
operated at 200 kV acceleration voltage. Image analysis was per-
formed wusing ImageJ software. Fourier Transform Infrared
Spectrophotometer (IRAffinity-1S model) was used to record the
FT-IR spectrum of the samplesin the range of 500cm™ to
4000 cm™. The photoluminescence (PL) lifetime measurements were
conducted using Edinburgh Instrument-FLS1000 spectrometer with a
375 nm laser; the average PL lifetime was computed using exponential
fitting parameters. Raman spectra of the synthesised samples were
acquired using an Edinburgh Instrument RMS1000 multimodal
confocal Raman microscope with a 532 nm excitation laser and a
1200 g/mm grating. X-ray diffraction (XRD) patterns were col-
lected using an Anton Paar XRDynamic 500 powder diffractom-
eter with a CuKal (1.5406 A) Primux 300 source. Le Bail
refinement was performed using FullProf software. X-ray photo-
electron spectroscopy (XPS) analysis was conducted using an
AXIS Ultra DLD system (Kratos Surface Analysis). The spectra
were acquired using a non-monochromated Mg Ko (1253.6 eV)
X-ray source operated at 144 W (12 kV x 12 mA). Ultraviolet pho-
toemission spectroscopy (UPS) measurements were conducted
using a He I (21.2eV) radiation source integrated into a
Thermo NEXSA system, with an applied bias of —9 V. UV-vis dif-
fuse reflectance spectra of the powder samples were acquired
using Shimadzu UV-2600i spectrophotometer equipped with
an integrating sphere, and the optical bandgaps were estimated
from Kubelka-Munk analysis. The surface area measurements of
the powder synthesised samples were conducted using a
Micromeritics Gemini VII instrument, employing the
Brunauer-Emmett-Teller (BET) method. This Sggr analysis uti-
lised a 5-point N, adsorption technique, and the powder samples
underwent a degassing process in a FlowPrep 060 system at
180°C for 2 h. UV-vis absorbance spectra of methylene blue sol-
utions were recorded using a Shimadzu UV-1800 spectrophotom-
eter. The spectra were recorded in the 200-800 nm range using a
quartzcuvette with a 10 mm path length. Photo-mechanical
electron paramagnetic resonance (EPR) measurements were per-
formed using a Bruker Elexsys X-band E500T continuous-wave
spectrometer equipped with a Super High Sensitivity probe head.
All measurements were conducted in solution at room tempera-
ture. The microwave frequency was approximately 9.8 GHz, with
a microwave power of 20 mW, modulation frequency of 100 kHz,
and modulation amplitude of 1G. Samples were prepared by
dispersing the photocatalyst (10.0 mg) in aqueous methylene blue
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(50 mL, 0.04 mM) containing DMPO (5,5-dimethyl-1-pyrroline N-
oxide, 100 mM) as a spin-trapping agent. Aliquots (50 pL) of the
reaction mixture were transferred into quartz capillaries, which
were then placed inside 5 mm quartz EPR tubes. All samples were
positioned consistently at the centre of the resonator to ensure
reproducible signal intensity. EPR spectra were recorded under dif-
ferent activation conditions: (i) mechanical stimulation (magnetic
stirring in the dark), and (ii) combined photo-mechanical stimula-
tion (simulated solar irradiation with simultaneous stirring). Light
irradiation was provided using a MiniSol™ LED solar simulator
(LSH-7320, MKS Newport) operating at 1 sun intensity (100 mW cm™ ),
with continuous stirring at 250 rpm. Control experiments were per-
formed using methylene blue and DMPO in the absence of catalyst.

4.3 | Adsorption, Photocatalytic and Mechano
catalytic Experiments

The catalytic performance of the synthesised nanocomposites
was evaluated via the degradation of methylene blue (MB)
[49] under both optical and mechanical excitation. In all experi-
ments, 10.0 mg of catalyst was dispersed in 50.0 mL of MB solu-
tion (C, =0.04 mM) under magnetic stirring. Photocatalytic
activity was assessed under simulated solar irradiation using a
MiniSol solar simulator (A > 400 nm) positioned at a fixed vertical
distance (27 cm) above the solution surface. The samples were
stirred continuously (250 rpm), and degradation was monitored
by acquiring UV-vis absorbance spectra every 10 min, with dye
concentration calculated from absorbance at A, = 664 nm using a
calibration curve. Photocatalytic tests were conducted at two light
intensities: 1 sun (100 mW cm™2) and 0.5 sun (50 mW cm™>).

To account for passive dye adsorption, two control protocols were
employed. First, all reaction mixtures were pre-stirred in the dark
for 30 minutes to establish adsorption-desorption equilibrium
prior to light or mechanical input. Second, full-duration adsorp-
tion tests were performed in the dark without stirring to verify
that dye removal over the experimental time window was not due
to passive adsorption alone.

Catalytic activity under mechanical excitation was assessed sep-
arately in the absence of light. The catalyst—dye suspensions were
stirred at defined speeds (250, 350, 450, and 550 rpm) in complete
darkness, and full UV-vis spectra were acquired every
10 minutes to determine MB degradation. This allowed the inves-
tigation of strain-activated, non-photonic catalytic pathways.

4.4 | Kinetic and Data Analysis Equations

1 The bandgap energies of the synthesised TiO,-based
nanocomposite photocatalysts were estimated using the
Kubelka-Munk method (Equation (1)).

(1-R)?
2R

¢y

F(R)= =

where R is the diffuse reflectance of the nanocomposite.
The plot of (F(R). hv)2 versus hv was used to estimate
the direct and indirect bandgaps of the synthesised nano-
composites, where h is Planck’s constant, v is the photon

frequency, and a = 0.5 is used for direct bandgap estima-
tion and a =2 is used for indirect bandgap.

2 The average lifetime was determined as the intensity-
weighted average of the fitted multiple exponentials:

alT% + azT% + a:;'l.'%
Tavg =

©)
a7 + ATy + azT3

where aj, a,, a; are pre-exponential factors and 7, T,, T3
are the lifetimes of the fitted components. The average
lifetime and fitting parameters are given in Table S5.

3 Kinetic analysis using the Langmuir-Hinshelwood
model Equation (3), linear fits of In (C,/C, vs. time) yield
apparent first-order rate constants.

G
Ln C_O = - kappt (3)

where C is the initial concentration of the dye, C; is the
concentration of MB remaining at time t, ¢ is the time of
solar irradiation, and the k,p, is the rate constant.

4 The dye adsorption capacity, q, of the nanocomposites
was investigated in the dark.
(Co— C) XV XMpyp

q:= m 4

where q; is the amount of methylene blue (MB) adsorbed
per gram of the synthesised nanocomposites at a given
time, Cy is the initial concentration (0.04 mM), C; is the
concentration of MB remaining in the mixture at a given
time, V'is the volume of the solution used in the experiment
(50.0 mL), and m is the mass of the photocatalyst (10.0 mg).

5 The pseudo first order equation:

In(q. —q,) =Inge — 5= t ©)
6 The pseudo second order equation:
t 1 t

=t — ©
@ ka g

where: g, and g, are the adsorption capacities (mg g™') at
equilibrium and at time t.

4.5 | DFT and Atomistic Calculations

Density functional theory (DFT) calculations were performed
using VASP 6.3.1 with a plane-wave basis set [50-53].
Structural optimisations employed the RPBE functional within
the GGA framework [54], followed by electronic structure calcu-
lations at the HSE06 level [55]. A 500eV energy cutoff and a
0.01eV/A force convergence criterion were applied. Gaussian
smearing of 0.03eV was used to ensure accurate electronic
occupation in semiconductors and insulators. Dispersion interac-
tions were accounted for using the Grimme D3 correction [56].
For slab models, dipole corrections were applied along the
z-direction; gamma-point sampling sufficed due to the large unit
cell size [57]. Bulk calculations omitted dipole corrections but
employed a 2 x 2 X 2 k-point mesh.
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Adsorption energies were calculated, as customary:

Eads = Esystem - Eslab - Eadsorbate (7)

where Eggems Eslap, and Eagsorbaes denote the total electronic
energy of the slab with the adsorbate, empty slab, and isolated
adsorbate, respectively.

To investigate the strain response relevant to mechanically
induced catalysis, bulk structures were compressed along various
axes under two conditions: isochoric, where expansion in the per-
pendicular directions preserves constant volume, and static,
where volume changes with no lateral relaxation. For slab mod-
els, only one dimension was varied while allowing full relaxation
in the remaining directions.
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