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Conventional fabrication of integrated carbon electronics often requires material deposition or transfer, which
inevitably leads to surface contamination and structural defects. Here, we present a monolithic “Write-Rewrite-
Direct” approach for in situ sequential programming of carbon's optical, electrical, and chemical properties from
a single parent graphite crystal, overcoming the challenges of material transfer. First, we introduce Catalyst-
Enhanced Electrochemical Lithography (CEEL), an acid-free route that exploits MoSy electrocatalysis to
"write" atomically smooth epitaxy-like graphene oxide (GO) directly onto graphite. In contrast to conventional
electrochemical oxidation of graphite, which yields rough surfaces, CEEL produces mechanically robust, vivid
photonic structures with intense structural colors. We validate this monolithic integration by fabricating the first
all-carbon field-effect transistor with a vertical gate-dielectric-channel configuration, without any lithographic
patterning of contacts or lift-off processes. Second, we "rewrite" these films with a tightly focused laser to produce
laser-reduced graphene oxide (LrGO) vertical interconnects. This enables us to draw all-carbon free-form, high-
resolution LrGO circuits within the larger, electrochemically defined GO structure. Finally, we exploit this hi-
erarchical control to "direct" the selective assembly of plasmonic nanostructures onto the LrGO patterns, inte-
grating plasmonic microreactors and chemical sensing capabilities. This "Write-Rewrite-Direct" paradigm is a
potential enabler of next-generation all-carbon electronics, offering a maskless route to creating dynamic,
reconfigurable surfaces, including field-effect transistors and advanced sensing and photocatalytic platforms
monolithically integrated in a single device.

Environmental patterning methods using laser [6,7] or plasma [8]
reduction can change surface properties depending on the atmosphere;

1. Introduction

Current technology relies heavily on our ability to control and
exploit surface properties, enabling applications from microelectronics
to smart implants [1,2]. However, a persistent challenge and funda-
mental fabrication bottleneck in all-carbon electronics is the need for
material transfer and deposition. Although traditional photolithography
provides high spatial accuracy, it is a rigid, multi-step process that re-
quires complex and costly infrastructure. Therefore, a major goal in
engineering surface properties is developing a strategy that enables
simple, sequential programming of optical, electronic, and chemical
functionalities on a surface using readily available tools. Maskless
methods, such as laser processing, can induce surface modifications,
including ablation, composite formation, and surface texturing [3-5].
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however, these changes are irreversible. Meanwhile, electrochemistry
(EC) enables reversible control of surface properties through redox re-
actions by adjusting the applied potential [9-12]. Surface properties can
also be tuned through chemical functionalization. For instance, elec-
tronic properties, such as n-type or p-type doping of graphene, can be
achieved by functionalizing graphene with poly(ethylene imine) or
diazonium salts, respectively [13]. Furthermore, EC treatment with
diazonium salts can simultaneously exfoliate and functionalize gra-
phene, yielding materials suitable for flexible and implantable elec-
tronics [14-16]. While these approaches have been implemented at the
micro- and nano-scale [17,18], a unified platform for monolithic device
integration remains elusive.
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Although electrochemical [19-21] and laser patterning [22-24]
techniques have been explored previously, existing methods face a
fundamental bottleneck: electrochemical processes often produce
rough, delaminated films, while laser reduction involves additional
steps, such as transferring the original graphene oxide (GO) material
onto substrates before processing, leading to interface contamination,
wrinkles, and structural inhomogeneity. In this work, we address these
issues by presenting a new monolithic approach that enables the fabri-
cation of all-carbon functional devices in situ from a single parent
graphite substrate.

First, we introduce catalyst-enhanced electrochemical lithography
(CEEL) to 'write' atomically smooth, epitaxy-like, GO thin films with
vibrant colors directly onto graphite. Unlike standard EC oxidation,
which often yields defective, small, delaminated flakes due to aggressive
oxygen-evolution reactions (OER), CEEL employs MoS; to catalyze the
generation of reactive oxygen species (ROS) for graphite oxidation. It
ensures long-term stability through SO3~ ion intercalation without
requiring strong acids and reduces gas formation by controlling OER.
This enables the creation of large-scale, mechanically robust GO films
with a surface roughness <2.5 nm. These GO films, formed directly on
graphite, demonstrate exceptional mechanical durability compared to
transferred exfoliated GO and display vivid colors not previously re-
ported for other EC-produced GO. In the case of CEEL-generated GO,
these photonic structures are not periodic dielectric configurations like
photonic crystals, but rather patterns with structural colors from thin-
film interference. Such structural colors are valuable for their stability
and potential in photonics applications, from lasers to sensors [25]. We
demonstrate the technological potential and robustness of this stack by
fabricating the first monolithic all-carbon field-effect transistor (FET)
with a vertical gate-dielectric-channel configuration. The impact of this
development lies in the realization of a FET device without any litho-
graphic patterning of contacts or lift-off processes, exploiting the
intrinsic vertical gradient of the CEEL film.

Second, we "Rewrite" these structures by laser processing to selec-
tively reduce GO with micrometer precision, enabling the creation of
high-resolution vertical interconnects and planar free-form circuits on
the planar laser-reduced GO (LrGO).

Third, we exploit engineered electrical and chemical patterns to
"Direct" the selective growth of gold- and silver-based plasmonic nano-
reactors capable of in situ induction and detection of chemical reactions
via surface-enhanced Raman spectroscopy (SERS), thereby enabling the
direct hierarchical integration of chemical sensing with carbon
electronics.

This work presents a straightforward approach that overcomes the
limitations of transfer-based lithography to create complex, reconfig-
urable surfaces that impact all-carbon optoelectronics and sensing
platforms.

2. Experimental section
2.1. Materials

Highly oriented pyrolytic graphite (HOPG) flakes are peeled off with
adhesive tape from HOPG ZYA 0.4 + 0.1° (Kapella, Russia) and fixed
onto glass (15 x 25 mm?) using double-sided tape.

10 mg of MoS; powder (GC "SMM", LLC, Russia), with physico-
chemical characteristics summarized in Fig. S1, was dispersed in 1.5 mL
of ethanol (95 %, Svetoform, Russia). The resulting dispersion was
diluted with 15 mL of distilled water. To prevent agglomeration, the
MoS; dispersion was sonicated for 5 min before each experiment.

A gold-coated insulated copper wire (diameter: 180 pm) served as
the counter electrode. Gold nanoparticles were electrodeposited onto
the copper wire via electrochemical reduction in 2 pL of 1 mM HAuCly
for 30 s at a constant potential of —2.5 V using an APS605H DC power
supply (Wanptek, China) with HOPG as the anode. The distance between
the copper wire and the HOPG surface was maintained at 0.75 pm
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throughout the deposition.
4-nitrobenzenethiol (4-NBT), technical grade 80 % (Sigma-Aldrich,
Germany), was used as a model in the photocatalysis experiment.

2.2. CEEL and laser processing

Electrochemical lithography was performed in a MoS; dispersion
using an electrochemical cell (Shanghai Yuce Electronic Technology,
China) with a potentiostat-galvanostat P-45X (Electrochemical In-
struments, Russia). HOPG, an Au-coated copper wire, and Ag/AgCl
electrode were used as working, counter, and reference electrodes,
respectively. The HOPG electrode was immobilized at the bottom of the
cell, while the counter electrode was positioned perpendicularly above
it, and the reference electrode was inserted through a side port. The
distance between the HOPG and the copper wire was set to either 0.75
pm or 1.5 pm to produce patterns with lateral dimensions of 0.7 mm and
1.0 mm, respectively. Electrical signals of various shapes and polarities,
with specified parameters, were applied using a potentiostat-galvanostat
(details are provided in the Supporting Information). After electro-
chemical lithography, the sample was rinsed with distilled water and
dried using compressed air.

Laser reduction of GO was performed using a 532 nm continuous-
wave diode laser (Matchbox, Integrated Optics, Lithuania), equipped
with a 100x objective. The laser beam diameter after the 100x objective
was approximately 800 nm. Laser power was optimized over the range
0.1-5 mW to achieve optimal LrGO. Scanning speed was fixed at 20 pm/
s.

Electrochemical deposition of metals on LrGO: Metal nano-
particles were deposited on LrGO by the electrochemical method. In
brief, metal nanoparticles were deposited in a two-electrode configu-
ration, with LrGO and a 50 pm-diameter gold wire employed as cathode
and anode, respectively. Ag deposition was performed from an aqueous
AgNOg solution (0.1 M) at a constant potential of —1 V for 30 s. Au
deposition was performed in an aqueous solution of 0.1 mM HAuCly at
—1.5 V for 30s.

2.3. Characterization

Atomic force microscopy (AFM): The topography and thickness of
the GO film were investigated using an NTEGRA PRIMA atomic force
microscope (NT-MDT, Russia) with NSG10 tips (NT-MDT, Russia). The
NSG10/Pt (NT-MDT, Russia) tips were used to study surface potential
(SP) in Kelvin probe force microscopy. The I-V curves were obtained in
current-sensing atomic force microscopy using NSG10/Pt tips (NT-MDT,
Russia).

Raman spectroscopy: Optical images, Raman, and photo-
luminescence spectra were recorded using a Raman spectrometer (NT-
MDT SI, Russia), equipped with 10x, 20x, and 100x objectives (Mitu-
toyo, USA) and 457, 532, 633, 785 nm continuous-wave diode lasers
Matchbox (Integrated Optics, Lithuania).

X-ray photoelectron spectroscopy (XPS): A Thermo Fisher Scien-
tific NEXSA spectrometer (Thermo Fisher Scientific, USA) with a mon-
ochromated Al Ka X-ray source (1486.6 eV) was used. Survey spectra
were recorded with 200 eV radiation and an energy resolution of 1 eV.
For the high-resolution spectra, the pass energy was 50 eV, and the
energy resolution was equal to 0.1 eV. The spot area was 400 pm?2. The
flood gun was used for the charge compensation. The XPS spectra were
analyzed using Avantage software.

Scanning electron microscopy (SEM): SEM images and energy-
dispersive X-ray (EDX) spectra were acquired using a Thermo Fisher
Scientific Apreo 2 S LoVac (Thermo Fisher Scientific, USA).

Transistor characterization: Transistors were fabricated by placing
two 50-pm-diameter gold wires in direct contact with the graphene
oxide (GO) film, serving as the drain and source electrodes, with an
interelectrode spacing of 200 pm. The underlying HOPG substrate
functioned as the back-gate electrode. Current-voltage (I-V)
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characteristics were acquired using an MFLI Lock-in Amplifier (Zurich
Instruments, Germany). A DC gate voltage (Vgs) was applied on HOPG,
while a small AC drain-source voltage (Vpg) at 514 Hz was super-
imposed; the resulting drain current (Ip) was measured at the same
frequency (514 Hz) to effectively isolate the channel response from
capacitive coupling through the gate.

Temperature measurement: To estimate the effect of temperature
on the GO film, a GO CEEL sample was placed on a heater mounted on
the atomic force microscope (NT-MDT, Russia). The intensity map of
reflected radiation from a 532 nm laser in the selected area at different
temperatures was recorded by the Raman spectrometer.

Photocatalysis experiment: To conduct the photocatalysis experi-
ment, LrGO CEEL, with deposited Ag nanoparticles, was immersed in a
1 mM 4-NBT solution for 3 h in the dark. After that, the sample was
rinsed with distilled water and ethanol. The photocatalytic conversion of
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4-NBT to 4-4-dimercaptoazobenzene (DMAB) was evaluated by Raman
spectroscopy.

3. Results and discussion

First, we introduce the concept of CEEL, illustrated in Fig. 1A, which
exploits an MoS; electrocatalyst and the localized electric field between
HOPG and an Au-coated copper microelectrode. Initially, we expected
that a microelectrode would provide a strong electric field gradient for
the oxidation of graphite in ethanol and water, thereby bypassing the
need for HySO4, which has been widely used for decades for electro-
chemical oxidation and exfoliation of graphite [26]. However, we
observed a rather uncontrolled reaction, characterized by the formation
of large bubbles (see Supporting Video 1), which resulted in rough,
grainy patterns (Fig. 1B). These patterns followed the edges and defects

On pattern

Near to pattern

2000 2500
Raman shift (cm™")

1500

Fig. 1. (A) Schematic of the CEEL process. A localized electric field is applied between a gold-coated copper wire (counter electrode) and HOPG (working electrode).
The gold-coated copper wire catalyzes the reduction of dissolved oxygen to produce hydrogen peroxide (H>O,). Dispersed MoS, flakes act as an electrocatalyst,
activating H,O» to ROS like eOH, ¢O5, 10, and oxidizing to form sulfate ions (SO?(). These sulfates then intercalate between the graphene layers while the ROS
uniformly oxidize the HOPG surface, resulting in the formation of a homogenous GO photonic pattern. (B) Optical micrographs comparing GO patterns formed with
an ethanol/water electrolyte (left) and with the addition of a MoS; electrocatalyst (right), which produces a more uniform and intensely colored structure. (C) Raman
spectra taken on the GO pattern, near the pattern, and on the pristine HOPG substrate. The emergence of the D peak and broadening of the G peak on the pattern
confirm the formation of GO. (D) Time-lapse optical images showing the pattern change of the GO film upon exposure to breath, demonstrating its environmental-
responsive nature. (E) Optical and AFM images of a GO film partially delaminated under harsh ultrasonication conditions. The AFM height profile allows the
correlation between color and thickness, demonstrating that the colors arise from thin-film interference. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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present on the HOPG surface, given their higher electrochemical activity
compared to the basal plane, as shown by Gewirth and Bard [27]. It has
been reported that Au-decorated Cu nanostructures catalyze the oxygen
reduction reaction, generating HyoO> [28]. Since the electrode in our
CEEL experiment is an electrically insulated copper microwire with only
its cross-section exposed and coated with electrochemically deposited
gold nanostructures, dissolved oxygen in the electrolyte is converted
into hydrogen peroxide as described by equation (1). We hypothesized
that incorporating MoS, would enable the generation of ROS from H,0,
[29]. The mechanism behind ROS generation involves the exfoliation of
MoS; in the presence of HyOy, accompanied by the formation of a
metallic-like, electron-rich 1T phase. These active sites catalyze the
reduction of HyO, facilitating the formation of hydroxyl radicals (¢OH)
as shown in equation (2), accompanied by the successive generation of
superoxide and singlet oxygen radicals [29]. These ROS uniformly
attack both basal planes and edges, facilitating a homogeneous con-
version to graphene oxide [30]. To test this hypothesis, we conducted
control experiments using MoS; multilayer powder ultrasonicated in an
ethanol-water (1:10 vol) solution. Control experiments using different
solutions (see Fig. S2) confirmed that MoS; plays a crucial role in re-
action smoothness and control, as well as in reducing bubble size and the
rate of their release (see Supporting Video 2). To elucidate the mecha-
nism behind CEEL, we analyzed the thermodynamic and kinetic influ-
ence of MoS; on the oxidation process (Fig. S3 and S4). As shown in the
galvanostatic pulses in Fig. S4F, the operating potential required to start
driving the oxidation current is significantly lower (~1.5 V) in the
presence of MoS; compared to the control electrolyte without the
catalyst (>2.5 V). This high-voltage regime drives vigorous gas evolu-
tion (2H20 — 0O3), physically disrupting the graphite surface and
yielding the rough, defective morphology observed in the control sam-
ples (Fig. 1B). In contrast, the addition of MoSy opens a catalytic
pathway that lowers the activation energy for ROS generation. This
shifts the reaction selectivity away from the disruptive OER and toward
the chemical functionalization of the carbon lattice. The suppression of
gas bubbles (see Supporting Videos) and the formation of atomically
smooth, epitaxy-like GO films (Fig. S11) serve as the physical signature
of this non-disruptive, catalytically controlled oxidation. Furthermore,
the time stability of the resulting films provides evidence for successful
ion intercalation and covalent lattice integration. While GO patterns
formed in simple water/ethanol electrolytes fade within days due to the
desorption of intercalated physisorbed species (Fig. S6), the
CEEL-generated films remain stable for months. This confirms that sul-
fate and oxide groups are not merely physisorbed but have participated
in the permanent oxidation of the graphene layers, consistent with the
high degree of functionalization observed in XPS (Fig. 3). This stable,
expanded lattice remains hydrophilic, allowing for the reversible water
intake observed during the breathing experiments (Fig. 1D and S10).

The impact of MoS; flakes dispersed in powder form and their
electrochemical activity were investigated by Manyepedza et al. [31].
We also observed diffusion of large MoS; flakes in video recordings
during our CEEL reactions (see Supporting Video 3).

Oy + 2H' + 2e™ > Hy0, @
H,0, + e — eOH + OH™ 2)
MoS, + 9H,05 — MoO3~ + 2805~ + 6H' + 6H,0 3)

We confirmed the different reaction pathways using electrochemical
methods. Cyclic voltammograms (CV) recorded in electrolytes without
MoS; showed oxidation peaks at approximately 0.5 V (Fig. S4A), indi-
cating the formation of carbonyl groups [32], followed by a rapid, un-
controlled onset of OER at approximately 1.8 V (Fig. S4B). In contrast,
adding MoS; resulted in suppressed oxidation peaks and an shift in the
OER, demonstrating modulation of the reaction (Fig. S4C-D). The sup-
pression of these parasitic reactions is key to the controlled
layer-by-layer oxidation that defines CEEL.
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The superior control offered by CEEL enabled us to design patterns
with distinct characteristics. For instance, by adjusting the number of
applied current cycles, we can control the film thickness, color, number
of rings, and lateral size of the GO pattern (see Fig. S5). The higher
number of applied current cycles, the larger lateral size of the GO
pattern, which can reach more than a millimeter, an unprecedented size
of monolithic GO film compared to the recorded average size of GO of
188.3 pm [33,34]. By including negative potentials during cycling
(—100 to +400 pA), we were able to drastically improve the time sta-
bility of the photonic structures, from fading noticeably after only 5 days
to showing vibrant colors without signs of degradation for up to 6 weeks
(see Fig. S6). We attribute this enhanced stability to the increased layer
expansion, which pushes the negatively charged SO7™ ions intercalated
between the layers [30]. In the absence of MoS,, intercalation and layer
expansion were less efficient, resulting in color fading over time.

This summary explains the mechanism of HOPG oxidation and
highlights the major structural differences between those formed with
and without MoS,. Initially, we focus on oxidation in the absence of
MoS;. Electrochemical experiments showed an oxidation peak associ-
ated with the formation of C=0 functional groups, primarily at defect
edges, which are typical of mono- and multi-atomic steps in HOPG.
When the OER begins, polar solvent molecules move significantly near
the carbon electrode, interacting with these oxygen-rich groups. This
interaction causes the HOPG surface to crack, forming rough, uneven
photonic structures that render the pre-existing defects in HOPG more
evident (see Fig. 1B). When MoS; is added, an intermediate reaction
occurs, producing ROS and SO%’ ions via interactions between H,O5 and
MoS,. The ROS then reacts with HOPG in a non-specific, uniform
manner, spreading oxygen functionalities evenly across the surface and
suppressing cracking. Meanwhile, a positive potential drives SOF~ ions
into the interlayer space, stabilizing the photonic structures. Although
ROS formation might be expected to persist after potential removal, in
this case, ROS generation is driven by electrocatalytic H,O, production,
which ceases when the potential is turned off. Additionally, persistent
radicals in the solution are quenched by the ethanol in the electrolyte.
These conditions guarantee that the reaction is controlled by the applied
potential, limiting the influence of self-sustaining and self-propagating
radicals.

Chemical imaging with Raman microscopy in Fig. S7 confirms that
these photonic structures arise from oxidation of the graphite substrate,
resulting in the formation of GO films, as evidenced by the broad D and
G peaks of comparable intensity. Representative Raman spectra in
Fig. 1C show the evolution of the carbon features. The control Raman
spectrum from pristine HOPG exhibits a sharp G band with a full width
at half maximum (FWHM) of 14.1 + 0.7 cm .. In contrast, the GO
pattern and its surroundings exhibit a broad G peak with an FWHM of
110 + 10 cm ™. The most representative Raman feature of GO is the D
peak at approximately 1350 cm ™}, which is activated by defects in the
carbon lattice introduced by oxygen-containing groups and other
structural defects. This D peak is absent in the Raman spectrum of HOPG
(Fig. 1C) because of the high crystallinity of the pristine material. Due to
the low thickness of the GO film, particularly at the thinner GO regions
at the pattern periphery, and GO's optical transparency, contributions
from the underlying HOPG substrate will inevitably be visible in the
Raman spectra recorded at the thinnest regions of the GO pattern, as
deduced from the transmittance data in the inset in Fig. S7. In addition
to the D band on the pattern, there is a strong, broad band at higher
wavenumbers due to luminescence [22]. This broadband photo-
luminescence (PL) exhibits the behavior reported earlier for thin GO
films, where the PL peak shifts with the excitation wavelength (see
Fig. S8). Such PL emission is attributed to transitions from the bottom of
the conduction band and neighboring localized states to the wide
valence band, in which labile oxygen-containing groups are involved
[35,36].

We found that these colorful radial patterns were highly sensitive to
environmental conditions, including temperature changes (see Fig. S9
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and Supporting Video 4) and airflow induced by breathing on them
(Fig. 1D and Fig. S10). We observed that, with increasing temperature,
the rings in the GO CEEL pattern shift toward the center (see Fig. S9),
which we attribute to a decrease in film thickness due to water evapo-
ration from the interlayer space, thereby reducing the distance between
the GO sheets [37]. The pattern's response to breathing is illustrated in
Fig. 1D, which shows its evolution over a 1-s period from expansion to
recovery to its initial state (Fig. S10). We attribute the changes in the
pattern during breathing to water condensation, which alters the con-
ditions for interference and thus the pattern's color. In addition to
changes at the periphery of the pattern over time, the center shifts from a
growing green circle with an emerging pink center to an overgrown
green ring. The situation then repeats periodically (the pink center
returns to green), consistent with thin-film interference. We observe in
real time the dynamics of condensation of a water film enabled by this
patterned GO structure, as shown in Supporting Video 5. One straight-
forward way to exploit this effect in high-impact applications is to
functionalize the GO CEEL surface with a ligand, receptor, or antibody
that selectively binds a disease biomarker, such as COVID-19 [38] or
Helicobacter pylori [39]. This targeted color change is similar to surface
plasmon resonance (SPR) sensors but does not require gold or other
complex coatings; it paves the way for the future design of
non-plasmonic all-carbon optical sensors. More generally, this approach
could be helpful for diagnostic purposes, particularly for addressing
respiratory diseases, which are among the leading causes of death
worldwide. In biomedical applications, GO-based ionic transistors have
attracted considerable attention due to their flexibility when combined
with polyelectrolytes, thereby forming a sensing platform for virus
detection [40,41]. Given the sub-second response of the pattern to
breathing, this could enable the development of responsive smart sur-
faces for rapid detection of molecular markers, thereby facilitating the
early diagnosis of chronic obstructive pulmonary disease, which ac-
counts for over 3 million deaths worldwide, according to the World
Health Organization [42].

So far, GO-based structural colors have only been fabricated from
exfoliated GO sheets [25,43], which are mechanically unstable and
poorly adhere to substrates, leading to delamination. One notable
characteristic of our GO films, in contrast to conventional GO layers
obtained by the Hummers' method [44,45], is that they are mono-
lithically grown on a crystalline carbon substrate via an epitaxial-like
growth process (Fig. S11), resulting in impressive robustness. We veri-
fied the structural robustness of the GO patterns by subjecting the
samples to harsh mechanical conditions in an ultrasound bath cleaner.
For comparison, we also subjected GO films obtained by Hummers'
method (Graphenea, Spain) to the same conditions (see Fig. S12A and
S12B in the Supporting Information). While the GO films obtained from
dispersions readily disappeared from the HOPG substrate, the mono-
lithic GO films remained largely unaffected, demonstrating the un-
precedented robustness of these structures and implications for GO
safety, as they minimize environmental release, a major persistent issue
in GO applications [46].

The ultrasonication experiments enabled us to elucidate the mech-
anism behind these structural colors. Under the harshest ultrasonication
conditions (1 min), some GO layers peeled off, allowing us to measure
the thickness of the remaining layers and correlate thickness with color,
as shown in Fig. 1E (for more details, see Fig. S13). AFM topography and
optical images of GO CEEL on HOPG are presented in Fig. 1E and
Fig. S13. The GO thickness was estimated based on the relative height to
HOPG; this measurement carries an uncertainty of up to ~10 nm due to
residual ultrathin GO layers that remained after sonication (see
Fig. SI3A-B). Subsequently, the color of GO CEEL was determined using
the color picker tools in Affinity Designer, enabling precise identifica-
tion. As illustrated in Fig. 1E, the relationship between color and film
thickness reveals a clear trend: moving radially outward from the center,
the GO thickness decreases, and the observed color exhibits periodic
shifts - consistent with optical interference effects from a thin-film stack.
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In the outermost regions, where the film is thinnest (typically <10 nm,
see Fig. S13C), the structure appears light gray, reflecting the low optical
absorption of such ultrathin layers. In our experiments, the GO thickness
spans from near-zero up to ~500 nm. Notably, the maximum achievable
thickness and consequently the number of interference rings are gov-
erned by the oxidation extent, which can be tuned by varying the
number of CEEL cycles (see Fig. S5).

There has been some debate in the literature about the origin of such
colorful patterns in GO, with the mechanism attributed to either pho-
tonic crystal formation or thin-film interference. The AFM results in
Fig. 1E provide evidence of a correlation between GO color and thick-
ness, confirming the thin-film interference mechanism [25,47].

The Raman and AFM results showed that CEEL produced a GO film
on the electrically conductive carbon substrate (HOPG), suggesting that
this configuration could be used as an FET device. The device archi-
tecture relies on a vertical gradient of functionality within the CEEL film.
This configuration is illustrated in Fig. 2A, where gold microelectrodes
serve as source and drain contacts, placed directly on top of the GO CEEL
surface, and the HOPG substrate is employed as the back-gate electrode
(see also Fig. S11B). As grown, the GO film is insulating. To define the
FET active channel, we apply a preconditioning voltage (gate bias of
+2.5 V and source-drain of 1 V) for 3 min. This initiates a positive
feedback loop in which localized Joule heating thermally reduces the
GO film's top surface. As more current flows, the heat generated in-
creases, establishing a conductive path between the source and drain
contacts. Crucially, the deeper layers of the film, which are in thermal
contact with the bulk graphite heat sink, remain oxidized and insulating.
These bottom layers function as the gate dielectric, effectively isolating
the channel from the HOPG back-gate. This results in a monolithic gate
(HOPG)/dielectric (bulk GO)/channel (surface rGO) stack, all made
from the same carbon substrate.

Further details on characterization and the preconditioning step are
provided in the Supporting Information, paragraph “Transistor charac-
terization” (Fig. S14). The output characteristics in Fig. 2B show
excellent linearity of I vs Vpg across different negative gate voltages,
suggesting a low barrier to hole injection. As the gate voltage becomes
more negative, the hole concentration (the majority charge carriers in
GO) increases, attracting holes to the channel and thereby increasing Ip.
The transfer characteristics Ip-Vgg plot in Fig. 2C exhibits V-shaped
ambipolar behavior, with the Dirac point at a positive gate voltage
(+0.148 V). This positive shift in the charge neutrality point confirms p-
type doping of the GO channel, consistent with the electron-
withdrawing nature of the remaining oxygen-containing groups, as re-
ported in previous studies [49]. The inset in Fig. 2C shows the current
modulation across the channel, with consistent switching between ON
and OFF states under gate voltage, further confirming its function as an
FET. These results provide a striking demonstration of CEEL's potential
for straightforward fabrication of all-carbon electronics.

In addition to GO reduction via electrical currents, CEEL enables the
development of more complex structures by combining with laser
writing, as schematically illustrated in Fig. 2D. For this, we utilized a
computer-controlled laser-scanning platform equipped with a 532 nm
laser, focused through a 100x objective onto the sample. This process
defines the “Rewrite” step in our workflow, in which the GO film can be
selectively reverted to a graphene-like structure, namely LrGO. This
process enables the formation of free-form electrically conductive
structures, as demonstrated by AFM topography (Fig. 2E), surface po-
tential (Fig. 2F), and local conductivity measurements of the same LrGO
butterfly pattern (Fig. 2G). The LrGO butterfly appears as an engraved
depression in the image topography in Fig. 2E due to the reduction in
volume of the GO film layer resulting from the removal of oxygen-
containing groups [48]. The Kelvin probe force microscopy image in
Fig. 2F shows a well-defined contrast between the butterfly pattern and
the surrounding GO, indicating a lower LrGO work function. The low
surface potential of the GO film (i.e., a high work function) is attribut-
able to the electron-withdrawing nature of the oxygen-containing
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Fig. 2. (A) Schematic of the all-carbon, back-gated FET architecture. Two microprobes (Source and Drain) are placed on the in situ-grown GO film, which serves as
the channel and gate dielectric, with the underlying HOPG serving as the back gate. (B) Output characteristics (Ip vs. Vpg) of the FET at various fixed gate-source
voltages (Vgs), demonstrating precise gate modulation of the channel conductance. (C) Transfer characteristics (Ip vs. Vgs) showing p-type doping ambipolar
behavior. The inset shows repeatable switching between high- and low-conductance states. (D) Schematic of the laser "Rewrite" process, creating an LrGO pattern. (E)
AFM topography of a laser-written LrGO butterfly. (F) Corresponding Kelvin probe force microscopy map showing a significant drop in work function in the LrGO
pattern. (G) Conductive-AFM I-V curves confirming the insulating nature of GO and the conductive nature of LrGO butterfly. The gray rectangles show the current

saturation of our instrumentation.

groups [49]. The laser rewrite process removes oxygen-containing
groups, thereby restoring the sp? carbon character of the original
graphite substrate and lowering the work function [22]. Moreover, I-V
curves in Fig. 2G locally recorded at the butterfly and at the GO nearby
show drastic differences in electrical conductivity, transforming GO
from an insulator to an Ohmic-like LrGO conductor. This capability to
spatially control electronic properties is critical for engineering Schottky
junctions, diodes, and FET channels and contacts.

The nature of the chemical changes during our Write-Rewrite steps
was investigated using XPS. At each modification step, from bare HOPG
to LrGO, we measured survey spectra and high-definition spectra from
the Cls and O1s regions to track the chemical changes introduced. We
defined the figure of merit for chemical changes in our workflow as the
sp2/sp° ratio, an indicator of the reduction-oxidation state of carbon
species [50]. This figure of merit was calculated as the ratio between
peak areas attributed to the respective component in the Cls
high-definition spectra from HOPG, GO, and LrGO (Fig. 3A-C). For GO,
this ratio is approximately 0.24, whereas the Rewrite step, following
laser treatment, significantly increased the sp2/sp® ratio to approxi-
mately 1.92. Comparing the obtained results with the XPS data provided
by one of the largest worldwide suppliers of GO (Graphenea, Spain), we
observed that the oxygen content is lower in our case (~27 % vs. 41-50
% for GO obtained using the modified Hummers' method). Another
observation is that the XPS spectra provided by Graphenea mostly show
C-0O-C groups, with a small amount of C-O and C=O. In contrast, the
GO obtained by CEEL contains significant amounts of C-O and C=0
groups, which attach to the basal graphene plane and edges, respec-
tively, suggesting a uniform distribution of oxygen-containing groups
[51]. This uniform distribution between edge and basal-plane sites is
consistent with our interpretation that MoS; activates ROS that attack
the less reactive basal plane of graphene. The survey and Ols
high-definition spectra for all samples (Fig. S15), along with a

description of all spectra obtained, are presented in the Supporting
Information.

This surface chemical analysis reveals that CEEL enables successful
oxidation of the HOPG surface by introducing oxygen-containing
groups, similar to those found in conventional GO obtained by the
modified Hummers' method [52]. Similar to conventional GO, GO CEEL
can be laser-reduced to partially restore the initial conjugated sp? carbon
network.

These observations were complemented by SEM and EDX, which
provided better spatial resolution than XPS but were limited to
elemental information and less surface-sensitive, with a larger infor-
mation depth of a few hundred nanometers. Fig. 3D shows a low-
magnification SEM image of the CEEL pattern delineated by the
dotted green line. The high-magnification SEM image in Fig. 3E shows
the region where the Rewrite process occurred, with a grid and butter-
flies drawn on the GO canvas, confirming the process's precision and
high resolution. On both SEM images, we marked by numbers some
representative locations, varying from outside of the CEEL pattern
(location 1) towards the center (locations 2-4) and the LrGO butterfly
(location 5) created during Rewrite. The EDX spectra from these loca-
tions are shown in Fig. 3F, demonstrating a monotonic decrease in ox-
ygen relative to carbon as we approach the center of the pattern
(locations 1-4). This spatially resolved elemental analysis reveals that
CEEL induces carbon oxidation that radially follows the electric field,
whereas the Rewrite process locally reduces the oxygen content from 17
% to 3.2 % (atomic percentage) by releasing oxygen-containing groups
(Fig. S16).

LrGO surface, decorated with metallic nanostructures, is a promising
platform for photocatalytic and sensing applications. Gold and silver
nanostructures are widely used as photocatalytic and plasmonic mate-
rials, allowing effective conversion of various chemicals [53,54].
Another potential application implies the use of metallic nanostructures
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Fig. 3. (A-C) High-resolution C1s XPS spectra of pristine HOPG, in-situ grown GO, and LrGO, respectively. The spectra show the initial sp> C-C bonds of HOPG, the
emergence of C-O bonds upon electrochemical oxidation to GO, and the subsequent removal of these oxygen groups upon laser reduction to LrGO. (D) SEM image of
a GO surface with multiple laser-written patterns. (E) A magnified view of the patterns from the region marked '4’ in (D). (F) Spatially resolved EDX spectra taken
from different locations on the surface shown in (D) and (E). The inset quantifies the atomic percentage of carbon and oxygen, showing a clear, localized decrease in

oxygen content within the LrGO patterns compared to the surrounding GO.

as a sensing platform for biomedical applications. For instance, it can be
functionalized with specific ligands to tailor nanostructure properties
and enhance its effectiveness for biomolecule detection and disease
diagnosis [55,56]. Additional investigation of the added functionality
was performed by rewriting LrGO microelectrodes on a GO pattern and
using them to electrochemically reduce gold Au®" ions, as illustrated in
Fig. 4A. This process, the “Direct” step in our workflow, enables the
on-demand creation of Au nanostructures selectively on a LrGO grid,
demonstrating that the rewriting process produces structures conductive
enough to support spatially-resolved electrochemical reactions. This
idea was verified by EDX analysis, which showed selective gold depo-
sition on the LrGO grid pattern, as evidenced by the spectra in Fig. 4B.
The insets in Fig. 4B correspond to optical microscopy images before and
after Au deposition, as indicated by the yellow hollow characteristic of
gold. This observation was confirmed by SEM imaging of a grid corner
(Fig. 4C), which revealed the formation of Au clusters.

We demonstrated the generality of our approach by fabricating
additional metal nanostructures, including Ag. The selective deposition
of Ag nanostructures enables the creation of patterns with dual func-
tionality: plasmonic nanoantennas that amplify the Raman signal of the
molecule via SERS and photocatalytic reactors that generate plasmons
that decay into hot electrons and heat, thereby converting 4-NBT into
DMAB. For this reaction, another method for surface characterization is
XPS. However, the N1s signal of 4-NBT and DMAB in XPS is weak, peak
deconvolution is challenging, and no significant spectral changes are
observed—unlike in Raman spectroscopy, where the nitro (-NO,) and
azo (-N—=N-) functional groups, characteristic of 4-NBT and DMAB,
respectively, are unambiguously identifiable [57]. This enhanced
detection is enabled by SERS, which significantly amplifies the vibra-
tional signatures of molecules adsorbed on plasmonically active sur-
faces. In study [57], the authors investigated the photocatalytic

conversion of 4-NBT to DMAB using both XPS and Raman spectroscopy
and concluded that Raman spectroscopy is more powerful than XPS for
this conversion. The photocatalytic conversion of 4-NBT to DMAB was
confirmed by hyperspectral Raman imaging, as shown in Fig. 4D, where
red-color-coded regions indicate the presence of the DMAB photo-
catalytic product overlapping the grid where Ag nanostructures were
selectively grown. The elegance of this approach lies in our ability to
monitor the photocatalytic reaction in real time, enabled by the built-in
SERS sensing capabilities of the plasmonic Ag nanostructures. This
analysis revealed that while 4-NBT is present around the sample (black
particles in Fig. S17), photocatalytic conversion to DMAB occurs only in
the laser-rewritten grid as we see the appearance of the characteristic
azo (-N=N-) functional groups in DMAB at 1437 cm ™! at spots 2 and 4
(see Fig. 4E), indicating the importance of laser processing in spatially
defining photocatalytic reactions. These results demonstrate a method
for applying CEEL to address a gap in graphene oxide photonics by
integrating it with plasmonic systems [58].

4. Conclusion

In summary, we have established a complete “Write-Rewrite-Direct”
platform for the sequential engineering of carbon's optical, electronic,
and chemical properties.

This development pushes carbon electronics beyond traditional
electrochemical or laser methods by introducing CEEL, which enables
monolithic integration without the need for material transfer, film
deposition, or lift-off.

The key novelty and impact points of this work are:

1) The epitaxy-like “Writing” of GO photonic structures with radially
varying structural colors via thin-film interference generated by
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Fig. 4. (A) Schematic of the "Direct" process, where the LrGO pattern acts as a template for the selective electrochemical deposition of metal nanostructures. (B) EDX
spectra comparing a region with gold deposited on LrGO to an adjacent GO region, confirming the high selectivity of the deposition. Insets show corresponding
optical micrographs of a pattern before and after gold deposition. (C) High-magnification SEM image revealing the 3D, star-like morphology of the electrodeposited
gold nanoclusters. (D) Combined optical micrograph and SERS map of an LrGO grid functionalized with silver (Ag) nanoparticles. The red overlay shows the selective
presence of the DMAB Raman peak, confirming that the photocatalytic reaction is localized exclusively to the Ag-decorated LrGO pattern. (E) In-situ SERS spectra
taken from different locations of the sample (marked in Fig. 4d). The Ag-decorated LrGO grid (spectra 2 and 4) shows the laser-induced photocatalytic conversion of
4-NBT (spectrum 4) to DMAB over time. Spectrum 1 obtained outside the grid shows no 4-NBT or DMAB signals, but the typical carbon peaks from GO dominate the
spectrum. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

leveraging the electrocatalytic properties of MoSs to enhance water
splitting. The MoS, catalytic effect enables the fabrication of
smooth, long-lasting GO surfaces with the most intense colors
reported to date for GO films (Fig. S11) . Moreover, these struc-
tures have superior mechanical robustness compared to conventional
GO-based films. The remarkable optical response to environmental
changes enables low-cost, smart carbon surfaces and sensors.

2) Unlike GO produced through chemical oxidation (Hummers'
method), our process has a lower environmental impact and gener-
ates no waste. In contrast to most electrochemical methods that rely
on concentrated sulfuric acid, our acid-free, ambient-temperature
approach is eco-friendly and easy to use.

3) The materials we obtain enable applications from optical sensors to
active electronics. We exploited the intrinsic vertical structure of the
GO CEEL on HOPG to create the first monolithic all-carbon back-
gated FET, exhibiting clear and switchable p-type output charac-
teristics without the need for transfer or deposition.

This GO CEEL film works as a canvas to “Rewrite” free-form elec-
trically conductive structures with a spatial resolution limited by the
diffraction limit of light (~A/2). The “Direct” step was demonstrated by
the selective deposition of gold- or silver-based metallic nanostructures,
creating a plasmonic microreactor capable of inducing and detecting
photocatalytic reactions in real time via SERS.

Although we focused here on programming the electronic and
chemical properties of GO CEEL structures, follow-up work could exploit

their intrinsic gradient-index optical properties to create all-carbon
optical elements, including spectral filters and planar lenses. In
conclusion, we have engineered one of the oldest known materials,
creating multifunctional smart surfaces for monolithic all-carbon elec-
tronics and sensing applications.
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