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Abstract: The tunability of graphene—ZnO hybrid properties through ZnO loading control is widely exploited but
poorly understood at the mechanistic level, particularly regarding how microstructural evolution couples to optical
bandgap modification and charge carrier dynamics. This study establishes a systematic framework for correlating
ZnO concentration with the structural, optical, and electronic behavior of graphene-based hybrids. X-ray
diffraction tracks the nucleation and growth of wurtzite ZnO on graphene templates, while electron microscopy
reveals the morphological transition from isolated nanocrystals to dense surface coverage as ZnO loading
increases. UV—Vis spectroscopy quantifies the bandgap narrowing that accompanies hybrid formation,
attributable to interfacial electronic coupling and the emergence of oxygen-vacancy-derived states within the ZnO
bandgap . Photoluminescence spectroscopy resolves the competition between near-band-edge emission and
defect-mediated visible emission, providing a direct readout of charge carrier recombination pathways. The
incorporation of graphene systematically quenches ZnO luminescence and modifies carrier lifetimes through
electron extraction at the interface, with the magnitude of these effects governed by ZnO loading-dependent
interfacial contact area . A mechanistic model is proposed in which ZnO loading controls the balance between
discrete nucleation, coalesced coverage, and interfacial charge-transfer efficiency, with an optimal loading range
maximizing the synergistic coupling between the two components. The findings provide rational design criteria
for graphene—ZnO hybrids in optoelectronic and photocatalytic applications.

Keywords: ZnO loading; graphene hybrid; bandgap engineering; photoluminescence; charge carrier dynamics;
oxygen vacancies

1. Introduction

Graphene—ZnO hybrid nanomaterials have attracted sustained attention because they combine the high carrier
mobility and two-dimensional geometry of graphene with the wide bandgap (approximately 3.3 eV) and high
exciton binding energy (approximately 60 meV) of ZnO . The resulting composites exhibit properties that neither
component possesses in isolation, including extended light absorption ranges, enhanced electrical conductivity,
and suppressed photocorrosion, which have been exploited across photocatalysis, energy storage, and
optoelectronics . The central design variable in these systems is the ZnO-to-graphene ratio, which governs not
only the density of the optically active component but also the extent of interfacial contact, the degree of graphene
reduction, and the population of defects that mediate charge transfer.

Despite the recognized importance of composition control, the field lacks a coherent picture of how increasing
ZnO loading drives microstructural evolution and how this evolution, in turn, determines optical and electronic
behavior. Most studies report a single or narrow set of compositions, often optimized empirically for a target
application, without resolving the intermediate stages of hybrid formation. This gap is significant because the
mechanisms that govern property enhancement at low ZnO loading, where isolated nanocrystals decorate
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graphene sheets, differ fundamentally from those at high loading, where dense ZnO coverage may isolate the
graphene component and disrupt the conductive network .

X-ray diffraction provides the primary structural signature of hybrid formation. The wurtzite ZnO reflections
emerge and intensify as ZnO loading increases, and crystallite sizes calculated from peak broadening track the
growth of the oxide phase . However, XRD alone cannot resolve spatial distribution, and electron microscopy is
required to establish whether ZnO grows as discrete nanoparticles, as continuous films, or as agglomerated
clusters on the graphene surface. Transmission electron microscopy studies of reduced graphene oxide—ZnO
hybrids have demonstrated that ZnO nanocrystals nucleate heterogeneously on graphene sheets, with lattice
fringes confirming single-crystalline wurtzite structure and interplanar spacings consistent with the (002) plane .
The spatial arrangement of these nanocrystals, which evolves with ZnO loading, determines the available
interfacial area for charge transfer.

The optical consequences of hybrid formation are most directly probed by UV-Vis absorption and
photoluminescence spectroscopy. Bandgap narrowing upon graphene incorporation has been repeatedly observed,
with reported decreases from approximately 3.1 eV to 2.7 eV in ZnO hollow microsphere/reduced graphene oxide
systems , and bandgap values as low as 2.80 eV in rare-earth-doped ZnO/graphene nanocomposites. The origins
of this narrowing are debated: proposed mechanisms include interfacial electronic coupling, the introduction of
oxygen-vacancy-derived midgap states, and carbon incorporation into the ZnO lattice. Photoluminescence
spectroscopy provides complementary information by resolving the competition between near-band-edge
recombination and defect-mediated visible emission. In ZnO@graphene hybrids, the green emission band near
560 nm has been assigned to singly ionized oxygen vacancies, and the intensity of this band relative to near-band-
edge emission reports on the defect density and the efficiency of carrier trapping . The observation that graphene
incorporation both quenches overall luminescence and modifies the visible-to-UV intensity ratio indicates that
graphene alters both the total carrier population and the distribution of recombination pathways.

Charge carrier dynamics at the graphene—ZnO interface have been investigated using time-resolved
photoluminescence and photoelectrochemical techniques. In reduced graphene oxide-wrapped ZnO
heterostructures, systematic variation of the reduced graphene oxide content revealed that the graphene component
acts as both a charge separation enhancer and an electron transport shuttle, with the optimal composition
maximizing carrier utilization for photocatalysis . Photoluminescence lifetime measurements in ZnO quantum
dot/reduced graphene oxide composites have shown that charge transfer from the reduced graphene oxide lowest
unoccupied molecular orbital to the ZnO conduction band produces prompt recombination of UV-induced
electron—hole pairs, confirming that the interface provides an efficient extraction pathway . These dynamic studies
establish that the electronic consequences of hybrid formation depend critically on the extent and quality of
interfacial contact, which is itself a function of ZnO loading.

The present study addresses the need for an integrated understanding of how ZnO loading governs microstructural
evolution, optical bandgap, and charge carrier dynamics in graphene-based hybrids. By systematically varying the
ZnO content and characterizing the resulting series with XRD, SEM/TEM, UV-Vis, and photoluminescence
spectroscopy, we establish the correlations that link composition to structure, structure to optical properties, and
optical properties to carrier behavior. The framework provides rational criteria for selecting ZnO loading in
graphene—ZnO hybrids for target applications.

2. Experimental Section
2.1 Materials and Synthesis

Graphene oxide (GO) was prepared from graphite powder by a modified Hummers method. ZnO-loaded graphene
hybrids were synthesized by [insert your method: solvothermal, hydrothermal, sol—gel, or antisolvent precipitation]
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with ZnO loadings of [specify series, e.g., 10, 20, 30, 40, and 50 wt%]. The ZnO precursor [specify: zinc acetate
dihydrate, zinc nitrate hexahydrate, or zinc chloride] was dissolved in [specify solvent] and combined with a GO
dispersion under [specify conditions: sonication, stirring, temperature]. The products were collected by
centrifugation, washed, and dried. A pristine ZnO reference sample was prepared under identical conditions
without GO. The antisolvent approach has been demonstrated to produce reduced graphene oxide-wrapped ZnO
heterostructures with controllable graphene content, using GO as a heterogeneous nucleation site for ZnO during
precipitation .

2.2 X-ray Diffraction

Powder X-ray diffraction patterns were acquired using Cu Ka radiation (A = 1.5406 A) over a 26 range of [specify,
e.g., 10-80°] with a step size of [specify]. Phase identification was performed against standard reference patterns
for wurtzite ZnO (JCPDS 01-080-0075) and graphene oxide . Crystallite sizes were estimated using the Debye—
Scherrer equation, D = kA/(B cos 0), where B is the full width at half maximum of the relevant reflection.

2.3 Electron Microscopy

Scanning electron microscopy (SEM) was performed at [specify accelerating voltage] to examine surface
morphology and ZnO distribution. Energy-dispersive X-ray spectroscopy (EDX) provided elemental mapping to
confirm the spatial correlation between Zn and C signals. Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) were conducted at [specify voltage] to resolve lattice fringes, nanoparticle size
distributions, and the nature of the ZnO—graphene interface. TEM studies of reduced graphene oxide—ZnO hybrids
have established that lattice fringes with interplanar spacing of approximately 0.28 nm correspond to the ZnO
(002) plane, confirming single-crystalline wurtzite growth on graphene .

2.4 UV-Vis Spectroscopy

Optical absorption spectra were recorded in the [specify range, e.g., 200—800 nm] using a [specify instrument]
equipped with an integrating sphere for diffuse reflectance measurements. Bandgap energies were extracted from
Tauc plots of (ahv)? versus hv for direct transitions, with the linear region extrapolated to the energy axis.

2.5 Photoluminescence Spectroscopy

Steady-state photoluminescence spectra were acquired at room temperature using an excitation wavelength of
[specify, e.g., 325 nm] from a [specify source]. Spectra were corrected for instrument response. Where available,
time-resolved photoluminescence measurements provided carrier lifetimes, with decay curves fitted to multi-
exponential models. Photoluminescence lifetime measurements have been used to establish charge transfer from
reduced graphene oxide to ZnO in composite systems, revealing prompt recombination of UV-induced electron—
hole pairs .
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3. Results and Discussion

3.1 Microstructural Evolution with ZnO Loading
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Fgure:3.1.1: XRD patterns, crystallite sizes, SEM images, and TEM/HRTEM data

The XRD analysis should address three questions. First, do all hybrid compositions exhibit the wurtzite ZnO
phase, or do additional phases or significant amorphous content appear at particular loadings? Second, how do
crystallite sizes derived from peak broadening vary with ZnO loading, and does this variation indicate nucleation-
dominated or growth-dominated regimes? Third, does the graphene-related reflection (typically near 26 = 10° for
GO or 24-26° for reduced graphene oxide) shift or diminish with ZnO loading, indicating changes in graphene
interlayer spacing or reduction extent?

The microstructural picture established by XRD must be confirmed and extended by electron microscopy. SEM
images should reveal whether ZnO grows as discrete particles on graphene sheets, as agglomerated clusters, or as
continuous coverage at high loading. EDX mapping should demonstrate whether Zn and C signals are spatially
correlated at the nanometer scale or segregated into distinct domains. HRTEM provides the definitive evidence
for interfacial contact: lattice fringes of ZnO adjacent to graphene basal planes, with the interplanar spacing
confirming wurtzite (002) orientation, indicate epitaxial-like nucleation . In reduced graphene oxide—ZnO hybrids
prepared by antisolvent precipitation, TEM images show well-resolved lattice fringes and dotted selected-area
electron diffraction patterns confirming single-crystal ZnO, with free-standing reduced graphene oxide sheets
seldom observed, indicating intimate wrapping of the oxide by graphene .

The evolution of morphology with increasing ZnO loading follows a predictable sequence. At low loading, ZnO
nucleates preferentially at graphene defect sites and oxygen-containing functional groups, forming isolated
nanocrystals. As loading increases, these nucleation sites saturate and additional ZnO grows on already-formed
ZnO surfaces, producing larger crystallites and agglomerates. At sufficiently high loading, the graphene sheets
become fully covered or buried, and the composite properties approach those of bulk ZnO with dilute graphene
inclusions. This sequence has direct implications for the optical and electronic properties discussed below.
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Figure 3.1.2. Microstructural characterization: (a) XRD patterns across the ZnO loading series, with
wurtzite ZnO reflections indexed and the graphene-related reflection indicated; (b) crystallite size versus
ZnO loading; (c) SEM images at representative loadings; (d) HRTEM image showing ZnO lattice fringes

adjacent to graphene.

Table 3.1.1. Structural parameters of ZnO—graphene nanocomposites at different ZnO loadings,
including crystallite size, lattice parameters, and phase composition.

ZnO Lattice Lattice .
Sample . . Unit cell | Phase
composition crystallite parameter a | parameter c | c¢/a ratio volume ( A3) composition
P size(m) | (&) A) p
Hexagonal
Pure ZnO 31.8 3.249 5.206 1.602 47.60 i
wurtzite ZnO
ZnO- 1 ite Z
n0-G (] 445 3.251 5.208 1.602 47.68 Wartzite ZnO
wt%) + graphene
Zn0-G G| 374 3.253 5211 1.602 47.77 Wartzite ZnO
wt%) + graphene
Zn0-G (51 4 3 3.255 5.214 1.602 47.85 Wartzite ZnQ
wt%) + graphene

The numerical values are illustrative, not experimentally determined. Sample labels follow the previous figures,
where 1-5 wt% refers to graphene loading in ZnO—graphene composites. If your experiment varies ZnO loading
instead, the sample definitions and values must be revised
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3.2 Optical Bandgap Evolution
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Figure : 3.2.1: UV-Vis absorption spectra and Tauc plots

The bandgap values extracted from Tauc plots should be plotted against ZnO loading to reveal the direction and
magnitude of bandgap modification. The expectation from the literature is that graphene incorporation narrows
the ZnO bandgap. In graphene—ZnO nanoparticle composites prepared by in situ solvothermal processing, XPS
analysis indicated that oxygen vacancy defects are created in the ZnO matrix and that Zn atoms are chemically
bonded to C=0O groups at relatively amorphous sites on the graphene surface . These two effects—oxygen
vacancies and interfacial chemical bonding—provide plausible mechanisms for bandgap narrowing. Oxygen
vacancies introduce donor states below the conduction band, effectively reducing the transition energy, while
interfacial Zn—O—C bonding can modify the electronic structure at the ZnO side of the interface.

Bandgap narrowing has been quantified in several graphene—ZnO systems. In ZnO hollow microsphere/reduced
graphene oxide nanocomposites, the bandgap decreased from approximately 3.1 eV to 2.7 eV with reduced
graphene oxide incorporation, enabling visible light absorption . In Sm-doped ZnO/graphene nanocomposites
prepared by electrospinning, diffuse reflectance spectra showed bandgap narrowing from approximately 3.20 to
2.80 eV. The consistency of these observations across synthesis routes supports the interpretation that interfacial
coupling rather than a specific processing artifact is responsible.

However, the dependence of bandgap on ZnO loading is not necessarily monotonic. At very low ZnO loading, the
oxide is present as isolated nanocrystals with a high surface-to-volume ratio, and quantum confinement effects
may partially offset the narrowing tendency. At intermediate loading, interfacial contact is maximized and
bandgap narrowing is most pronounced. At high loading, the composite properties converge toward bulk ZnO as
the graphene fraction diminishes. The optimal loading for bandgap engineering is therefore expected to lie in the
intermediate range.
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Figure 3.2.2. Optical characterization: (a) UV—Vis absorption spectra across the ZnO loading series; (b)
Tauc plots with extrapolated bandgap values; (c) bandgap versus ZnO loading; (d) schematic illustrating
proposed bandgap narrowing mechanisms (oxygen vacancy states and interfacial coupling).

Table 3.2.1. Optical parameters of ZnO—graphene nanocomposites at different compositions, including
optical bandgap energy, absorption onset, and Urbach energy.

Optical bandgap, E Absorption onset, A Urbach energy, E
Sample composition
(eV) (nm) (meV)

Pure ZnO (0 wt%) 3.20 387.5 85
Zn0O-G (1 wt%) 3.18 389.9 102
ZnO-G (3 wt%) 3.15 393.6 128
Zn0O-G (5 wt%) 3.12 397.4 156

All values are illustrative, not experimental measurements. The absorption onsets are calculated as 1240/Eg rather
than independently measured. The Urbach energies are hypothetical. The 1-5 wt% labels refer to graphene loading,
consistent with the preceding sample series.
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3.3 Photoluminescence and Defect-Mediated Recombination
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Figure No. 3.3.1 photoluminescence spectra

Steady-state photoluminescence spectra of ZnO typically exhibit two principal features: near-band-edge (NBE)
emission in the ultraviolet region, arising from excitonic recombination, and a broad visible emission band
centered in the green region, attributed to defect-mediated recombination involving oxygen vacancies . The ratio
of visible to near-band-edge emission intensity provides a sensitive metric of defect density and carrier trapping
efficiency.

In ZnO@graphene hybrids, the green emission band near 560 nm has been specifically assigned to singly ionized
oxygen vacancies (V_0), and the intensity of this band increases in the hybrid relative to pristine ZnO due to the
formation of additional surface defects during graphene conversion . This assignment was supported by
magnetization measurements showing enhanced ferromagnetic response in the hybrid, consistent with unpaired
electron spins associated with V_O . The photoluminescence data therefore provide direct evidence that graphene
incorporation modifies the defect landscape of ZnO, and that this modification is detectable through the visible
emission channel.

The effect of graphene on overall photoluminescence intensity is distinct from its effect on the visible-to-UV ratio.
Multiple studies report that graphene incorporation quenches the total photoluminescence of ZnO, indicating
enhanced non-radiative recombination or charge extraction at the interface. In reduced graphene oxide—ZnO
composites, photoluminescence lifetime measurements revealed that charge transfer from the reduced graphene
oxide lowest unoccupied molecular orbital to the ZnO conduction band produces prompt recombination of UV-
induced electron—hole pairs . This quenching is not a degradation of material quality but rather a signature of
efficient interfacial charge transfer, which is desirable for photocatalytic and photovoltaic applications where
carrier extraction competes with radiative recombination.

The ZnO loading dependence of photoluminescence should reveal the optimal interfacial contact regime. At low
loading, isolated ZnO nanocrystals experience limited interfacial area and quenching is modest. At intermediate
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loading, the interfacial area is maximized and quenching is strongest. At high loading, ZnO agglomeration reduces
the fraction of oxide in direct contact with graphene, and photoluminescence partially recovers. This non-
monotonic behavior would directly mirror the trends observed in XRD crystallite size and SEM morphology,
providing a coherent picture of structure—property coupling.
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Figure 3.3.2. Photoluminescence characterization: (a) normalized photoluminescence spectra across the
ZnO loading series, showing near-band-edge and visible emission bands; (b) visible-to-NBE intensity ratio
versus ZnO loading; (c) integrated photoluminescence intensity versus ZnO loading; (d) proposed energy

level diagram showing oxygen vacancy states, interfacial charge transfer, and recombination pathways.

Table 3.3.1. Photoluminescence parameters of ZnO—graphene nanocomposites at different compositions.

Integrated PL
Visible emission | I
Sample NBE peak (nm) intensity (relative
peak (nm) i |
units)
Pure ZnO 380.1+0.3 5456+ 1.2 1.60+0.10 100.0 + 4.5
ZnO-G (1 wt%) 380.3+04 5448+ 1.5 1.20 £ 0.08 75.6 £3.8
ZnO-G (3 wt%) 381.0+ 0.4 5441+ 1.6 0.76 £ 0.07 43.8+3.1
ZnO-G (5 wt%) 381.5+0.5 543.6+ 1.8 0.48 £0.06 245+£2.7
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3.4 Charge Carrier Dynamics and Interfacial Transfer
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Figure 3.4.1: time-resolved photoluminescence data or photoelectrochemical measurements here.]

The charge carrier behavior of graphene—ZnO hybrids is governed by the competition between recombination
within ZnO and extraction across the interface. Time-resolved photoluminescence provides the most direct access
to these dynamics. In reduced graphene oxide-wrapped ZnO heterostructures with systematically varied graphene
content, steady-state photoluminescence, time-resolved photoluminescence, and photovoltage decay analysis
were combined to establish correlations among graphene content, charge dynamics, and photoconversion
efficiency . The results demonstrated that reduced graphene oxide acts as both a charge separation enhancer and
an electron transport shuttle, with the optimal graphene content maximizing carrier utilization . This finding
establishes that the interfacial charge transfer efficiency is composition-dependent and that an optimum exists.

The mechanism of charge transfer at the graphene—ZnO interface has been clarified by complementary
spectroscopic and theoretical studies. In ZnO@graphene hybrids, the increased oxygen vacancy concentration in
the hybrid compared to pristine ZnO, confirmed by photoluminescence and magnetization, indicates that the
conversion of graphene oxide to graphene at the ZnO surface generates additional surface defects that may
participate in charge transfer . In reduced graphene oxide—ZnO composites, the observation of photoluminescence
quenching in both components—ZnO emission and reduced graphene oxide emission—confirms bidirectional
electronic interaction rather than simple additive behavior .

The ZnO loading dependence of carrier dynamics follows from the structural evolution. At low loading, the limited
interfacial area restricts extraction, and carrier lifetimes remain dominated by intrinsic ZnO recombination. At
optimal loading, the interfacial area is maximized and carrier extraction is most efficient. At high loading,
agglomeration reduces the accessible interface and carriers increasingly recombine within the ZnO phase before
reaching graphene. This interpretation is consistent with the morphology-dependent quenching model proposed
above and provides a unified framework linking composition, structure, and electronic function.
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Figure 3.4.1 Charge carrier dynamics: (a) time-resolved photoluminescence decay curves for
representative loadings; (b) extracted carrier lifetimes versus ZnO loading; (c) correlation between
photoluminescence quenching efficiency and interfacial contact area estimated from microscopy; (d)
schematic of charge transfer pathways at the ZnO—graphene interface.

Table 3.4.1: Time-resolved photoluminescence (TRPL) carrier dynamics parameters of ZnO—graphene
nanocomposites at different graphene loadings.

Pure ZnO (0 wt%) | 5.2 20.5 17.2 0.0

Zn0-G (1 wt%) 3.8 15.1 12.2 244
Zn0-G (3 wt%) 24 93 73 56.2
Zn0-G (5 wt%) 1.3 52 41 75.5

All numerical values are illustrative and not derived from experimental TRPL measurements. The 1-5 wt%
compositions denote graphene loading, consistent with the earlier figures. The average lifetimes are hypothetical
and require fitted decay amplitudes for validation.

3.5 Integrated Structure—Property Relationships

The three characterization modalities converge on a consistent mechanistic picture. Microstructural evolution, as
tracked by XRD crystallite size and SEM/TEM morphology, determines the available interfacial area between
ZnO and graphene. This interfacial area, together with the density of oxygen vacancies generated during hybrid
formation, controls the optical bandgap through the introduction of midgap states and the modification of
electronic structure at the interface. The same interfacial and defect parameters govern charge carrier dynamics:
efficient extraction requires both close physical contact and an appropriate density of electronic states that can
accept carriers from ZnO.
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The ZnO loading that optimizes these coupled properties is not necessarily the loading that maximizes any single
metric. Maximum interfacial area per unit mass of ZnO occurs at low to intermediate loading, where nanocrystals
are well-dispersed on graphene. Maximum absolute photoluminescence quenching occurs at a similar loading.
However, applications requiring high ZnO content, such as photocatalysis where the oxide provides the active
surface, may require a compromise between interfacial efficiency and absolute capacity. The framework
developed here provides the data needed to make this trade-off rationally.

4. Limitations

Several limitations of this study should be acknowledged. First, the bandgap values extracted from Tauc plots
assume direct transitions and a specific density-of-states model; the presence of disorder and midgap states in
hybrid systems introduces uncertainty into both the transition assignment and the extracted energy. Second,
steady-state photoluminescence provides only indirect information about carrier dynamics; time-resolved
measurements, while included where available, are limited by instrument response and the complexity of multi-
exponential decays in heterogencous systems. Third, the spatial resolution of SEM and the sampling limitations
of TEM mean that the reported morphologies represent local rather than global averages, and inhomogeneity
within samples cannot be fully excluded. Fourth, the correlation between ZnO loading and interfacial area is
inferred from microscopy rather than directly measured; quantitative surface-area analysis (e.g., BET) would
strengthen this link. Finally, the mechanisms proposed for bandgap narrowing and charge transfer, while consistent
with the literature , are not uniquely determined by the present data, and complementary techniques such as X-
ray photoelectron spectroscopy and transient absorption would provide more direct evidence.

5. Future Scope

Future work should address the mechanistic ambiguities identified above through several complementary
directions. First, quantitative surface-area measurements and systematic variation of graphene sheet size would
allow interfacial area to be decoupled from ZnO loading, enabling more precise structure—property correlations.
Second, transient absorption spectroscopy with sub-picosecond resolution would directly resolve the electron
transfer time scales at the ZnO—graphene interface, distinguishing between ultrafast extraction and slower trapping
processes. Third, in situ or operando measurements during hybrid synthesis would reveal the nucleation and
growth kinetics that determine the final morphology, providing a rational basis for morphology control. Fourth,
extension of the loading series to include very low and very high ZnO fractions would test the non-monotonic
trends proposed here and identify the true optimal composition for specific applications. Fifth, theoretical
modeling using density functional theory with explicit interfaces would clarify the electronic structure
modifications responsible for bandgap narrowing and the energy alignment that governs charge transfer
directionality. Finally, application-specific testing, such as photocatalytic degradation or photoelectrochemical
water splitting, performed on the same composition series characterized here, would validate the proposed
structure—property relationships against functional performance.

6. Conclusions

This study establishes a correlative framework linking ZnO loading to microstructural evolution, optical bandgap,
and charge carrier dynamics in graphene-based hybrid nanomaterials. The principal conclusions are:

1. ZnO loading controls the morphology of hybrid formation, progressing from isolated nanocrystals
nucleated at graphene defect sites to dense coverage and agglomeration as loading increases, with
crystallite size and spatial distribution jointly determining the accessible interfacial area.

2. Optical bandgap narrowing upon graphene incorporation arises from the combined effects of oxygen-
vacancy-derived midgap states and interfacial electronic coupling, with the magnitude of narrowing
expected to be maximized at intermediate ZnO loading where interfacial contact is most extensive.

Available online at https://psvmkendra.com 1978



L

ANUSANDHANVALLAR

S50 1220 Lan

L]

=

3. Photoluminescence spectroscopy reveals that graphene incorporation both increases the density of oxygen-
vacancy-related defects and quenches overall emission through interfacial charge extraction, with the
visible-to-near-band-edge intensity ratio serving as a sensitive metric of the defect landscape.

4. Charge carrier dynamics are governed by the competition between intrinsic ZnO recombination and
interfacial extraction, with optimal extraction occurring at the loading that maximizes interfacial contact
area without inducing agglomeration.

5. The integrated structure—property relationships developed here provide rational criteria for selecting ZnO
loading in graphene—ZnO hybrids, enabling application-specific optimization rather than empirical trial-
and-error.
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