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ABSTRACT: Graphene oxide nanosheets (GO-n) hold promise for electro-optical applications
because of their tunable absorbance and emission gamut. Particularly, nanosheets prepared via laser
reduction represent a unique scenario where optical properties are influenced by several factors
encompassing chemical reduction, pore formation, and quantum confinement. The disentanglement
of these factors in modifying absorbance and photoluminescence spectra is challenging, but it would

provide insights for tailoring the UV-vis spectra of these nanostructures. We address this issue with
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the help of density functional theory simulations. We prepare graphene oxide nanosheets via
nanosecond-multi-pulsed laser reduction and perform compositional and morphological
characterization. With simulations, we first span across a wide landscape of structures, representing
laser induced reduction and confinement scenarios, and we further achieve a quantitative reproduction
of absorption spectra, enabling the disentanglement of the mentioned effects, also with the help of
effective mediums construction. We discover that internal quantum confinement effects, which
intensify with higher laser energy densities, dominate the optical properties. Specifically, low energy
densities initiate pore formation, while higher energy densities lead to internal quantum confinement.
Our study guides the fine-tuning of graphene oxide substrates in terms of material absorption and
luminescence. Reduction enhances absorption and photoluminescence in the visible and near-infrared
regions, while, internal quantum confinement can boost or diminish absorption in the visible spectra

while enhancing photoluminescence in the blue-violet and green ranges.

Keywords: Electro-optics, Graphene Oxide, Nanosheets, Absorbance, Photoluminescence, Density

Functional Theory

INTRODUCTION

Graphene oxide (GO) and its nanostructured derivatives are emerging materials for electro-
optical applications due to their tunable optical and electrical characteristics. *® In particular, their
absorbance and luminescence properties can be modified through changes in size and surface
chemistry.>*? In this framework, the manifested photostability and relatively high quantum yield
make them attractive for applications in light-emitting devices and photodetectors, offering
opportunities to enhance efficiency and performances.®” 314 Additionally, the material bio-
compatibility and low-toxicity enable the use of GO nanostructures as contrast agents for biomedical
imaging, this also driven by their ability to functionalize with targeting molecules or complex

biological compounds.® 1°-2°



The absorption/emission gamut of GO can be controlled through modifications in oxygen
content via thermal or chemical reduction processes, by modifying particle dimension or by
engineering their functionalities.” 22" The preparation of GO nanosheets through laser reduction
represents an one-of-a-kind scenario where all these modification processes may occur at the same
time, significantly impacting the optical properties inherited from GO flakes, primarily characterized
by transitions involving non-bonding and = orbitals.?8- Specifically, laser induced effects encompass
chemical reduction, as well as the generation of extensive porosity within the material or the
development of areas featuring interconnected small regions of graphene oxide, both of which are
likely to trigger quantum confinement features.?* 33

The quantitative untangling of these influences on the absorbance and photoluminescence
(PL) spectra demands thorough computational modelling, spanning across diverse scenarios to
identify exact experimental regimes and unravel governing factors. While several works have focused
on modelling GO optical properties, 2 4042 the literature lacks exhaustive studies that carefully
consider the exact high oxygen concentration of the materials coupled to possible quantum
confinement effects. The modelling of GO is also challenging because of its amorphous, complex,
lattice structure interspersed with sp? and sp® regions due to its rich oxygen functionalization. In order
to meet experimental regimes in density functional theory (DFT) simulations, it is therefore important
to carefully account for multiple factors: (i) reproduce reliable oxygen concentrations (particularly
high), (ii) consider reasonable distribution of the various oxygen functional groups, following
indications provided by X-ray Photoelectron Spectroscopy (XPS), (iii) consider models with many
atoms and (iv) use hybrid functionals for an accurate description of the electronic structure.

In this study we investigate the absorbance and PL properties of GO nanosheets, prepared via
nanosecond-multi-pulsed laser irradiation in the green region, at 532 nm. Morphological and
compositional analyses using Scanning Electron Microscopy (SEM) and XPS provide insights into
the structural and chemical evolution of GO-n under varying laser energy densities. On the other

hand, state-of-the-art DFT simulations, that consider the aforementioned factors, elucidate the effects
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of chemical reduction and quantum confinement on UV-vis spectra, guiding the interpretation of
experimental results. We separately simulate the effects of chemical reduction and quantum
confinement on the UV-vis spectra and we, ultimately, use the overall data, to quantitatively match
experimental absorbance spectra, identifying the specific reduction and quantum confinement
regimes. By constructing effective medium models comprising multiple structural patches, we further
achieve an even closer agreement with experimental data and we refine our understanding.
Ultimately, we comprehensively explain the variations in GO-n PL spectra across various lasing
conditions, highlighting the underlying electronic transitions. Our work advances the understanding
of GO optics, providing guidelines that might assist the future design of graphene oxide nanosheets,

with tailored properties for electro-optical applications.

RESULTS AND DISCUSSION

GO flakes, with a nominal oxygen mass content of 50.0 %, are irradiated with a 532 nm 10 ns
short multi-pulsed laser in water, covering regimes of low (1.5 J-cm-2) and high (>2.0 J-cm-2) energy
densities (®). SEM micrographs recorded before and after irradiation, reported in Figure 1a-c, reveal
that the flakes become progressively smaller following irradiation, with flakes reducing their sizes
from > 30 um to < 1.3 um. At a ® of 2.0 Jem™, we found that part of the irradiated GO contains
pores ~ 130 nm in size, as shown in the close-up image of Figure 1c.

To understand the processes impact on the optical properties, UV-vis absorption and PL
spectra are presented in Figure 1d-e. Examining the absorption spectra in Figure 1d, we observe for
untreated GO flakes the peak at 229 nm and the shoulder at 300 nm. Those are attributed to n-7* and
non-bonding-m* electronic transitions respectively, contributed by the shells of carbon and oxygen.*?
When the @ is increased to 1.5 Jcm?, the n-n* peak shifts to a longer wavelength of 238 nm, decreases
in intensity and becomes broader. Then, for GO flakes treated with the highest @, i.e. >2.0 Jcm™?, the

spectrum is halved compared to initial flakes and, additionally, the n-n* peak exhibits a significant

blue-shift with the overall spectrum featuring a monotonously decreasing trend.
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Figure 1. SEM micrographs for (a) pristine GO (magnification x10k) and GO irradiated at ® of (b)
1.5 J-cm (magnification x20k) and of (c) 2 J-cm™ (magnification x20k). The inset in (c) shows a
detail of the sample at higher magnification (x85k) Scale markers are provided in blue, along with

some labels indicating size of larger flakes and pores.

The laser significantly impacts the PL spectra of GO flakes as shown in Figure le. For flakes
treated with low @ (< 2.0 Jcm™?), four peaks are observed at 360 nm, 380 nm, 400 nm, and 425 nm.
These peaks progressively lose intensity, until, for GO flakes irradiated with highest ® (> 2.0 Jcm?),
the peaks at 360 nm and 380 nm completely vanish. The only remaining feature is a prominent
shoulder in the wavelength range of 400-450 nm whose intensity progressively increases with @.
Further into the green wavelengths, a strong band is detected at 550 nm. The band is attributed to the
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interactions between GO and water molecules.*® Interestingly, these interactions seem to strengthen
at higher laser doses, leading to a progressive intensification.

XPS analysis involving deconvolution of C1s and O1s peaks (see the Supporting Information
for technical details) reveals the percentages of the different carbon bond types and the distribution
of oxygen functional groups across the untreated and lased samples. These results are presented in

Table 1 and Table 2, respectively.

Table 1. Distribution of carbon bond type across the flakes at various laser @, obtained from the C1s

XPS peak de-convolution. C-V indicates C atoms ideally bound to a vacancy.

Group GO 0.0 J-cm-2 GO 1.5J-cm-2 GO 2.0J-cm-2
% C-C 45.2 51.3 51.2

% C-O 46.8 34.5 16.1

% C=0 6.5 11.3 7.9

% COOH 15 3.0 2.6

% C-V - - 18.1

Table 2. Distribution of oxygen functional groups across the flakes at various laser @, obtained from

the O1s XPS peak de-convolution.

Group GO 0.0J-cm-2 GO 15J-cm-2 GO 2.0J-cm-2
% C-O-C 5.51 7.2 5.9

% C-OH 53.17 67.3 70.7

% C=0 33.18 23.9 16.5

% COOH 8.15 1.61 7.0

Table 1 highlights that the material, highly oxidized, is slightly reduced by lasing, with a 5%
increase of C-C bonds (see Table S1 in the Supporting Information for evolution of total C-C and C-
O bonds), whereas single carbon-oxygen bonds, labeled as C-O, decrease. On the other hand, the
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amount of carbon-oxygen double bonds, i.e. C=0 and COOH, increases for lased GO, corroborating
with the formation of additional edges (smaller GO flakes mean a larger amount of edges). For a
higher ® of 2.0 J-cm-2 a high concentration of carbon atoms with dangling bonds, ideally bound to
vacancies (C-V), is generated, as evidenced by the C1s peak contribution at lower binding energy
(see Supporting Information).** From the point of view of the Ol1s peak, Table 2 reports the
distribution of oxygen functional groups, showing a dominance of hydroxyl groups (C-OH) in every
scenario, with their relative ratio progressively increasing. Additionally, there is a notable high
concentration of carbonyl groups (C=0) at all ©.

To elucidate the absorption and PL properties of GO-n across different lasing conditions, we
perform DFT calculations with large supercells and a hybrid functional, focusing on the modelling of
UV-vis spectra and electronic structure. The direct comparison of the UV-vis spectrum from
simulated GO-n atomic structures to the experiment sheds light on structural and electronical
evolution of the material during the process. Within our workflow, we investigate the effects of
reduction and guantum confinement of GO separately, simulating a plethora of structures, then we
identify the structures that best reproduce and explain experimental data. Our supercells are based on
the widely-accepted Lerf-Klinowsky model, e.g. Figure 2a,% consisting in a graphene substrate
functionalized with randomly distributed C-O-C and C-OH groups within the basal plane and C=0
and COOH groups bound at the edges. The quantity of oxygen functional groups in the model is
calculated from specific oxygen mass contents (variable and outlined throughout the text) and their
functionality distribution is based on pre-existing XPS measurements.3®

Employing the model in Figure 2a, comprehensive of all mentioned features, we firstly
explore the effect of GO reduction, starting with a high O mass percentage of 50%, i.e. GO (50.0%),
and gradually decreasing it until we reach GO (0.0%), basically a zig-zag terminated graphene. The
simulated GO reduction provides the variation of UV-vis spectrum shown in Figure 2b. It leads to
the progressive broadening and increase in intensity of the m-n* peak with some subtle features: for a

mildly reduced system, from GO (50.0%) to GO (25.0%), the peak is less defined, in line with the
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experimental literature,?* while for significantly reduced GO (<25.0%) the broad n-n* band, proper
of graphene,*® appears amid an overall enhancement of absorption in the entire visible and near-
infrared wavelength range.

The density of states (DOS) shows electronical differences between mildly reduced, i.e.
Figure 2c, and totally reduced GO, i.e. Figure 2d. For totally reduced GO the © and 7* bands?® are
well-defined, being more contributed by the basal plane of the material, i.e. comparison between solid
and dashed line, and with a diffuse character (see inset). While, for mildly reduced GO, Figure 2c,
and 7* bands bear a remarkable hybridization with the materials edges and a more localized character
(see inset). Interestingly, we found in additional models characterized by an infinite basal plane,
shown in Figure S2a-b, that the n-n* absorbance peak is altered, strengthening the notion that edges

significantly contribute both to electronic bands and to inter-band transitions.
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Figure 2. Effect of reduction on the optical properties. (a) Model of GO (37.5%) highlighting oxygen
functional groups: COOH/C=0 groups are circled in blue and C-OH/C-O-C groups are circled in
orange. Carbon, oxygen, and hydrogen atoms are colored in green, red, and white, respectively. (b)
Effects of GO reduction on UV-vis spectra. DOS of (c) GO (37.5%) and (d) GO (0.0%) showing
different orbital contributions (colored), compared to the DOS of an infinite basal plane (dashed).

Insets show the local DOS at 2.65 eV above the Fermi level.

To isolate the influence of quantum confinement on the optical properties of GO-n, we fix the

oxygen mass percentage at 37.5%, proper of a mildly reduced system, and we utilize the GO models
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presented in Figure 3a-c for the analysis. These models are constructed by considering three standard
scenarios wherein quantum confinement might manifest: (i) the emergence of pores within the
material, e.g. Figure 3a, (ii) the decrease of a single dimension of the material giving rise to one-
dimensional confinement, e.g. Figure 3b, and (iii) the shrinkage of two dimensions of the material,
generating zero-dimensional confinement, e.g. Figure 3c. The analysis of results from these models
maps possible breakings of the material induced by the laser and their effects on both optical and
electronic properties.

Employing the model in Figure 3a, we scan the variation of UV-Vis absorption by
progressively increasing the pore diameter (D) within a graphene-oxide sheet. Absorption spectra in
Figure 3d outline that pristine sheets lack a defined n-n* peak, that appears at 270 nm by creating a
pore with a D of 1.0 nm. This shifts to a shorter wavelength of 262 nm as D is enlarged to 1.5 nm,
featuring an overall broadening and increase of intensity. The DOS in Figure 3g describes the  and
7 * band transformation upon the formation of pores, providing insight into the optical transitions. In
this specific case, the hybridization of newly formed edges with the material alters the =* band
centered at ~ 3.0 eV which becomes broader.

Turning to the one-dimensional confinement scenario, achieved by thinning the material in
the transverse direction (L), Figure 3e shows a progressively weakening in intensity and peak shifting
towards longer wavelengths. This behavior is explained by the 7* band broadening and by the = bands
up-shifting highlighted in Figure 3h. Interestingly, the spectra of both porous and one-dimensionally
confined GO share similar n-n* wavelengths of ~260 nm, due to a similar ratio between edges and
material sizes. Overall in these two cases, we observe more pronounced and red-shifted m-n*
absorption peaks compared to the ones in Figure 2b.

Moving to the zero-dimensional confinement scenario, simulated using a non-periodic model
where the diameter (D) is progressively shrunk, shown in Figure 3c, we observe the spectra in Figure
3f to progressively blue shift toward the far-UV and to significant decrease in intensity. Following

DOS in Figure 3i, we attribute this characteristic to a downward shift of x states. It is also noted that,
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for the considered oxygen concentration, some peaks persist in the range of 300-500 nm, in line with

the literature.*’

(a) . (b) (c)

D
D

d  x100 (€)  x10 ((R'so X 108

T 12 1.2 —=1.5nm || 0.25

S. 10 1.0 —L=1.00m |l 490

=

5 0.8 0.8 045

> 0.6 0.6

S04 04 040

£ 02 02 0.05

0'900 300 400 500 600 700 800 0'(%00 300 400 500 600 700 80(9 '0900 300 400 500 600 700 800

Wavelength [nm] Wavelength [nm] _ Wavelength [nm]
(9) (h) I ) o
T — D=0.0 nm T — 1=2.0 nm - — D=3.0 nm
Tv—|0-4 | —D=1.5nm| 04 =5 — [=1.0 nm| 044 & |— D=1.01m
e
% 0.3 0.3 0.31
T T[*
0.2 02 * 0.21
2, i
0 l/ V/ ™
S 01 \ 0.1 0.1 \
W2 0 2 46 s 320 3 72 6 F a0 3 7 6
E-E; [eV] E-E; [eV] E-E; [eV]

Figure 3. Effect of quantum confinement on the optical properties. Models of GO (37.5%): (a) Sheets
with pores of varying diameter (D), (b) one-dimensional confined systems obtained by transverse
direction (L) shrinkage, (c) zero-dimensional confined system with different diameter (D). Simulated
UV-vis absorption spectra for (d) porous systems, (e) one-dimensional, and (f) zero-dimensional
confined systems obtained from the presented models. (g)(h)(i) Comparison of the DOS for the

different confinement regimes. Red arrows point out the © and 7* band changes.
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Having analyzed the impact of GO reduction and confinement on spectra, we exploit the
acquired knowledge to characterize experimental UV-vis absorption achieved at different laser
energy densities in Figure 4. We used two separate approaches, the first involved identifying specific
structures that best represent the GO level of reduction and confinement, hereinafter called best
matching structures (BMS). The second approach explores how the spectra obtained from
combinations of those BMSs with additional patches could better explain the absorption, reflecting
the possibility of compositionally different regions within the material contributing to the overall
spectrum. To achieve this aim, we employed an effective medium approximation approach that
averages the dielectric functions of different patches,* with details provided in the Supporting
Information.

In Figure 4 we show the comparison of simulated and experimental UV-Vis spectra, based on
the two mentioned approaches. Focusing on the spectrum of untreated GO flakes (® of 0.0 J-cm-2)
in Figure 4a, the BMS structure corresponds to a highly-oxidized GO of the type presented in Figure
2a, i.e. GO (50.0%), which essentially matches the nominal oxygen concentration of the flakes. The
agreement is fair concerning both the peak position and broadening, although the r-n* peak reduces
to be a shoulder rather than a maximum. This feature, however, improves with the use of a composite
model, simulated with the effective medium approximation approach. We account for the mixture of
GO (50.0%) with a 10% volume of pure graphene, reflecting the presence of small pockets of
graphene embedded within the GO structure, a scenario previously outlined by high-resolution
transmission electron microscopy.**>! The result, provided by the red line, better aligns with the
experiment.

When exposed to a laser ® of 1.5 Jcm™, Figure 4b, the absorption spectrum of GO red-shifts
and broadens in a way which is best explained by a model of highly porous and mildly reduced GO.
Specifically our BMS corresponds to a GO (40.0%) with a pore 1.5 nm sized. The observed changes
in the spectrum, at this @, are attributed to a combined effect of mild substrate reduction and pore

formation upon laser exposure. Likewise untreated flakes, creating a composite with 10% of volume
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of pure graphene improves the UV shoulder feature, reinforcing the notion of pure graphene regions
within GO flakes.

For GO exposed to a higher laser ® of 2.0 Jcm, Figure 4c, the BMS is provided by a zero-
dimensional confined graphene oxide model, specifically with a diameter of 1.5 nm and an oxygen
mass content of 42%. Unlike previous cases, creating composites with bulk GO or graphene does not
improve the match, highlighting the presence of a highly fragmented and disconnected material.

Result for @ 2.0 Jcm2 suggests that the high energy density laser exposure induces a more
drastic structural transformation, leading to a fragmented and highly-confined arrangement of the GO
lattice. The model specifically hints to the formation of zero-dimensional islands of graphene oxide
with a dimension of a few nm within the material. It is worth noting that the slightly higher simulated

oxygen content of 42% vs 37.5% explains the absence of peaks in the range of 300-500 nm, shown

in Figure 3f.
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Figure 4. Comparison of experimental and computed UV-vis spectra for (a) untreated GO, GO flakes
irradiated at ®@ of (b) 1.5 Jecm™, and of (c) 2.0 Jcm2 BMS consists of (a) GO (50.0%), (b) porous GO
(40.0%) with a diameter of 1.5 nm, and (c) one-dimensional confined GO (42.0%) with a diameter
of 1.5 nm. UV-vis spectra of composites obtained from BMS combined with 10% pure graphene are
also shown for further comparison to the experiment. For technical details on this see the Supporting
Information. Theoretical and experimental spectra are normalized to their maximum.
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Overall Figure 4 reveals that laser exposure triggers a structural transformation. For low
energy densities, the spectrum of untreated flakes broadens due to a dense formation of pores and
minor material reduction. For high laser energy densities, the spectrum blue shifts toward the far-UV,
driven by the emergence of zero-dimensional confined zones. The hypothesis of internal zero-
dimensional confinement is experimentally supported by the high number of dangling carbon atoms
with vacancies detected in Table 1 by XPS and with the formation of very large pores visible from
the inset in Figure la.

We turn to interpreting the PL data in Figure 1c, focusing on the gradual evolution of
endogenous PL signals within the 350-400 nm wavelengths range. Of course, the provided
computational data cannot give information on the PL band in the green at this level, as it originates
from exogenous factors, involving interaction between the material and water.

As schematized in Figure 5a, using a near UV excitation wavelength, we predominantly excite
electrons from the Fermi level (n-type states) rather than deeper 7 states. As the ©* conduction band
fills up, emission occurs with electrons returning from the n* states to the Fermi level. We simplify
our analysis by neglecting the stabilization of electrons and holes in excited states, focusing only on
the energetical evolution of n* states during the lasing process.

Figure 5b compares the DOS of BMS at lasing ® of 0.0 Jem 2 and 2.0 Jem 2. The ©* state for
BMS 0.0 Jem™2, presents three peaks in the near UV range at 460 nm, 400 nm, and 340 nm that
disappear and merge into a single peak at 400 nm for BMS 2.0 Jem2. This is in good agreement with
the experimental observation in Figure 1c, where PL signals at 380 and 360 nm, values close to
computed wavelength of 400 and 340 nm, fade, and the shoulder at 400 nm becomes more prominent.
We note that the slight difference between experimental and theoretical wavelengths might be
attributed to the uncertainty of the Fermi level, which is sensitive to the functionalization of the

material.
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The local DOS in Figures 5¢-f, by inferring on the ©* states topology, clarify the origin of the
peaks collapsing, revealing that at a ® of 0.0 Jem™2, the n* states involved in PL are mainly from the
material's edges, functionalized with COOH and C=0 groups, i.e. Figure 5c-e, while, at a ® of 2.0
Jem™, those edge states hybridize with the material as an effect of the enhanced quantum

confinement, i.e. Figure 5f.
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Figure 5. Computational analysis of the PL spectra: (a) Scheme of the PL process following
electronic transitions from n* states to the Fermi level, (b) DOS of computed geometries
corresponding to the BMS used in Figure 4 for ® of 0.0 Jcm2 and of 2.0 Jcm@, local DOS computed
for selected peaks above the Fermi level (corresponding to the reported emission wavelengths) for

(c)(d)(e) BMS at ® of 0.0 Jcm2 and (f) of 2.0 Jcm2
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Our computational based PL analysis hints that, the signal of untreated flakes and GO-n
generated at low lasing doses are characterized by multiple peaks, spanning from UV to the blue-
violet range, originating from the material's edges, while at higher lasing doses those peaks collapse
into a single intensified shoulder in the blue-violet region, originating from hybridizations between
edges and the material.

We note that the PL emission, as suggested by previous investigations,®>°2 can be tuned with
the excitation wavelength, producing variations on both intensity and slight peak shift based on
different states involved in absorption and emission, as deducible from Figure 5a-b.

To sum up, our study unveils optical properties of GO-n mainly dominated by internal
quantum confinement effects, which become progressively more pronounced with increased laser
energy densities. Additionally, the knowledge gained from isolated scenarios helps us outline how to
use reduction and internal quantum confinement effects to design tailored properties of GO-n: mild
reduction enhances UV-vis absorption in the near UV range, while complete reduction enhances
absorption across the visible range, as evident from Figure 2b. Mild reduction is expected to boost
PL in the blue-violet region (x* maximum at 482 nm Figure 2¢), whereas complete reduction to
enhance it in the green region (7* maximum at 577 nm in Figure 2d). One-dimensional confinement
or porosity causes a slight red-shift in UV absorption, as portrayed in Figures 3d-e, whereas zero-
dimensional confinement shifts absorption towards the far UV, as reported in Figure 3f, and collapses
PL peaks into a single blue-violet luminescence, enriched by green luminescence due to water

interaction with the material.

CONCLUSIONS

The study explores the optical properties of GO-n prepared through laser irradiation in water
explained by ab-initio simulations.

We observed that the m-n* absorption peak of GO-n broadens with exposure to low laser

energy density, while higher energy densities cause a significant shift towards the far-UV range. In
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terms of photoluminescence, untreated GO flakes show several distinct peaks in the near UV range,
which gradually diminish with increasing laser energy density, eventually merging into a single broad
shoulder in the blue-violet range.

Ab-initio calculations explains this optical behavior by untangling the effects of GO reduction
and dimensional confinement. The absorption of untreated GO flakes is attributed to highly oxidized
GO material (~50% oxygen mass), containing small regions of pure graphene. The absorption
following low energy density laser treatment stems from a moderately reduced material (~40%
oxygen mass) with high porosity, whereas, high energy density laser treatment produces a similarly
reduced material (~42% oxygen mass) but featuring zones of zero-dimensional confinement, likely
due to the formation of poorly connected GO areas. In this case, quantum confinement itself causes
a blue shift in the absorption spectrum and PL peaks collapsing in the near UV.

The laser induces internal quantum confinement effects, which become increasingly
significant with higher laser energy densities.

The study might assist, in future controlled processes, in selecting reduction or internal
quantum confinement effects to design customized GO-n for electro-optical devices. In this
framework, mild reduction enhances UV-vis absorption in the near UV range and boosts PL in the
blue-violet region, while complete reduction enhances absorption across the visible range and boosts
PL in the green region. One-dimensional confinement or porosity induces a slight red-shift in UV
absorption, whereas zero-dimensional confinement merges PL contributions into a single peak in the

blue-violet range and enrich luminescence in the green region due to water-GO interactions.

METHODS:

Experiment: A 5 mL solution of GO (O 50%) prepared with Hummer’s method was subjected to
Nd:YAG laser irradiation (Quanta-ray PRO-Series - Spectra Physics) at 532 nm. This process utilized
a 10 ns pulse duration and a 10 Hz repetition rate and was performed over 45 minutes with continuous

stirring. The laser treatment was executed at various energy densities ranging from 1.5 to 3.0 J-cm-2.
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The solutions were analyzed by recording the absorbance spectra using a UV-vis AGILENT Cary 50
spectrophotometer in a wavelength range between 200 and 800 nm. All the solutions were drop casted
onto a double-sided polished silicon substrate and heated on a hot plate at 80 °C for 2 h to evaporate
the water and then characterized by SEM and XPS. XPS analysis was carried out by the PHI Genesis
Multi-Technique Scanning XPS system, with a monochromatic Al Ko (1486.6 eV) X-ray beam and
a 180" hemispherical electron energy analyzer. The system is equipped with a dual-beam charge
neutralization system that allows turnkey neutralization of all types of insulating samples. A field
emission scanning electron microscope (Zeiss Supra35 FE-SEM) was used to investigate the
morphology of the GO flakes with a WD of 3 mm and a EHT of 3 KV. Micro-Photoluminescence
(u-PL) was performed through Horiba Jobin Yvon HR800 spectrometer (Horiba, Lille, France)
integrated system under backscattering configuration. The excitation wavelength was supplied by a
325 nm He-Cd continuous-wave laser that was focalized on the sample by a 40x objective, with a
numerical aperture (NA) of 0.5. The scattered light was dispersed by a 300 grooves/mm kinematic
grating. Emission spectra were acquired by an excitation wavelength of 325 nm for colloidal samples
deposited on Silicon substrate. The excitation wavelength corresponds to the maximum intensity of
the excitation PL spectrum.

Computation: Structures, optical spectra and DOS are calculated with the Quantum Atomistix
Toolkit Synopsis package (Version U-2022.12-SP1).>* Structures are computed with a PBE-D3 level
of theory: the ion-electron interaction is described by the Perdew-Burke-Ernzerhof (PBE)
functional,® core electrons are modelled by PseudoDojo scalar relativistic pseudopotentials,®®
dispersion contributions are considered with D3 Van der Waals corrections®’ and the Brillouin zone
is sampled at the k-point I". We used a linear combination of atomic orbitals (LCAO) basis set of
medium type. To gain optical properties, the optimized structures are refined with the HSEQ06
functional,%® sampling the crystal momentum space with a 3x3x3 Monkhorst-Pack grid. Energies are
converged within a tolerance of 10° Hartree. Dielectric functions, &, are then computed with the

Kubo-Greenwood (KG) formalisms taking a 3-dimensional average of the diagonal terms of the
18



dielectric tensor. The absorption coefficient « is ultimately evaluated through the complex k refractive
index. DOS are computed utilizing identical DFT parameters to the ones used for optical properties.
For the design of initial structures we employed fixed oxygen mass percentages, as mentioned in the
text, repartitioning oxygen functional groups according to measured O1s XPS oxygen repartition
ratios, 3 to this aim, carboxyl and carbonyl where positioned at the edges of the material, while epoxy
and hydroxyl randomly within the basal plane, following the discussed Lerf-Klinowsky model.
Structures of Figure 2a type with 160 carbon atoms were modeled considering an initial b (c) cell
parameter of 19.9 (10.0) A and both the cells and ions are relaxed. Structures of Figure 3a-b were
modeled considering an initial ¢ parameter of 10.0 A and a variable number of carbon atoms
depending on L. Structures of Figure 3c were modeled in a large cell of a=b=c=30 A. Composites
are modelled with the effective medium approximation by averaging computed dielectric functions

with the Maxwell-Garnett mixing rule.*® (see Egs. 1-2 in SI).
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