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Electrochemically Driven Tandem In-Plane Reduction and
FeCl;- Intercalation of Highly Crystalline Graphene Oxide

Thin Films

Tatsuki Tsugawa, Kazuto Hatakeyama,* Junya Kawasaki, Agamoni Pathak,

Kazuhito Tsukagoshi, Shintaro Ida,* and Takaaki Taniguchi*

The current design and understanding of graphene oxide (GO) and reduced
GO (rGO) materials rely largely on insights derived from structurally defective
and chemically inhomogeneous GO synthesized by Hummers’ method. As a
result, this early-stage knowledge fails to fully exploit the potential benefits of
GO. This study explores electrochemical approaches using highly crystalline
Brodie’s GO for fabricating reduced GO (rGO)-based transparent conductive
films (TCFs) without using toxic reducing agents or heat treatment.

The study first demonstrates an in-plane electrochemical reduction method
for fabricating rGO nanocoatings on plastic substrates. During this process,
rGO at the rGO/GO/electrolyte three-phase interface functions as a growing
cathode, inducing tandem reduction parallel to the insulating substrate surface.
The crystallinity of the GO precursor determines the activation or deactivation
of the three-phase interface at nanometer-scale thickness. The electrochemical
reduction of epoxide groups leads to a well-extended r-electron network

with suppressed local strains and carbon vacancies. The sheet resistivity of
rGO-based TCFs is further optimized through hole doping via electrochemical
FeCl; intercalation, breaking the transparency-resistivity limit of available
rGO-TCFs. These discoveries will facilitate the development of next-generation
green graphene processes based on precise synthetic chemistry.

1. Introduction

Graphene has remarkable structural flexi-
bility, good chemical stability, high electri-
cal and thermal conductivity, and uniform
optical transmission from visible to near-
infrared wavelengths.'>) These character-
istics provide opportunities to develop ul-
trathin devices in a wide range of techni-
cal fields, from nanoelectronics to indus-
trial coatings. Chemical vapor deposition
(CVD) has proven most effective for pro-
ducing graphene thin films, allowing pre-
cise control over domain size, layer num-
bers, and carrier transport properties.[6-1]
However, CVD presents considerable draw-
backs, including high costs, substantial
energy consumption, and process toxic-
ity. Moreover, the complex transfer pro-
cess required to move graphene layers from
Cu or Ni growth substrates to target sub-
strates presents further challenges, limit-
ing widespread practical applications.['12]
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The reduction of graphene oxide (GO),
synthesizable in large quantities from nat-
ural graphite, represents a viable approach

for industrial graphene production. Since Ruoff et al. demon-
strated the chemical reduction of GO using hydrazine,'*) numer-
ous reduction techniques have emerged,!'*'! leveraging chemi-
cal and thermal driving forces both independently and in com-
bination. These developments have also simultaneously high-
lighted specific critical technical challenges in GO-to-graphene
conversion.'!7] First, although chemical reduction initiates
at a low temperature, conventional reducing agents such as
NaBH,,"® hydriodic acid,*”! and liquid ammonia?®! exhibit
high toxicity and reactivity.?"??] Moreover, the limited deoxy-
genation capability of chemical reduction necessitates addi-
tional heat treatment during or after the reaction to achieve
high conductivity.?}! This thermal deoxygenation, however, gen-
erates CO and CO, gases, creating carbon vacancies that re-
duce carrier mobility.[?*! High-temperature reduction at least
above 1000 °C is required to repair the atomic vacancies.['*] Ad-
dressing these limitations often necessitates the use of sophis-
ticated, expensive equipment like laser and microwave irradi-
ation systems,!?3% which negate the industrial advantages of
GO processing. Another significant challenge arises from the
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poor crystallinity of pristine GO, particularly when synthesized
using the Hummers' method—the most widely adopted GO
synthesis technique.[3"3?) This method introduces substantial
structural and compositional disorders in the two-dimensional
GO lattice,*! degrading the carrier transport properties of indi-
vidual reduced GO (rGO) nanosheets. Therefore, although GO-
related research has increasingly shifted toward practical applica-
tions, we still need a deeper insight into the chemistry of GO, in-
cluding oxidation mechanisms[33*-* and chemical reactivity!3¢-*!]
in order to pursue the green production of graphene-based func-
tional nanomaterials.

Recently, we demonstrated an electrochemical reduction
mechanism for GO proceeding through the following two reac-
tions in an aqueous solution at room temperature, as evidenced
by the monitoring of functional groups and carbon radicals dur-
ing repeated electrochemical oxidation-reduction cycles.[*?!

C-0-C+2e +2H* - C=C+H,0 (1)
C-—0-C+2e +2H* - C-—OH +C-H (2)

Notably, this mechanism enables reduction without generat-
ing carbon vacancies. Furthermore, in-plane X-ray diffraction
analysis revealed that GO synthesized using Brodie’s method
(B-GO) exhibits superior uniformity in chemical composition
and higher crystallinity compared to GO synthesized using
Hummers’ method (H-GO),?! establishing B-GO as a preferred
precursor for low-temperature thermal reduction at 300 °C.
In addition, individual B-GO nanosheets are virtually free of
nanopores normally found in H-GO nanosheets,[*}] as recently
demonstrated by vertical proton blocking properties of B-GO
membranes.[*/ Therefore, although both H-GO and B-GO are
commonly referred to as GO, they should be recognized as dis-
tinct materials due to their largely different crystallinities and
physical properties. Building on these findings, the present study
aims to explore a greener electrochemical reduction process for
rGO-based transparent conductive films (TCFs) without toxic
chemical additives or heat treatment. The results demonstrate
successful fabrication of rGO-based TCFs directly on insulating
substrates through tandem in-plane electrochemical reduction at
a three-phase interface comprising growing rGO (cathode), unre-
duced GO (reactant), and an electrolyte. The efficacy of this pro-
cess depends on the use of B-GO; substitution with H-GO signifi-
cantly inhibits the tandem reduction at the three-phase interface,
resulting in poorly conductive rGO thin films because of defec-
tive rGO cathode formation.

Further, intercalation chemistry is utilized to reduce the re-
sistivity of rGO thin films. The interlayer spacing of graphite
allows the intercalation of various molecules and ions, form-
ing graphite intercalation compounds with distinct electrical and
magnetic properties compared to pristine graphite. Specifically,
the intercalation of metal chlorides, such as FeCl;, AuCl;, and
MoCl;, has been demonstrated to effectively modulate the elec-
trical properties of bilayer and few-layer graphene.**"] How-
ever, chloride intercalation in rGO layers stacked without specific
in-plane crystallographic orientation remains unexplored. This
study demonstrates conductivity enhancement through hole dop-
ing via room-temperature electrochemical FeCl, intercalation,
establishing an interface chemistry approach for refining GO-
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based nanomaterials. Additionally, optimization of GO film qual-
ity through spin coating results in further resistivity reduc-
tion at transparency levels exceeding 90%, yielding figures of
merit that surpass corresponding values for previously reported
rGO-based TCFs. The environmentally friendly electrochemi-
cal approach and deepened GO chemistry offer potential for
functionalizing and industrializing diverse GO and rGO-based
nanomaterials.

2. Results and Discussion

2.1. In-plane Electrochemical Reduction of GO Thin Films

Figure 1ab illustrates the electrochemical reduction mecha-
nisms of GO films on conductive and insulating substrates,
respectively. On conductive substrates, electrons transfer from
the substrate surface to the adjacent GO layer. The elec-
trolyte diffused into the interfaces between GO layers pro-
vides protons for electrochemical reduction Equations (1) and
(2). The freshly formed rGO layer functions as a cathode at
the rGO/GO/electrolyte three-phase interface, promoting reduc-
tion perpendicular to the surface—a process designated as the
through-plane reduction mode. Meanwhile, on insulating sub-
strates, a conductive material in contact with part of the GO film
acts as a cathode and initiates reduction. Similar to the conduc-
tive substrate case, the three-phase interface sequentially devel-
ops under applied bias; however, the rGO region expands parallel
to the substrate surface, a process termed as the in-plane reduc-
tion mode. Among the numerous studies on GO electrochemical
reduction, to our knowledge, only two have investigated in-plane
reduction. The first study demonstrated effective in-plane reduc-
tion in 7-um-thick H-GO films, achieving a conductivity of ~8.50
x 10° S m~1.[*8] Meanwhile, the second study showed that the re-
duction of nanoscale-thickness H-GO thin films resulted in elec-
trical resistivities as high as 1-3 kQ m!, 10® times higher than
that of commercial ITO substrates.[*”] This observation indicates
a nanoscale effect inhibiting in-plane reduction in thin films. We
hypothesize that the nanoscale thickness of the rGO cathode po-
tentially limits electron supply to reduction sites, resulting in in-
complete reduction. If this is true, an effective solution would
involve substituting conventional H-GO with highly crystalline
B-GO, as the enhanced electrical conductivity of reduced B-GO
may facilitate nanoscale cathode activation.

The atomic force microscopy (AFM) image in Figure 1c reveals
that the monolayer B-GO nanosheets used in this study have an
average thickness of ~#1 nm and a lateral sheet size of ~ 2-5 um
(Figure S1, Supporting Information). These nanosheets were
deposited on polyethylene terephthalate (PET) substrates using
layer-by-layer (LbL) assembly to fabricate GO thin films. The
process began with surface modification of the substrate by de-
positing a polycationic layer of poly(diallyldimethylammonium
chloride) (PDDA) to impart positive charge, followed by its im-
mersion in a B-GO dispersion to allow negatively charged B-
GO nanosheets to attach electrostatically. Figure 1d illustrates
the reduction of a five-cycle LbL-processed B-GO film at —1.7 V
(vs Ag/AgCl) in a 0.005 M H,SO, electrolyte. The reduction
process initiated at the glassy carbon (GC)/GO/electrolyte in-
terface, with the darker-colored rGO region expanding laterally
over time. Prolonging the reduction time by 2400 s resulted in
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Figure 1. Schematics illustrating (a) the through-plane electrochemical reduction of a GO film on a conducting substrate and (b) the in-plane electro-
chemical reduction of a GO film on an insulating substrate. c) AFM image of B-GO nanosheets. d) Snapshots of the electrochemical in-plane reduction of
a five-cycle LbL-deposited B-GO film on a PET substrate. The corresponding movie is available in Figure S1 (Supporting Information). e) Cross-sectional
TEM image of a five-cycle LbL-deposited rGO film. For this observation, an SiO, /Si substrate was used to facilitate specimen fabrication via focused ion
beam processing. rGO films formed (f) flexible and (g) spring-shaped PET substrates. The diameter of the spring is 1 cm.

the resistivity to 1.6 kQ sq~'. The resistivity of the electrochem-
ically reduced B-GO film surpassed that of a B-GO film pre-
pared under the same LbL deposition conditions but subjected to
high-temperature thermal reduction at 700 °C under an H,/Ar
gas flow (2 kQ sq7!).*!) Electrochemical reduction therefore rep-
resents an effective process for converting GO to highly conduc-
tive rGO at room temperature without using hazardous chem-
icals or forming byproducts. Cross-sectional transmission elec-
tron microscopy (TEM) observation revealed an =~15-nm-thick
rGO film under the current deposition and reduction condi-
tions (Figure le). An rGO coating on a flexible PET substrate,
prepared under the same deposition and reduction conditions,
formed a bendable conducting sheet (Figure 1f). Furthermore,
the proposed electrochemical reduction process enables conduc-
tive coating on complex-shaped substrates—a feature difficult to
achieve with conventional CVD graphene processes. For exam-
ple, GO deposited on a plastic spring underwent uniform reduc-
tion to form a continuous rGO layer (Figure 1g), enabling LED
illumination upon bias voltage application to the spring ends
(Figure S2, Supporting Information).

As a control experiment, electrochemical reduction was per-
formed using H-GO, instead of B-GO. However, the reduc-
tion of the H-GO film remained localized around the GC con-
tact area throughout the reaction duration (2400 s) (Figure S3,
Supporting Information). Furthermore, the resistivity of the re-
duced area ranged from 59-145 MQ sq7!, ~10® times higher
than that of the reference ITO substrate (10 Q sq~!). Notably,
five-cycle LbL deposition of B-GO and H-GO should yield sim-
ilar film thicknesses.’!! Therefore, differences in thickness can
be ruled out as a factor contributing to deactivation of the
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rGO/GO/electrolyte interface. In our previous study, we demon-
strated that the in-plane proton conductivity of pristine H-GO (2.9
%X 1073 S cm™! at 100% RH) is an order of magnitude higher than
that of pristine B-GO.[** Therefore, the supply of H* across the
trilayer interface is unlikely to be the rate-limiting factor in the
strongly suppressed reduction of H-GO. In addition, we found
that B-GO could achieve a low resistivity of 4 kQsq~! through
thermal reduction at 300 °C, whereas H-GO reduced under the
same conditions exhibited a ~20-fold higher resistivity.?!l This
significant resistivity difference suggests that a higher activation
energy is required either to mitigrate structural disorder in H-
GO and to promote the proposed in-plane reduction reactions.
Consequently, the three-phase interface could deactivate at de-
fective 1D rGO/GO boundaries. These findings demonstrate that
the use of B-GO or highly crystalline GO is essential for fabricat-
ing rGO-based TCFs via electrochemical reduction, as their crys-
tallinity profoundly influences not only physical properties but
also chemical reactivity.

2.2. Characterization of rGO-Based TCFs Obtained via
Electrochemical Reduction

X-ray photoelectron spectroscopy (XPS) was performed to inves-
tigate the carbon bonding states before and after electrochemi-
cal reduction at —1.7 V (vs Ag/AgCl) in a 0.005 M H,SO, elec-
trolyte. As illustrated in the C 1s XPS spectra in Figure 2a,
pristine GO displayed two primary peaks corresponding to
carbon—carbon (C—C) and epoxy (C—O—C) bonds at 285 and
287.1 eV, respectively.*>° Upon reduction, the epoxy peak nearly
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Figure 2. a) C Ts XPS spectra and b) Raman spectra of pristine and electrochemically reduced B-GO films deposited via five-cycle LbL assembly on
quartz glass. ¢,d) In situ detection of CO, during thermal, photoinduced, and electrochemical reduction, presented with different Y-axis scales. d) In
situ detection of CO, evolved during electrochemical reduction followed by photoinduced reduction.

disappeared, while the C—C peak intensified owing to the forma-
tion of C=C bonds, as described by Equation (1). Additionally,
the relative intensity of the peak corresponding to the C—OH
bond increased compared to that of the C—C peak, suggest-
ing that Equation (2), which involves the formation of C—OH
bonds (286.4 V), possibly accompanied by C—H bond forma-
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tion, should be considered. Figure 2b presents the Raman spec-
tra of these samples. Before reduction, broad D and G bands with
half-maximum full-width (HMFWH) values of 114 and 122 cm™!
were detected at 1332 and 1588 cm™!, respectively. After reduc-
tion, both peaks narrowed to FWHM values of 32 and 52 cm™!,
respectively, while the strong D band was retained. The thermal
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Figure 3. a) In-plane electrochemical reduction time and resulting sheet resistivity of 1 cm X 2.5 cm in size B-GO films deposited via five-cycle LbL
assembly on a PET substrate, plotted as functions of (a) pH and (b) applied potential. c) Raman spectra of a five-cycle LbL-deposited rGO film electro-
chemically reduced in 0.005 m H,SO,/water and 1 m LiClO,/acetonitrile electrolytes. The spectra measured on three different positions are displayed

for each sample. These samples were deposited on quartz substrate.

reduction of B-GO by 700 °C in our previous study largely pre-
served the width of the G and D bands,*!l highlighting a struc-
tural distinction between thermally and electrochemically re-
duced B-GO.

To acquire reliable insights from the Raman spectra, the
gases produced during thermal, photo-, and electrochemical re-
duction were analyzed using gas chromatography. As depicted
in Figure 2¢,d, CO, was detected immediately after the start
of heat treatment to 300 °C for thermal reduction, indicating
that oxygen atoms in the GO lattice were removed along with
carbon atoms as CO,. While photoreduction also generated
CO,, the detected amount was approximately 50 times lower
than that observed during thermal reduction. In contrast, the
amount of CO, evolved during electrochemical reduction was
close to the detection limit. However, CO, was detected imme-
diately after switching the reduction method from electrochem-
ical to photoreduction (Figure 2e), confirming that CO, gen-
erated in the electrolyte was detectable using the experimen-
tal setup. These results suggest that electrochemical GO reduc-
tion proceeds with minimal CO, formation and carbon vacancy
generation.

Based on the presence and absence of carbon vacancy for-
mation in the thermal and electrochemical reduction of B-
GO, respectively, as revealed by the analysis of evolved gas,
the Raman spectra can be interpreted as follows. First, the
D band in pristine B-GO is activated owing to phonon con-
finement by abundant epoxy groups. The epoxy-bridged C—C
bond expands, inducing local lattice distortion, which broad-
ens the G and D bands. The persistence of a strong D band
after electrochemical reduction suggests phonon confinement
by C—OH and C—H bonds, mirroring the effect of epoxide
groups. However, these bonds create less pronounced lattice dis-
tortion in the graphene framework compared to the original
epoxy-modified B-GO structure, explaining the observed sharp-
ening of the G and D bands. In contrast, the persistent broad
G and D bands observed after the thermal reduction of B-GO
indicate that the relaxation of local lattice distortion following
epoxide removal is counterbalanced by new distortions origi-
nating from carbon vacancy formation.*!! This interpretation
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of Raman spectra provides broader insights into the structure
and properties of GO-related materials beyond the character-
ization of rGO obtained via the electrochemical reduction of
B-GO.

2.3. Kinetic Control of Electrochemical Reduction Reactions

The above characterizations indicate that electrochemical reduc-
tion proceeds primarily through reactions (1) and (2), with reac-
tion kinetics expected to depend on proton concentration. To ex-
amine this dependence, we conducted electrochemical reduction
experiments in 0.05, 0.005, 0.0005, and 0.00005 M H, SO, elec-
trolytes at pH 1, 2, 3, and 4, respectively. The results confirmed
that reduction kinetics generally accelerated as pH dropped
(Figure 3a), while observed vigorous H, evolution was likely as-
sociated with the slowed reduction rate at pH 1. Additionally, at
pH 2, the reduction reaction was accelerated at a negative re-
duction potential of —1.3 to —2.1 V (vs Ag/AgCl) (Figure 3b).
These findings are generally consistent with those reported by
Quezada-Renteria et al. for the pH- and bias-driven electrochem-
ical through-plane reduction of H-GO.>!l However, no linear cor-
relation was observed between the reduction rate and electri-
cal resistance in our experiments, where resistances were ~ 1.6
kQ sq~!. Thus, while lowering pH or applying a more negative po-
tential accelerates the overall reaction rates of Equations (1) and
(2), Equation (1), which extends the z-conjugated network, is not
selectively promoted. As an alternative approach, electrochemical
reduction was performed in a nonaqueous electrolyte consisting
of 1 M LiClO, dissolved in acetonitrile. As a result, applying a
bias voltage of —4 V induced the formation of a three-phase in-
terface, yielding an rGO film with improved resistivity of 0.712
kQ sq7!. In the Raman spectra (Figure 3c), the G and D bands
became sharper after reduction, mirroring the trend observed for
rGO electrochemically reduced in an aqueous electrolyte. Simul-
taneously, the relative intensity of the G band to the D band in-
creased, suggesting that the observed resistivity decrease was as-
sociated with the more extended sp* carbon network owing to the
enhanced reaction rate of (1).
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Based on our current findings and previous study on the ther-
mal reduction of B-GO and H-GO, we have clarified the critical
role of in-plane crystallinity in electronic transport. First, ther-
mally reduced B-GO exhibits higher conductivity than thermally
reduced H-GO due to its initially lower carbon vacancy density.
Then, electrochemical reduction of B-GO in H,SO, results in
higher conductivity than thermally reduced rGO, as carbon va-
cancy formation during deoxygenation is suppressed. Electro-
chemical reduction in non-aqueous electrolytes further enhances
conductivity by promoting the restoration of conjugated C=C
bonds and suppressing the formation of C—OH groups poten-
tially acting as electron scatters. In addition, electrochemically
reduced B-GO in the non-aqueous system clearly exhibits supe-
rior conductivity compared to B-GO thermally reduced at 700 °C,
where interlayer species could be thermally removed. This sug-
gests that in-plane transport exerts a greater influence on the
electrical conductivity of the rGO films than interlayer transport.
Note that in-plane reduction in the non-aqueous electrolyte was
slow, requiring 5000 s to fully reduce the GO layer deposited
onalcm X 2.5 cm quartz substrate. Additionally, PET was dis-
solved in acetonitrile, rendering the non-aqueous approach un-
suitable for fabricating rGO-based TCFs on plastic substrates.
Therefore, we tentatively selected the aqueous electrolyte system.
Subsequent experiments were conducted under pH 2 and a re-
duction potential of —1.7 V as optimal conditions balancing re-
duction rate with resistivity based on the experimental results.

2.4. Electrochemical FeCl3 Intercalation into rGO-Based TCFs

The interfacial modification of thin films prepared by the deposi-
tion of chemically exfoliated nanosheets has traditionally focused
on removing or reducing impurities between nanosheets.>233
Unlike such passive approaches, this study introduces an active
intercalation strategy to lower the resistivity of rGO-based TCFs.
Among the various functional intercalants used for graphene lay-
ers prepared via mechanical exfoliation and CVD growth, FeCl;,
which induces p-type doping, is widely employed owing to its
availability, stability, and ease of handling.[*>#¢] Although FeCl,
intercalation has been previously achieved through thermal re-
actions at 300-360 °C, it can also be electrochemically interca-
lated into bulk graphite at room temperature.®*! In this study,
an electrochemical approach was adopted, as it enables the direct
fabrication of rGO-based TCFs on substrates with low heat resis-
tance. The intercalation conditions namely the application of a
constant potential of +1.7 V (vs Ag/AgCl) for 400 s in a 9 M FeCl,
aqueous solution—were based on previously examined FeCl; in-
tercalation in bulk graphite. Consequently, the sheet resistivity
of the rGO film obtained via five-cycle LbL deposition decreased
by ~70% to 458.4 Q sq~!. The rate of resistivity reduction was
comparable to that achieved via thermal FeCl, intercalation in
CVD-grown bilayer graphene films.[*’] The sheet resistivity re-
mained stable at this value for over six months under ambient
conditions. In subsequent durability tests conducted at the ther-
mal tolerance limit of PET (60 °C) under high humidity (90%
RH), no significant degradation in sheet resistance (~ 6%) was
observed over a period of 240 h (Figure S4, Supporting Infor-
mation), although the PET substrate exhibited slight bending.
The robustness of FeCl;-intercalated rGO under these conditions
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is in good agreement with the excellent environmental durabil-
ity reported for thermally FeCl;-intercalated few-layer graphene
by Wehenkel et al.55] Cross-sectional elemental mapping using
TEM-energy-dispersive X-ray (EDX) spectroscopy confirmed the
uniform distribution of Fe and Cl species throughout the rGO
film (Figure 4a). Furthermore, high-resolution imaging revealed
lattice fringes corresponding to the interlayer spacing of rGO,
with no observable particulate impurities (Figure 4b). Electron
energy loss spectroscopy (EELS) on the film revealed Fe L, ; edges
consisting of the two peaks of Fe’* species (Figure 4c).>®! These
results suggest that FeCl; molecules not only adsorbed onto the
surface but also diffused into the layered structure. The C 1s
XPS spectra showed two peaks from C—C and C—OH bonds
(Figure 4d), excluding the electrochemical oxidation of rGO dur-
ing the anodic intercalation reaction. The Fe 2p XPS spectra sup-
ported a predominant trivalent iron state, where Cl/Fe and Fe/C
elemental ratios were 2.08 and 0.026, respectively (Figure 4e).
The Cl/Fe ratio of less than three suggests that a fraction of Fe3*
ions formed compounds other than FeCl,. Moreover, the Fe/C
ratio was lower than that obtained for electrochemically FeCl;-
intercalated bulk graphite (0.05-0.1). Accordingly, we suggest
that the disordered interlayer structure of rGO, characterized by
random in-plane orientation and residual hydroxyl groups, acts
as a steric barrier to FeCl, insertion during electrochemical inter-
calation. Raman spectroscopy showed a slight shift in the D and
G band to higher frequencies, ~ 5 cm™, following electrochemi-
cal FeCl, intercalation (Figure 4f). This shift indicates that FeCl,
intercalation induced hole doping,!*®>7! contributing to the resis-
tivity reduction of the rGO film. In the referenced study, electro-
chemical FeCl, intercalation in bulk graphite gradually reduced
the intensity of the original G band at #1580 cm™!, while an addi-
tional G band appeared at ~#1620 cm™1.5%] Only the latter band is
observed when the interlayer space is fully occupied with FeCl,.
In our case, the 1620 cm~! band was not detected, likely due to
the lower intercalation level, as confirmed by XPS analysis. Nev-
ertheless, previous studies have shown that pristine graphene
subjected to thermal FeCl, intercalation exhibited an efficient re-
duction in sheet resistance even at low intercalation levels with
G band shift of 10 cm™1,%8] while further doping did not lead
to significant additional improvements. This behavior suggests
that intercalants not only act as p-type dopants to increase carrier
concentration but also degrade carrier mobility due to enhanced
scattering. Thereofore, even a modest degree of FeCl, intercala-
tion, as achieved in the present study, was sufficient to induce
a reduction in sheet resistivity. Although challenges remain in
precisely controlling the location and density of the intercalated
species, these results demonstrate the successful intercalation of
metal chlorides into rGO layers that are stacked without prefer-
ential orientation to improve TCF performance.

2.5. Transparency and Resistivity Relationship

To examine the correlation between optical transmittance and
electrical resistivity, rGO films with and without FeCl; interca-
lation were additionally prepared using 1-4 cycles of LbL depo-
sition. As illustrated in Figure 5a, the transparency of the films
increased progressively as the number of deposition cycles de-
creased. The plot of optical transmittance at 550 nm (T550 (%))
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Figure 4. a) Cross-sectional images with EDX elemental mapping, and b) high magnification image, and c) Fe L, ;-edge energy loss spectra of FeCl;-
intercalated rGO. For these TEM analyses, GO thin film was deposited via five-cycle LbL assembly on a SiO,/Si substrate followed by electrochemical
reduction and FeCl; intercalation. Os coating was performed to protect the FeCl;-rGO layer during the TEM specimen fabrication. d) C 1s and e) Fe
2p3/, XPS spectra and f) Raman spectra of rGO and FeCls-intercalated rGO taken on three different positions for each sample. These samples were

prepared on quartz substrates.
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) Reduction rates in resistivity due to FeCl; intercalation and T550 (%) for rGO TCFs prepared via LbL deposition and
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Figure 6. Comparison of GO-TCFs prepared by previously reported chemical and thermal reduction methods with GO-TCFs synthesized via electro-
chemical reduction and subsequent FeCls intercalation in this study. a) Sheet resistance versus T550 (%). b) Process temperature versus cDC/cOP for

each method.

versus the number of deposition cycles revealed a linear relation-
ship, indicating that the average film thickness was controlled
according to the LbL deposition principle. Assuming a linear
relationship between thickness and absorption, the estimated
thicknesses of rGO films obtained from one, two, three, and
four deposition cycles were 3, 7, 10, and 13 nm, based on the
measured thickness of 15 nm for the rGO film prepared via five-
cycle LbL deposition. A linear relationship was also observed be-
tween the number of deposition cycles and the resistivity of rGO-
based TCFs fabricated using 2-5 LbL deposition cycles (1.6-9.1
kQ sq7!). However, the film obtained after a single LbL deposi-
tion cycle exhibited higher resistance (29.8 kQ sq!), deviating
from the linear trend. This deviation could be attributed to the
incomplete coverage of the GO layer after the first LbL deposi-
tion cycle (Figure S5a, Supporting Information), which also likely
associated with the particularly slow reduction rate observed dur-
ing sample fabrication. To improve the quality of thin films with
transmittances above 90%, a simple spin-coating method was de-
veloped. Similar to the LbL approach, the substrate surface was
initially positively charged with PDDA modification. A GO dis-
persion was then deposited onto the substrate and spin-coated at
2,000 rpm. The rGO film formed following a single spin-coating
attempt using a 1 g L' GO dispersion exhibited a transmittance
of 94% at 550 nm, comparable to that of the film formed after
a single LbL deposition cycle (95%) (Figure 5b). Scanning elec-
tron microscopy (SEM) observations revealed that the rGO film
prepared via spin coating achieved nearly complete surface cov-
erage (Figure S5b, Supporting Information). The film transmit-
tance could be tuned by adjusting the dispersion concentration:
A higher concentration of 4 g L™! resulted in lower transmit-
tance (84.1%), while a lower concentration of 0.5 g L™! led to
higher transmittance (96.4%). Notably, films with transmittance
exceeding 90% exhibited improved resistivity, which should be
attributed to the nearly uniform coverage of GO nanosheets on
the substrate. The resistivity of the samples decreased by 60-80%
following FeCl, intercalation. Meanwhile, the increase in trans-
mittance at 550 nm was limited to ~3% (Figure 5c). In general,
the associated resistivity reduction rates were independent of the
rGO film preparation conditions, highlighting the need for im-
proved control over the FeCl; intercalation process. This opti-
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mization, along with a deeper investigation into the underlying
mechanism, remains a key focus of our future research on chlo-
ride intercalation into rGO layers.

A literature review revealed that rGO-based TCFs prepared
via electrochemical reduction and intercalation exhibit trans-
parency/resistivity ratios superior to those achieved through
chemical reduction and high-temperature thermal reduction pro-
cesses (Figure 6a; Table S1, Supporting Information).[%1859-82] An
estimated transmittance-resistivity boundary, derived from liter-
ature references, suggests that in the high-transmittance range
(>90%), previously reported processes would likely struggle to
achieve resistivity values comparable to those obtained in the
present study. Compared to the previous room temperature pro-
cess based on NaBH,, reduction and subsequent Au** doping,!8!
our electrochemical approach can produce much better TCFs.
The relationship between processing temperatures and TCF per-
formances was further discussed based on the figure of merit
(6DC/cOP, with ¢DC and cOP denoting direct current con-
ductivity and optical conductivity, respectively), calculated us-
ing Equation (3), as a function of process temperature for both
the current study and previous methods (Table S1, Supporting
Information).

ocDC Z,
cOP T ()
2R<T 5 1)

In this equation, Z, is the impedance of free space (377 Q).
R is sheet resistance. T is transmittance of 550 nm. As shown
in Figure 6b, the plots reveal that thermal reduction at ~1000
°C is required to achieve high 6DC/cOP values. Chemical re-
duction still requires thermal activation at 60-100 °C. In con-
trast, electrochemical reduction at room temperature generally
yields 6DC/cOP values comparable to those obtained through
thermally accelerated chemical reduction, with a few excep-
tions. The plots also indicate that the electrochemical reduction—
intercalation method achieves the highest cDC/cOP value (3.5),
underscoring the potential of the electrochemical route for
serving as environmentally friendly processing techniques for
rGO-based TCFs.
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From this perspective, numerous opportunities are available
for improving rGO-based TCF quality. First, the electrochemi-
cal reduction process is influenced by multiple factors, including
solvent composition, electrolyte type and concentration, reduc-
tion bias, reaction time, and temperature. Our results revealed
that using a non-aqueous electrolyte facilitates the formation of
an extended z-electron network. Further regulation of the above
parameters may yield more conductive rGO nanosheets by re-
fining the reduction process. Although this study primarily fo-
cused on room-temperature processes, post-annealing at temper-
atures up to 500 °C is feasible for coatings on glass substrates.
Under these circumstances, a thermochemically driven dehydra-
tion reaction between C—OH and C—H groups to promote C=C
bond formation while minimizing CO, evolution may be worth
considering. Additionally, the considered temperature range en-
ables the thermal intercalation of various metal chlorides, sug-
gesting that identifying an optimal intercalant and intercalation
conditions for rGO layers could further improve 6DC/cOP in
rGO-based TCFs. A systematic investigation of metal chloride
intercalation into rGO is also expected to clarify how structural
heterogeneities such as random stacking, carbon vacancies, and
oxygen-containing functional groups influence intercalation ki-
netics and 2D molecular configurations within nanoscale in-
terlayer spaces. These insights may result in the emergence of
functionalities, including magnetic!® and plasmonic/®! proper-
ties, that differ from those induced by intercalation into ideal
graphene layers.

According to a recent review on state-of-the-art solution-
processed TCFs for thin film solar cells,[® a dip-coated carbon
nanotube films exhibits a 6DC/cOP of ~35,®] which may
serve as a feasible next benchmark through the strategies
outlined above. However, achieving ¢DC/cOP values com-
parable to those of TCFs based on CVD-grown graphene
(~100),18)  poly(3,4-ethylenedioxythiophene):polystyrene  sul-
fonate (PEDOT:PSS) (x120),!%) or silver nanowires (~340)!°"
remains a significant challenge. Therefore, it is still prema-
ture to position rGO thin films as candidates for high-end
TCF applications. Nonetheless, their inherent advantages
make them highly attractive to develop multifunctional thin
film devices that require electromagnetic shielding, gas and
moisture barrier performance, thermal management, or me-
chanical flexibility. The approach demonstrated in this study,
which involves controlled reduction and active interlayer
modification based on highly crystalline GO, is expected to
provide a breakthrough toward improving the performance
and applicability of rGO-based thin films beyond current lim-
itations. Moreover, electrochemical reduction is applicable
not only to thin films but also to GO-based bulk materials,
porous structures, and composite assemblies.*)) Thus, the
findings from this study, along with future research on pro-
cess optimization and intercalation strategies, are expected to
contribute to the advancement of a broad range of rGO-based
nanomaterials.

Finally, from an industrial perspective, although the present
study demonstrates the feasibility of tandem in-plane electro-
chemical reduction of GO and subsequent FeCl, intercalation
using B-GO as a precursor, a more detailed mechanistic under-
standing would greatly benefit from the development of a quan-
titative kinetic model. Developing such a model would require
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systematic investigation of several key parameters that critically
affect the reduction dynamics, including the size and geometry
of the conductive support used to initiate in-plane reduction re-
actions, the configuration of the counter electrode, and the thick-
ness of the GO film. Therefore, comprehensive future studies
will be essential to fully elucidate the kitetic mechanism. In ad-
dtion, importantly, both the layer-by-layer (LbL) deposition and
electrochemical processes employed in this study are compat-
ible with roll-to-roll manufacturing techniques,**%%! offering a
pathway to cost-effective, large-scale production. Accordingly, the
integration of these processes into roll-to-roll platforms repre-
sents a key objective toward the practical implementation of this
technology.

3. Conclusion

This study demonstrated the feasibility of electrochemical rGO-
based TCF fabrication through the controlled oxidation, re-
duction, and intercalation of GO. First, in-plane reduction of
nanoscale GO thin films at room temperature was achieved us-
ing a highly crystalline B-GO precursor. The sharpening of the
G and D bands in the Raman spectra after electrochemical re-
duction indicated that the resulting C—OH and C—H bonds pre-
vented the introduction of local strain into the 2D lattice. This,
in turn, facilitated the formation of an extended z-electron net-
work. Subsequently, the resistivity of rGO-based TCFs was fur-
ther reduced through electrochemical FeCl, intercalation, which
induced hole doping. This finding demonstrates the potential of
chloride intercalation chemistry to tailor the functionality of a
wide range of rGO-based nanomaterials. Finally, the combination
of these electrochemical methods helps surpass previous trans-
parency/resistivity limitations for rGO-based TCFs.

4. Experimental Section

Synthesis of B-GO: B-GO was synthesized using a modified Brodie’s
method.[°3! First, 1 g of graphite powder (FUJIFILM Wako Pure Chemi-
cal Corporation) was dispersed in 40 mL of fuming nitric acid (FUJIFILM
Wako Pure Chemical Corporation) and stirred in an ice bath. Subsequently,
8 g of potassium chlorate (FUJIFILM Wako Pure Chemical Corporation)
was gradually added, and the mixture was stirred at room temperature
for 1 h. The resulting oxidized graphite was washed with pure water, col-
lected via centrifugation at 3,000 rpm (Kubota; 3700), and dried in an oven
at 50 °C. Next, 500 mg of oxidized graphite was dispersed in 500 mL of
an ammonia solution (FUJIFILM Wako Pure Chemical Corporation) ad-
justed to pH 12.5. The dispersion was shaken for at least five days, fol-
lowing which it was transferred into 50 mL glass containers and sub-
jected to ultrasonic treatment for 30 min to exfoliate graphite oxide into
graphene oxide. Following centrifugation at 3,000 rpm, exfoliated flakes
were removed, and the supernatant was collected at 8,000 rpm. Monolayer
nanosheets were subsequently precipitated through high-speed centrifu-
gation at 15,000 rpm. The precipitate was washed three times with pure
water to obtain B-GO.

Synthesis of H-GO: H-GO was synthesized using a modified Hum-
mers’ method.[®*] First, 2 g of graphite powder, 2 g of NaNO; (FUJIFILM
Wako Pure Chemical Corporation), and 92 mL of concentrated sulfuric
acid (FUJIFILM Wako Pure Chemical Corporation) were combined with
10 g of potassium permanganate (FUJIFILM Wako Pure Chemical Cor-
poration), and the mixture was stirred in an ice bath. Subsequently, pure
water was added gradually, followed by the addition of 5 mL of a hydro-
gen peroxide solution (FUJIFILM Wako Pure Chemical Corporation). After
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centrifugation at 3,000 rpm and removal of the supernatant, the mixture
was washed with a 5% HCl solution and pure water. The resulting oxidized
graphite was dried in an oven maintained at 50 °C. The dried material was
then dispersed in pure water at a 1:1 ratio and subjected to sonication for
2 h. The supernatant was collected by centrifugation at 8,000 rpm, while
the precipitate was washed three times with pure water at 15,000 rpm to
obtain H-GO.

Preparation of GO Thin Films—LbL Method: The substrates were
treated with ultraviolet light and ozone (UV/ozone) prior to deposition
to render their surface hydrophilic. First, the substrates were immersed
in an aqueous solution of PDDA (100 g L=', pH = 9.1; FUJIFILM Wako
Pure Chemical Corporation) for 5 min to create a positively charged sur-
face with polycations. After rinsing with Milli-Q water and drying under an
N, gas stream, the modified substrates were dipped into diluted GO so-
lutions (6% (v/v) for B-GO and 6% (v/v) for H-GO, pH = 9.7) for 5 min,
followed by the same rinsing and drying procedure. This alternating im-
mersion process was repeated to achieve thin films with a controlled GO
coating thickness.

Spin-Coating Method: As in the LbL method, the substrate was hy-
drophilized using ozone/UV treatment, immersed in the cationic solution
for 5 min, rinsed with Milli-Q water, and dried under an N, gas stream. GO
dispersions were then dropped onto the substrate to ensure complete cov-
erage. Spin-coating was performed at 2,000 rpm for 12 s following a 5 min
waiting period. Finally, the spin-coated film was rinsed with Milli-Q water
and dried under an N, gas stream.

Electrochemical Reduction: GO thin films were electrochemically re-
duced using a three-electrode system comprising an Ag/AgCl reference
electrode, a GC counter electrode, and a GO working electrode. After elec-
trochemical reduction under a constant bias voltage, the samples were
rinsed with Milli-Q water and dried under an N, gas stream.

Characterization: The morphology of GO nanosheets was analyzed
using AFM (Nanocute; Hitachi High-Technologies Corporation). Elemen-
tal analysis was conducted using XPS (K-Alpha; Thermo Fisher Scientific).
The C 1s XPS spectrum was deconvolved into three peaks: carbon bonds,
C—0—C, and C—OH at 285.0, 286.4, and 287.1 eV, respectively. Cross-
sectional TEM images of GO films were acquired using a JEM-ARM200F
NEOARM (JEOL) at an acceleration voltage of 60 kV. The sheet resis-
tance of the samples was measured using a Keithley 2450 source mea-
surement unit. Measurements were taken at five points per sample, and
the recorded values were averaged. The durability tests of FeCl;—rGO TFCs
were performed using a temperature-controlled incubator(SH-221; ES-
PEC). The transmittance spectra of rGO films were recorded using a Shi-
madzu SolidSpec-3700DUV. Raman spectra of the GO and rGO films were
obtained using a laser confocal microscope (Raman microscopy, inVia Re-
flex, from Renishaw). A 100x objective lens was used to focus a 532 nm
excitation laser on the sample surface. The Raman signals were detected
using a CCD detection system (Andor) with an 1800 | mm~" grating. The
spatial resolution was horizontal 0.25 um. The wavenumber resolution
was 0.3 cm™'. At least 3 different area was scanned for each substrate
surface to examine the uniformity of the samples. The cells used for the in
situ detection of CO, during the thermal, photo, and electrochemical re-
duction of GO films are illustrated in Figure S6 (Supporting Information).
In this measurement system, a unidirectional flow of Ar carrier gas was
maintained through a quartz cell at a rate of 12 ccm, carrying generated
CO, from the GO film to the outlet, which was connected to a micro-GC
detection system. For thermal reduction, a GO film was placed on a hot
plate and heated to 230 °C. For photoinduced reduction, UV light from
a mercury lamp was directed vertically onto the GO film, with the light
source positioned 12 cm above the film. For electrochemical reduction, an
electrochemical cell was installed within the gas detection cell. Addition-
ally, CO, from rGO obtained via electrochemical reduction was monitored
under UV irradiation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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