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Carbon cloth surface engineering
for simultaneous detection of
ascorbic acid, dopamine, and uric
acid in fetal bovine serum

Lijun Bian™, Xinglin Su & Jialu Wang

Carbon cloth (CC) was electrochemically activated using three electrochemical methods in different
electrolytes. The gases released during the activation process etched the surface of the CC, thereby
increasing its surface area of the activated CC (FCC). Moreover, functional groups such as oxygen-
containing groups and N-doping have been introduced. The quantity and type of functional groups
introduced during the activation process were related to the anions in the solution. FCC electrodes
were used to construct electrochemical sensors for the simultaneous determination of ascorbic acid
(AA), dopamine (DA), and uric acid (UA). The PFCC electrode activated by advanced cyclic voltammetry
in (NH,),HPO, showed linear ranges for AA, DA, and UA concentrations of 0.1 to 2.1 mM, 0.5to 11
MM, and 0.5 to 11 puM, respectively. The detection limits are 72.93, 0.22, and 0.42 pM, respectively.
The good flexibility the PFCC electrode made it suitable for the preparation of flexible sensors. The
simultaneous determination of AA, DA, and UA in fetal bovine serum showed a reliable recovery ratio.
This study provides a simple and green approach for activating carbon cloth and constructing flexible
electrochemical sensors with the potential to simultaneously detect AA, DA, and UA.
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Ascorbic acid (AA), dopamine (DA), and uric acid (UA) are essential organic substances that maintain human
activity. AA is an antioxidant used to treat scurvy and low AA levels can lead to anemia and other diseases?. DA
is the most abundant catecholamine neurotransmitter in the brain and its low levels can cause many neurological
diseases>®. UA is the final product of purine metabolism, and excessive UA can lead to gout™®. Monitoring
their contents is of great significance to human health’. Spectrophotometry®, fluorescence’, and electrochemical
sensors'®!! have been adopted for the detection of AA, DA, and UA.

Electrochemical sensors have attracted significant attention because of their simplicity and excellent
sensitivity. However, owing to the overlapping voltammetric responses of AA, DA, and UA, distinguishing
their coexistence in biological matrices remains challenging. Many electroactive materials have been used to
modify traditional electrodes, including metal oxides!®!?, carbon nanomaterials'*~'%, and other materials'®!”.
Among these electroactive materials, carbon is considered to be the most promising electrode material because
of its natural abundance, low fabrication cost, and chemical stability. Moreover, the electrocatalytic activity,
conductivity, and electrolyte affinity of carbon materials can be tailored by doping with heteroatoms, such as N,
0O, and S'. Owing to their excellent properties, carbon materials have been extensively used in energy storage
and conversion devices'?, photocatalysis?’, and electrochemical catalysis®!.

Flexible electrochemical sensors have flexible substrates that can overcome the brittleness of traditional
rigid electrochemical sensors. Thus, they are promising candidates for use in wearable devices?*?*. The primary
components of flexible electrochemical sensors are the flexible substrates and active materials?!. Polymers and
carbon materials are commonly used as flexible substrates. Various materials, including carbon materials®,
polymers?®, and metal compounds?® have been employed as active components in the fabrication of flexible
sensors. Most flexible electrochemical sensors are manufactured by depositing the active material onto the
surface of a flexible substrate, which is a tedious process. The adhesion between the active material and flexible
substrate significantly influences its performance. Carbon cloth (CC) is a low-cost conductive fabric composed
of numerous uniform carbon microfibers. Although CC has excellent mechanical flexibility, strength, and good
application prospects in flexible electrochemical sensors, little attention has been paid to it. The hydrophobicity
and small specific surface area of carbon cloth hinder its application in electrochemistry?’. Efforts have been
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made to activate the CC to improve its electrochemical performance?®?°. High-temperature annealing affords

CC a larger hydrophilic surface, more functional groups, and excellent electrocatalytic performance for the
reduction of imidacloprid?’. A two-step reduction process after chemical exfoliation was used to activate CC.
The formation of exfoliated carbon fiber structures on the surface of the carbon fibers increases the surface
area®,

Compared with previous activation methods, electrochemical methods eliminate the use of strong oxidants,
have a controllable electromotive force, and are simpler, more effective, and more cost-effective. Activated CC
obtained through electrochemical oxidation in a mixed acid solution exhibited excellent capacitive performance.
The increase in pseudocapacitance was due to the enhancement of the surface area and functional groups®.
In our previous study, we activated CC at a constant potential in a solution containing NH,NO,. Oxygen-
containing groups and doped nitrogen were introduced onto the surface of the activated CC. It is unclear
whether the doped nitrogen originates from ammonium or nitrate ions*!. This study further investigated the
effects of electrochemical methods and electrolytes on the type and quantity of functional groups during the
activation process. The advanced cyclic voltammetry (CVA) method introduced the most functional groups
and largest surface area. Different doping atoms were introduced when different electrolytes were used. The
PFCC electrode obtained by CVA treatment in (NH,),HPO, solution had a large surface area, abundant oxygen-
containing groups, doped N, and doped P. The high surface area and functional groups provide numerous active
sites to catalyze the oxidation of AA, DA, and UA. The superior catalytic properties and flexibility of the PFCC
electrodes make them highly suitable for the development of flexible sensors that do not require additional
substrates. This environmentally sustainable activation method represents a novel approach for the fabrication
of flexible sensors. The simultaneous determination of AA, DA, and UA in fetal bovine serum (FBS) showed a
reliable recovery ratio.

Experimental

Reagents and materials

AA, DA, and UA were obtained from the Aladdin Biochemical Technology Co. Ltd. (Shanghai, China). All
other reagents were of analytical grade and used without further purification. FBS was purchased from Sangon
Biotech Co., Ltd. (Shanghai). Phosphate buffer solutions (PBS) were prepared from Na,HPO, and NaH,PO,. CC
was obtained from Fuel Cell Earth LLC (USA) and washed thoroughly with acetone and deionized water before
electrochemical activation.

Electrochemical activation of carbon cloth

Three electrochemical methods were used to activate CC. Method 1 is CVA. Ten cyclic voltammetry scans were
conducted in 1 M solutions of (NH,),SO,, (NH,),HPO,, and NH,Ac between - 1.9 to 1.9 V (vs. SCE), with each
scan held at 1.9 and - 1.9 V for 1 min, respectively. The activated CC electrodes were denoted as SFCC1, PFCC,
and AFCC. In methods 2 and 3, CC electrodes were activated through anodic or cathodic electrolysis at +1.9 V
and - 1.9 Vin 1 M (NH,),SO, for 10 min. The activated CC electrodes were denoted as SFCC2 and SFCC3.
Characterization

The surface morphologies were analyzed using a Hitachi SU-8010 field-emission scanning electron microscope
(FE-SEM, Japan). The surface elemental composition of FCCs was investigated by X-ray photoelectron
spectroscopy (XPS) (ESCALAB 250Xi, Thermo Scientific Escalab, USA). Contact angles were evaluated using
a contact angle meter (KRUSS DSA25, Germany), and material hydrophobicity was assessed using deionized
water droplets.

Results and discussion

Effect of electrochemical methods

The morphologies of the CC and SFCC electrodes are shown in Fig. 1. The surface of the CC was smooth and
flat, with few cracks. The number of cracks on the surface of SFCC3 was comparable to that on the surface of CC
but fewer than those on the surfaces of SFCCI and SFCC2. The cracks on the surface of SFCC2 were wider and
deeper than those on SFCC1 and SFCC3. This is related to the different electrochemical reactions that occurred
during the three activation processes. During the activation process of SFCC3, the electrode potential is lower
than the hydrogen evolution potential, and the hydrogen evolution reaction (HER) hinders the intercalation
of cations into the graphite layers®2. The reaction mainly occurred on the surface and the released H, etched
the CC surface, resulting in fewer cracks. During the activation process of SFCC2, hydroxyl (OH-) and oxygen
radicals (O-) produced by water oxidation hydroxylate or oxidize the surface of CC, resulting in the formation of
oxygen-containing functional groups, such as hydroxyl (C-OH) carbonyl (C=0) and carboxylic acid (COO-)
groups®**. At the same time, the oxidation of CC at the edges and defects reduces the van der Waals force
between the graphite sheets and facilitates the insertion of sulfate ions and water into the graphite layer®*3°.
Hence, oxygen evolution occurred not only on the surface of the carbon fiber but also at the inner site, and the
released O, gases caused some graphite to fall off the surface of SFCC2, leading to more and wider cracks on
the surface of SFCC2. In the activation process of SFCC1, redox reactions occur alternately on the electrode
surface. The oxidized CC was reduced during the cathode process; therefore, fewer sulfate ions and water were
inserted into the graphite layer, resulting in fewer and narrower cracks than those on SFCC2, and the degree of
oxidation of SFCC1 was lower than that of SFCC2. The cracks on the surface of the SFCC electrodes increased
their surface areas. The increased surface area provides more active sites for catalysis, thereby enhancing the
electrocatalytic performance of the SFCC electrodes towards CC. The electrochemically active areas of the CC
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Fig. 1. SEM images of CC (a), SFCC1 (b), SFCC2 (c), and SFCC3 (d) electrodes.

C% |N% |[O% |S%
CcC 9091 | 1.14 | 7.95 |/
SFCC1 | 66.41 |2.17 | 29.27 | 2.15
SFCC2 | 54.86 | 2.33 | 39.56 | 3.24
SFCC3 | 87.02 | 1.30 | 11.68 | 0.20

Table 1. Surface composition of CC and SFCC determined by XPS (at%).

and SFCC electrodes calculated using the Randles-Sev¢ik equation (i, =(2.69x10°) n¥? D2 v!2 A ¢) were
0.037, 0.132, 0.083, and 0.041 cm?, respectively.

XPS was used to compare the type and quantity of functional groups introduced during the activation process.
The atomic percentages of these materials are listed in Table 1. CC contains 1.3% N because the raw material
for preparing CC is polyacrylonitrile. After activation, the oxygen contents of SFCC1 and SFCC2 significantly
increased, whereas that of SFCC3 did not change significantly. The S element appeared on the surface of all
SECC electrodes. The introduction of S doping through electrochemical methods has been reported in the
literature, in which N and S co-doped graphene was obtained by electrochemical exfoliation using (NH,),SO, as
the electrolyte®®’. The nitrogen content of SFCC1 was comparable to that of SFCC2 and higher than that of CC
and SFCC3, indicating that N was introduced during the anodic activation process. N was introduced through
condensation and amination reactions between the oxidation products of ammonia and oxygen-containing
functional groups®*%.

The high-resolution C 1s spectra are shown in Fig. S1 (Supplementary Information). It can be divided
into four peaks, carbon sp2 bonds, C=C (284.7 eV), C-N/C-O/C-S (285.9 eV), carbonyl/quinone group,
C=0 (287.2 eV) and carboxylic group O-C=0 (288.9 eV)3*3740, The distributions of the oxygen-containing
functional groups are summarized in Table 2. The sp2 hybrid carbon content was dominant in all the samples.
The carboxylic groups were reduced during cathodic activation; thus, there were no carboxylic groups on
SECC3. More oxygen-containing functional groups are introduced during the anodic activation process. The
number of oxygen-containing functional groups in SFCC1 and SFCC2 was much higher than that in CC and
SECC3. Owing to the reduction of some oxygen-containing groups introduced during the anodic process in
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Csp? | C-O/C-N/C-S |C=0 | 0-C=0
CcC 60.53 | 26.12 9.72 3.63
SFCC1 | 70.52 | 14.11 8.17 7
SFCC2 | 63.6 6.87 22.94 |6.56
SFCC3 | 84.79 | 15.21 / /

Table 2. Distributions of the oxygen-containing functional groups (%).
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Fig. 2. N 1s high-resolution spectra of (a) CC, (b) SFCC1, (c¢) SFCC2, (d) SFCC3.

the cathodic step, the carbonyl/quinone group content in SFCC1 was lower than that in SFCC2. An appropriate
number of oxygen-containing functional groups can improve the electrochemical activity, but a large number of
oxygen-containing functional groups may destroy the n-n conjugate structure of graphite and reduce the carrier
mobility and carrier concentration, thus reducing the conductivity of CC*"42. The electrochemical impedance
results showed that SFCC2 had the lowest charge-transfer resistance (Fig. S2).

The amount of nitrogen in SFCC3 is comparable to that in CC, whereas the amount of nitrogen in SFCC1
and SFCC2 is higher than that in CC, which means that nitrogen can be introduced during the anodic activation
process, but not during the cathodic activation process. The doping of electron-rich N atoms induces positive
charge density redistribution on adjacent carbon atoms, which facilitates the chemical adsorption and charge
transfer of the analyte, thereby enhancing the catalytic activity?>*4. As shown in Fig. 2, the N 1s spectrum can be
deconvoluted into pyrrolic N (399.8 eV), graphitic N (400.8 eV), and pyridinic N-oxide (NO,) (402.1 eV)?>*>4,
The configuration of nitrogen in CC is pyrrolic N, a portion of which is converted into graphite-N and pyridinic
N-oxide after electrochemical activation. Graphitic-N promotes catalytic activity by reducing the absorbed
energy and improving the electrical conductivity*>**. Pyridinic N-oxide (NOx) was observed in SFCC1 and
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SECC2, which may have been introduced during the oxidation-activation process. Because the oxidation
reaction occurred throughout the entire activation process of SFCC2, both the oxidation and reduction reactions
occurred during the activation process of SFCC1, and the NOx and oxygen contents of SFCC1 were lower than
those of SFCC2. Pyridinic N-oxide can increase the hydrogen bonding between AA, DA, and UA molecules,
thereby enhancing electrocatalytic activity®.

The S 2p spectrum can be divided into four peaks: thiophene-S1/2 (164.9 eV), thiophene-S3/2 (166.1 eV),
C-SO, (168.6 V), and C-SO_ (170 eV)*®*8 as shown in Fig. $3. The doped-S can accelerate the transfer of
electrons to biomolecules, thereby improving electrocatalytic performance®.

The surface of CC is hydrophobic, with a contact angle of 130° (Fig. 3a), which is related to hydrocarbon
pollution in the air®. The contact angle of SFCC3, which was also hydrophobic, was 128°. The activation process
may not be able to remove hydrocarbon contamination and introduce sufficient oxygen-containing groups,
resulting in no improvement in the hydrophilicity of the SFCC3. Poor interface contact with the electrolyte can
weaken electron transport on the electrode surface?. Figure 3b and c indicate that the wetting performance of
carbon cloth was greatly improved. The gases released during the activation process, such as O,, may etch the
surface of CC, thereby removing hydrocarbon contamination. Oxygen-containing groups were also introduced
during the activation process, leading to an improvement in hydrophilicity. The contact angle of SFCC2 was
smaller than that of SFCCI, which was related to the presence of more oxygen-containing groups on the surface
of SFCC2. Increasing the surface hydrophilicity can improve the electrochemical performance of the electrodes,
as the electrochemical response largely depends on the adsorption and permeation of electrolytes on the
electrode surface.

The CV curves recorded in the solutions containing 1 mM AA, 50 uM DA, and 100 uM UA are shown in
Fig. 4a-c. The conversion of the hydroxyl groups to carbonyl groups in the furan ring of AA at all electrodes was
irreversible. The oxidation potential of AA at SFCCI shifted negatively to -24 mV, which is more negative than
that of CC (20 mV), SFCC2 (4mV), and SFCC3 (-22 mV). The negative shift potential may be attributed to the
high conductivity of graphitic-N as well as the increased number of active sites provided by pyridine nitrogen
oxides and doped $***8. The response current at SFCC1 was higher than those at SFCC1, SFCC3, and CC,
which was related to its highest surface area, which is consistent with the previous SEM results. The responses
of all electrodes to DA were similar and a well-defined redox couple was observed for all electrodes. The peak
separations at the CC and SFCC electrodes were 41, 34, 23, and 36 mV, respectively. The smaller peak separation
at SFCC was attributed to the interaction between the hydroxyl or amine groups in DA molecules and the
nitrogen and sulfur atoms doped in SFCC through hydrogen bonds. The response current of DA at SFCC1 was
the highest. The oxidation of UA at the CC was irreversible; in contrast, a reduction peak appears at the SFCC,
indicating that the reaction reversibility of UA was promoted.

The oxidation peak of AA overlapped with that of DA on CC; therefore, there were only two oxidation
peaks when the three components coexisted in solution (Fig. 4d), and the simultaneous detection of these three
biomolecules at the CC electrode was impossible. In contrast, the oxidation potential of AA on SFCC decreased

b

Fig. 3. The contact angles of water on (a) carbon cloth and (b) SFCCI, (c) SFCC2, (d) SFCC3.
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Fig. 4. CV response of CC and FCC electrodes in the solution containing AA (a), DA (b), UA (c), AA, DA,
and UA (d).

to approximately 0 V; therefore, there were three oxidation peaks in all the CV curves of SFCC, which could
achieve simultaneous detection. The oxidation currents of AA, DA, and UA at SFCC1 and SFCC2 were much
higher than those at CC and SFCC3, which was attributed to the increase in surface area during the activation
process, providing more active sites. The peak potential separation (AEp) between AA and DA in SFCC1 (188
mV) was larger than those in SFCC2 (145 mV) and SFCC3 (171 mV). The larger AEp and higher peak current
indicate that SFCC1 exhibits excellent electrochemical performance and can be used for the simultaneous
determination of AA, DA, and UA. The excellent electrochemical performance of SFCC1 may be attributed to
the following factors: (i) The high surface area caused by the activation process provides a large number of active
sites, and (ii) Doping with N and S provides more active sites, alters its electronic structure, and enhances its
conductivity.

The influence of electrolytes on electrocatalytic performance

Based on the above results and discussion, the cathodic activation process cannot increase the active area
of SFCC3 nor can it introduce doped N. Consequently, SFCC3 exhibited poor electrochemical sensing
performance. Not only oxygen-containing groups but also doping-N and S can be introduced by the anodic
activation process. Excessive oxygen-containing functional groups disrupt the conductivity of SFCC2, leading
to a decrease in the electrocatalytic performance. The CVA activation process involves anodic and cathodic
electrolysis, and doping-N, doping-S, and oxygen-containing functional groups can be introduced during this
process. The conductivity of SFCC1 is superior to those of SFCC2 and SFCC3, and the electrochemically active
area of SFCC1 is larger than those of SFCC2 and SFCC3, which makes SFCC1 has the best electrochemical
sensing performance. The CVA activation process is superior to single anodic and cathodic activations. Activate
CC with CVA in different ammonium salt solutions to further investigate the effect of electrolytes on the type
and quantity of functional groups and the electrochemical performance.
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Fig. 5. SEM images of AFCC (a) and PFCC (b).

C% |N% [O% |P%
PFCC |67.13 | 595 | 26.22 | 0.70
AFCC | 84.56 | 1.77 | 13.67 |/

Table 3. Surface element composition of PFCC and AFCC determined by XPS (at%).

The surface morphologies of PECC and AFCC obtained via CAV activation in 1 M (NH,) ,HPO, and NH, Ac
are shown in Fig. 5. The surface of AFCC was smooth, with a few shallow cracks. During the cathodic activation
process, the HER hindered the intercalation of cations into the graphite layers; consequently, the HER mainly
occurred on the AFCC surface. During the anodic activation process, the acetate ions were oxidized to CO, and
could not be inserted into the graphite layer. Therefore, AFCC had few shallow cracks. The cracks on the surface
of PFCC were deeper and wider than those on SFCC1. The radius of PO,*~ is larger than that of SO,*~, which
has a stronger wedge effect and is conducive to expanding the space between the graphite sheets and facilitating
the entry of water and electrolytes. The insertion of water and electrolytes causes graphite sheets to easily fall
off the carbon fiber, leading to deep and wide cracks. The electrochemically active areas of the AFCC and PFCC
electrodes calculated using the Randles-Sev¢ik equation were 0.079 and 0.053 cm?, respectively.

The surface compositions of PFCC and AFCC, determined by XPS, arelisted in Table 3. The nitrogen content of
AFCC was slightly higher than that of CC and lower than those of SFCC1 and PFCC, indicating the introduction
of a small amount of nitrogen. The nitrogen content of PFCC was much higher than those of SFCC1 and AFCC,
indicating that the activation in phosphate can facilitate N doping. Phosphorous was observed on the surface of
PFCC, indicating its introduction during activation. A similar electrochemical method was used to obtain N, P
co-doped graphene in (NH,),HPO, solution®**’; however, the doping mechanism is still unclear. The oxidation
of acetate prevented the oxidation of CC, resulting in the oxygen content on AFCC being comparable to that
of CC. The oxygen content of PFCC is lower than that of SFCC1 because phosphate can prevent the excessive
oxidation of CC*.

Figure 6 shows the high-resolution N 1s and P 2p spectra. The oxidation of acetate ions not only prevents the
oxidation of CC but also prevents the formation of NOx. Doped nitrogen was present in the form of pyrrolic N
and graphitic N in AFCC. The NOx content of PFCC was significantly lower than that of SFCC1, which can be
attributed to the ability of (NH,),HPO, to inhibit excessive oxidation of CC*’. The high-resolution P 2p spectra
could be fitted to P-C and P-O bonding configuration*>*°. The main component of the P-C bond indicated the
successful incorporation of P.

Fig. 7 shows the electrooxidation of AA, DA, and UA on PFCC and AFCC. The oxidation potentials of AA at
AFCC and PFCC were —49 and — 35 mV, respectively, which were more negative than those at SFCC1 (-24 mV).
The oxidation potentials of UA at AFCC and PFCC were 28 and 26 mV, respectively, which were more negative
than those at SFCC1 (30 mV). This may be attributed to the fact that the greatest number of negatively charged
functional groups on the surface of SFCC1 hinders the oxidation of negatively charged AA (pKa=4.4) and UA
(pKa=5.7) at the electrode surface. The peak separations of the DA redox couples at PFCC and AFCC were 20
and 24 mV, respectively which were smaller than those at SFCC1 (34 mV), indicating the best reversibility and
highest electron transfer rate of the DA redox reaction at PFCC. This may be attributed to the large amount of
doped N, which can improve its conductivity, activate the hydroxy and amine groups, and accelerate the charge
transfer kinetics of DA at PECC®'. Meanwhile, doped P can improve the catalytic activity of the nitrogen atom
active center*>*°, The oxidation of AA was not obvious at AFCC when AA, DA, and UA coexisted; thus, it was
not suitable for the simultaneous detection of AA, DA, and UA. The oxidation currents of AA, DA, and UA on
SFCC1 were the highest, regardless of whether they existed alone or in combination. This was attributed to the
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Fig. 6. N 1s high-resolution spectra of PECC1 (a), AFCC (b), N 1s high-resolution spectra of PFECC (c).
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Fig. 7. CV response of AFCC and PFCC electrodes in the solutions containing AA (a), DA (b), UA (c), AA,
DA, and UA (d).

fact that the maximum surface area of SFCCI1 provided more active sites. The high surface area of SFCCI1 also
generated high capacitive current. The peak potential separations of AA-DA on SFCC1 and PFCC were 184 and
200 mV, and those of AA-UA were 321 and 331 mV, respectively. Considering both current and peak separation,
PFCC was used to detect AA, DA, and UA in subsequent experiments.
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Fig. 9. (a) DPV curves of the PFCC electrode in PBS with different pH values; (b) pH dependence of formal
potentials in DPV curves; (c) Relationship between peak currents and pH.

Effect of the scan rate and pH value

To further investigate the electrochemical behavior of AA, DA, and UA on PFCC, CV's were recorded at various
scan rates, and the results are shown in Fig. 8a—c. As the scan rate increased, the peak current increased, the
oxidation peak shifted positively, and the reduction peak shifted negatively. The relationships between peak
currents and scan rates are shown in Fig. 8d-f. These values are proportional to each other, indicating that the
oxidation reactions of AA, DA, and UA are controlled by surface adsorption®>>>.

To investigate the effect of pH on the electrochemical response of PFCC to AA, DA, and UA, differential pulse
voltammetry (DPV) measurements were conducted in solutions with different pH values. As shown in Fig. 9a,
the peak potential negatively shifted with increasing pH, indicating that protons were involved in the oxidation
process®*. The relationship between the peak potential and pH is shown in Fig. 9b. The slopes of the three linear
regression equations were 31.8, 54.2, and 59.5 mV/pH respectively. According to the Nernst equation, Ep = (-
0.0592 m/n) pH+b (where n is the electron transfer number and m is the number of protons)>*. The slopes of
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DA and UA were close to 59 mV/pH, indicating that their oxidative reactions were two-electron and two-proton
processes. The slope of AA was below 59 mV/pH, indicating a single-proton and two-electron transfer process™.
The response currents of AA, DA, and UA at different pH values are shown in Fig. 9c. The response current of
the three substances is maximum at pH 7; therefore, subsequent experiments were conducted at pH =7, which
is also close to the pH value of human body fluid®’.

Simultaneous determination of AA, DA, and UA

DPV measurements were used to evaluate the electrochemical sensing performance of PECC for AA, DA, and
UA. Figure 10 shows the electrochemical response of PFCC to varying concentrations of AA, DA, and UA.
The three separate peaks in the DPV curves correspond to the oxidation of AA, DA, and UA, respectively.
The oxidation peak currents of AA, DA, and UA were proportional to their concentrations, ranging from 0.1
to 2.1 mM, 0.5 to 11 pM, and 0.5 to 11 pM, respectively. The detection limits were 72.93, 0.22, and 0.42 pM,
respectively. Table 4 presents a comparative analysis of the analytical performance of the PFCC electrode and
previously reported electrodes. PFCC demonstrated an electrochemical performance comparable to that of
previously reported materials. Electrochemical activation offers precise control over the activation process,
allowing the production of FCC electrodes with tunable properties. This method is environmentally friendly
because it typically uses mild electrolytes, avoids harsh chemicals, and operates at room temperature and
atmospheric pressure. Additionally, electrochemical activation is scalable and cost-effective, making it suitable
for the large-scale industrial production of PFCC. Thus, the PFCC electrode showed potential for future use in

electrochemical analytical applications.

Repeatability and stability

Repeatability was determined by recording eight DPV responses in a solution containing 2 mM AA, 10 pM DA,
and 20 uM UA. The response currents to AA, DA, and UA remained almost unchanged, with relative standard
deviations of response current are 0.53%, 0.78%, and 2.4%, respectively. After one week of storage in PBS, the

0.0 0.2
E/V vs. SCE

2 4 6 8 10
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20 25
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Fig. 10. (a) DPV curves of different concentrations of AA, DA, UA on the PFCC electrode in 0.1 M PBS; the
calibration curves of the oxidation peak currents versus the concentrations of (b) AA, (c) DA, (d) UA.
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g-CN,/
MWNTs/ 200-7500 | 2-100 | 4-200 | 96 022 [136 |!
GO
ERGO/GCE | 500-2000 | 0.5-60 | 0.5-60 | 250 | 0.5 0.5 2
LaV- 5
MWCNTs |~ 2-100 | 2-100 |- 0.046 | 0.025
2.5-40 7
S-fs-ERG 40-1000 | 0-1-50 | 0.5-50 | 2.5 0.1 0.1
FCC2 100-4000 | 0.02-3 | 0.1-10 | 5.8 0.014 | 0.066 | 3!
PFCC 1-2100 0.5-11 | 0.5-11 | 72.93 | 0.22 | 0.42 | This work

Table 4. Comparison of electroanalytical parameters of different electrodes for simultaneous determination of
AA, DA, and UA.

10 2 flat PFCC
curved PFCC ﬁ

é 6 curved PFCC flat PFCC
S~
~

U7 o 0l —na
E/V vs. SCE

Fig. 11. DPV curves of the flat (a), curved (b) PFCC electrode.

response current to AA, DA, and UA remained at 90% of the initial current. The good stability of the PFCC
electrodes is beneficial for practical applications.

Flexibility of PFCC

The development of flexible sensors with both high mechanical flexibility and sensitivity remains a significant
challenge?. The excellent flexibility of CC makes it possible to manufacture flexible sensors. The flexibility of
the sensor was evaluated by folding the PFCC at 180 °. Figure 11 shows the electrochemical response of flat or
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Sample | Analyte | Detected (uM) | Added (uM) | Found (uM) | Recovery (%) | RSD(%)
AA - 1000 1080 108 4.99

1 DA - 10 11.06 110.6 4.97
UA 1.07 5 5.74 94.6 245
AA - 1200 1120 93.3 4.47

2 DA - 8 7.39 92.4 292
UA 1.07 8 9.07 100 2.65
AA - 1500 1735 115.6 4.99

3 DA - 5 5.06 101.3 4.58
UA 1.07 10 11.73 116.5 0.53

Table 5. Determination of AA, DA, and UA in fetal bovine serum (n=3).

curved PFCC to 1 mM AA, 20uM DA, and 20 pM UA. The current response of a curved PFCC is approximately
95% that of a flat PFCC, indicating that it possesses high mechanical flexibility and high sensitivity.

Detection of AA, DA, and UA in real sample

To verify the reliability of the practical application of PECC, the AA, DA, and UA contents were determined in
FBS. Different concentrations of AA, DA, and UA were added to the FBS sample diluted 100 times with 0.1 M
PBS (pH=7.0) for recovery experiments, and the experimental results are shown in Table 5. The recovery rate
was between 92.4% and 116.5%, and the RSD obtained from three parallel tests for each concentration was less
than 5%, indicating that the PFCC electrode has good reliability for detecting AA, DA, and UA.

Conclusions

In this study, three electrochemical methods were used to activate CC in 1 M (NH,) ,SO, solution. Redox
reactions occurred alternately on the electrode surface during the activation process using the CVA method.
N and S were simultaneously doped on the surface of SFCC1 after activation, and the electrochemically active
area of SFCC1 was the highest. The high surface area provided numerous active sites, and the doped N and S
also provided additional active sites and enhanced its conductivity; consequently, SFCC1 exhibited excellent
electrocatalytic performance for the oxidation of AA, DA, and UA. The activation of CC with CVA was also
conducted in (NH,),HPO, and NH,Ac solutions. The oxidation of Ac™ inhibited the introduction of oxygen-
containing functional groups and the enhancement of the surface area. Phosphate accelerated the doping of
N; as a result, PFCC demonstrated the highest N doping level. Doping with N can improve the conductivity of
PFCC, activate the hydroxy and amine groups in AA, DA, and UA, and accelerate the charge transfer of AA, DA,
and UA. PFCC was used to detect AA, DA, and UA using the DPV method, which showed linear ranges of AA,
DA, and UA concentrations of 0.1 to 2.1 mM, 0.5 to 11 uM, and 0.5 to 11 uM, respectively. The curved PFCC
showed a similar response to AA, DA, and UA as that of the flat PFCC. The simultaneous determination of AA,
DA, and UA in FBS showed a reliable recovery ratio. These results demonstrate that activating CC using the CVA
method is an effective way to modulate its electrochemical performance and that PFCC is a promising material
for flexible sensors to monitor AA, DA, and UA.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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