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ABSTRACT: The electrochemical recycling nanoarchitectonics of
graphene oxide from carbon fiber reinforced polymers (CFRPs) is
a promising approach due to its economic and environmental
benefits. However, the rapid degradation of the CFRP anode
during the recycling process reduces its overall efficiency. Although
previous studies have investigated the electrochemical oxidation of
carbon fibers (CFs) and bonding of CFs to the matrix, few
researchers have explicitly studied the electrochemical activity of
CFs and the possible fracture caused by strong electrochemical
reactions. To address this gap, this study investigates the
degradation mechanism of CF anodes by analyzing changes in
overall mechanical properties, hardness, elastic modulus, functional
groups, and elemental composition of individual fibers. The
experimental results demonstrate that the three-phase boundary region experiences the most severe degradation, primarily due to the
number of oxygen-containing functional groups, which is the most important factor affecting the degree of degradation. This
continuous decrease in the hardness and elastic modulus of individual fibers eventually leads to the fracture of CF anodes.

1. INTRODUCTION
In recent years, carbon fiber reinforced polymers (CFRPs)
have found extensive applications in military, aviation, sports,
racing, wind power, and civil engineering due to their ultrahigh
specific strength and modulus.1 Consequently, the increased
usage of CFRPs has led to a corresponding increase in waste
production. If not fully recycled, Europe and Asia are estimated
to accumulate 190,000 and 149,000 tons of waste CFRPs by
2050, respectively.2 Therefore, proper recycling of CFRPs has
garnered significant attention.3 However, simple mechanical
recycling of waste CFRPs results in a considerable amount of
carbon fiber (CF) waste, which is the key component of
CFRPs.4 To improve the efficiency of CFRP recycling,
researchers have explored various recycling methods, among
which electrochemical methods have great potential for
recycling nanoarchitectonics of graphene oxide (GO) with
high efficiency and low cost.5,6 Nonetheless, during the
electrochemical recycling process, the CFRP anode tends to
degrade rapidly or even fracture.6 The fracture of the CFRP
leads to not only raw material waste but also suspension of the
electrification process, thereby reducing overall recycling
efficiency.
Several studies have made preliminary observations and

explanations on the degradation of CFRPs in electrochemical
systems,7,8 attributing the degradation of CFRP anodes to the
decomposition of resin fracture associated with C−N bonds in
epoxy resins and the generation of new compounds due to the

chemical reaction of CFs with the epoxy resin.8,9 However,
these papers only focused on the degradation of the overall
tensile properties of CFRP anodes and the combination of the
CF and matrix. Few comprehensive investigations have been
conducted on the degradation mechanism of CF anodes, which
could be beneficial in reducing the occurrence of CFRP anode
fractures and improving the application efficiency of recycling
waste CFRPs through electrochemical systems.
This paper investigates the degradation mechanisms of CF

anodes based on changes in overall tensile properties,
mechanical properties, functional groups, element content,
functional group changes, and microscopic morphology under
the influence of different current intensities and electrolyte
concentrations in electrochemical systems. CF anodes are
delineated into regions according to the degree of degradation,
and the mechanisms related to the formation of highly
corroded regions are investigated. The results of this paper
provide effective theoretical support for avoiding anode
fractures and better accelerating the oxidation of CFs in the
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electrochemical system, which is of great help in improving the
recycling efficiency of waste CFRPs.

2. EXPERIMENTAL INVESTIGATION
2.1. Materials and Electrochemical System Setup. The

electrochemical system studied in this paper is shown in Figure
1, consisting of three parts: anode, cathode, and electrolyte.
CFs produced by Guangzhou Caben Composite Co., Ltd.
(CA.BEN), with a weight of 208 g/m2 and a size of 200 (L) ×
20 (W) × 0.22 (T) mm3, were used as anodes. Stainless steel
sheets with a size of 200 (L) × 15 (W) × 0.5 (T) mm3 served
as cathodes. The NaCl solution used as the electrolyte was
prepared from NaCl powder produced by Xilong Chemical
and deionized water.
In this study’s electrochemical system, the horizontal

distance between the CF anode and the stainless steel cathode
was 50 mm, and the length of the part immersed below the
liquid surface was 100 mm. The experimental energization
currents were 4, 10, and 30 mA, corresponding to current
densities of 1.0, 2.5, and 7.5 A/m2 (relative to the area of the
anode immersed in NaCl electrolyte). The concentrations of
NaCl electrolytes used were 3, 10, and 20% to investigate the
possible effects of current density and NaCl electrolyte
concentration on the degradation of CF anodes. The current
densities and concentration of NaCl electrolytes were chosen
based on our previous research on recycling GO from CFs
from CFRPs.6 After 5 days of continuous electrification, the
CF anodes were collected as test samples. Another set of CF
anodes was soaked in NaCl solution with a concentration of
3% at the same depth for 5 days as control samples.
Details of the samples are listed in Table 1, and each sample

is named according to the experimental conditions. For
example, “I4S3” denotes that the applied current is 4 mA,
and the concentration of NaCl electrolyte is 3%, while “I0S3”
indicates that the CF anode is immersed in NaCl electrolyte
with a concentration of 3%.
2.2. Testing Methods. In this study, the mechanical

properties (tensile force, elongation at break, hardness, and
maximum elastic modulus) of CF anode samples were tested

using tensile and nanoindentation tests. The changes in their
functional groups and elemental compositions were analyzed
by FTIR and energy-dispersive spectrometry (EDS) techni-
ques.
An MTS Criterion 60.305 tensile tester produced by MTS

Company was used for the tensile test. For fractured CF
anodes, the region with the highest corrosion degree was
selected to prepare the sample. Before the test, both ends of
each sample were coated with epoxy resin and left at room
temperature for 24 h to increase friction between the sample
and the fixture. A tensile speed of 4 mm/min was used until
the sample broke.
The nanoindentation test was performed using a nano-

indentation accessory coupled with a scanning electron
microscope. To avoid insufficient contact between the CF
anode sample and the sample table, small pieces of the CF
anode were cut and placed in low viscosity epoxy resin at room
temperature for 24 h. Silicon carbide sandpapers (P600 and
P1200) were used for rough polishing, followed by four kinds
of abrasive pastes (14, 3.5, 1, and 0.25 μm) for fine polishing.
The nanoindentation test of the polished samples was
performed using the continuous stiffness method (CSM)
with a strain rate of 0.5/s. Five measurements were taken for
each sample, and the average value was expressed as the final
test result.
The changes in functional groups of CF anodes were tested

using Fourier transform infrared spectroscopy (FTIR). Before
the test, 0.3 g of the dried sample and 30 g of KBr powder were
ground by hand under an infrared baking lamp until the black

Figure 1. Schematic view of the electrochemical system employed in this study.

Table 1. Details of Samples

sample
current
(mA)

current density
(A/m2)

concentration of NaCl
electrolyte (%)

I0S3 0 0 3
I4S3 4 1.0 3
I10S3 10 2.5 3
I30S3 30 7.5 3
I4S10 4 1.0 10
I4S20 4 1.0 20
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CF was completely invisible. Then, 0.05 g of the ground
powder was pressed into a transparent sheet for FTIR testing
using a Spectrum One FTIR spectrometer produced by
PerkinElmer, with a test scanning range of 400−4000 cm−1

and a resolution of 2 cm−1.
The energy-dispersive spectrometer in a scanning electron

microscope was used to observe the surface morphology of the
CF anode before and after degradation, and the oxygen
element content was measured. A ProX EDS desktop scanning
electron microscope produced by Phenom-World company
was used for the test, with an accelerating voltage of 5 kV and a
magnification of 4000×.

3. RESULTS AND DISCUSSION
3.1. Influence on Mechanical Properties. The degrada-

tion of CF anodes is most visibly shown through a decline in
their mechanical properties. To assess this change, tensile and
nanoindentation tests were conducted on the CF anodes after
electrification.

3.1.1. Tensile Properties. The force−displacement curve
and comparison data of maximum tensile force and elongation
at break for CF anodes are presented in Figure 2. Maximum
tensile force reflects a sample’s resistance to tensile force, while
elongation at break indicates its toughness.10 Results indicate
that the unenergized sample (I0S3) exhibited the largest
maximum tensile force and elongation at break, indicating
superior tensile performance and toughness. However, the
tensile strength of CF anodes decreased to varying degrees,
with the first place to break consistently several centimeters
above the electrolyte surface in different samples. These
findings suggest that mechanical property degradation
primarily occurs in regions close to the electrolyte.
Figure 2a,c illustrates the force vs displacement curves of CF

anodes as a function of current density when the NaCl
electrolyte concentration was kept at 3%. Results indicate that
when the current density was 1.0 A/m2, the maximum tensile
force of the CF anode decreased by only 12%, but the
elongation at break sharply decreased by 63% compared to
unenergized CF. When the current density increased to 2.5 A/
m2, the maximum tensile force of the CF anode remained
relatively unchanged, but the elongation at break continued to
decrease by 75%. However, when the current density increased
to 7.5 A/m2, the fibers on the CF anode were severely
corroded or even fell off, leading to almost zero maximum
tensile force data, and the sample was unable to bear the force.
Moreover, Figure 2b,d shows the force vs displacement curves
of CF anodes as a function of NaCl electrolyte concentration
while maintaining the current density at 1.0 A/m2. Results
reveal that when the electrolyte concentration increased from 3
to 10%, the maximum tensile and elongation at break of the
samples remained relatively constant. However, when the
electrolyte concentration further increased from 10 to 20%, the
decrease in the maximum tensile force significantly increased
from 10 to 44%, although the elongation at break of the CF
anode remained relatively unchanged.
The results indicate that current density is the most

significant factor affecting the toughness of CF anodes in
electrochemical systems. Even at extremely low current
densities, the toughness of CF anodes significantly reduced
after being connected to the electrochemical system, and the
degree of degradation increases with increasing current density.
Conversely, changes in NaCl electrolyte concentration have
little effect on the toughness of CF anodes, and there appears

Figure 2. Tensile force vs displacement curves of CF anodes as a
function of currents (a) and electrolyte concentrations (b) and
maximum tensile force and elongation at break of CF anodes as a
function of currents (c) and electrolyte concentrations (d).
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to be no clear correlation between maximum tensile force and
toughness. In electrochemical systems with very low current
density and electrolyte concentration, CF anodes can maintain
good maximum tensile force despite a sharp drop in toughness.
Therefore, further studies on the mechanical property

degradation of individual fibers on CF anodes are necessary
to fully explain the difference in the effects of current density
and electrolyte concentration changes on the degradation of
CF anodes in electrochemical systems.

3.1.2. Hardness and Elastic Modulus. To investigate the
changes in mechanical properties during the degradation of CF
anodes, the hardness and elastic modulus of individual fibers
on CF anodes were tested using the nanoindentation accessory
coupled with SEM after testing their tensile properties. Figure
3a shows the SEM image of the probe and the CF fixed with
epoxy resin during the test. Results indicate that nano-
indentation can precisely control the probe to test the physical
properties of single fibers.
At a constant NaCl electrolyte concentration of 3%, the

hardness and elastic modulus of the CF anode were measured
in relation to current density (0−7.5 A/m2) as shown in Figure
3b. Results indicate that at lower current densities (1.0 A/m2),
the CF anode experiences a 35% decrease in hardness and a
20% decrease in elastic modulus compared to unenergized
CFs. As the current density increases to 2.5 and 7.5 A/m2, the
CF anode’s hardness decreases by 52 and 75%, respectively,
while its elastic modulus decreases by 26 and 66%, respectively.
This suggests that increasing current density leads to a
continued reduction in the CF anode’s hardness, whereas the
effect on elastic modulus is less pronounced at lower current
densities (1.2 and 2.5 A/m2).
The CF anode’s hardness decreases more than its elastic

modulus at various current densities. At a fixed current density
of 1.0 A/m2, the hardness and elastic modulus of the CF anode
were measured as a function of NaCl electrolyte concentration
(3−20%), as shown in Figure 3c. Results show that both
properties decrease significantly with increasing NaCl concen-
tration. At low concentrations (5%), the CF anode experiences
a 35% decrease in hardness and a 20% decrease in elastic
modulus compared to unenergized CFs. As NaCl concen-
tration increases to 10 and 20%, the CF anode’s hardness
decreases by 50 and 67%, respectively, while its elastic modulus
decreases by 29 and 47%, respectively. Similar to the previous
experiment, the decrease in hardness is greater than that in the
elastic modulus under different NaCl concentrations.
The analysis above shows that increasing current density and

NaCl electrolyte concentration accelerates the degradation of
the CF anode, leading to a gradual reduction in fiber hardness.
However, the elastic modulus of the CF anode does not
decrease at the same rate as the hardness, performing better at
lower current densities or electrolyte concentrations. This
trend is similar to that observed for hardness. To better
understand the varying decline rates of different physical
properties during CF anode degradation in electrochemical
systems, it is necessary to conduct detailed microscopic
analyses and discussion on the impact of functional groups
and elemental compositions.
3.2. Influence on Functional Groups and Elemental

Compositions. Due to the rapid decrease in hardness and
elastic modulus of CF anodes during electrolysis, it is crucial to
conduct a thorough investigation of their microscopic chemical
composition changes. Therefore, this study explored the

differences in functional groups and elemental compositions
at various current densities and electrolyte concentrations.
The FTIR method was used to investigate the functional

groups present in the CF anode. Figure 4a shows the test
results of samples under different current densities when the
NaCl electrolyte concentration is kept at 3%. As the current
density increases to 7.5 A/m2, the peaks at 3378, 1728, 1613,
1410, and 550 cm−1 in the spectrum of the I30S3 sample
become more pronounced. These peaks correspond to the
stretching vibration peak of O−H in carboxyl groups
(−COOH), the stretching vibration peak of the carbonyl
group (−C�O), the stretching vibration peak of C�O in
carboxyl groups (−COOH), in-plane bending vibration of

Figure 3. (a) Image of NI probe and CFs immobilized by epoxy
during nanoindentation testing, and hardness and elastic modulus of
the CF anode energized varying with (b) currents and (c) electrolyte
concentrations.
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hydroxyl groups (−OH), and out-of-plane bending vibration of
hydroxyl groups (−OH), respectively.11 The results suggest
that the C−C bond on the surface of the CF anode reacts with
water and oxygen ions, leading to continuous oxidation into a
large number of carboxyl groups (−COOH), carbonyl groups
(−C�O), and hydroxyl groups (−OH).
Figure 4b shows the experimental results of samples under

different NaCl electrolyte concentrations when the current
density is kept at 1.0 A/m2. It can be observed that the
magnitude of peak intensity variation does not change
significantly with increasing NaCl electrolyte concentration

(from 3 to 20%). This suggests that the content of the carboxyl
group (−COOH), carbonyl group (−C�O), and hydroxyl
group (−OH) did not vary significantly with increasing NaCl
electrolyte concentration during the electrolysis process.
Therefore, the main factor affecting the content of oxygen-
containing functional groups in the CF anode is the current
density rather than the concentration of NaCl electrolyte.
To verify the inference of functional group changes during

the electrolysis process, this study conducted an elemental
content analysis of CF anode samples using the EDS analysis
method.
Figure 5 illustrates that the oxygen content in CF anode

samples increases continuously with increasing current density
and NaCl electrolyte concentration. When the current density
reaches 7.5 A/m2, the oxygen content of the CF anode
increases by 118.4% compared to the control group. While the
oxygen content in the CF anode also increases with increasing
NaCl electrolyte concentration, the increase is smaller than
that observed with increasing current density. The EDS data
are consistent with the abundant presence of oxygen-
containing functional groups in the FTIR spectra, which
correspond to the continuous decrease in hardness and elastic
modulus of individual fibers with increasing current density.
These findings suggest a strong correlation between the
degradation trend of CF anodes in electrochemical systems
and their elemental composition, particularly the oxygen
content. Further characterization and analysis of this relation-
ship are necessary.
3.3. Relationship between Mechanical Properties and

Elemental Composition. As demonstrated in the previous
section, there is a strong correlation between the degradation
tendency of CF anodes in electrochemical systems and their
oxygen content. Hence, it is imperative to compare and discuss
the relationship between them.
Figure 6 illustrates the decrease in various mechanical

properties of CF anodes as the oxygen content increases, with
NaCl electrolyte concentration kept at 3%. As shown in the
figure, when the oxygen content of CF anodes increased from
22.67% (unenergized) to 27.31% (current density 1.0 A/m2),
the reduction degree of their mechanical properties varied
significantly. The decreasing order was elongation at break
(63%) > hardness (35%) > elastic modulus (20%) > maximum
tensile force (12%). These findings suggest that the toughness
of the CF anode is greatly reduced and becomes brittle at this
stage, but the ultimate tensile strength does not decline

Figure 4. FTIR spectra of CF anodes as a function of current density
(a) and electrolyte concentration (b).

Figure 5. Content of oxygen vs currents and concentration of NaCl electrolyte in CF anodes.
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significantly. Furthermore, the decrease in the hardness of
individual fibers is greater than that of the elastic modulus.
As the oxygen content increased to 33.88% (current density

2.5 A/m2), the elongation at break of CF anodes continued to
decrease, while the maximum tensile force remained mostly
unchanged. This suggests that the CF anode sample
maintained its original tensile strength but became more
brittle, with the elastic modulus of individual fibers still
decreasing more than the hardness. When the oxygen content
further increased to 49.51% (current density 7.5 A/m2), the
elastic modulus and hardness of individual fibers continued to
decrease, resulting in the CF anode losing its tensile ability due
to longitudinal fiber fracture. Consequently, the elongation at
break and maximum tensile force dropped sharply to zero.
Figure 7 illustrates the changes in mechanical properties of

CF anodes as the oxygen content increases, with NaCl current

density kept at 1.0 A/m2. As shown in the figure, when the
oxygen content of the CF anode sample increased from
27.31% (NaCl electrolyte concentration 3%) to 31.74% (NaCl
electrolyte concentration 10%), its maximum tensile force and
elongation at break remained largely unchanged, while the
elastic modulus and hardness of individual fibers continued to
decrease.
When the oxygen content in the CF anode sample increased

from 31.74% (with NaCl electrolyte concentration of 10%) to

37.13% (with NaCl electrolyte concentration of 20%), the
elongation at break remained relatively stable, but the
maximum tensile force decreased significantly. This suggests
that while toughness remains largely unchanged, tensile
strength can be greatly reduced, which is the opposite effect
of current density increase-induced degradation. Additionally,
the elastic modulus and hardness of individual fibers continued
to decrease as before.
It is speculated that the degradation of CF anodes in

electrochemical systems can be divided into two parts. The
first part involves changes to the molecular structure, where an
increase in oxygen-containing functional groups breaks the six-
membered ring of CF graphite crystallites. Excessive oxidative
etching destroys the edges of graphite crystallites, resulting in
brittleness of the carbon layer connected to oxygen-containing
groups.12

The change is noticeable at low current densities (1.0 A/m2)
and increases gradually with current density. Introduction of
oxygen-containing groups increases polar adsorption sites and
chemical bonding points between molecular interfaces,
improving interlaminar shear strength of CFs.12,13 This
improvement is reflected in increased maximum tensile force
and individual fiber elastic modulus in this experiment, partially
offsetting adverse effects of molecular structure changes on
tensile properties. The second part involves erosion of the
surface of the CF anode, mainly affecting the surface part of
the carbon fiber. Since converted functional groups are
hydrophilic, the surface of the CF anode dissolves and falls
off with an increasing oxidation degree, generating surface
defects and reducing overall mechanical properties.
3.4. Morphological Observation of Single Fibers. To

verify the above explanation, SEM images of different CF
anodes were taken and are shown in Figure 8. The surface of

the unenergized sample (I0S3) is very smooth, reflecting
superior mechanical properties of the CF. With increasing
current density and NaCl electrolyte concentration in the
electrochemical system, cracks and defects on the surface of
the CF anode gradually increase, especially evident in the
I30S3 sample, consistent with changes in mechanical proper-
ties.
The decline in overall mechanical properties of the CF

anode is due to both molecular structure changes and surface
corrosion. From the aspect of molecular structure change, the
C−C bond reacts with water and oxygen ions, leading to the
break of the six-membered ring carbon structure and oxidation
into carboxyl groups (−COOH), carbonyl groups (−C�O),
and hydroxyl groups (−OH). Thus, changes in the molecular

Figure 6. Decline in mechanical properties of CF anodes varying with
content of oxygen at constant concentration of NaCl electrolyte (3%).

Figure 7. Decline in mechanical properties of CF anodes varying with
content of oxygen at constant current density (1.0 A/m2).

Figure 8. Secondary electron images of CF anodes through EDS.
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structure lead to a decrease in elongation at break with
increasing current density, while the maximum tensile force
remains relatively stable due to increased polarity of the
molecular structure until longitudinal fibers dissolve and fall off
due to excessive surface defects. From the aspect of surface
corrosion, cracks and defects on the surface of the CF anode
have compromised the integrity of the CF. Increasing NaCl
electrolyte concentration has little effect on the molecular
structure of the CF anode but increases the area and depth of
surface corrosion, resulting in a significant decrease in the
maximum tensile force of the CF anode while elongation at
break remains basically unchanged for the nonsurface part of
individual fibers.
The decline in mechanical properties of individual fibers is a

result of simultaneous effects of molecular structure changes
and surface corrosion of the CF anode, adversely affected by
increasing current density and NaCl electrolyte concentration.
Due to increased polarity of the molecular structure, the
decrease in the elastic modulus of individual fibers is smaller
than that of hardness, with no obvious trend when current
density increases from 1.0 to 2.5 A/m2. At 7.5 A/m2, the
corrosion area and depth of individual fiber surfaces increase
significantly, greatly weakening the offset effect caused by
polarity of the molecular structure and the negative impact of
defects on mechanical properties increases, eventually leading
to fracture of the CF anode.
3.5. Investigation on Three-Phase Boundary Regions.

When the CF is utilized as an anode in electrochemical
systems, its tendency to fracture frequently can disrupt the
electrolysis process and result in avoidable material loss,
ultimately reducing the overall recycling efficiency. Thus, it is
crucial to identify a viable solution to prevent premature
fracture of specific sections of the CF anode.

3.5.1. Region Delineation of the CF Anode. During
electrolysis in electrochemical systems, the corrosion of each
CF anode is most evident at a specific height above the
electrolyte surface, as illustrated in Figure 9. This region,
known as the gas/liquid/solid three-phase boundary (TPB)
region, exhibits a rough surface and increased brittleness when

touched.14 The TPB region arises due to the higher oxygen
concentration in air compared to the electrolyte during
electrolysis. This leads to the generation of oxygen ions from
the loss of electrons, which dissolve into the interstices
between fibers within the TPB region and accelerate the
oxidation of the CF anode in this area.15

Increasing the current density from 1.0 to 2.5 A/m2 not only
doubles the area of the TPB region of the CF anode but also
causes fractures at the surface of the electrolyte. The increase
in the TPB region’s area is due to both capillary action, which
causes upward movement of the electrolyte in slender
interstices between fibers, and electroosmosis.16 As the electric
field force increases with a higher current density, the
electrolyte climbing height also increases. Since the electro-
chemical reaction takes the longest time at the lower edge,
fractures occur first in this area.
At a current density of 7.5 A/m2, the height of the TPB

region of the CF anode remained unchanged but the surface
corrosion of the fibers became more severe. The TPB area
exhibited disordered fiber surfaces, with indistinguishable
contours between transverse and longitudinal fibers, and the
position of the first fracture shifted from the lower edge to the
upper edge. This illustrates that current density has a direct
effect on the degree of CF anode corrosion, with higher
current densities resulting in more pronounced corrosion.
Capillary action and electroosmosis cause electrolyte climbing
until evaporation and replenishment reach a dynamic balance,
halting TPB region expansion. However, further testing is
required to determine the reason for the change in the CF
anode’s fracture position.

3.5.2. Difference between the Regions. To gain a better
understanding of the differences between the TPB region and
non-TPB region on the CF anode and determine why the
fracture position changes at varying current densities, this
study utilized the most degraded I30S3 sample (current
density 7.5 A/m2) after electrolysis to characterize functional
group differences at four locations using the FTIR method.
The FTIR spectrum results, as shown in Figure 10, were

obtained from four different locations: 20 mm above the TPB
region, the center of the TPB region, 20 mm below the TPB
region, and 80 mm below the TPB region. The spectrum
measured at the center of the TPB area exhibited five
particularly prominent peaks (3378, 1728, 1613, 1410, and 550
cm−1), which correspond to the stretching vibration peak of
O−H in carboxyl groups (−COOH), the stretching vibration
peak of the carbonyl group (−C�O), the stretching vibration
peak of C�O in carboxyl groups (−COOH), in-plane
bending vibration of hydroxyl groups (−OH), and out-of-
plane bending vibration of hydroxyl groups (−OH),
respectively.11 It can be inferred that on the surface of the
TPB region of the CF anode, the C−C bond reacts with water
and oxygen ions, leading to continuous oxidation into a large
number of carboxyl groups (−COOH), carbonyl groups
(−C�O), and hydroxyl groups (−OH). As the number of
oxidized C−C bonds increases, defects on the surface of the
CF anode become more apparent, ultimately resulting in
fracture. A schematic illustration of the oxidative degradation
progress of the TPB region in the CF anode is presented in
Figure 11.
At a current density of 7.5 A/m2, the first fracture in the

TPB region occurs at the upper edge, indicating that this area
experiences the fastest oxidation rate under these electrification
conditions. This may be due to capillary action andFigure 9. TPB regions in all CF anodes.
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electroosmosis, which cause a significant amount of electrolyte
absorption in the fiber interstices within the TPB region.
During energization, these electrolytes release oxygen through
electrolysis, with some escaping directly into air and the rest
moving up to the top of the TPB region, resulting in the
highest oxygen content in the electrolyte at the upper edge and
the most rapid oxidation of the CF anode. When the current
density is low, the oxygen content of the electrolyte at the
upper edge of the TPB region is not significantly different from
other positions due to slower accumulation rates, while the CF
at the lower edge undergoes the longest oxidation time and
fractures first.

3.5.3. Discussion. To prevent the occurrence of TPB
regions in electrochemical systems, the oxygen content of the
environment surrounding the CFRP can be reduced by
increasing the protective layer thickness or optimizing the
epoxy resin proportion to reduce microchannel generation
between individual fibers. The functional group changes during
degradation are consistent with reactions during electro-
chemical recycling of waste CFRPs, where the C−C bond
reacts with water and oxygen ions, continuously oxidizing into

carboxyl groups (−COOH), carbonyl groups (−C�O), and
hydroxyl groups (−OH).6
The recycling efficiency of the TPB region is higher than

other regions during electrochemical progression for recycling
waste CFRPs. If fully utilized, this feature can effectively
improve the efficiency of electrochemical recycling of waste
CFRPs. For instance, gradually moving the CF anode
downward during electrification can prevent excessive
degradation of the CF anode by avoiding a prolonged stay in
the TPB region, which leads to fracture. This implies that if
each region of the CF anode can be retained in the TPB region
for a sufficient duration and then dissolved into the electrolyte
with the aid of oxygen-containing functional groups on its
surface, there is a significant potential to enhance the efficiency
of electrochemical recycling of waste CFRPs.

4. CONCLUSIONS
The study investigated the degradation mechanism of CF
anodes by analyzing changes in their mechanical properties,
functional groups, morphological observation, and elemental

Figure 10. FTIR spectra of the CF anode (I30S3) at different regions.

Figure 11. Schematic presentation of the oxidative degradation progress of the TPB region in the CF anode.
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composition of individual fibers. The results are summarized
below.

• CF anodes underwent significant corrosion during their
use in the electrochemical system, as demonstrated by a
decrease in tensile strength and ductility, even with a low
current density (1.0 A/m2) and NaCl electrolyte
concentration (3%). The TPB region was particularly
affected by severe degradation.

• The quantity of oxygen-containing functional groups in
the TPB region is the primary factor that influences the
degradation performance of CF anodes. This leads to a
gradual decrease in the hardness and elastic modulus of
individual fibers, ultimately resulting in the fracture of
the CF anodes.

• The degradation of the TPB region in CF anodes can be
attributed to two primary factors. First, the increase in
oxygen-containing functional groups in individual fibers
leads to breaks in the six-membered ring of CF graphite
crystallites. Second, the surface erosion of CF anodes
causes it to gradually dissolve and fall off with stronger
oxidation, ultimately resulting in the formation of defects
and worsened mechanical properties.

• The degree of degradation in CF anodes is higher with
an increase in current density and electrolyte concen-
tration, which can be attributed to the corresponding
rise in the oxygen element content.

• If each region of the CF anode can be retained in the
TPB region for a sufficient duration and then dissolved
into the electrolyte with the aid of oxygen-containing
functional groups on its surface, there is a significant
potential to enhance the efficiency of electrochemical
recycling of waste CFRPs.
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