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ABSTRACT: Macroscopic graphene film (MGF), excelling in superior electric
and thermal conductivities, holds great promise in energy storage, thermal
management, and flexible electronics. However, the high graphitization of MGF
leads to surface fragility because of the weak interlayer interaction, leading to
severe performance limitations. Herein, we report an interface engineering
strategy for the thinnest coating on MGF to date, significantly enhancing surface
stability while preserving ultrahigh electric and thermal conductivities. With a
surfactant-enhanced interface self-assembly strategy, we construct a 5 nm thick
Triton X-100-enhanced graphene oxide coating on MGF (MGF@TGO). This
modification increases the surface adhesion by 206.36% while maintaining over
99% of its electrical and thermal conductivities. MGF@TGO serves as an effective thermal management unit, exhibiting excellent
stability without surface detachment under simulated operating conditions. Depth profiling characterizations reveal that hydrogen
bonding and π−π stacking costrengthen the MGF@TGO surface. Notably, our strategy is universally applicable to multiple
aromatic-polar amphiphilic surfactants. This work successfully balances surface stability with performance retention, offering a
scalable solution for MGF applications in industry.
KEYWORDS: macroscopic graphene film, surfactant-enhanced interface self-assembly strategy, surface stability

■ INTRODUCTION
Macroscopic graphene film (MGF), enabling transmitting
superior electric and thermal conductivities from 2D graphene
nanosheets to the macroscopic scale, has been broadly applied
in energy storage,1−3 thermal management,4−6 and flexible
electronics.7−10 Recently, Li et al. have used MGF as collectors
to replace traditional Cu/Al foils and effectively restrained the
thermal runaway of Li-ion batteries.11 Lee et al. use ultrathin
Au/graphene hybrid films to modify thermal emissivity,
providing a versatile solution for thermal management
applications.12 Although MGF can be manufactured through
multiple methods,13−15 the graphitization for carbon repairing
at high temperatures is inevitable to obtain MGF with
ultrahigh electric and thermal conductivities. This leads to
the leap of aromaticity, leaves domination of π−π stacking
among nanosheets, and causes fragility on the surface (Figure
1a). Specifically, a negative stiffness region appears between
the outermost and suboutermost layers when an external force
is applied to MGF, causing slips and an unstable surface
(Figure 1b).16−19 This structure failure may further cause
severe consequences in applications, including electrode
material falling off during the cycle, graphene fragments falling
off, and causing circuit short circuits.

To enhance the stability of the MGF surface, two
mainstream strategies have arisen but still face multiple
challenges. Internal reinforcement cross-linking strengthens

the interaction between graphene nanosheets but requires
complex technologies to intercalate into it, with a large
deterioration in electrical and thermal conductivities of
MGF.20−22 Due to the surface vulnerability, external reinforce-
ment coating enhances the stability of the surface while
maintaining the original structure of MGF. However, tradi-
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Figure 1. Schematic diagram of the MGF surface detachment. (a)
Schematic diagram of MGF surface sliding (side view). (b) Schematic
diagram of MGF surface sliding (top view).
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tional coatings (usually submicron to micron thickness)
generate more than 10% loss in electric and thermal
conductivities when applied on the MGF surface.23−26

Constructing ultrathin and stable coating, enabling electron
tunneling27 and phonons' ballistic transport28 given by size
effects, is a key breakthrough in overcoming the “stability-
performance” balance. Graphene oxide, a potential 2D
material, is capable of forming ultrathin and even coat-
ings.29−34 However, its strong polarity is incompatible with
aromatic MGF, resulting in the interface bonding strength of
GO coatings failing to meet actual working requirements.

In this work, we present an interface engineering method for
the thinnest coating to date on MGF, enhancing surface
stability while preserving ultrahigh electric and thermal
conductivities. Using a surfactant-enhanced interface self-
assembly (SIS) strategy, we successfully constructed a 5 nm
thick Triton X-100 (Triton)-enhanced GO coating on MGF
(MGF@TGO). This coating effectively mitigates the surface
detachment of MGF, with the enhancement of surface
adhesion of MGF@TGO by 206.36%. Through C K-edge X-
ray absorption near edge structure (XANES) and depth
profiling X-ray photoelectron spectroscopy (XPS) character-
ization, we confirm that Triton enhances the mechanical
properties of the coating via hydrogen bonding and
strengthens the adhesion between the coating and MGF
through π−π stacking interactions. Moreover, we discovered
that multiple aromatic-polar amphiphilic surfactants can also
form ultrathin, robust GO coatings under the SIS strategy.
Benefiting from the ultrathin coating, MGF@TGO retains over
99% of its electric conductivity along with in-plane and
through-plane thermal conductivity at the device level (an
order-of-magnitude advantage over current methods). We
demonstrate MGF@TGO as thermal management devices,
exhibiting excellent performance without surface detachment.
Our work successfully resolves the longstanding conflict

between surface stability and properties maintained for MGF,
thereby providing a compelling solution and immediate
possibilities for the MGF industry.

■ RESULTS AND DISCUSSION
Preparation of MGF@TGO by the SIS Strategy. We

fabricated ultrathin TGO coatings via self-assembly (Figure
2a). Triton is first incorporated into the GO solution and
subjected to thorough dispersion. Next, ethyl acetate (EA) is
added to the TGO dispersion prepared in deionized water.
Due to its limited solubility and lighter density, EA forms a
separate liquid layer atop the solution. The high vapor pressure
and low boiling point of EA promote its rapid evaporation,
which induces Marangoni flow and Rayleigh−Beńard con-
vection within the system. These dynamic effects facilitate the
self-assembly of TGO sheets into a coherent coating at the
solution’s surface.35−38 Within a short time, complete
evaporation of EA yielded the final ultrathin TGO coatings
(Figure S1). Notably, a large-sized GO (Figure S2) is
employed to fabricate the TGO coating, ensuring both
uniformity and high assembly effectiveness (Figure S3). The
resultant TGO coating is then transferred onto MGF (Figure
S4), and following a vacuum drying process, a MGF@TGO
film is obtained. An analogous procedure is employed to
prepare MGF@GO.

From a macroscopic perspective, pristine MGF (Figure 2b)
exhibits a silvery-white luster. Additionally, MGF shows a
water contact angle of 96.0°, a strong (002) peak at 2θ = 26.5°
in the X-ray diffraction (XRD) pattern, and a sharp G band at
1580 cm−1 in the Raman spectrum (Figures S5 and S6), these
features indicate MGF’s high graphitization.39,40 In contrast,
the surfaces of MGF@GO (Figure 2c) and MGF@TGO
(Figure 2d) appear light-yellow, confirming the successful
wrapping of GO on MGF. Furthermore, a complete and more
uniform TGO coating on MGF@TGO compared to the GO

Figure 2. Fabrication of the SIS strategy. (a) Fabrication schematic of MGF@TGO. (b−d) Optical photographs and contact angle (inset) of MGF
(b), MGF@GO (c), and MGF@TGO (d). (e−g) SEM images MGF (e), MGF@GO (f), and MGF@TGO (g).
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coating on MGF@GO demonstrates that Triton enhances the
compatibility between GO and graphene. This result is also
supported by the lower contact angle of 55.1° for MGF@GO,
as GO exhibits hydrophilicity due to oxygen-containing
functional groups, while the lowest angle (42.1°) of MGF@
TGO likely arises from its flattest surface. Moreover, owing to
the improved compatibility between GO and graphene,
MGF@TGO demonstrates excellent stability in aqueous
environments, with TGO remaining adhered to the MGF
surface after 1 week of immersion in deionized water (Figure
S7). Scanning electron microscopy (SEM) is conducted for
microstructural analysis. Pristine MGF (Figure 2e) displays
typical micrometer-sized wrinkles, while both MGF@GO
(Figure 2f) and MGF@TGO (Figure 2g) exhibit additional
nanoscale GO wrinkles superimposed on the original micro-
meter-sized wrinkles, indicating the ultrathin thickness and
robust adhesion of the GO/TGO coatings.
Enhanced Surface Stability of MGF@TGO. To evaluate

the surface stability of samples, we designed a friction
experiment, as illustrated in Figure 3a. Constant pressure is
applied to the sample on a glass slide for uniform friction
subsequently. After testing, the glass slide is examined under an
optical microscope, and the size and quantity of graphene
fragments detached from an area of 13 mm2 are statistically
analyzed (Figure S8). Figure 3b shows the obtained results.
Notably, fragments of MGF on slides are observed and
measured, exceeding 100 μm in diameter. The surface of MGF
is prone to wear (Figure S9) and detachment due to weak

interlayer adhesion between graphene sheets. For MGF@GO,
similar to MGF, a substantial number of graphene fragments
detach due to insufficient interactions between GO and
graphene. In contrast, MGF@TGO exhibits significantly
improved stability, with optical microscopy revealing a
dramatic reduction in the number of detached graphene
fragments, and no large-sized fragments are observed.

To quantify the stability enhancement, an atomic force
microscope (AFM) with external facilities (Figure 3c) is used
to measure the adhesion force values among different samples,
with detailed data provided in Figure S10. As shown in Figure
3d, MGF@TGO exhibits a strong adhesion force of 68.76 nN,
which is 206.36% higher than that of MGF (33.32 nN) and
significantly greater than that of MGF@GO (42.89 nN). This
robust adhesion is critical for enhancing the surface stability of
MGF@TGO. We attribute the enhanced stability of MGF@
TGO to the interactions mediated by Triton between GO and
graphene, which strengthen the adhesion between the two
materials. However, the precise mechanism by which Triton
improves the stability of the MGF@TGO requires further
investigation.
Enhancement Mechanism of MGF@TGO. To evaluate

the thickness of the TGO coating on the MGF@TGO surface
and its interaction with MGF, we conduct cross-sectional high-
resolution transmission electron microscopy (HRTEM)
analysis with the samples prepared by ion beam milling at
−150 °C (Figure S11). Figure 4a shows that the ultrathin
TGO layer, approximately 5 nm thick, tightly adheres to the

Figure 3. Friction and adhesion testing of different samples. (a) Schematic diagram of friction test. (b) Optical images and statistics of detached
fragments of different samples on glass slides. (c) Schematic diagram of AFM for adhesion testing. (d) Box plots of adhesion for different samples
(25 points for each sample).
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graphene surface. Raman spectroscopy reveals a significant
enhancement of the D band in MGF@TGO compared to
MGF (Figure S6), and HRTEM energy-dispersive spectrosco-
py (EDS) (Figure 4b) shows an increased oxygen content over
a region approximately 5 nm in thickness, confirming the
presence and ultrathin nature of the TGO layer. Further
magnification (Figure 4c) clearly resolves the graphene lattice
fringes of MGF and the amorphous structure of TGO, with the
smooth TGO layer tightly adhering to the graphene surface.
No gaps are observed at the interface, indicating a strong
adhesion between TGO and graphene.

The stability of MGF@TGO requires a robust TGO
coating, which in turn necessitates that TGO itself is strong
and forms strong interactions with MGF. To explore the
enhancement mechanism of Triton within TGO, Fourier
transform infrared (FT-IR) spectroscopy is employed (Figure
4d). A split hydroxyl peak in the 3500−3850 cm−1 range is
observed, a characteristic feature of ultrathin GO. Additionally,
a redshift of the hydroxyl peak in MGF@TGO compared to
MGF@GO indicates that Triton X-100 forms hydrogen bonds
with GO, thus enhancing the interaction between GO layers.
XRD is further used to investigate the interlayer changes in
TGO. As shown in Figure 4e, the (001) peak of TGO shifts to
a smaller angle orientation compared to GO, with the
interlayer spacing of TGO increasing from 0.750 nm in GO
to 0.782 nm in TGO, suggesting that Triton intercalates
between the GO layers. Moreover, in scale-up tensile strength
tests (Figure 4f), the slope of TGO is greater than that of GO,
along with an expanded elastic strain range, indicating an
increase in the Young’s modulus of TGO, which demonstrates

the enhancing effect of Triton on the mechanical properties of
GO. Based on these results, we conclude that the formation of
a tough TGO coating arises from the intercalation of Triton
between GO nanosheets and the formation of hydrogen bonds,
which enhance the intrinsic mechanical properties of TGO.

To explore the interaction between TGO and MGF, we
performed XPS depth profiling (Figures 4g and S12). XPS
analysis before Ar gas cluster ion beam (GCIB) treatment
shows the presence of C=O and C−O, confirming the
presence of TGO on the surface. After 2 min of GCIB
treatment, the C=O and C−O content decreases significantly,
and a π−π satellite peak appears. After 4 min of treatment, the
C=O and C−O content further decreases, and the intensity of
the π−π satellite peak increases (Figure S13), indicating that
the MGF layer is etched. These results suggest that the sample
treated for 2 min with GCIB is located at the TGO-MGF
interface, and the π−π satellite peak observed arises from the
interaction between Triton and graphene. Moreover, in C K-
edge XANES, the π leap in MGF@TGO shifts to higher
energy and weakens compared to MGF@GO (Figure 4h),
which is attributed to the formation of π−π stacking between
Triton and MGF in MGF@TGO.41,42 Combining the data
from XPS and XANES, it is proven that π−π stacking exists at
the TGO-MGF interface in MGF@TGO. In short, the
excellent surface stability of MGF@TGO arises from the
structure illustrated in Figure 4i. Within TGO, the cross-
linking of Triton between GO nanosheets through hydrogen
bonding enhances the tensile strength of TGO, resulting in the
formation of a strong and tough TGO coating. TGO coating
adheres tightly and robustly to the MGF surface through π−π

Figure 4. Mechanisms and characterization of SIS strategy (a) HRTEM cross-section image of MGF@TGO. (b) HRTEM cross-section EDS
image of MGF@TGO. (c) HRTEM cross-section image at the interface of TGO and MGF. (d) FT-IR spectra of MGF@TGO and MGF@GO. (e)
XRD pattern of TGO and GO. (f) Stress−strain curves of TGO and GO. (g) XPS spectra of the MGF@TGO surface after different GCIB
treatment times. (h) C K-edge XANES of MGF@TGO and MGF@GO. (i) Schematic representation of the structure and interactions of MGF@
TGO.
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stacking interactions mediated by Triton, which forms surface-
stable MGF@TGO.
Universality of the SIS Strategy. Building upon the

Triton-mediated enhancement mechanism for MGF@TGO,
we systematically investigate four structurally similar surfac-
tants that contain both aromatic and polar groups: sodium
dodecylbenzenesulfonate (SDBS, anionic), benzalkonium
chloride (BC, cationic), 2-naphthol polyoxyethylene ether
(BNO12, nonionic), and diphenylphenol polyoxyethylene
ether (PSPE, nonionic). Following the established MGF@
TGO preparation protocol, we successfully synthesized SDBS,
BC, BNO12, and PSPE-enhanced GO coatings on MGF,
denoted as MGF@SGO, MGF@BGO, MGF@BNOGO, and
MGF@PGO, respectively. Optical observations and contact
angle measurements (Figure 5a) reveal that all four samples
exhibit uniform light-yellow coloration and enhanced wett-
ability, indicating uniform GO coating with high quality. SEM
images further reveal the presence of a nanoscale wrinkled GO
morphology on the MGF surface (Figure 5b). Notably, friction
tests demonstrate a significant reduction in fragments shed
compared to MGF@GO, confirming the effectiveness of
amphiphilic surfactant enhancement (Figures 5c and S14).
Furthermore, ionic surfactants show homogeneity with non-
ionic surfactants, including Triton, resulting from the low
concentration of GO and surfactants to avoid aggregation. The

SIS strategy, applied with the four surfactants, consistently
reduces the amount of debris shed from the composite films,
verifying the universality of the SIS strategy.
MGF@TGO for Applications. To evaluate the effect of the

TGO coating on the intrinsic properties of MGF for
applications, a series of tests is conducted. Figure 6a shows
the white light interferometry image obtained by using an
optical profilometer. The presence of the TGO coating reduces
the roughness average (Ra) of MGF@TGO (0.687) compared
to MGF (0.716), minimizing gaps between MGF and the
heating device and thereby enhancing heat transfer efficiency.
Moreover, MGF@TGO (1.32 × 106 S m−1) maintains over
99% of the electrical conductivity of MGF (1.33 × 106 S m−1)
owing to the ultrathin nature of the TGO coating (Figure 6b).
Furthermore, thermal conductivity measurements using the
setup are shown in Figure S15 reveal that MGF@TGO retains
thermal conductivities of 1412 W m−1 K−1 κ∥ and 13.90 W m−1

K−1 κ⊥, preserving over 99% of MGF’s thermal performance
(Figures 6c and S16). Additionally, benefiting from the
reduced surface roughness, the interface thermal resistance of
MGF@TGO under low pressure is significantly better than
that of MGF, and a maximum optimization of 26.82% is
achieved at 50 psi (Figure S17).

To measure the performance of MGF@TGO under
operating conditions, we propose a simulation test for an

Figure 5. Universality of the SIS strategy. (a) Optical images and contact angle of different samples. (b) SEM images of different samples. (c)
Optical images and statistics of detached fragments of different samples on glass slides.
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industrial MGF application in which both function as a thermal
management unit. In integrated circuits, the detachment of
graphene fragments from MGF during operation may interfere
with the normal functioning of the device, potentially leading
to issues such as short circuits (Figure 6d). The device details
are listed in Figure S18. As shown in Figure 6e, significant
amounts of graphene powder remain on the chip in direct
contact with MGF, and noticeable scratches are present on the
MGF surface. In contrast, MGF@TGO, benefiting from its
superior surface stability, remains clean on the chip with no
scratches on the surface, retaining its integrity. This result
demonstrates that, compared to untreated MGF, MGF@TGO
prepared via the SIS strategy exhibits enhanced surface stability
under simulated operating conditions, effectively resisting
surface wear and nanosheet shedding induced by vibration.
Due to the enhanced surface stability provided by the TGO
coating, MGF@TGO remains stable after heating at 100 °C
for 100 h (Figure S19) and undergoing 300 thermal cycles
(Figure 6f). To further evaluate the thermal performance of
MGF@TGO under practical conditions, a heat source is
placed beneath the sample for simultaneous heating. The
infrared images (Figure 6g) demonstrate that MGF@TGO
exhibits the same temperature increase rate as MGF, indicating
the high retention rate of thermal conductive performance.

■ CONCLUSIONS
In summary, we develop an interface engineering strategy to
address the critical challenge of balancing surface stability and
property retention in MGF. The SIS-derived TGO coating,

with its unprecedented thickness (5 nm), achieves a record
206.36% adhesion enhancement through synergistic hydrogen
bonding and π−π interactions, while retaining >99% of MGF’s
electrical conductivity and thermal conductivity. In simulated
vibration tests under operating conditions, MGF@TGO
demonstrates excellent stability without shedding and remains
stable during 300 cycles of thermal stability testing (total time:
900 min). This work resolves the long-standing trade-off
between surface stability and performance in MGF, offering a
scalable and versatile solution for industrial applications. Our
findings not only advance the fundamental understanding of
interfacial engineering in 2D material systems but also pave the
way for deploying high-performance MGF in next-generation
energy storage, electronics, and thermal management tech-
nologies.

■ METHODS
Materials. The MGF with a thickness of 15 μm is purchased from

Hanene Technology Co., Ltd. in Wuhan, China. Large-size graphene
oxide (GO) powder is purchased from Yicheng Technology Co., Ltd.
in Wuxi, China. Triton X-100 and ethyl acetate (EA) are purchased
from Macklin Industrial Co., Ltd. Deionized water is obtained in the
laboratory.
Fabrication of MGF@GO. First, the GO dispersion is prepared at

a concentration of 0.1 mg mL−1. Second, droplets of EA solvent are
continuously dropped onto the surface of the diluted GO suspension.
Within a few minutes, a large-area GO membrane with a thickness of
5 nm, densely packed in a few-layered structure, is spontaneously
assembled at the air−liquid interface along the lateral direction. Third,

Figure 6. MGF@TGO was used for application. (a) Ra of MGF@TGO and MGF. (b) Electrical conductivity of MGF@TGO and MGF. (c) In-
plane, through-plane thermal conductivity of MGF@TGO and MGF. (d) Schematic diagram of fragment detachment in MGF application. (e)
Photos of MGF and MGF@TGO in operating conditions. (f) Thermal cycling stability of MGF@TGO. (g) Infrared images of the MGF and
MGF@TGO with increasing heating time.
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the uplifted GO membrane is transferred onto the graphene film and
dried at 40 °C for 4 h under a vacuum to remove residual solvent.
Fabrication of MGF@TGO. First, a GO dispersion with a

concentration of 5 mg mL−1 is prepared. Triton X-100 is then added
at 1.5% of the GO mass fraction and stirred thoroughly. Second, the
solution is diluted 50 times, and droplets of EA solvent are
continuously dropped onto the surface of the diluted TGO
suspension. Within a few minutes, a large-area TGO film with a
thickness of 5 nm and a dense multilayered structure is spontaneously
aggregated at the gas−liquid interface. Third, the uplifted TGO film is
transferred onto the graphene film and vacuum-dried at 40 °C for 4 h
to remove residual solvent.
Material Characterization. Samples for HRTEM are prepared at

−150 °C by cutting with an ion gun to a thickness of less than 100
nm. HRTEM images are collected using a JEOL-F200 equipped with
a Cs probe aberration corrector, XMAX 100 EDX detector (Oxford
Instruments), high-angle annular dark-field detector, and segmented
detectors. The system is operated at 300 kV. The adhesion force of
different samples was studied by using atomic force microscopy
(AFM, Bruker Dimension Icon). For each sample, 25 points were
randomly selected from the measured adhesion mapping to represent
the adhesion force. SEM images are captured using a dual-beam
electron microscope (Zeiss Crossbeam 350). The X-ray source is Al
monochromatic radiation working at 25.0 W with a beam diameter of
100.0 μm. The neutralizer is set at 0.3 V and 5.0 μA, with the analysis
mode preferred as the fixed analyzer transmission mode. The C 1s
spectrum of carbon and the O 1s spectrum use the same parameters: a
pass energy of 112 eV and an energy step of 0.1 eV. Charge (binding
energy scale) calibration is performed by using C 1s at 284.8 eV.
Fourier transform infrared (FTIR) spectra are recorded on a Nicolet
60-SXB IR instrument in attenuated total reflection mode. Contact
angles are measured by static contact angle technology, capturing
droplet images with a KRÜSS Scientific DSA30B. The droplet is
deionized water, and images are captured after the droplet stabilizes
on the sample surface. Contact angles are automatically fitted using an
appropriate algorithm. XRD patterns are acquired on a Rigaku
SmartLab using Cu Kα radiation (λ = 1.5406 Å) at a scanning speed
of 5° min−1. The stress−strain curves of the samples are tested on a
universal testing machine (MTS E44.104). Infrared photographs are
captured using an infrared camera (DS-2TPH16-6AVF). C K-edge
XANES measurements were performed at beamlines BL10B of the
NSRL in Hefei, China. The resolving power (E/ΔE) is ≈ 2000, and
the photon flux is 5 × 109 photons per second. For the normalization
procedure, the pre-edge was set to 0, and the edge jump was
normalized to 1. In accordance with the measurement principle of
ASTM D5470, a DRL-III60D thermal conductivity tester (Xiangtan
Xiangyi Instrument Co., Ltd.) is employed to measure the thermal
conductivity of the sample. Each sample was measured three times to
calculate the mean value and the corresponding error. MGF@TGO is
placed on a slide, a pressure of 50 N is applied, and the slide is slowly
moved. The exfoliation of graphene fragments is observed under an
optical microscope.
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