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ABSTRACT

This study developed and systematically investigated a novel protective coating system combining graphene
oxide (GO) and Ti,C,T,_ for enhanced steel surface protection. Through careful optimization of synthe-
sis parameters and composition ratios, we achieved uniform dispersion and strong interfacial interactions
between the components, resulting in a dense, well-adhered coating structure. The composite exhibited excep-
tional mechanical properties, with nanoindentation measurements revealing uniform distribution of hardness
(coefficient of variation <8%) across the coating surface. Electrochemical analysis demonstrated the coat-
ing’s remarkable barrier properties, with impedance measurements showing charge transfer resistance values
exceeding 10° Q-cm? in 3.5 wt% NaCl solution. The coating maintained structural integrity and protective
performance during prolonged environmental exposure, retaining over 85% of its initial adhesion strength
after 30 days under accelerated aging conditions. Potentiodynamic polarization studies revealed a significant
reduction in corrosion rate, with the corrosion current density decreasing by three orders of magnitude com-
pared to unprotected steel. The optimized coating system demonstrated excellent long-term stability in salt
spray testing, maintaining a high corrosion rating throughout 1000 hours of exposure, indicating its potential
for practical industrial applications.

Keywords: Anticorrosion performance; Electrochemical impedance; Nanocomposite materials; Barrier
properties; Mechanical durability.

1. INTRODUCTION

Metal corrosion represents one of the most significant challenges facing modern infrastructure and industrial
systems, leading to substantial economic losses and safety concerns across various sectors. The deterioration of
steel surfaces, in particular, has prompted extensive research into protective coating technologies that can effec-
tively prevent or minimize corrosion damage while maintaining structural integrity [1-3]. Traditional protective
coatings, while functional, often suffer from limitations such as poor adhesion, inadequate barrier properties,
and susceptibility to mechanical damage under harsh environmental conditions. Recent advances in materials
science have opened new avenues for developing high-performance protective coatings through the incorpora-
tion of two-dimensional (2D) nanomaterials [4]. Among these, two-dimensional transition-metal carbide/nitride
(MXenes) and graphene oxide (GO) have emerged as promising candidates for corrosion protection due to
their unique structural and chemical properties. MXenes, a family of 2D transition metal carbides and nitrides,
exhibit remarkable mechanical strength, high electrical conductivity, and excellent chemical stability [5-7].
Their accordion-like lamellar structure provides an effective barrier against corrosive agents, while their surface
chemistry can be readily modified to enhance compatibility with various coating matrices [8, 9].

The integration of graphene oxide with MXenes presents an innovssative approach to addressing the
inherent limitations of single-component protective coatings [10]. Graphene oxide, characterized by its atom-
ically thin structure and abundant oxygen-containing functional groups, offers complementary properties to
MZXenes [11, 12]. The synergistic combination of these materials can potentially yield superior coating perfor-
mance through multiple mechanisms: enhanced barrier properties, improved mechanical strength, and better
adhesion to metallic substrates [13—15]. However, the development of effective GO-MXene composite coatings
faces several challenges. The oxidation susceptibility of MXenes in ambient conditions can compromise their
long-term stability and protective capabilities [16, 17]. While previous studies, such as the work by CAO ef al.
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[18], have explored MXene-based multilayer coatings with silane modifiers on aluminum substrates, the novelty
of this study lies in its development of a GO-Ti,C,T, composite coating optimized for carbon steel protection
without polymeric binders. This binder-free dual-lamellar system achieves a unique combination of superior
mechanical hardness (4.8 = 0.3 GPa), high adhesion strength (18.5 + 0.8 MPa), and long-term corrosion resis-
tance, including salt spray durability and electrochemical performance. Furthermore, we elucidate the interfacial
mechanisms that contribute to these properties, offering insights not previously detailed in GO/MXene coating
literature [19-21]. Additionally, achieving uniform dispersion and strong interfacial interactions between the
components is crucial for optimal coating performance [22, 23]. The control of coating thickness and micro-
structure also plays a vital role in determining the final protective properties [24].

This research introduces a novel approach to fabricating GO-Ti,C,T  composite coatings for steel sur-
face protection. The study focuses on understanding the fundamental mechanisms governing the enhanced pro-
tective properties of these composite coatings and establishing structure-property relationships. By carefully
controlling the synthesis parameters and optimizing the coating composition, we aim to develop a robust pro-
tective system that combines the advantages of both materials while mitigating their individual limitations. The
selection of Ti,C, T as the MXene component is based on its excellent mechanical properties, good chemical
stability, and well-established synthesis protocols [25]. When combined with graphene oxide, the resulting com-
posite is expected to form a dense, well-adhered coating with superior barrier properties [26]. The presence of
oxygen-containing functional groups on both components facilitates strong interfacial interactions and enables
better integration with the substrate surface.

2. MATERIALS AND METHODS

High-purity Ti,AlC, layered M , AX (MAX) phase powder (98.5% purity, 300 mesh) was obtained from
Shanghai Advanced Materials Co., Ltd. (Shanghai, China). Lithium fluoride (LiF, analytical grade) and hydro-
chloric acid (HCI, 37 wt%) were purchased from Beijing Chemical Works (Beijing, China). Natural graphite
flakes (99.9% purity, 325 mesh) were supplied by Qingdao Huatai Lubricant Sealing S&T Co., Ltd. (Qingdao,
China). Potassium permanganate (KMnO,), sulfuric acid (H,SO,, 98%), hydrogen peroxide (H,O,, 30%), and
ethanol (analytical grade) were acquired from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Q235
steel substrates (50 mm x 50 mm x 2 mm) were provided by Baowu Steel Group Corporation (Shanghai, China).

Ti,C,T, MXene was synthesized through selective etching of Ti,AlC, MAX phase [27, 28]. Typically,
2.0 g of Ti,AlC, powder was gradually added to a solution containing 40 mL of 9M HCI and 3.2 g LiF under
continuous stirring. The mixture was maintained at 35°C for 24 hours in an oil bath with magnetic stirring at 400
rpm. The resulting suspension was centrifuged at 3500 rpm for 5 minutes and washed repeatedly with deionized
water until the supernatant reached pH 6. The obtained Ti3C2Tx was then dispersed in deionized water through
sonication for 1 hour to achieve delamination.

Graphene oxide was synthesized using a modified Hummers method [29]. Briefly, 2.0 g of graphite
flakes were added to 46 mL of concentrated H,SO, under ice-bath conditions. Subsequently, 6.0 g of KMnO,
was slowly added while maintaining the temperature below 20°C. The mixture was stirred at 35°C for 2 hours,
followed by dilution with 92 mL of deionized water. After stirring for an additional 15 minutes, the reaction was
terminated by adding 280 mL of deionized water and 20 mL of H,O, solution. The product was washed repeat-
edly with deionized water through centrifugation until neutral pH was achieved.

The composite coating was prepared by combining Ti,C,T and GO suspensions in a 2:1 mass ratio. The
mixed suspension was sonicated for 30 minutes to ensure homogeneous distribution. Prior to coating applica-
tion, Q235 steel substrates were mechanically polished using successive grades of SiC papers (400-2000 grit),
followed by ultrasonic cleaning in acetone, ethanol, and deionized water. The substrates were then dried under
nitrogen flow. The composite suspension was spray-coated onto the prepared substrates using a programmable
spray coater (Model XDC-100, Xindao Instrument, Nanjing, China) with the following parameters: nozzle dis-
tance 15 cm, spray pressure 0.2 MPa, substrate temperature 80°C, and flow rate 2 mL/min.

The morphology and microstructure of the coatings were examined using a field emission scanning
electron microscope (FESEM, JSM-7800F, JEOL, operated at 5 kV). X-ray diffraction (XRD) patterns were
recorded using a Rigaku SmartLab diffractometer with Cu Ka radiation (A = 1.5418 A). Raman spectra were
collected using a Renishaw inVia spectrometer with 532 nm laser excitation. X-ray photoelectron spectroscopy
(XPS) analysis was performed using a Thermo Scientific ESCALAB 250Xi system.

Coating adhesion was evaluated using a digital pull-off adhesion tester (PosiTest AT-A, DeFelsko) fol-
lowing the ASTM D4541 standard. The coating thickness was measured using a magnetic thickness gauge
(TT260, Time Group Inc.). Nanoindentation tests were conducted using a Hysitron TI 950 Tribolndenter with
a Berkovich diamond tip at a maximum load of 10 mN. Prior to coating deposition, the as-polished Q235 steel
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substrates (Ra = 18 nm) were tested under the same conditions, yielding a baseline hardness (H_,) of 1.56 +0.05
GPa and elastic modulus (E_,) of 211 + 6 GPa. This baseline permits a direct quantitative comparison with the
composite coating, as recommended by ATAIE et al. [30, 31].

Electrochemical measurements were performed using a CHI760E electrochemical workstation in a
three-electrode cell configuration. A platinum plate served as the counter electrode, and a saturated calomel
electrode (SCE) was used as the reference electrode. Electrochemical impedance spectroscopy (EIS) was con-
ducted at open circuit potential with a frequency range of 100 kHz to 10 mHz and an AC amplitude of 10 mV. All
spectra were fitted with ZView 4.0 using a Rs(QcRc)(QdIRct) equivalent-circuit. Fitting quality was verified by
x* <1 x107% and weighted residuals below 5% across the entire frequency range. The salt spray test was carried
out in a salt spray chamber (YWX/Q-750, Jinghong Test Equipment) according to the ASTM B117 standard

using 5 wt% NaCl solution at 35°C.

To assess the reproducibility of the coating fabrication and performance results, all key experimental
measurements were conducted on at least three independently prepared samples per coating condition. For each
set, separate batches of GO-Ti,C,T, coatings were synthesized and applied under the same processing condi-
tions. Adhesion strength, mechanical properties, electrochemical impedance spectra, and polarization curves
were independently measured for each sample. Mean values along with standard deviations were reported to
reflect data consistency. The low coefficients of variation (typically below 8%) for key parameters such as
hardness, impedance modulus, and corrosion current density confirm the high reproducibility of the fabrication
method and the robustness of the composite coating system.

3. RESULTS AND DISCUSSION

The morphological characteristics of the GO-Ti,C,T composite coating were investigated using electron
microscopy techniques. Figure 1a presents the SEM micrograph of the as-deposited coating surface, revealing
a uniform layered structure with overlapping sheets of GO and Ti,C,T,. The Ti,C,T, platelets, appearing as
brighter regions due to their higher atomic number, demonstrate typical accordion-like morphology with lateral
dimensions ranging from 2-5 pum. This platelet size, in combination with wrinkled GO sheets, contributes to
a finely structured, interleaved lamellar architecture. Smaller grain features and compact layering enhance the
tortuosity of diffusion pathways and reduce microvoid formation, both of which play a critical role in mitigating
ion permeation and corrosion initiation. Grain refinement is also known to promote passivation by increasing
grain boundary density, thereby enhancing coating stability and corrosion resistance [32]. These platelets are
observed to be well-integrated with the darker GO sheets, which exhibit wrinkled features characteristic of
graphene oxide structures [33]. In addition, Energy Dispersive X-ray Spectroscopy (EDS) was performed to
confirm the elemental composition and distribution within the composite coating. As shown in Figure 1c—f, the
EDS mapping reveals the presence of carbon (C), oxygen (O), titanium (Ti), and fluorine (F), which are con-
sistent with the elemental constituents of GO and Ti,C,T,. The uniform spatial distribution of these elements
across the scanned area confirms the homogeneous dispersion and successful integration of the two components
within the composite matrix.

XRD analysis (Figure 2a) comparatively illustrates the diffraction patterns of pristine GO, Ti,C,T,, and
the GO-Ti,C, T, composite coating. The characteristic (002) reflection of Ti,C, T, appears at 20 = 6.5°, consis-
tent with typical MXene structure [34]. In contrast, pristine GO shows a broad (001) peak centered at 20 =~ 11.2°,

confirming its oxidized layered structure and the absence of the graphite (002) peak at 26.5°. Upon composite

‘

Figure 1: SEM of GO-Ti,C,T composite coating with (a) low magnification and (b) high magnification. EDS elemental
mapping of the GO-Ti,C, T, composite coating showing the distribution of (c) carbon, (d) oxygen, (¢) titanium, and (f) fluorine.
The uniform dispersion supports effective compositional integration.
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Figure 2: Structural characterization of GO-Ti,C,T, composite coating. (a) XRD patterns showing characteristic peaks of
constituent phases. (b) Raman spectra highlighting vibrational modes of both components and their interactions.

formation, the GO-Ti,C,T, pattern exhibits a slight shift and broadening of the (002) peak to 20 = 6.8°. Based
on Bragg’s law, the interlayer spacing (d-spacing) for pristine Ti,C,T, is calculated as 1.36 nm (20 = 6.5°),
which decreases slightly to 1.30 nm for the GO-Ti,C, T, composite (20 = 6.8°). This marginal reduction, rather
than increase, in interlayer distance suggests structural compaction, potentially due to partial GO reduction and
restacking during composite formation. These findings refine our earlier interpretation and indicate that GO
incorporation leads to structural reorganization rather than pure interlayer expansion. These results indicate
strong physical interactions and structural reorganization between the two components during the composite
preparation. Raman spectroscopy (Figure 2b) provides further evidence of the chemical interactions between
the components. The spectrum exhibits characteristic D and G bands of GO at 1350 and 1580 cm™, respectively,
alongside the typical Ti,C,T_vibration modes at 200, 400, and 600 cm™'. The intensity ratio of D to G bands
(I/I, = 0.92) suggests partial reduction of GO during the composite formation process [35].

The adhesion strength between the GO-Ti,C,T composite coating and steel substrate was evaluated
through pull-off tests under various conditions. Figure 3a presents the adhesion strength measurements for
coatings with different GO:Ti,C, T ratios. The optimal composition (2:1 ratio) exhibited a remarkable adhe-
sion strength of 18.5 £ 0.8 MPa under normal conditions, outperforming silane-wrapped GO@M Xene/epoxy
films (14.2 MPa) [36] and polyimide/MXene layers (12.1 MPa) [37] measured on mild-steel substrates by the
same ASTM D4541 protocol. The enhanced adhesion is attributed to the synergistic effect of oxygen-containing
functional groups from both components interacting with the steel substrate [38, 39].

The durability of adhesion strength was assessed under various environmental conditions (Figure 3b).
After 30 days of exposure to 95% relative humidity at 40°C, the composite coating maintained 85% of its initial
adhesion strength, demonstrating superior environmental stability compared to single-component coatings.

Nanoindentation measurements revealed the mechanical robustness of the composite coating. Figure 4
shows representative load-displacement curves for the composite coating compared to pure components. The
GO-Ti,C,T, composite exhibited a maximum hardness of 4.8 + 0.3 GPa and elastic modulus of 78.5 = 2.1 GPa,
corresponding to a 210% increase over the uncoated Q235 substrate (Hsub = 1.56 + 0.05 GPa). The hardness ratio
(Hcoat/H_sub =~ 3.1) falls within the range reported for Cr-Nb-Ti-Zr-N-O nanocomposite and Ti/TiCrN bilayer
coatings (3—6 x enhancement) that were highlighted by KOSARI MEHR et al. [40], confirming the mechanical
relevance of the current system (Table 1). These results confirm the significant enhancement achieved through
compositing. The spatial distribution of mechanical properties across the coating surface demonstrated strong
uniformity, with the coefficient of variation (CV) calculated at 6.3% for hardness and 7.2% for elastic modulus
(n = 10). This suggests homogeneous load distribution and consistent structural integrity, reflecting the uniform
dispersion of GO and Ti,C,T, in the matrix [41]. This uniformity confirms the homogeneous integration of the
components and suggests effective load distribution throughout the coating structure.

AFM measurements (Figure 5) provided detailed insight into surface topography and mechanical unifor-
mity at the nanoscale. The GO-Ti,C, T, composite coating exhibited an RMS roughness of 14.8 nm, significantly
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Figure 3: Adhesion performance of GO-Ti,C,T composite coating. (a) Pull-off adhesion strength as a function of composi-
tion ratio. (b) Environmental stability of adhesion strength under various conditions. Error bars represent standard deviation
from five measurements.
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Figure 4: Representative load—displacement curves for GO, Ti,C,T,, and GO-Ti,C,T, composite coatings obtained from
nanoindentation measurements.

Table 1: Comparison of mechanical properties between composite and single-component coatings.

SAMPLE | HARDNESS (GPa) | ELASTIC MODULUS (GPa) | ADHESION STRENGTH (MPa)
GO-Ti,C,T, 48+0.3 78.5+2.1 18.5+0.8
Ti,C,T, 32402 65.3+1.8 123+0.7
GO 1.8+0.2 421+15 8.7+0.5

lower than that of Ti,C, T, (22.3 nm) and GO (27.6 nm) coatings. Corresponding PeakForce modulus maps
demonstrated a homogeneous stiffness distribution, further corroborating the uniform load-bearing capability
of the composite film. These nanoscale observations reinforce the nanoindentation results and highlight the
compactness and interfacial cohesion achieved through composite formation. Similar nanoscale mechanical
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Figure 5: AFM topography images of (a) GO coating, (b) Ti,C,T, coating, and (¢) GO-Ti,C,T, composite coating.
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Figure 6: Static water contact angle measurements for GO, Ti,C,T,, and GO-Ti,C,T, coatings. Results demonstrate
intermediate wettability for the composite coating.

reinforcement through topographical refinement has been reported in previous studies on multilayer ceramic
and metallic thin films [40].

The surface wettability of the coatings was evaluated by measuring the static water contact angle.
Figure 6 presents the representative contact angle images for GO, Ti,C,T , and GO-Ti,C,T composite coat-
ings. The pure GO coating exhibited a contact angle of 69.4° + 2.1°, indicating a hydrophilic surface due to the
presence of abundant oxygen-containing functional groups. In contrast, the pure Ti,C, T, coating showed a more
hydrophobic behavior with a contact angle of 94.2° + 2.7°, consistent with its surface termination groups and
relatively lower oxygen content. The GO-Ti,C,T_ composite coating demonstrated a moderate hydrophilicity,
with a contact angle of 82.5° + 2.3°. This intermediate wettability can be attributed to the synergistic com-
bination of hydrophilic GO and relatively hydrophobic Ti,C,T components, resulting in a balanced surface
energy. The moderately hydrophilic character of the composite surface is favorable for corrosion protection, as
it reduces the adhesion and permeation of corrosive aqueous solutions while maintaining strong adhesion with
the metallic substrate. It closely matching the 80-85° window reported for self-healing GO/MXene/PDA films
that showed optimum anti-salt performance [42].

The influence of coating thickness on mechanical performance was systematically investigated. Figure 7
demonstrates the relationship between coating thickness and key mechanical parameters. Quantitative anal-
ysis of coating thickness revealed that the 3.0-3.5 pum range exhibited peak performance in both mechanical
adhesion and corrosion resistance. Adhesion values averaged 18.5 + 0.8 MPa with minimal variation (+4.3%).
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Figure 7: Coating thickness optimization. (a) Correlation between coating thickness and mechanical properties.
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Figure 8: EIS analysis of different coatings in 3.5 wt% NaCl solution. (a) Nyquist plots, (b) Bode magnitude plots, and (c)
Bode phase angle plots. Inset shows the equivalent circuit model used for data fitting.

Electrochemical impedance spectroscopy (EIS) and salt spray tests corroborated these findings, showing that
coatings within this optimal thickness range exhibited the highest impedance modulus (|Z|,., Hz) and lowest cor-
rosion current density. In contrast, thinner films (<2.0 um) suffered from incomplete substrate coverage, allow-
ing localized electrolyte penetration and increased corrosion activity. Thicker coatings (>4.0 um), while initially
dense, were prone to internal stress accumulation and microcrack formation, which facilitated moisture ingress
and led to premature degradation under extended salt spray exposure. These findings emphasize the critical
role of thickness optimization not only for mechanical durability but also for achieving robust and long-lasting
corrosion protection. Coatings thinner than 2.0 pum showed insufficient surface coverage, while those exceeding
4.0 um exhibited decreased adhesion strength due to increased residual stresses [43].

Electrochemical impedance spectroscopy (EIS) was employed to evaluate the corrosion protection per-
formance of the ¢ composite coating. Figure 8 presents the Nyquist and Bode plots obtained in 3.5 wt% NaCl
solution. The composite coating exhibited significantly larger impedance modulus (|Z|) values compared to
bare steel and single-component coatings. At low frequencies (0.01 Hz), the |Z| value for GO-Ti,C, T, reached
2.3 x 10° Q-cm?, approximately two orders of magnitude higher than that of pure Ti,C,T (3.5 x 10" Q-cm?)
and GO (1.8 x 107 Q-cm?) coatings. The phase angle plots showed two distinct time constants, indicating the
formation of a stable passive layer [44]. Inset of Figure 7a displays the physical equivalent circuit used for data
fitting, consisting of solution resistance (R ), a constant-phase element representing the intact coating (Qc) in
parallel with coating resistance (R ), and a second CPE for the double layer (Qdl) in parallel with charge-trans-
fer resistance (Rct) [45]. The GO-Ti,C,T, composite coating exhibited a coating resistance (R ) of 2.1 x 10°
Q-cm?® and a charge transfer resistance (R ) of 1.5 x 10° Q-cm?, as fitted using the Rs(Q R )(Q,R ) equivalent
circuit model (Figure 7 inset). Compared to Ti,C,T, (R, = 1.4 x 10* Q-cm’, R = 9.3 x 107 Q-cm?) and GO
(R,=9.7x 10" Q-em’, R = 8.1 x 10" Q-cm?), the composite improved electrochemical stability by more than
one order of magnitude. The lower CPE values (Q_ and Q,) also indicated reduced capacitive leakage and
improved film compactness. The y? values for circuit fitting were all <1 x 1073, confirming excellent model
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agreement with experimental data [46]. These values corroborate the superior barrier and kinetic inhibition
offered by the dual-lamellar architecture [47, 48]. A summary of all fitting parameters is provided in Table 2.

Potentiodynamic polarization curves (Figure 9) demonstrated the superior corrosion resistance of the
composite coating. The GO-Ti,C, T, coating showed a positive shift in corrosion potential (E_ ) of 285 mV
relative to bare steel (—0.373 V vs. —0.658 V). It also exhibited a significantly lower corrosion current density
@) 0f2.3x107* A/cm? compared to 4.8 x 1077 A/cm? for Ti,C,T, and 8.2 x 1077 A/em? for GO (Table 3). These
results demonstrate the superior corrosion resistance achieved through composite formulation. It surpassing the
210 mV shift reported for Ti,C,T /LDH heterostructured coatings [49] and the 170 mV shift for GO-wrapped
MXene thin films [36], indicating a more effective kinetic suppression of anodic dissolution. Table 3 summa-
rizes the key electrochemical parameters derived from the polarization curves. Additionally, the corrosion pro-
tection efficiency (PE) of each coating was calculated.

Table 2: Best-fit circuit parameters derived from EIS spectra of bare steel and coated specimens after 24 h immersion in
3.5 wt % NaCl ()2 <107).

SAMPLE R, Q, n, R, Q, n, R,
(Q cm?) | (uF sn! em™) (Qcm?) | (uFsn!em™) (2 cm?)
Bare steel 18 250 0.86 2.4 x 10 175 0.82 | 5.8x10°
GO coating 17 112 0.88 9.7 x 107 64 0.80 | 8.1 x107
Ti,C,T, coating 18 89 0.90 1.4 x 108 58 0.81 | 9.3 x107
GO-Ti,C,T, composite 17 46 0.92 2.1 x10° 27 0.88 | 1.5x10°
-3 T T v T ¥ T T T T
4
-5
&
E =
o
2o
I i
)
74
bare steel
—GO
-8 —Ti,C,T, T
— GO'TisC2TK
-9 T T ¥ T ¥ T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Potential (V)

Figure 9: Potentiodynamic polarization curves of bare steel and coated samples in 3.5 wt% NaCl solution showing enhanced
corrosion resistance of the composite coating.

Table 3: Electrochemical parameters derived from polarization curves.

SAMPLE Ecorr icorr Ba Be PE
(Vvs. SCE) (A/cm?) (V/dec) (V/dec) (%)

Bare Steel —0.658 2.5%x107° 0.086 0.092 -
GO-Ti,C,T, —0.373 23 %1078 0.112 0.098 99.91
Ti,C,T, —0.512 4.8 x 107 0.095 0.089 98.08
GO —0.489 8.2 x 107 0.091 0.094 96.72
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Figure 10: Evolution of (a) impedance modulus and (b) phase angle at 0.01 Hz during 30-day immersion testing.

The long-term stability of the coating was monitored through continuous EIS measurements over
30 days of immersion in 3.5 wt% NaCl solution (Figure 10). The composite coating maintained high impedance
values throughout the test period, with less than 15% decrease in |Z|0.01Hz after 30 days. During the 30-day
immersion, the impedance modulus |Z| ., Hz decreased by only 13.6%, while the phase angle at mid-frequencies
remained stable around —78° to —80°, indicating retention of the coating’s dielectric shielding capacity. The
limited decline in Ret (<15%) further supports minimal electrolyte penetration and validates the coating’s long-
term barrier integrity.

Salt spray testing provided further evidence of the coating’s excellent corrosion resistance. The surface
appearance of coated samples after exposure to neutral salt spray for various durations. Surface inspection after
1000 hours in salt spray revealed no blistering, rusting, or edge creepage on the GO-Ti,C, T, coated samples,
corresponding to a corrosion rating of 9 under ASTM D1654 criteria. In contrast, Ti,C,T, and GO-coated sam-
ples showed localized pitting and underfilm corrosion after 720 and 840 hours, respectively. Quantitative image
analysis (ImageJ) indicated <0.5% corroded area for the composite, compared to 4.2% and 6.7% for the Ti,C, T,
and GO coatings [36]. The corrosion rating, evaluated according to ASTM D1654, remained at 9 throughout

the test period.

To elucidate the enhanced protective performance of the GO-Ti,C,T composite coating, a schematic
illustration (Figure 11) was developed, showing the key interfacial interactions. The abundant oxygen-containing
functional groups on GO (-OH, ~COOH) and Ti,C,T_(-OH, —O, —F terminations) facilitate strong hydro-
gen bonding and electrostatic attractions between the two components. Furthermore, these functional groups
enhance chemical bonding with the hydroxylated steel surface, promoting robust physical anchoring and mini-
mizing interfacial defects.

Such synergistic interactions—including hydrogen bonding, electrostatic forces, and van der Waals
attraction—contribute to the formation of a densely packed, physically interlocked coating structure. These
interfacial phenomena reduce microvoids and transport pathways for corrosive species, enhancing both adhe-
sion and corrosion inhibition. The strong correlation between observed Ret values and proposed molecular inter-
actions validates this structure-function relationship. This mechanistic understanding aligns with the observed
improvements in mechanical robustness, electrochemical stability, and corrosion resistance.

The GO-Ti,C, T, composite coating significantly suppresses steel corrosion through multiple synergistic
mechanisms. Firstly, the dual-lamellar structure composed of overlapping GO and Ti,C, T, nanosheets forms a
highly tortuous diffusion pathway that hinders the penetration of water molecules and aggressive chloride ions,
effectively delaying electrolyte access to the steel surface. This is evidenced by the high impedance modulus
(1Z],.,,Hz = 2.3 x 10° Q-cm’) and elevated charge transfer resistance (Rct = 1.5 x 10° Q-cm?) observed in EIS
measurements, indicating strong barrier behavior and minimal interfacial corrosion kinetics.

Secondly, the oxygen-containing functional groups (—OH, —COOH) on GO and surface-terminated

groups (-OH, —F, -O) on Ti,C,T, form hydrogen bonds and electrostatic interactions not only with each
other but also with the hydroxylated steel substrate. This chemical anchoring reduces coating delamination and
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Figure 11: Schematic illustration of the interfacial interactions between GO, Ti,C,T,, and the steel substrate. Hydrogen
bonding, electrostatic attraction, and van der Waals forces facilitate strong adhesion and formation of a dense, stable coating

structure.

Table 4: Comparative performance of GO-Ti,C,T, composite coating with similar reported coatings.

STUDY & HARDNESS | ADHESION CORROSION SALT SPRAY | REMARKS/KEY

COATING (GPa) STRENGTH CURRENT DURABILITY FINDINGS
SYSTEM (MPa) DENSITY (A/cm?) (HOURS)
This Work: 4.8+0.3 18.5+£0.8 23x1078 1000 Binder-free, high
GO-Ti,C,T, adhesion and barrier
composite performance
CAO et al. [18] ~3.2 14.2 ~4.0 x 1077 720 Ti,C,T, multilayer

coating with silane on
aluminum substrate
QIANG et al. [4] ~3.0 15.0 ~2.0 x 10°° 800 GO-functionalized
MXene for steel
surface protection
ZHOU et al. [36] ~4.2 12.1 ~1.0 x 10—7 850 Graphene oxide@
MXene hybrid in
epoxy matrix

prevents underfilm corrosion. Furthermore, the moderately hydrophilic surface (contact angle ~82.5°) reduces
prolonged water film formation, thus limiting electrochemical activity at the coating—substrate interface. The
composite also inhibits anodic dissolution, as evidenced by the significant positive shift in corrosion potential
(AE, = +285 mV vs. bare steel) and the three-order-of-magnitude reduction in corrosion current density (from
2.5x 107 A/em? to 2.3 x 107* A/cm?). Collectively, these results suggest that the coating serves both as a passive
physical shield and an active kinetic suppressor, thereby offering comprehensive protection against corrosion.
This dual functionality is supported by earlier literature on MXene/graphene nanocomposites and validates the
proposed corrosion inhibition mechanism [36].

To further highlight the performance of the GO-Ti,C, T, composite coating, we provide a comparative
overview of similar MXene- and graphene-based anticorrosion coatings reported in recent literature. Table 4
summarizes key mechanical and electrochemical parameters, including hardness, adhesion strength, corrosion
current density, and salt spray durability. This comparative analysis demonstrates that the GO-Ti,C, T, system
developed in this study offers a highly competitive combination of durability, corrosion resistance, and mechan-
ical robustness.
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4. CONCLUSION

This study demonstrates the successful development of a novel GO-Ti,C,T  composite coating that exhibits
superior protection for steel surfaces through synergistic integration of both materials’ advantageous properties.
The optimized composite coating with a 2:1 GO:Ti,C,T mass ratio and 3.0-3.5 um thickness achieved remark-
able mechanical and anticorrosion properties, significantly outperforming single-component alternatives. The
composite demonstrated exceptional adhesion strength of 18.5 £ 0.8 MPa, maintaining 85% of this strength
after 30 days of exposure to harsh environmental conditions (95% RH, 40°C). Mechanical characterization
revealed enhanced hardness (4.8 + 0.3 GPa) and elastic modulus (78.5 + 2.1 GPa), while electrochemical imped-
ance spectroscopy showed impressive barrier properties with impedance modulus reaching 2.3 x 10° Q-cm?,
approximately two orders of magnitude higher than pure Ti,C,T (3.5 x 10" Q-cm?) or GO (1.8 x 107 Q-cm?)
coatings. The composite coating exhibited superior corrosion resistance with a significantly reduced corrosion
current density of 2.3 x 10 A/cm? and a positive shift in corrosion potential by 285 mV compared to bare steel.
Long-term stability was confirmed through 1000-hour salt spray testing, where the coating maintained a high
corrosion rating of 9 according to ASTM D1654, with minimal surface deterioration. Compared with previously
reported MXene-based coatings on other substrates, the GO-Ti,C,T, system presented here delivers a higher
degree of environmental stability, interfacial adhesion, and electrochemical impedance, demonstrating its nov-
elty and practical applicability for long-term steel protection in corrosive environments. These results demon-
strate the potential of GO-Ti,C,T, composite coatings for practical applications in steel surface protection,
offering a promising solution for addressing corrosion challenges in various industrial settings.
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