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ABSTRACT: Due to their dense microstructure and excellent thickness controllability, copper films are
widely utilized in flexible electronics and energy storage device systems. Their interfacial stability in
electrochemical environments becomes the critical factor limiting device cycle life and safety. However, in
fluorine-containing electrolyte environments, copper is susceptible to severe HF-induced corrosion,
generating unstable products such as CuF2, which can lead to structural degradation and functional failure.
The results indicated that the film with a low Zn content (Cu-Zn (9.5:0.5 wt%)) exhibited deteriorated
corrosion resistance due to a significant micro-galvanic effect. Its corrosion current was as high as 6.87 x
1075 mA-cm 2. By contrast, the high-Zn-content film (Cu-Zn (9:1 wt%)) formed a composite passivation
film that increased charge transfer resistance to 1.22 x 10* Q-cm? and reduced the corrosion current to 2.08
x 1073 mA-cm 2. The introduction of an additional carbon layer resulted in optimal stability of the Cu-Zn
(9:1 wt%)@C composite film, with the corrosion current decreasing to 6.14 x 107 mA-cm? and the
structure remaining intact after corrosion. Multi-scale characterization revealed that the addition of zinc to
the alloy enhanced the film’s intrinsic passivation capability, while the carbon layer provided an external
barrier effect through physical isolation, charge regulation, and stress relief. This synergy effectively
suppressed the formation of by-products. In summary, the Cu-Zn (9:1 wt%)@C composite film
demonstrated the greatest corrosion resistance, establishing a theoretical foundation and engineering
approach for the design of highly stable metallic films for use in intricate electrochemical environments.

Keywords: Cu-Zn alloy composite passivation layer; Alloy proportion control; Interfacial stability;
Electrochemical corrosion mechanism
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1. Introduction

With the rapid advancement in flexible electronics, miniaturized sensors, and energy storage devices,
the stability of metallic films in complex electrochemical environments has garnered increasing attention
[1-3]. Prolonged exposure of these films to electrolytes in such environments often triggers corrosion and
interfacial degradation, leading to structural deterioration and performance decline [4,5]. Due to their low
cost, advanced processing techniques, and excellent mechanical properties, copper and its alloys are widely
used in polymer-based flexible films and microdevice structures [6,7]. Nevertheless, they exhibit
pronounced susceptibility to corrosion in fluoride-containing electrolytes, which facilitates the formation
of unstable by-products such as CuO or CuFz, thereby destroying interfacial stability [8,9]. This problem
not only affects the long-term reliability of copper alloy films in flexible device and sensor packaging but
also limits their potential applications in energy storage system architecture protection [10]. Consequently,
enhancing the corrosion resistance of copper alloy films in electrolyte environments has become a pivotal
research focus in the field of materials corrosion and protection, and it holds profound significance for the
development of advanced composite films that integrate both flexibility and high stability.

In order to solve the corrosion problem of copper film in fluorine-containing electrolyte environment,
researchers have proposed two main strategies: regulating the coating’s alloy and constructing a protective
surface layer [11-13]. The alloy ratio control is to form a solid solution or intermetallic compound by
adding elements such as zinc (Zn), tin (Sn), and aluminum (Al) to copper, thereby adjusting the intrinsic
electrochemical potential and improving the interfacial reaction kinetics [11-16]. For instance, brass (a Cu-
Zn alloy) is widely utilized due to its comprehensive performance. The introduction of Zn can preferentially
react with aggressive anions via the “sacrificial anode effect”, thereby inhibiting the direct dissolution of
copper (Cu) [17-19]. On one hand, the selective dissolution of Zn promotes the formation of a Cu-rich sub-
layer at the alloy-electrolyte interface, which acts as an electrochemically inert barrier to shield the substrate.
In the Cu-Zn system, Zn has a more negative electrode potential than Cu, and can be preferentially dissolved
as a sacrificial anode in the electrolyte containing F, thereby protecting the Cu matrix [20]. Concurrently,
a composite Cu-Zn oxide film provides the basis for passivation [21,22]. On the other hand, the influence
of Zn content on corrosion resistance is non-monotonic. An overabundance of Zn (>30—40 wt%) accelerates
dezincification and can foster the growth of more electrochemically active microstructures, such as the -
phase, severely compromising the alloy’s defense against localized corrosion [21,23]. Conversely, a Zn-
deficient composition fails to generate a sufficiently dense and continuous protective architecture, neither
the Cu-rich sub-layer nor the oxide film, leading to impaired protection, with performance potentially
falling below that of pure copper under specific conditions [24]. Therefore, meticulous compositional
engineering is paramount to developing high-performance, corrosion-resistant copper alloys [20,22]. The
second strategy, surface modification, involves fabricating a physically or chemically stable protective layer
on the copper surface, such as graphene, amorphous carbon, polymers, or self-assembled monolayers, to
act as a physical barrier against the ingress of corrosive media [25-27]. For example, Kim et al. enhanced
both interfacial adhesion and stability by modifying a copper surface with graphene via chemical vapor
deposition [25]. Han et al. introduced three-dimensional carbon nanowalls onto a copper current collector,
which significantly delayed electrolyte attack while causing almost no reduction in electrical conductivity
[27]. Alloying enhances corrosion resistance by modulating the material’s internal electrochemical
properties, whereas surface coatings provide protection by establishing an external barrier against corrosive
media [28-30]. Although each strategy has its merits, their individual application face limitations,
particularly under complex service conditions such as those involving flexible polymer substrates [31-35].
In these scenarios, materials are often subjected to a combination of bending, stretching, and
electrochemical corrosion, rendering their interfacial stability even more fragile [36—40]. Consequently,
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developing a multi-faceted protection strategy that integrates both internal and external approaches has
become a critical issue that urgently needs to be addressed.

Based on the aforementioned multi-dimensional data analysis and comprehensive assessment, this
study proposes a hybrid approach that synergistically combines two strategies: alloying and surface coating
modification. Initially, magnetron sputtering is employed to fabricate Cu and Cu-Zn films on a flexible
polyimide (PI) substrate, with the aim of systematically elucidating the effect of Zn content on corrosion
performance. Subsequently, a protective carbon layer is introduced onto the surface of the Cu-Zn film that
exhibits optimal corrosion resistance, thereby constructing a composite structure that possesses both high
corrosion resistance and potential for flexibility. This composite design is not only anticipated to achieve a
synergistic protective effect—yielding a “1 + 1 > 2” outcome—but also offers a novel research avenue for
enhancing the long-term reliability of copper alloy films in the fields of flexible electronics and energy
storage protection.

2. Materials and Methods
2.1. Preparation of Composite Copper Foil

In this study, the films were fabricated on 25 pum thick flexible polyimide (PI) substrates using
magnetron sputtering. As shown in Figure 1, utilizing a pulsed power supply (200 W, —60 V bias), films
with an approximate thickness of 1 pm were deposited over an hour period from pure Cu, Cu-Zn (9:1 wt%),
and Cu-Zn (9.5:0.5 wt%) films. Following a comparative evaluation of their corrosion performance, the
Cu-Zn (9:1 wt%) film was identified as exhibiting the optimal resistance and was subsequently selected for
further modification. A carbon layer approximately 100 nm in thickness was then deposited onto its surface
by sputtering for an hour using a DC power supply (200 W, —10 V bias), ultimately forming the Cu-Zn (9:1
wt%)@C composite film.

Magnetron sputtering
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Figure 1. Schematic diagram of the film’s preparation process by magnetron sputtering.
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2.2. Electrochemical Measurements

To systematically probe the electrochemical corrosion behavior of the composite films, all
measurements were conducted in a sealed polypropylene cell featuring a three-electrode configuration. As
shown in Figure 2, an external potential was applied to mimic the corrosive conditions inherent to battery
charge-discharge cycling. The prepared composite film was used as the working electrode (WE) with an
exposed geometric area of 1 cm x 1 ¢cm (1 cm?), while a silver chloride (Ag/AgCl) electrode and a platinum
(Pt) plate were used as the reference electrode (RE) and counter electrode (CE), respectively. The
electrolyte consisted of 1 mol/L LiPF¢ dissolved in a mixed solvent of ethylene carbonate (EC), ethyl methyl
carbonate (EMC), and dimethyl carbonate (DMC) with a volume ratio of 1:1:1. The commercial battery-
grade LiPFs electrolyte (purity > 99.9%) was prepared and transferred in an Ar-filled glove box with
moisture and oxygen levels below 0.1 ppm. The solvents were pretreated with molecular sieves to reduce
moisture contamination, and the water content was controlled below 20 ppm. The three-electrode system
assembly and electrolyte injection were performed in the glove box, while all film samples were vacuum-
dried at 60 °C for 12 h before transfer to remove adsorbed moisture. Electrochemical Impedance
Spectroscopy (EIS) and potentiodynamic polarization (Tafel) tests were carried out using an
electrochemical workstation (CS350M, Wuhan Corrtest Instruments Corp., Ltd., Wuhan, China).

Electrolytic cell corrosion samples
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Figure 2. Schematic diagram of the electrochemical corrosion testing apparatus and the corrosion mechanism of the current
collector.

2.3. Materials Characterization

To systematically evaluate the multi-scale properties of the films, a series of characterization methods
was employed in this study. A Field Emission Scanning Electron Microscope (FE-SEM) equipped with an
Energy Dispersive Spectrometer (EDS) was used to characterize the surface morphology and elemental
distribution. The film substrate interfacial bonding strength was quantitatively measured using a multi-
function material surface property tester (MFT-4000 Lanzhou Huahui Instrument Technology Co., Ltd.,
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Lanzhou, China), and the initial surface roughness was measured with an Atomic Force Microscope (AFM-
Cypher S). Subsequently, the corrosion resistance of each sample was evaluated through electrochemical
experiments. After the corrosion tests, the samples were ultrasonically cleaned with anhydrous ethanol and
dried for post-corrosion analysis. SEM and EDS were used again to observe the evolution of the corroded
morphology and the redistribution of elements, while AFM was used to quantify the change in surface
roughness after corrosion. To further reveal the corrosion mechanism, X-ray Photoelectron Spectroscopy
(XPS) was utilized for an in-depth analysis of the chemical composition and elemental valence states of the
corrosion products. Concurrently, X-ray Diffraction (XRD) was employed to identify the phase structure
of these products.

3. Results and Discussion
3.1. Characterization of Initial Surface Morphology

LiPFs is the most common electrolyte used in commercial lithium-ion batteries. Its primary function is
to facilitate the migration of lithium ions (Li") between the cathode and anode, which directly impacts the
battery’s energy density, cycle life, and safety. Although other lithium salts exist, such as
bistrifluoromethanesulfonimide lithium salt (LiTFSI) and lithium bis (fluorosulfonyl) imide (LiFSI), LiPFs¢
remains the market’s preferred choice due to its performance advantages. Nevertheless, LiPF¢ exhibits poor
chemical stability and is highly susceptible to hydrolysis during electrolyte storage or cycling, leading to
the formation of hydrogen fluoride (HF). The generated HF not only instigates detrimental side reactions
with the electrode materials but also induces severe corrosion of the copper foil current collector,
consequently diminishing interfacial stability and curtailing the battery’s operational lifespan.

To elucidate the differential resistance to HF corrosion among various material systems, this study
initiated a comparative analysis of the pre-corrosion surface morphology and elemental composition of
several composite films. As shown in Figure 3a,c,e,g, the pre-corrosion surface morphologies and
corresponding elemental mappings of the different composite films. As observed, the surfaces of all four
samples are comparatively flat and smooth, devoid of any discernible corrosion features. As shown in
Figure 3b,d,f,h, the compositional structures of the samples are clearly delineated. Sample 1 is a pure copper
(Cu) film, Sample 2 is a copper-zinc (Cu-Zn (9:1 wt%)) alloy, Sample 3 is a copper-zinc (Cu-Zn (9.5:0.5
wt%)) film, and Sample 4 is a copper-zinc (Cu-Zn (9:1 wt%)@C) composite film, which was fabricated by
applying a carbon coating to the surface of the Cu-Zn (9:1 wt%) film.

3.2. Film-Substrate Adhesion

The adhesion between the film and the substrate is a critical factor in determining the long-term service
reliability of flexible devices. Figure 4 shows the results of the scratch tests for the four films. By observing
the scratch morphology and determining the critical load (Lcz2) at which large-scale delamination of the film
begins, the film-substrate adhesion strength can be evaluated (ISO 20502). The Lc2 of the pure Cu film is
4.38 N, the Cu-Zn (9:1 wt %) film is 4.25 N, the Cu-Zn (9.5:0.5 wt%) film is 4.22 N, and the Cu-Zn (9:1
wt%)@C composite film is 4.38 N. This indicates that they all form a robust bond with the PI substrate and
that the introduction of the functional carbon layer did not come at the expense of mechanical adhesion.
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Figure 3. The surface morphology and elemental composition analysis results of the four films before corrosion. (a) and (b) are
the SEM morphology (including Cu element distribution map) and EDS energy spectrum of pure copper film, respectively; (c)
and (d) are the SEM morphology of Cu-Zn (9:1 wt%) film (including the distribution map of Cu and Zn elements) and its EDS
energy spectrum; (e) and (f) are the SEM morphology of Cu-Zn (9.5:0.5 wt%) film (including the distribution map of Cu and Zn
elements) and its EDS energy spectrum;(g) and (h) are the SEM morphology of Cu-Zn (9:1 wt%)@C composite film (including
Cu, Zn, C element distribution map) and its EDS energy spectrum.
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Figure 4. Scratch test morphologies and critical loads of Cu film, Cu-Zn (9:1 wt%) film, Cu-Zn (9.5:0.5 wt%) film, and Cu-Zn
(9:1 wt%)@C composite film before corrosion.

3.3. Electrochemical Testing

To further quantify the differences in corrosion resistance among the four films, a systematic evaluation
was conducted using EIS and Tafel techniques. The EIS test is carried out at an open circuit potential with
a frequency range of 1072 Hz to 10° Hz and an AC amplitude of 10 mV. The scanning rate of the Tafel
polarization curve is 2 mV-s™'. All tests were performed at room temperature (25 = 1 °C). The corrosion
immersion test lasted for 24 h without applying potential. In the equivalent circuit, Rs is the solution
resistance, Rrand Qrrepresent the resistance and capacitance of the surface film (passivation film or carbon
layer), Ret and Qai represent the charge transfer resistance and double layer capacitance. The results of the
EIS tests are presented in Figure 5 and Table 1. The differences in corrosion resistance among the various
composite films are primarily manifested in the variations of the interfacial charge transfer resistance (Ret).
The Rt of pure Cu film was only 6.76 x 10* Q-cm?, indicating limited interfacial impedance. This allows
fluoride ions to easily penetrate the surface passivation layer and participate in electrochemical reactions,
accelerating the dissolution of the substrate. In contrast, the Ret of Cu-Zn (9.5:0.5 wt%) film decreased to
1.24 x 10° Q-cm?. This shows that the non-uniform distribution of a small amount of Zn produces a potential
difference on the surface, which induces local micro-galvanic corrosion, making the charge more easily
transmitted at the grain boundary and the defect area, and thus the corrosion resistance is worse. When the
Zn content was increased to form the Cu-Zn (9:1 wt%) film, the Re: significantly increased to 1.22 x 10*
Q-cm?. This increase of nearly an order of magnitude is attributed to the higher proportion of Zn, which
enables the formation of a dense ZnO or CuO composite passivation film on the surface. This film
effectively blocks the direct attack of F~ on the substrate and greatly increases the difficulty of charge
transfer, thereby significantly improving corrosion resistance. After further constructing a carbon layer on
its surface, the Ret of the Cu-Zn (9:1 wt%)@C composite film increased further to 1.47 x 10* Q-cm?. On
one hand, the carbon layer acts as a dense physical barrier, reducing electrolyte penetration. On the other
hand, its flexible buffering properties weaken the damage to the passivation film caused by volume
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expansion and stress concentration during the corrosion process, while also regulating the interfacial charge
distribution to suppress the formation of active sites. Through repeated verification and cross-comparison
of extensive experimental data, it was demonstrated that Cu-Zn (9:1 wt%)@C composite film exhibits
optimal impedance performance. This reflects a multi-synergistic protective mechanism of “interfacial
isolation, charge blocking, and stress relief”.
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o CuZn (9.5:0.5)
@ Cu s - o CuZn (9:1) @C
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Figure 5. EIS results of Cu film, Cu-Zn (9:1 wt%) film, Cu-Zn (9.5:0.5 wt%) film, and Cu-Zn (9:1 wt%)@C composite film
after corrosion: (a) Nyquist plots, (b,¢) Bode plots, and (d) the equivalent circuit model used for fitting.

Table 1. EIS fitting data of four types of film samples.

Sample Rs (Q-'cm?  Q1-Y (F/em?) Ql1-n(F/em?) R (Q-em?)  Q2-Y (F/em?) Q2-n (F/em?) Re (Q-cm?)

S1 6.18 x 10! 8.13x107 6.09 x 10! 1.24 x 103 6.19 x 107* 5.85x 107" 6.75 x 10°
S2 9.30 x 10! 2.83x10°° 6.77 x 10! 1.42 x 103 2.66 x 1074 4.42 x 107! 1.22 x 10*
S3 6.35 x 10! 8.17 x 1074 5.80 x 107! 1.03 x 10° 7.34 x107* 5.55x 107! 1.24 x 10
S4 1.28 x 102 2.30 x 1073 7.01 x 107! 1.88 x 10° 231 %107 4.98 x 107! 1.47 x 104

Note: The units for Q-Y and Q-n are F-cm 2, while the unit for R is Q-cm?. The sample designations are as follows: S1 (pure Cu
film), S2 (Cu-Zn (9:1 wt%) film), S3 (Cu-Zn (9.5:0.5 wt%) film), and S4 (Cu-Zn (9:1 wt%)@C composite film).

As shown in Figure 6, the Tafel results further reveal the differences in thermodynamic stability and
kinetic behavior of corrosion among the various samples. Table 2 presents the fitted parameters from the
potentiodynamic polarization curves. Among these, the Ecor is the potential at which the sample’s surface
achieves electrochemical equilibrium. At this potential, the anodic dissolution and cathodic reduction
reactions of the corrosion process are balanced, which allows for the determination of the icorr. The corrosion
current density is regarded as one of the most important indicators for judging a material’s corrosion resistance.
The smaller the corrosion current density, the slower the corrosion rate, and the better the corrosion resistance.
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The Ecorr for pure Cu film, Cu-Zn (9.5:0.5 wt%) film, Cu-Zn (9:1 wt%) film, and Cu-Zn (9:1 wt%)@C
composite film were 0.257, 0.207, 0.349, and 0.448 V, respectively. The progressive positive shift in the Ecorr
values indicates that the tendency for corrosion is gradually suppressed. Furthermore, the icorr for pure Cu film,
Cu-Zn (9.5:0.5 wt%) film, Cu-Zn (9:1 wt%) film, and Cu-Zn (9:1 wt%)@C composite film were 4.09 x 107,
6.87 x 107,2.08 x 107, and 6.14 x 107 mA-cm 2, respectively. These values also demonstrate that Cu-Zn
(9:1 wt%)@C composite film possesses excellent corrosion resistance.

log (Current/A)

Cu

Cu-Zn (9:1)

Cu-Zn (9.5:0.5)
Cu-Zn (9:1)@C

-02 0.0 0.2 04 06 08 1.0 1.2 14 1.6
Potential (V vs.SCE)

Figure 6. Tafel curves of Cu film, Cu-Zn (9:1 wt%) film, Cu-Zn (9.5:0.5 wt%) film, and Cu-Zn (9:1 wt%)@C composite film
after corrosion.

Table 2. The Tafel parameters for the four films samples of table.

Sample Eoep (V) icorr (MA-cm™?) Ecorr (V)
S1 0.322 4.08 x 107 0.257
S2 0416 2.08 x 107 0.348
S3 0.326 6.87 x 1073 0.206
S4 0.728 6.14 x 10°° 0.448

Note: The sample designations are as follows: S1 (Cu film), S2 (Cu-Zn (9:1 wt%) film), S3 (Cu-Zn (9.5:0.5 wt%) film), and S4
(Cu-Zn (9:1 wt%)@C composite film).

In order to systematically evaluate the trade-off between corrosion resistance and electrical properties,
the resistivity of four thin film samples was tested by four-probe method (RTS-9) at room temperature. The
results show that the pure Cu film has the lowest resistivity of 3.09 x 10> Q-cm. The resistivity of the Cu-
Zn (9.5:0.5 wt%) film is 1.5 x 107 Q-cm, and the resistivity of Cu-Zn (9:1 wt%) films increased to 1.97 x
107 Q-cm, which was mainly attributed to the enhancement of electron scattering caused by the solid
solution strengthening of Zn solute atoms in Cu matrix. It is worth noting that the resistivity of the Cu-Zn
(9:1 wt%)@C composite film obtained by coating a carbon layer of about 100 nm on the surface of the Cu-
Zn (9:1 wt%) film is 2.06 x 10~ Q-cm, which is basically the same as that of the alloy substrate without
carbon coating (1.97 x 107> Q-cm), only increased by about 4.6%. The dense carbon layer does not have a
significant adverse effect on the overall conductivity of the film while exerting the physical barrier function.
Although the resistivity of Cu-Zn (9:1)@C composite film is still higher than that of pure Cu, it can be seen
from the electrochemical test results that the corrosion current density is one order of magnitude lower than
that of pure Cu, and the charge transfer resistance is significantly increased,which relative to the uncoated
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alloy substrate is consistent with previous reports on carbon/copper composite systems [41,42], where
carbonaceous protective layers were shown to enhance corrosion resistance without severely compromising
electrical conductivity. These studies demonstrated that an integrated assessment—balancing barrier
efficiency against conductor-level performance—is essential for current-collector applications [41,42]. The
present results confirm that the 100 nm carbon layer satisfies this requirement, achieving a substantial gain
in corrosion resistance at the expense of only limited conductivity degradation. It can be seen that the
corrosion resistance and interface stability of the composite film have been greatly improved under the
premise of only sacrificing limited conductivity. For the current collector of flexible electronic devices and
energy storage devices, long-term chemical stability and corrosion resistance are often the key factors that
determine the service life and safety of devices. Therefore, the Cu-Zn (9:1)@C composite film achieves a
good balance between conductivity and corrosion resistance, and has practical application value.

3.4. Analysis of Corrosion Products

To systematically evaluate the corrosion resistance conferred by different alloying strategies, the pure
Cu, Cu-Zn (9:1 wt%), and Cu-Zn (9.5:0.5 wt%) films were treated under identical corrosion conditions.
Following treatment, the samples were removed and ultrasonically cleaned with ethanol before being
immediately subjected to SEM characterization, as shown in Figure 7. The unmodified pure Cu film (as
shown in Figure 7a) and the low-zinc-content Cu-Zn (9.5:0.5 wt%) film (Figure 7e) both exhibited
significant localized corrosion. The surface of the pure Cu developed a high density of diffusely distributed
etch pits, whereas the corrosion on the Cu-Zn (9.5:0.5 wt%) film was more severe, presenting as large-area
etch pits in localized regions. In contrast, the Cu-Zn (9:1 wt%) film (Figure 7c) demonstrated markedly
superior corrosion resistance compared to the other two. Its surface revealed only minor traces of corrosion,
with the overall morphology remaining largely intact. This validates the beneficial effect of an optimized
alloying ratio in enhancing the stability of the copper alloy films. It is noteworthy that the Cu-Zn (9:1
wt%)@C composite film current collector (Figure 7g) exhibited virtually no discernible changes under the
same conditions, its surface state was highly consistent pre- and post-corrosion. This indicates that the
introduction of the carbon layer effectively impedes the corrosion reaction, thereby further augmenting the
material’s chemical stability.

A comparison of the EDS analysis results before and after corrosion (Figures 3 and 7) clearly elucidates
the significant differences in the elemental composition and evolutionary patterns among the various
samples. Prior to corrosion, the pure Cu film consisted solely of the Cu element, exhibiting a monolithic
surface composition. Upon the introduction of Zn, both Cu and Zn were detected in the Cu-Zn (9:1 wt%)
and Cu-Zn (9.5:0.5 wt%) films, with the Zn content varying in accordance with the alloy ratio. For the Cu-
Zn (9:1 wt%) film with a carbon overlayer, a high proportion of the C element was detected, indicating that
the carbon layer had been uniformly deposited onto the alloy surface. Subsequent to the corrosion treatment,
the presence of C, O, F, and trace amounts of P was observed on all samples, which indicates that HF
participated in the interfacial reactions leading to the formation of oxygen-and fluorine-containing
byproducts. Notably, the Cu content in the pure Cu and low-Zn alloy samples decreased significantly,
accompanied by a pronounced increase in O and F contents, indicating poor corrosion resistance. In contrast,
the Cu-Zn (9:1 wt%) film better retained its elemental Cu proportion, suggesting that the incorporation of
Zn helps to mitigate corrosion. Furthermore, the Cu-Zn (9:1 wt%)@C composite film retained a strong C
signal post-corrosion and exhibited a lower degree of Cu depletion, demonstrating that the carbon coating
effectively obstructs HF ingress and suppresses the formation of byproducts. The trends in elemental
composition changes reveal that while the pre-corrosion samples were predominantly composed of their
constituent base elements, the post-corrosion samples universally incorporated impurity elements such as
O, F, and P, corroborating an HF-induced corrosion process. Concurrently, these results demonstrate that
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both alloying and carbon-coating strategies can significantly enhance the corrosion resistance of the copper
film, with the carbon coating exhibiting the most superior protective effect.
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Figure 7. SEM images and EDS mapping of (a,b) Cu film, (¢,d) Cu-Zn (9:1 wt%) film, (e,f) Cu-Zn (9.5:0.5 wt%) film, and (g,h)
Cu-Zn (9:1 wt%)@C composite film after corrosion.

We further observed the evolution of the surface morphology of the samples before and after corrosion
using a high-magnification optical microscope (1200x) (as shown in Figure 8). After the corrosion test, the
pure Cu and Cu-Zn (9.5:0.5 wt%) films both exhibited distinct etch pits and morphological deterioration. In
stark contrast, the surface of the Cu-Zn (9:1 wt%)@C composite film remained highly smooth and intact after
undergoing the same corrosion process. Therefore, these results collectively confirm that the Cu-Zn (9:1
wt%)@C composite film possesses both good film-substrate adhesion and excellent corrosion resistance.
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Figure 8. Comparison of surface morphologies of Cu film, Cu-Zn (9:1 wt%) film, Cu-Zn (9.5:0.5 wt%) film, and Cu-Zn (9:1
wt%)@C composite film before and after corrosion by optical microscopy.

To investigate the corrosion products and mechanisms, XRD was employed to analyze the crystal
structure of all corroded samples, while XPS was further utilized to probe the surface chemical states of the
optimized Cu-Zn (9:1 wt%)@C composite film. In the XRD diffraction pattern of the pure Cu film sample
after prolonged corrosion, in addition to the characteristic diffraction peaks at (111), (200), and (220)
corresponding to Cu, a characteristic peak appeared at 36° corresponding to the (111) crystal plane of a
porous copper oxide species (PDF Card: 05-0667) (Figure 9a). This indicates that copper is easily oxidized
in the electrolyte to form a fluffy, porous, and unstable copper oxide surface layer. For the Cu-Zn (9.5:0.5
wt%) film sample prepared with a small amount of Zn, the characteristic peaks of Cu almost disappeared
after corrosion (Figure 9c¢), indicating its poor corrosion resistance and that its crystal structure was severely
damaged during the corrosion process. This is attributed to the collapse of the overall structure caused by
rapid de-zincification, which results from localized galvanic corrosion dnduced by micro-cell effects and
microstructural non-uniformity.In contrast, the Cu-Zn (9:1 wt%) film sample with a higher Zn content
largely maintained its peak profile, with only faint diffraction peaks of copper oxide species appearing.
This is attributed to the increased Zn content reducing the galvanic effect and the slow leaching of Zn,
which leads to the formation of a CuO or ZnO composite passivation film. This film, to a certain extent,
prevents the oxidation of the substrate, resulting in corrosion resistance superior to that of pure Cu and Cu-
Zn (9.5:0.5 wt%) film. Notably, for the Cu-Zn (9:1 wt%)@C composite film (Figure 9d), its XRD patterns
before and after corrosion were almost identical, with only an extremely weak signal from copper oxide
species detected. This shows that the inert carbon layer can minimize the interaction between the substrate
and the electrolyte through various mechanisms, such as physical isolation and stress relief. This makes its
corrosion resistance significantly superior to that of the Cu-Zn (9:1 wt%) film and far superior to those of
the pure Cu film and the Cu-Zn (95:5 wt%) film.

Furthermore, XPS was conducted on the corroded surface of the optimized Cu-Zn (9:1 wt%)@C
composite film to provide supplementary information regarding the surface chemical states of the carbon-
protected film and the corrosion-related species formed after exposure to the electrolyte. As shown in its
high-resolution Cu 2p spectrum in Figure 9f, a distinct Cu®>* characteristic doublet appears at 934.8 eV and
954.4 eV, while Cu or Cu' components are present near 952.5 eV and 933 eV. This indicates the coexistence
of metallic or subvalent copper and a small amount of divalent copper on the surface layer, which is
attributed to the formation of Cu20 and CuO products from corrosion. The high-resolution Zn 2p spectrum
(Figure 9h) exhibits characteristic peaks assigned to Zn*" at 1021.3 eV and 1045.7 eV, along with the
presence of weak shoulder peaks for Zn® (1044.3 eV and 1021.0 eV). This suggests that during the corrosion
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process, Zn is partially leached out to form ZnO. The high-resolution F 1s spectrum displays characteristic
peaks at 687.1 eV, 686.8 eV, and 686.1 eV, which are assigned, respectively, to the C-F (in CFx), Cu**-F
(in CuF2), and Cu’-F components. This is attributed to the hydrolysis of LiPFs in the electrolyte during the
corrosion of Cu-Zn (9:1 wt%)@C composite film, which generates phosphate ions and the primary
corrosive agent, HF. Therein, HF is first consumed by reacting with the outer carbon layer to form CFx, and
then it preferentially reacts with the more active Zn, thereby reducing the accessibility of HF to the main Cu
current collector. EDS elemental mapping results further corroborate this, showing that on the corroded Cu-
Zn (9:1 wt%)@C composite film, C and Cu elements are uniformly distributed, with small amounts of O, P,
and F elements also present. These correspond to trace corrosion products such as CuO/ZnO, CuF2, and
phosphate species adhered to the surface. The above results indicate that the constructed hierarchical structure
effectively mitigates the corrosion of the Cu current collector body. Consequently, the Cu-Zn (9:1 wt%)@C
composite film exhibits the best corrosion resistance, which is consistent with the electrochemical results.

In order to further verify the effect of alloying itself on the chemical state of corrosion products and
clarify the additional protection effect of the carbon layer, the XPS full spectrum analysis of the uncoated
Cu-Zn (9:1 wt%) film after corrosion was carried out, and it was directly compared with the test results of
the Cu-Zn (9:1 wt%)@C composite film, as shown in Figure 9i. The comparison results show that the
introduction of the carbon layer significantly inhibits the corrosion of the corrosive medium. Specifically,
the uncoated carbon Cu-Zn (9:1 wt%) film exhibits a strong F1s signal at ~686 eV, indicating that HF has
a violent reaction with the alloy substrate, and a large number of CuF2, ZnF> and other fluoride corrosion
products are generated on the surface; in the Cu-Zn (9:1 wt%)@C composite film, the intensity of the Fls
peak was significantly weakened, indicating that the dense carbon layer effectively blocked the penetration
of HF into the alloy matrix and greatly inhibited the fluorination corrosion reaction. At the same time, the
Ols signal of the uncoated sample is also significantly higher than that of the carbon-coated sample,
indicating that more CuO/ZnO oxidation corrosion products are formed on the surface of the substrate
without carbon layer protection. The physical isolation of the carbon layer effectively reduces the direct
contact between the substrate and the oxygen/water-containing electrolyte. In addition, the Cls peak in the
carbon-coated sample is extremely strong, while the matrix signals of Cu 2p and Zn 2p are relatively weak,
which confirms that the carbon layer remains completely covered after corrosion and effectively protects the
alloy matrix below. In contrast, the Cu 2p and Zn 2p signals from the uncoated carbon samples are directly
exposed, indicating that there is no effective surface barrier. In summary, the above comparison results
directly prove that although the Cu-Zn (9:1 wt%) alloy itself has a certain corrosion resistance foundation
through solid solution strengthening and in-situ composite passivation layer, the external barrier effect of the
carbon layer can further significantly inhibit HF erosion and oxidation corrosion, so that the Cu-Zn (9:1
wt%)@C composite film exhibits better chemical stability in a fluorine-containing electrolyte environment.
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Figure 9. Structural and compositional analysis of the products on different composite films before and after corrosion: (a—d)
Comparison of XRD patterns for the Cu film, Cu-Zn (9:1 wt%) film, Cu-Zn (9.5:0.5 wt%) film, and Cu-Zn (9:1 wt%)@C
composite film s before and after corrosion; (e) EDS elemental distribution map of the surface layer of the Cu-Zn (9:1 wt%)@C
composite film after corrosion; (f) High-resolution Cu 2p spectrum of the Cu-Zn (9:1 wt%)@C composite film after corrosion;
(g) High-resolution F 1s spectrum of the Cu-Zn (9:1 wt%)@C composite film after corrosion; (h) High-resolution Zn 2p spectrum
of the Cu-Zn (9:1 wt%)@C composite film after corrosion; (i) The full spectrum of Cu-Zn (9:1 wt%) is compared with that of
Cu-Zn (9:1 wt %)@C.

3.5. Mechanistic Analysis of Corrosion

The variation in surface roughness before and after corrosion provides a quantitative basis for
evaluating the corrosion resistance of the different films. As shown in Figure 10, the pure Cu film underwent
significant roughening, with its average roughness (Ra) value increasing from 16.25 nm to 69.15 nm post-
corrosion. The emergence of a CuO peak in its XRD pattern confirms that its surface was covered by
corrosion byproducts. By contrast, the Cu-Zn (9:1 wt%) film exhibited a much smaller increase in its Ra
value from 19.31 nm to 44.36 nm. This substantially smaller change in roughness demonstrates that alloying
can effectively enhance the corrosion resistance of the composite films. This improvement is attributed to
the solid solution strengthening effect imparted by an appropriate concentration of Zn, which facilitates the
in-situ formation of a Cu-Zn composite oxide layer during the initial stages of corrosion. This layer is denser
and more stable than the CuO formed on pure copper, thereby effectively retarding the corrosion process.
Conversely, the Ra value of the Cu-Zn (9.5:0.5 wt%) film experienced a drastic increase from 8 nm to
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151.19 nm. This phenomenon stems from an unfavorable compositional ratio, which leads to phase
instability and microscopic phase separation. The formation of numerous micro-galvanic cells between the
Cu-rich and the minority Zn-rich regions accelerates the anodic dissolution of zinc, inducing severe material
degradation. Consequently, the order of corrosion resistance can be established as: Cu-Zn (9:1 wt%) > Cu >
Cu-Zn (9.5:0.5 wt%).

Building on this, a carbon coating was introduced to further enhance corrosion resistance. The Ra value
of the Cu-Zn (9:1 wt%)@C composite film remained virtually unchanged after corrosion, increasing only
marginally from 1.71 nm to 1.91 nm, which indicates that its surface integrity was almost perfectly
preserved. The primary mechanism for this enhancement lies in the multi-faceted protective role of the
carbon layer. On one hand, SEM and EDS analyses confirm that the carbon layer is continuous, dense, and
chemically inert, enabling it to effectively obstruct the infiltration of corrosive media such as HF. This is
consistent with the XRD results, which detected no CuO peaks on the sample post-corrosion. On the other
hand, the carbon layer does not participate in electrochemical reactions and therefore does not introduce
new local galvanic potential differences, which guarantees the chemical stability of the interface. The
synergistic effect of the stable solid solution formed by alloying, combined with the physical isolation
provided by the carbon layer, allows the Cu-Zn (9:1 wt%)@C composite film to maintain a nearly pristine
surface state even within a harsh corrosive environment. This demonstrates corrosion resistance superior to
all of the uncoated samples.
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Figure 10. (a) Comparison of the 3D AFM surface morphologies for the Cu-Zn (9:1 wt%)@C composite film before and after
corrosion; (b) Comparison of the surface roughness (Ra) for the different composite films before and after corrosion; (¢)
Schematic illustration of the corrosion reaction mechanism for a Cu-Zn film in an HF-containing electrolyte.
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4. Conclusions

This study, focusing on the corrosion of copper alloy composite films in an HF-containing electrolyte,
proposes a dual protective strategy of “alloying + carbon coating” and systematically elucidates its corrosion
resistance mechanism by multi-scale characterization. Grounded in rigorous experimental design and
quantitative analysis of multiple control groups, this work not only validates the better stability of the Cu-Zn
(9:1 wt%)@C composite film but also establishes an empirical and theoretical foundation for designing
metallic films for complex electrochemical environments. Synthesizing the theoretical framework, our
experimental data, and established findings in the field, we can draw the following conclusions:

(1) SEM/EDS Characterization revealed significant differences in the surface morphology and
composition of different films before and after corrosion. After corrosion, both the pure Cu and Cu-Zn
(9.5:0.5 wt%) film exhibited evident etch pits and a sharp decrease in Cu content, accompanied by the
enrichment of O and F elements. In contrast, the Cu-Zn (9:1 wt%) film showed only minor corrosion
traces and retained a higher Cu content. The Cu-Zn (9:1 wt%)@C composite film, however, maintained
a highly consistent elemental distribution and surface integrity before and after corrosion,
demonstrating that the carbon layer can effectively block HF penetration.

(2) EIS and Tafel Results indicated a clear hierarchy in the corrosion resistance of the different films. The
Ret of pure Cu was only 6.76 x 10° Q-cm?, showing limited corrosion resistance. For the Cu-Zn (9.5:0.5
wt%) film, this was exacerbated by a micro-galvanic effect, causing its Rct to decrease further to 1.24 x
10° Q-cm?, thereby exhibiting the poorest performance. Conversely, the Cu-Zn (9:1 wt%) composite film
formed a dense composite passivation film, which increased its Ret to 1.22 x 10* Q-cm? and reduced its
corrosion current density to 2.08 x 10> mA-cm 2. With the further introduction of a carbon coating, the
corrosion current density of the Cu-Zn (9:1 wt%)@C composite film was further reduced to 6.14 x 107°
mA-cm 2, with its roughness remaining almost unchanged, demonstrating the best stability.

(3) XRD/XPS Analysis showed that pure Cu was oxidized to form porous CuO species and CuF2 by-
products, leading to rapid interfacial degradation. The Cu-Zn (9.5:0.5 wt%) film suffered structural
damage due to the localized and rapid dissolution of Zn. The Cu-Zn (9:1 wt%) film, however, formed
a composite passivation layer during the gradual leaching of Zn, which helped to retard corrosion. For
the Cu-Zn (9:1 wt%)@C composite film, under the protection of the carbon layer, HF preferentially
reacted with carbon and Zn, leaving the Cu matrix barely involved in the corrosion reaction. This
validates the dual synergistic mechanism of “internal passivation + external barrier”.

(4) By systematically reviewing the existing literature and critically examining our results from multiple
perspectives, we have distilled the following key findings: Alloying imparts inherent corrosion
resistance to the substrate, while the carbon coating provides a functional external barrier. Their
synergistic action significantly suppresses the HF-induced formation of by-products and interfacial
degradation. Consequently, the Cu-Zn (9:1 wt%)@C composite film exhibits optimal corrosion
resistance due to these multiple interacting mechanisms. This strategy offers an effective pathway for
enhancing the long-term service stability of Cu-based materials in flexible electronics and energy
storage systems.
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