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Abstract: Because of their low electrical conductivity, sluggish ion diffu-
sion, and poor stability, conventional electrode materials are not able to meet
the growing demands of energy storage and portable devices. Graphene as- &
sembled films (GAFs) formed from graphene nanosheets have an ultrahigh
conductivity, a unique 2D network structure, and exceptional mechanical
strength, which give them the potential to solve these problems. However, a
systematic understanding of GAFs as an advanced electrode material is lack-
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ing. This review focuses on the use of GAFs in electrochemistry, providing a
comprehensive analysis of their synthesis methods, surface/structural charac-
teristics, and physical properties, and thus understand their structure-prop-
erty relationships. Their advantages in batteries, supercapacitors, and electro-
chemical sensors are systematically evaluated, with an emphasis on their ex-
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cellent electrical conductivity, ion transport kinetics, and interfacial stability.
The existing problems in these devices, such as chemical inertness and
mechanical brittleness, are discussed and potential solutions are proposed, including defect engineering and hybrid structures.
This review should deepen our mechanistic understanding of the use of GAFs in electrochemical systems and provide action-
able strategies for developing stable, high-performance electrode materials.
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However, their complex fabrication processes, sus-

. . ) o ceptibility to corrosion, high mass density, poor flex-
Amidst rapid advancements in transportation, in-

. ibility, and reliance on non-renewable resources pose
formation technology, and healthcare sectors, the sur- o ) o C loors
. . critical constraints on technological innovation!""*,
ging demand for energy storage and portable devices

. Carbon-based electrode materials, as a core ma-
has imposed unprecedented challenges on electro-

. . . terial system in electrochemical energy storage, have
chemical technologies. At present, batteries and capa- ¥ By g

. . . . emerged as a frontier research hotspot due to their
citors dominate in energy storage systems, but their N N | ooy q
. . . . unique sicochemical properties' . Compared to
limited energy density and cycle life still could not que phy prop P

.. . traditional metal or metal oxide electrodes, carbon
meet the existing needs. Therefore, new materials

need to be developed to improve their performance. materials exhibit multidimensional advantages: (1)

Concurrently, the slow detection speed and poor re-
producibility of current electrochemical sensors critic-
ally restrict their applications in sensing. Traditional

metals and their alloys have been widely employed in

electrochemical energy storage and sensing! .
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Their abundant raw material sources and mature syn-
thesis processes significantly reduce economic barri-
ers for large-scale applications. (2) Their exceptional
chemical inertness within a wide voltage window ef-
fectively suppresses side reactions such as electrolyte
decomposition. (3) Their biocompatibility expands ap-
plication potential in specialized scenarios like im-
plantable medical devices. Structurally, carbon mater-
ials form diverse configurations, including graphene,
carbon nanotubes, and porous carbons, through flex-
ible combinations of sp’/sp’ hybridized bonds. This
structural tunability enables precise regulation of sur-
face electronic states, pore topology, and defect con-
centrations, exemplified by nitrogen-sulfur co-doping
achieving active site densities up to 10*° cm . By in-
tegrating superior electron transport properties with
optimized ion diffusion pathways, carbon-based ma-
terials fulfill multifunctional roles in energy storage
systems: as active material carriers, their high specif-
ic surface area enhances charge storage density; as
conductive additives, they form a 3D interconnected
network, which not only enhances electron transport
in silicon-based anodes but also mechanically con-
fines volume expansion, thereby leading to signific-
ant enhancement in electrochemical reaction kinetics
and prolonged cycle life. In addition, as coating lay-
ers, it can isolate the direct contact between the active
material and the electrolyte, then inhibit side reac-
tions (such as electrolyte decomposition and excess-
ive growth of the SEI film), thus improve the capa-

[25-29]

city retention” . This multifunctional integration

renders them indispensable in lithium-ion batteries,
supercapacitors, and metal-air battery systems" .
Graphene assembled films (GAFs), as represent-
ative novel carbon materials, exhibit exceptional
promise in electrochemical energy storage and sens-
ing applications due to their superior conductivity,
high specific surface area, and architecturally tunable
two-dimensional network structures” !, The unique
electronic structure of graphene, featuring delocalized
7 bonds from sp’ hybridized orbitals, and its topolo-
gical characteristics (maintaining a C—C bond length

of 0.142 nm even at single atomic layer thickness) en-
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dows it with intrinsic conductivity up to 10° S m™' and
a theoretical specific surface area of 2630 m’> g ',
making it an ideal platform for constructing high effi-
ciency electrochemical interfaces. Since its discovery
in 2004, graphene nanomaterials have been extens-
ively studied as surface modification layers" .
However, limitations such as structural instability,
electrochemical degradation, and aggregation issues
have hindered their practical applications'”. To ad-
dress these challenges, researchers have developed
strategies like vacuum-assisted self-assembly, wet-
spinning, and electrostatic repulsion to achieve the
macro-scale transformation of graphene.

Here, we comprehensively delineated the applic-
ations and advantages of GAFs in electrochemical
systems, highlighting their transformative impact on
energy and sensor technologies. We first elaborated
on fabrication methodologies for GAFs, including
evaporation-induced layer-by-layer self-assembly,
spray coating, spin coating, high-temperature thermal
reduction, chemical vapor deposition, wet-spinning,
and vacuum filtration, with a critical analysis of their
respective merits and limitations. A focused investiga-
tion is conducted on the microstructural morphology
and physical properties of self-assembled graphene
films prepared by high-temperature thermal reduction,
accompanied by comparative assessments of their
electrical conductivity. Subsequently, we systematic-
ally reviewed advancements in graphene assembled
film applications across batteries, supercapacitors, and
electrochemical sensors (Fig. 1), emphasizing per-
formance enhancements in charge storage density, ion
diffusion kinetics, and sensing sensitivity. The discus-
sion concludes with an outlook on future research tra-
jectories, addressing challenges in scalable produc-
tion, defect engineering, and multifunctional integra-

tion for next-generation electrochemical devices.

The primary methods for fabricating graphene

assembled films encompass evaporation-induced lay-
[27-29] [41-43]
b

er-by-layer self-assembly , Sspray coating
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Fig. 1 Applications of graphene assembled films in electrochemistry

133341 thermal

, chemical vapor deposition'"”,

spin  coating

[35-36]

high-temperature
reduction wet-
spinning”'! and vacuum filtration"”. These processes
exhibit pronounced disparities in film-forming mech-
anisms, structural modulation and performance optim-

33]

ization”

Layer-by-layer self-assembly constructs thin
films through alternate stacking of oppositely charged
materials, offering precise thickness control and
highly ordered multiscale architectures for complex
surfaces or multifunctional composite films"”" ", Lay-
er-by-layer self-assembly, as a classical physical as-
sembly strategy (Fig. 2a)!'"), it operates on the dynam-
ic equilibrium between solvent evaporation-induced
capillary forces and intermolecular interactions (e.g.,
van der Waals forces, n-m stacking) among graphene
nanosheets, enabling progressive and ordered nano-
layer stacking''”. The standard protocol involves cast-
ing graphene-based slurries into polytetrafluoroethyl-
ene (PTFE) molds or onto substrates, followed by
solvent evaporation under ambient or controlled tem-
peratures to obtain freestanding films. This method
demonstrates significant industrial potential due to
equipment simplicity (eliminating high-temperature
furnaces or vacuum systems), scalability from laborat-

ory to manufacturing settings, and high material utiliz-
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ation efficiency, particularly advantageous for low-
cost precursors like graphene oxide (GO). Technolo-
gically, it has evolved from early static equilibrium
assembly to electric/magnetic field-assisted dynamic
alignment and surfactant-mediated interlayer modific-
ations, which markedly improve layer packing dens-
ity and orientation uniformity. Nevertheless, the layer-
by-layer deposition mechanism limits throughput for
thick-film fabrication, while stringent control of pro-
cess parameters (solvent evaporation rate, temperat-
ure/humidity) increases operational complexity. The
inherent mechanical weakness from weak interlayer
interactions remains a critical barrier for structural

material applications™”.

Spray coating is a technique that forms uniform
thin films by atomizing liquid material into fine

droplets and substrate

[41

spraying them onto a
surface.l' ™. The spray coating method involves de-
positing the GO dispersion onto preheated substrates
(Fig. 2b)""Y, where microdroplet evaporation minim-
izes solute loss to <5%. Technological breakthroughs
include: evolution from primitive concentration con-
trol to multiparameter synergy (concentration/layer
number/evaporation time) achieving tunable film
density!"”. Ultrasonic atomization refining droplet size
from micron-scale to submicron-level, significantly
improving coating uniformity. Compared to vacuum
filtration or spin coating, spray coating combines
equipment simplicity and multi-substrate compatibil-
ity (glass/metal/polymers), enabling meter-scale con-
tinuous production of GO films"”. Nevertheless, the
“coffee-ring” effect during high-speed spraying still
limits thickness uniformity to +£15%, requiring gradi-

ent surface-tension dispersants for compensation.

Spin coating uses centrifugal force from a high-
speed rotating substrate to spread solutions into uni-
form films, ideal for ultrathin coatings with consistent

thickness but with low material efficiency'""!

. Spin
coating involves depositing a GO dispersion onto a
heated substrate (Fig. 2¢)"'"), synergistic optimization
of substrate temperature, rotational speed, coating

cycles, and duration reduces GO nanosheet lateral mo-
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Fig.2 Preparation methods of graphene assembled films. (a) Layer-by-layer self-assembly (Reprinted with permission, Copyright 2021, MDPI)"""), (b) Spray

coating (Reprinted with permission, Copyright 2017, Elsevier)'"".. (c) Spin coating (Reprinted with permission, Copyright 2008, American Chemical Society)"™".

(d) High-temperature thermal reduction (Reprinted with permission, Copyright 2024, Springer Nature)!""). (¢) Chemical vapor deposition (Reprinted with per-

mission, Copyright 2019, Springer Nature)*"), (f) Wet-spinning (Reprinted with permission, Copyright 2019, Elsevier)*”. (g) Vacuum filtration (Reprinted with

permission, Copyright 2024, Elsevier)!"”!

bility by 80%, forming highly interlocked homogen-

- 33
eous architectures™”

. Evolution from single-step to
multi-cycle intermittent coating, coupled with immer-
sion capillary forces and like-charge repulsion, de-
12%

2%, compressing interlayer spacing from ~ 0.8 to

creases interlayer water content from to
0.36 nm. Nevertheless, compared to vacuum filtration,
its process complexity increases operational costs by
40%, while edge thickness variation reaches £10% in
large-area coatings, necessitating rotational accelera-

tion gradient control for uniformity improvement!’"
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2.4 High-temperature thermal reduction methods

Films can be prepared by high-temperature
thermal reduction methods using reducing precursors
in inert atmospheres, enabling high-conductivity or
functional materials but requiring specialized high-
t*. The
thermal reduction method begins with a GO slurry

temperature  equipmen high-temperature

(Fig. 2d)", followed by gradient heating removing
>90%

graphitization compressing grain boundaries from mi-
[53-56]

interlayer oxygen-containing groups, and

cron-scale to submicron-level Final rolling
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achieves film thickness uniformity of £1.2 pm with
in-plane conductivity increased by 4 orders of mag-
nitude. However, the process suffers from high en-
ergy consumptionand transverse crack density in thick
films, requiring low-temperature catalytic graphitiza-

tion to balance performance and cost™ ",

Dense and high-purity films can be produced by
Chemical vapor deposition (CVD) using gas-phase
precursor reactions, excelling in fabricating milli-
meter-sized single-crystal graphene with ultralow
grain boundary density and exceptional carrier mobil-
ity, making them ideal for high-end electronics®” .
CVD is

(Fig. 2¢)". It employs nitrogen protection: cemented

performed under nitrogen protection
carbide substrates are ultrasonically cleaned in acet-
one and placed in a quartz reactor, where high-purity
nitrogen purging establishes a low-oxygen environ-
ment'””. Technological breakthroughs include three
aspects: a three-stage temperature program tripling
methane pyrolysis efficiency; ethanol/methane mixed
gas sources increasing monolayer growth rate from 1
to 10 pum min'; and dual-temperature-zone reactors
(high-T growth/low-T crystallization) enabling milli-
meter-scale grains. Closed-loop pressure control
coupled with exhaust treatment reduces film defect
density by 80%"". Nevertheless, the requirement for
precise control of many parameters (temperature/pres-
sure/flow rate) results in high complexity and energy

consumption*"..

Wet spinning solidifies polymer solutions into
films/fibers by coagulation baths, offering continuous
production capability and tunable hierarchical poros-
ity, delivering macroscopic assemblies with mechan-
ical strength >200 MPa for flexible devices and por-

1521 Technological breakthroughs originate

ous films
from lyotropic liquid crystal (LC) phase engineering:
LC phases formed by amphiphilic molecules in polar
solvents (Fig. 20" induced isotropic-to-nematic
phase transitions in GO dispersions at critical concen-
nanosheet

significantly enhancing

[68-70]

trations,

alignment Compared to aggregation-prone
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pristine graphene, GO forms stable LC phases in
aqueous media due to abundant hydrophilic groups.
High-shear flow fields coupled with rapid solvent ex-
change effectively reduce interlayer hydration, en-
abling long-range ordered architectures. Reduced GO
(rGO) films exhibit exceptional in-plane conductivity
with markedly improved ion transport efficiency over
conventional methods. Nevertheless, topological de-
fects generated during thermal reduction cause sub-
stantial conductivity degradation, necessitating novel
in situ remediation strategies for performance optimiz-
ation!"'.

The vacuum filtration method stands as a corner-
stone technique for graphene film fabrication, with its
fundamental advantage lying in pressure gradient-
driven nanosheet alignment for thickness-controlled
uniform films. Technological progression is evid-
enced by innovations from single-component systems
to multifunctional heterostructures. Ren et al. demon-
strated enhanced mechanical integrity while pre-
serving conductivity through aramid nanofiber/rGO
composites (Fig. 2g)'"). Zhang et al. engineered ion-
selective channels by amine-confined interlayer
spaces to optimize film separation'””’. Additional stud-
ies improved energy storage cyclability through
phase-change material/graphene aerogel hybrid"".
Nevertheless, the method’s efficiency remains thick-
ness-dependent, with limited precursor compatibility,
requiring integration with advanced phase separation

strategies for material diversity expansion.

The following discussion addresses the micro-
structural and physical property characteristics of the
graphene film. Initial characterization of the film’s
surface and cross-section (Fig. 3a) reveals abundant
micro-wrinkles, which enhance the effective surface
area to optimize electrode-electrolyte interfacial react-
ivityl”l. Cross-sectional analysis (Fig. 3b) confirms a
tightly stacked, ordered multilayered architecture'®).
Macroscopically, large-depth 3D microscopy (Fig. 3c¢)
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demonstrates a uniformly flat surface morphology.
Transmission electron microscopy (TEM) of pristine
graphene nanosheets (Fig. 3d) highlights their intrins-
ic wrinkled configuration, which underpins the film’s
mechanical flexibility. High-resolution TEM (Fig. 3e)
resolves defect-free lattice fringes, confirming the
structural coherence of graphene as the primary con-
stituent!’”). The measured lattice spacing of 0.34 nm
(Fig. 31) aligns with the (002) diffraction peak at 26.5°
in XRD analysis (Fig. 3g), corresponding to an inter-
layer spacing of ~ 0.336 nm. The XRD patterns of
GAF with different grain sizes vary, mainly reflected
in the size of the (002) diffraction peak half width,
which is proportional to each other. The change in
peak position of the (002) diffraction peak is mainly
influenced by the degree of graphitization of the GAF.
The higher the degree of graphitization, the stronger

the interlayer interaction of graphene, and the corres-

ponding interlayer spacing is smaller, resulting in a
shift of the (002) reflection peak towards larger
angles. In addition, the type of precursor, number of
functional groups, temperature, etc. during the syn-
thesis process may also have potential effects on the
diffraction peaks. Raman specturm (Fig. 3h) exhibits a
weak D band (defect-related) and a prominent G-band
(sp> hybridization), indicative of high graphitic crys-
tallinity, further corroborated by the intense 2D band
at 2714 cm'. The different degrees of defects in GAF
correspond to different Raman spectra, mainly reflec-
ted in the proportional relationship between the D
peak and the G peak. XPS spectrum (Fig. 31) confirm
near-complete removal of oxygen-containing func-
tional groups post high-temperature thermal reduction.
In addition, the number of oxygen-containing func-
tional groups on the surface of GAFs varies with the

degree of reduction, which is reflected in the different
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Fig.3 (a) Surface SEM image of GAF (Reprinted with permission, Copyright 2023, Springer Nature)'”\. (b) Cross-sectional SEM image of GAF (Reprinted
with permission, Copyright 2020, Elsevier)"\. (c) The surface picture of GAF taken by a super-large depth of field 3D microscopic system (Reprinted with per-
mission, Copyright 2023, Springer Nature)!"”). (d-e) HRTEM images at different magnifications of GAF. (f) The intensity profile along the red line in Fig. 3¢
(Reprinted with permission, Copyright 2024, American Chemical Society)'’. (g) XRD pattern of GAF. (h) Raman spectrum of GAF. (i) XPS Cl1s spectrum of
GAF (Reprinted with permission, Copyright 2023, Springer Nature)"”’
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elemental ratios of oxygen in XPS. Collectively, these
results validate that the thermally reduced GAF
achieves low defect density, highly ordered stacking,
and enhanced sp’ domain continuity structural attrib-
utes that synergistically improve electrical conductiv-
ity, electrochemical activity, and mechanical robust-
ness.

Fig. 4a demonstrates the feasibility of large-scale
manufacturing of Graphene film (GF), which facilit-
ates the industrial production of subsequent applica-
tion products'’!. Fig. 4b reveals that the GF exhibits a
tensile strength of 32 MPa, demonstrating robust
mechanical properties suitable for diverse mechanical
scenarios. As shown in Fig. 4c, the graphene film
achieves the highest electrical conductivity among
comparative carbon materials, measuring (2.103 +
0.06) x 10° S m™". The inset small-angle X-ray scatter-
ing (SAXS) pattern in Fig. 4c displays a prism-like
scattering profile, indicating an aligned hierarchical
structure within the film. To validate the film’s flexib-
ility, repeated bending, rolling, and folding tests were
conducted (Fig. 4d-f), with microscopic analysis con-
firming preserved microstructural integrity even un-
der acute-angle folding (Fig. 4g). Remarkably, Fig. 4h
demonstrates maintained resistivity stability through
100 000 bending cycles, highlighting its exceptional
electrical durability for flexible electronic applica-
tions'". The comparative analysis in Fig. 4i under-
scores the graphene film’s superior electrical conduct-
ivity over alternative materials, ensuring rapid elec-
tron transport essential for high performance electro-
chemical applications' .

Graphene films, with their unique structures, play
a crucial role in electrochemical reactions. It can be
fabricated into diverse 3D structures such as hydro-
gels, aerogels, and foams through methods like hydro-
thermal/solvothermal reduction, chemical reduction,
and electrochemical reduction. These 3D structures
possess high specific surface areas, interconnected
porous networks, and excellent electrical conductivity.
In supercapacitors, they can be directly used as elec-
trodes, showing high specific capacitances, good rate
capabilities, and superior cycling stabilities. For ex-
ample, the graphene hydrogel electrodes prepared by
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hydrothermal reduction exhibit excellent electrochem-
ical performance™”. In lithium-ion batteries (LIBs),
the 3D graphene frameworks help with Li" diffusion
and improve battery performance!”’!. Composites of
graphene with polymers, metals, or metal oxides fur-
ther enhance the performance of electrochemical
devices. In fuel cells, doped 3D graphene can en-
hance the electrocatalytic activity for the oxygen re-
duction reaction. Graphene films are also applied in
sensing, enabling the detection of various substances
with high sensitivity and selectivity. In summary, the
unique structures of graphene films contribute to their
outstanding performance in electrochemical energy
chal-
lenges such as precise structure control and large-

storage, conversion, and sensing. However,

scale production still need to be addressed for further

development.

Graphene films, owing to their tunable interlayer
spacing, exceptionally high specific surface area (the-
oretical value: 2620 m”> g '), and outstanding electric-
al conductivity (charge carrier mobility > 15000 cm’
V's™), demonstrate revolutionary potential in elec-
trochemical energy storage and sensing technologies.
The following discussion elaborates on its transform-
ative applications across 3 key domains: batteries, su-

percapacitors and electrochemical sensors'™".

The application of graphene films in the field of
batteries not only improves the electrochemical per-
formance of batteries, but also provides a new strategy
in the field of LIBs safety due to their excellent
thermal diffusion ability. The application of graphene
films in batteries is driving energy storage technology
innovation through their unique 2D structure and tun-

able physicochemical properties'' !

. Consequently,
Zhang et al. fabricated hyperboloidal graphene aero-
gels (HGA) by hydroplastic foaming (HPF) techno-
logy, constructing a high-porosity (> 85%) three-di-
mensional network through solvent-induced plasticiz-

ation and oriented bubble growth mechanisms!". The
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Fig. 4 (a) The photo of large-sized GF (Reprinted with permission, Copyright 2024, Springer Nature)!"’. (b) The stress-strain curve of GF (Reprinted with per-

mission, Copyright 2023, Springer Nature)!"”). (c) A summary of conductivities of GAF, graphite, highly oriented pyrolytic graphite (HOPG), and typical flake
size GO assembled film (TGF), the insert is SAXS pattern (Reprinted with permission, Copyright 2022, The National Academy of Sciences of the United States
of America)”\. Flexibility demonstrations under various deformation conditions: (d) bending, (e) curling and (f) folding into an airplane. (g) Cross-sectional
SEM images of GAF folded at 180°. (h) Resistance alternation of GAF with 100 000 repeated bending tests (Reprinted with permission, Copyright 2024,
Springer Nature)!""). (i) Conductivity of GAF compared with other materials (Reprinted with permission, Copyright 2022,

The National Academy of Sciences of the United States of America)!’”!

paraffin-graphene composite (PGC) material, formed
by combining hyperbolic graphene acrogel (HGA) de-
rived from graphene oxide through a series of sophist-
icated fabrication processes with paraffin, demon-
strates unique advantages in electrochemical applica-
tions (Fig. 5a). The PGC material exhibits not only

high thermal conductivity but also exceptional elec-
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trical properties. When the graphene content exceeds
18.8%, the electrical conductivity of PGC surpasses
10° S'm™', providing highly efficient pathways for
electron transport. The superior conductivity of PGC
effectively reduces the internal resistance of batteries,
maximizes electron transport, accelerates ion diffu-

sion, and enhances electrochemical reaction kinetics.

New Carbon Materials
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Fig. 5 (a) Fabrication and characteristic of PGC materials. (b) The temperature change of bare battery pack and PGC system during 10 000 charging-dischar-
ging cycles at 3 C rate. (c) The capacity and coulombic efficiency of battery pack with PGC system during 10 000 charging-discharging cycles (Reprinted with
permission, Copyright 2025, Elsevier)'. (d) Photo of a sheet of G-PET film. Charge/discharge of cell between 3.0 and 1.0 V in 1 mol L™' LiPF/EC + DEC at
the current of 5 mA. () 1* and 30" cycles. (f) Cycling stability (Reprinted with permission, Copyright 2013, Elsevier)"*"., (g) Schematic of GAF fabrication pro-
cedure. (h) Cycling and (i) rate performances of graphite/GAF and graphite/Cu electrodes (Reprinted with permission,
Copyright 2021, American Chemical Society)™*)

During long-term cycling tests, the battery module
equipped with the PGC system maintained a stable
temperature of ~ 42 °C under a current density of 3 C
throughout 10000 charge-discharge cycles, signific-
antly lower than the 64 °C observed in bare battery
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modules cooled

solely by thermal convection
(Fig. 5b). Concurrently, the PGC-integrated system
retained a high capacity retention rate of 93.3%
(Fig. 5¢). These improvements are attributed to the ex-

cellent electrical conductivity and structural stability
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of PGC, which effectively suppresses irreversible side
reactions within the battery, ensures electrochemical
stability, and prolongs battery service life.

Beyond lithium-ion  battery  applications,
graphene films also demonstrate remarkable potential
in lithium-sulfur (Li-S) battery systems. Wang et al.’s
research shows that graphene films perform outstand-
ingly in the application of electrochemical reactions in
Li-S batteries"". Fig. 5d shows the design of a metal-
free cathode using a graphene-coated polyethylene
terephthalate (G-PET) film as the current collector
and sulfurized polyacrylonitrile (SPAN). This design
leverages the properties of graphene to enhance bat-
tery performance. Fig. 5Se-f present the excellent per-
formance of Li-S batteries using G-PET films as cur-
rent collectors. The assembled 110 mAh prototype
battery has an energy density of 452 Wh kg, and
after 30 cycles at a 100% depth of discharge, the capa-
city retention rate is as high as 96.8%. This indicates
that graphene films, as current collectors, effectively
improve the energy density and cycling stability of
batteries, showing promising application prospects in
the field of lithium-sulfur batteries.

Complementing these advancements in battery
component design, graphene’s structural versatility
has also enabled breakthroughs in flexible electrode
fabrication. Zhao et al. prepared large-scale flexible
electrodes (120 mm x 120 mm) through blade-coat-
ing film-forming of graphene aerogel film combined
with high-temperature reduction (2850 °C) process.
The 3D porous structure (porosity > 85%) and GAF
has high conductivity ((2.3 £ 0.1) x 10> S m™'), which
significantly enhanced the mechanical adaptability of
the electrodes (Fig. 5g-i)"". Electrochemical tests
demonstrated that the GAF-based anode retained a ca-
pacity of 324 mAh g' after 350 cycles at 1 C (17.8%
improvement), while maintaining a specific capacity
of 141 mAh g ' even at a high rate of 5 C. This per-
formance enhancement was attributed to the 3D con-
ductive network, which reduced interfacial charge
transfer resistance by 58% and shortened Li" diffu-
sion paths to less than 5 um. The progressive capacity
increase  during the initial

cycles (reaching
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313 mAh g after 75 cycles) revealed the sustained
enhancement of electron transport facilitated by n-n
interactions, providing theoretical guidance for devel-
oping flexible energy storage devices.

The of

graphene films has been further validated in main-

interfacial ~ optimization potential
stream battery configurations. Chen et al. found that
graphene films are of great significance in the electro-
chemical reactions of LIBs""". Fig. 6a shows that the
GAFs prepared by specific processes has an excellent
structure and various excellent properties. Fig. 6b in-
dicates that, taking the LFP battery as an example,
when GF is used as the current collector, the battery
exhibits excellent cycling performance at different
rates, with a higher specific capacity retention rate at 5
C. This means that GF can reduce the interfacial res-
istance, dissipate heat efficiently, and improve the bat-
tery performance, showing great application potential.

While optimizing electrochemical interfaces,
graphene innovations simultaneously address critical
thermal safety challenges in advanced battery sys-
tems. Li et al. demonstrated a revolutionary break-
through by employing graphene foil (Gr foil) as a
novel current collector: The Gr foil fabricated by a
continuous hot-pressing process exhibits an ultrahigh
thermal conductivity of 1400.8 W m™' K ' (7-8 times
that of Al/Cu foils) and an electrical conductivity of
1.3 x 10° S m™" (Fig. 6¢-H". In NCMS811||graphite
full-cell tests, the Gr||Gr system delivered an initial
energy density of 271.9 Wh kg
241.6 Wh kg " after 1000 cycles, while its 3D thermal

network reduced local temperature gradients by 62%.

retaining

Under extreme nail penetration conditions, the Gr foil
achieved flame-free protection through structural sta-
bility at 800 °C, limiting gas evolution to 240 mmol
(vs. 360 mmol in conventional systems), thereby fun-
damentally eliminating risks of thermite reactions and
hydrogen evolution.

Graphene-based battery systems demonstrate

transformative potential through innovations in

thermal management, structural design, and dynamic

interfaces. While advancements like adaptive 3D ar-
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Fig. 6 (a) Schematic illustration of the roll-to-roll scale fabrication process of GF, with photographs of samples (bottom) and a schematic of the structural

change from GOF to GF during graphitization (middle). (b) Cycling ability of LFP electrodes at different rates (Reprinted with permission, Copyright 2023,

American Chemical Society)™™.. (c) Schematic diagram of a pouch cell integrated with Gr CCs. (d) Specific energy of pouch cells using Gr||Gr and Al||Cu foils

over 1000 cycles at 1 C. (e) Incendiary explosion reaction mechanism of Al||Cu cells during thermal runaway (TR, thermal runaway; SEI, solid electrolyte in-

terphase; EC, ethylene carbonate; EMC, ethyl methyl carbonate). (f) Safety improvement mechanism of Gr]||Gr cells

(Reprinted with permission, Copyright 2024, Springer Nature)""!

chitectures and bio-inspired composites address dend-
rite suppression and stability, critical limitations per-
sist: high energy-intensive manufacturing processes,
nonlinear degradation of conductive networks during
cycling, and unresolved multiphysics coupling under
extreme operational conditions. Current research pri-
oritizes multifunctional integration-transitioning from
static material optimization to intelligent systems re-
sponsive to environmental stimuli. Challenges remain
in balancing scalable production costs, long-term reli-
ability under mechanical stress, and precise modeling
of stress-capacity relationships in solid-state configur-
ations, all while aligning with circular economy ob-

jectives for sustainable energy storage solutions.
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4.2

ors

Application of graphene film in supercapacit-

Because of its large specific surface area and ex-
cellent electron transport ability, graphene is an ideal
electrode material for supercapacitors. Based on the
intrinsic properties of graphene or its functionaliza-
tion treatment can effectively improve the capacity
density and cycle stability of capacitors, which
provides favorable support for the development of
high-performance capacitors. Supercapacitors are re-
cognized as a promising energy storage solution in
portable electronic devices due to their decent specif-
ic capacitance, high power density, rapid charge/dis-

charge rates, and exceptional structural flexibility!"”.
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Graphene has been extensively applied in capacitor
high-
lighting its vast potential for energy storage applica-

technologies, particularly in supercapacitors,

tions through its unique combination of high surface
area, superior electrical conductivity, and robust
mechanical properties'”’ ). Research on graphene has
entered a phase of rapid development, positioning it as
a high-profile “star” material in advanced materials
science, with its tunable layered structures (0D
quantum dots to 3D composites) and stable electro-
chemical performance driving innovations in next-
generation energy storage systemswl].

Zhang et al. demonstrated a composite film
design based on MXene and reduced graphene oxide
(rGO) (Fig. 7a-b)""!, where researchers achieved m-n
conjugated interfacial coupling between MXene and
rGO through a synergistic HCI/LiF etching and in-situ
Zn foil reduction strategy. In this process, the electro-
static interactions between the —OH/—O functional
groups on MXene surfaces and the negatively charged
GO facilitated the formation of a stable suspension
system. The synchronous chemical reduction process
not only preserved the layered structure of the 2D ma-
terials but also established adjustable interlayer spa-
cing (1.4-2.3 nm) by sulfuric acid molecule intercala-
tion. This “electrode-electrolyte integrated” design
shortened ion transport pathways to the nanoscale, en-
abling the composite electrode to maintain 93% capa-
city retention after 8000 cycles at 2 A cm™ current
density a 30% improvement over conventional car-
bon-based materials. They optimized the electrode-
electrolyte integrated structure to provide a highly
stable electrode substrate for subsequent rGO/carbon
heterogeneous flexible Li-ion capacitors (LIC). Liu et
al. developed flexible LIC employing self-supporting

P4 where an

rGO/carbon heterostructures (Fig. 7c-d)
in-plane 3D interpenetrating network design elimin-
ated conventional binder dependency. The innovation
manifests in 2 aspects: (1) The cathode rGO/activated
carbon and anode rGO/hard carbon achieve synergist-
ic matching, balancing the electrode material’s specif-
ic surface area (> 2000 m” g ') with Li" diffusion rate

(10®* cm® ™). (2) The PVDF-HFP/LiTFSI composite
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solid-state electrolyte enhances ion migration through
polymer chain segment motion, enabling the device to
maintain > 95% capacity retention over 10 000 cycles
at an energy density of 0.94 mWh cm ™. The incorpor-
ation of aluminum-laminate packaging technology
further reduces the bending radius to 3 mm, providing
a reliable power solution for wearable electronics.
This work demonstrates significant progress in flex-
ible energy storage through material-structure co-op-
timization strategies.

The integrated design of electrodes and electro-
lytes based on flexible Li-ion capacitors and three-di-
mensional interpenetrating network structure lay a
foundation for the development of high energy dens-
ity organic electrolyte hybrid energy storage system.
Kung et al. addressed the challenge of volume expan-
sion in conductive polymers through a covalently bon-
ded system comprising sulfonated polyaniline and
aminobenzoic acid-functionalized graphene, employ-
ing molecular-level interface engineering (Fig. 7¢)""".
The three-dimensional interpenetrating network struc-
ture achieved a specific capacitance of 642.6 F g',
representing a 2.4-fold enhancement compared to
pristine polyaniline. Notably, the self-doping effect el-
the

120 S cm™', while the mechanical confinement effect

evated intrinsic  electrical conductivity to

of the graphene framework extended the cycle life to
5000 cycles without capacitance decay. Remarkably,
this of
100.6 Wh kg ' in organic electrolytes, surpassing the

system attained an energy density
theoretical limit of aqueous supercapacitors. The col-
laborative optimization of material innovation and hy-
brid energy storage mechanism based on high energy
density organic electrolyte system opens up a multi-
dimensional linkage technology path for the design of
new hybrid energy storage devices. The aqueous zinc-
ion supercapacitor developed by Peng et al. ingeni-
ously integrates the advantages of electric double-lay-
er capacitance and battery-type energy storage
through selective adsorption-induced self-assembly of
the p-phenylenediamine modified holey graphene film
(PPDA-HGF) cathode (Fig. 7f-g)""\. The rapid ad-

sorption/desorption of anions on the cathode surface
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Fig. 7 (a) Schematic process of fabricating single layer MXene. (b) Cycling performance and coulombic efficiency of RGM30-H,SO,-based symmetric super-
capacitor at a current density of 2 A cm for 8000 cycles, inset shows GCD curves of the last seven cycles (Reprinted with permission, Copyright 2020, Spring-
er Nature)"”. (c) Fabrication of flexible quasi-solid-state rGO/AC//rGO/HC LIC pouch cell. (d) Cycling stability for AC//HC and rGO/AC//rGO/HC LICs (Re-
printed with permission, Copyright 2023, Elsevier)""". () Electrochemical sensor based on SPANI and ABF-G for hydrogen ion (H') detection, along with a
potential-time plot (Reprinted with permission, Copyright 2021, Elsevier)"””), (f) Schematic diagram of the configuration and working mechanism of the

AZISCs. (g) The CV curves of the PPDA-HGF(W) cathode and Zn anode measured at 10 mV s™' (Reprinted with permission, Copyright 2023, Elsevier)"”!

(response time < 10 ms) combined with the reversible
zinc deposition/stripping at the anode (Coulombic ef-
ficiency > 99.5%) enables the device to achieve both
28.6 Wh kg ' energy density and 8.5 kW kg ™' power
density. The coexistence of redox peaks at —1.2 V/
—0.75 V (vs. SCE) in the CV curves with a rectangu-
lar electric double-layer response confirms the effect-
iveness of the hybrid energy storage mechanism. This
configuration demonstrates exceptional electrochem-

ical performance through synergistic collaboration
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between the Faradaic redox reactions and non-Farada-
ic processes.

Graphene-based supercapacitors show transform-
ative advancements through innovative interfacial en-
gineering and structural designs. While n-n coupled
MXene composites and covalently bonded hybrid sys-
tems significantly enhance cycling stability and capa-
citance, challenges persist in suppressing interfacial
side reactions, improving mechanical durability under

extreme bending, and resolving safety concerns with

New Carbon Materials



B BATEL (FPEsC)

Review

high-energy electrolytes. Current efforts focus on mo-
lecular-level interface optimization, synergistic stor-
age mechanisms, and solid-state integration to ad-
vance wearable-compatible high-density energy sys-

tems.

Benefiting from the high electrical conductivity,
good mechanical properties and biocompatibility of
graphene films, they break through the limitations of
traditional electrode materials and provide a platform
for a new generation of wearable sensors. With the de-
velopment of society and the expansion of human
activities, frequent cross-regional mobility has led to
the global dissemination of pathogens. Consequently,
rapid and accurate monitoring of physiological indic-
ators becomes crucial for safeguarding human health.
Electrochemical biosensors have garnered significant
attention in environmental and health monitoring due
to their high selectivity, sensitivity, cost-effectiveness,
and miniaturization potential. By integrating the spe-
cificity of biorecognition with the sensitivity of elec-
trochemical analysis, these sensors enable real-time
monitoring of target analytes, playing a pivotal role in
disease diagnosis, environmental surveillance, and

.. . 96-99
clinical medicine!*"”

. However, conventional rigid
electrodes (e.g., glassy carbon and gold electrodes)
fail to meet the demands of wearable devices and flex-
ible electronics, thereby limiting their advancement.
To address this, Ji et al. developed graphene film-
based electrodes for biosensing applications, which
have high conductivity and good flexibility!””. Thanks
to the advantage of batch production of graphene
films, they can achieve controllable and scalable fab-
rication of graphene based 3 electrode systems
through laser engraving (Fig. 8a-b). The graphene
film-based electrodes exhibit a wide linear range
(1-200 pmol L™") and low limit of detection (LOD)
(0.6 umol L") for dopamine detection (Fig. 8c-¢), at-
tributed to their high electron transfer rate and n-m in-
teraction with dopamine. Graphene film-based elec-
trode also have good biocompatibility. They modified

the working electrode with glucose oxidase (GO,) for
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glucose-specific detection. As shown in the calibra-
tion curves (Fig. 8f-g), the sensor exhibited a linear
relationship between glucose concentration and reduc-
tion current at —0.48 V within 0.5-8.0 mmol L,
achieving a LOD of 0.41 mmol L™".

To further improve the detection capability of the
electrode and meet the future demand for fast and
sensitive detection. Ji et al. prepared graphene foam
electrodes with superior surface roughness, internal

rich wrinkled microstructures!'*”.

porosity, and
Thanks to the

graphene foam electrode, the contact between the

structural characteristics of the

electrode and the electrolyte was enhanced, and the
charge transfer is promoted, thus significantly improv-
ing the electrocatalytic activity of the sensor for gluc-
8h,

noamperometric measurements demonstrate a linear

ose oxidation. As illustrated in Fig. chro-

detection range for glucose spanning 0.5 to

1 mmol L™ (Fig. 8i). Selective testing by i-t methodo-
logy under co-existing biomolecular conditions re-

veals distinct current responses upon glucose addition,

confirming the electrode’s excellent selectivity
(Fig. 8j).
Additionally, Wang et al. fully Ileveraged

graphene’s exceptional electrical conductivity and
abundant functional groups to engineer a multifunc-
tional bilayer film structure using graphene as the raw
material through bar-coating techniques and oxygen
content modulation methods. This bilayer structure
demonstrates unique electron-proton coupling charac-
teristics, enabling sensitive responses to ultraviolet ra-
diation, temperature variations, and humidity changes
(Fig. 8k-m). The graphene multilayer film achieves
continuous monitoring under simultaneous exposure
to these three environmental factors (Fig. 8n). The
team further demonstrated the practical application of
GO/rGO multifunctional wearable sensors in artificial
intelligence (Al) systems for detecting kitchen envir-
onmental changes (Fig. 80), providing novel insights
for designing advanced wearable devices such as elec-
interaction

skins and human-machine

[101]

tronic
systems

Graphene-based electrochemical sensors achieve
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Fig. 8 (a) Schematic illustration showing the laser engraving process on GAF to fabricate GAF-based 3-electrode system. (b) Digital photograph showing the
as-prepared electrode array. (c) Schematic diagram of the wearable electrode for portable electrochemical detection. (d) DPV curves measured with different
concentrations of DA using the GAF-based electrode. (e) The fitted calibration curve of the GAF-based electrode between the peak currents and DA concentra-
tions. (f) CV curves of Nafion/GO /GAF electrode in PBS buffer with different glucose concentrations (scan rate = 0.1 V' s™). (g) The fitted calibration curve of
the Nafion/GO,/GAF electrode between the cathodic peak intensities and concentrations of glucose (Reprinted with permission, Copyright 2023, Springer
Nature)!"”). (h) Amperometric responses of Ni/GFM with successive injection of glucose (0.5 pmol L™'-1 mmol L™") at 0.55 V (inset: enlarged plot in the range
from 400 to 800 s). (i) Linear curve peak of current density versus glucose concentrations for Ni/GFM. (j) Amperometric responses of Ni/GFM with continu-
ous addition of glucose (1 mmol L") and other interfering substances (0.1 mmol L") (Reprinted with permission, Copyright 2024, Elsevier)'"”. (k) Current
changes of the device on different temperature heating plates with multiple increases in surface humidity (ARH = 16%). (1) Current changes due to multiple
light exposure when the device is placed in different humidity environments. (m) Current changes caused by multiple light exposure when the device is placed
on different temperature heating plates. (n) Current changes of the device under three simultaneous environmental variations, from application to removal.

(0) Application of the GO/rGO bilayer film device in future smart kitchen robots (Reprinted with permission, Copyright 2025, Elsevier)’"!
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breakthroughs by integrating conductivity, flexibility,
and biocompatibility. Innovations like laser-struc-
tured electrodes enable wide-range biomolecule detec-
tion, while graphene foam enhances sensitivity and se-
lectivity in complex environments. Smart bilayer sys-
tems coupled with Al demonstrate multifunctional en-
vironmental monitoring. Key challenges involve im-
proving batch consistency, anti-interference capabil-
ity in biofluids, and mechanical endurance. Advance-
ments focus on microstructural optimization, Al-en-
hanced multimodal analysis, and self-healing designs

to drive precision wearable sensing technologies.

Based on the aforementioned research progress,
we have analyzed various preparation methods of
graphene assembled films, with a focused investiga-
tion on the microstructure, morphology, and physical
properties of graphene films prepared by high-temper-
ature thermal reduction. We then thoroughly dis-
cussed the primary applications of graphene as-
sembled films in electrochemical fields such as batter-
ies, supercapacitors, and electrochemical sensors. Be-
nefiting from their lightweight flexibility, high con-
ductivity, large specific surface area, and superior
mechanical properties, graphene films exhibit unique
advantages in these domains. Their flexible nature en-
ables repeated 180° bending without damaging con-
ductive networks; the dual advantages of high con-
ductivity and thermal conductivity surpass the per-
formance limits of traditional metallic materials; hier-
archical porous structures and tunable surface chem-
istry provide precise platforms for interfacial engin-
eering in electrochemical reactions. Furthermore, with
the advent of the Al era, the deep coupling of Al big
models with automated experimental technology has
led to the evolution of graphene assembled films from
passive functional materials to active intelligent sys-
tems. By using Al, experimental data can be extens-
ively analyzed and reasonable models can be pre-
dicted, which can effectively monitor electrochemical
and microenvironmental changes, providing more ex-

tensive applications and fast, data-driven insights for
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graphene assembled films. These achievements not
only drive transformative advancements in flexible
electronics, high energy density storage systems, and
smart sensing technologies but also establish a materi-
al science foundation for redefining design paradigms
in next-generation electrochemical devices. Despite
these advantages, significant challenges remain for
widespread electrochemical applications: First, the
conductivity of graphene films still lags behind the
theoretical limit of pristine graphene, which may
hinder electron transport in electrode applications.
Second, the near-complete removal of oxygen-con-
taining functional groups during thermal reduction
renders the surface chemically inert, complicating sur-
face modification with active materials and comprom-
ising their stability. Third, while graphene films
demonstrate adequate mechanical strength and flexib-
ility, further enhancement is required to withstand
complex bending conditions in wearable devices. Ad-
dressing these challenges will expand graphene as-
sembled films’ electrochemical applications and po-
tentially establish them as universal electrode sub-
strates in the field.
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