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material for sensitive detection of ascorbic acid+
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A highly sensitive electrochemical sensor for the detection of ascorbic acid (AA) was first fabricated using
network-like carbon nanosheets (NCN) as an enhanced electrode modifier. Novel carbon nanosheets
were synthesized from willow catkin via a high temperature carbonization and chemical activation
process with the aid of potassium hydroxide (KOH). The formation of porous and interconnected

structures of the resulting product was characterized by various experiment techniques including

scanning electron microscopy (SEM), transmission electron microscopy (TEM), Raman spectroscopy and

nitrogen isothermal adsorption—desorption technique. The network-like carbon nanosheet modified
glassy carbon electrode (NCN/GCE) exhibited excellent electrocatalytic activity for the electrochemical
oxidation of ascorbic acid owing to the unique network-like and partially graphitic structure. The
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amperometric curve of AA on the NCN/GCE showed a quick current response, a fine linear consistency

of the peak current with the concentration of AA, a low detection limit and an excellent selectivity. Based
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1. Introduction

Ascorbic acid, also known as vitamin C, is a water-soluble
vitamin and commonly used as an antioxidant. As one of the
most important nutrients needed for humans, ascorbic acid
supports a healthy immune system and has been widely used to
prevent or treat the common cold, cancer, infertility and mental
illness."” Furthermore, ascorbic acid content is a key determi-
nant of the eating quality of various foods such as fruits and
vegetables. Thus, it is necessary to establish a quantitative
analysis method for AA determination with high sensitivity and
accuracy. Among the different types of methods, electro-
chemical methods are receiving significant attention due to
their sensitivity, rapidity, accuracy, and low cost.>® Unfortu-
nately, direct oxidation of AA at conventional electrodes is
a sluggish kinetics process, which results in a high over-
potential, poor sensitivity and low selectivity.”*® Thus, the
development of new electrode modifiers with excellent

“Key Laboratory of Superlight Materials and Surface Technology, Ministry of
Education, College of Materials Science and Chemical Engineering, Harbin
Engineering University, Harbin 150001, China. E-mail: y5d2006@hrbeu.edu.cn;
wangguiling@hrbeu.edu.cn

*College of Chemistry and Chemical Engineering, Mudanjiang Normal University,
Mudanjiang 157011, China

T Electronic  supplementary
10.1039/c6ra28805g

1 Junfeng Han and Yiju Li contributed equally to this work.

information  (ESI) available. See DOI:

32020 | RSC Adv., 2017, 7, 32020-32026

on these excellent properties, a new sensing platform was developed and verified by the determination
of ascorbic acid in commercial injections.

electrochemical performance is a key factor to solve the above-
mentioned problems.

Recently, graphene has been suggested as the best-known
electrode material for constructing high-sensitivity sensor due
to its high specific surface area, superior conductivity and good
biocompatibility."** Although the synthesis of graphene has
been successfully carried out,”*™” complicated synthesis proce-
dure and high cost greatly limit its wider applicability in the
future. One of the many ways to overcome these challenges is
nature-inspired nanomaterials with novel structures and
performances, which exhibited potential applications in
multiple areas including supercapacitors,’®?" gas storage,*
catalyst,”® and analytical sensing.*** Willow catkin abounds
with cellulose and is easily available in spring. It has been re-
ported that advantageous carbon nanomaterials containing
unique structure can be prepared via carbonization of cellu-
lose.”*?® Herein, we synthesized the novel graphene-like carbon
nanosheets using willow catkin as the precursor through
a simple pyrolysis and activation. The as-synthesized carbon
nanosheets were first used as an enhanced electrode material
for the analysis of AA. Impressively, the carbon nanosheets
modified glass carbon electrode exhibited outstanding electro-
catalytic activity, high sensitivity and perfect selectivity towards
the detection of AA, which should be attributed to the unique
porous and interconnected structure. The carbon nanosheets-
based electrochemical sensor, with easy synthesis, simple
fabricating process, excellent electrochemical performance and

This journal is © The Royal Society of Chemistry 2017
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low cost, holds great promise for the determination of AA in
practical applications.

2. Experimental

2.1. Reagents and instruments

AA and KOH were purchased from Yongda Chemical Reagent
Company of Tianjin. Other chemical reagents were analytical
grade and used as received without further purification. Phos-
phate buffer solution (PBS) was prepared using Na,HPO,
(0.1 mol L") and NaH,PO, (0.1 mol L™"). Willow catkin was
collected in Heilongjiang province, China.

SEM images were acquired on a JEOL JSM-6480 spectro-
photometer, whereas TEM images were obtained on a FEI
Tecnai G2 S-Twin microscope with an accelerating voltage of
200 kV. Raman spectroscopy analysis was carried out on a Jobin-
Yvon HR800 Raman spectrometer. The N, adsorption-desorp-
tion isotherms were determined with a Micromeritics ASAP
2020 sorptometer at 77 K. Electrochemical impedance spec-
troscopy (EIS) experiments were performed on a ZAHNER
ZENNIUM electrochemical workstation. Other electrochemical
measurements were made on a CHI 900C electrochemical
analyzer (CH Instruments, Chenhua Co., Shanghai, China).

2.2. Synthesis of NCN

Network-like carbon nanosheets were obtained by pyrolysis
and activation of willow catkin.>”* Typically, the willow catkin
was sequentially rinsed with acetone and distilled water before
use. The mixture of 5 g willow catkin and 5 g potassium
hydroxide was added into a certain amount of water under
stirring. Then, the mixture was heated at 80 °C for 6 h to
remove the water and the solid was collected. Next, the solid
was pyrolysed at 400 °C for 3 h and then further heated to
750 °C for 2 h under a continuous argon flow. The resulting
mixture was filtered, washed thoroughly with HCI and water
several times until the pH value of the filtrate became neutral.
After being dried in an oven, the network-like carbon nano-
sheets were obtained. A simplified schematic description of
the whole process is given in Scheme 1. Finally, the carbon
nanosheets were dispersed in dimethylformamide and ultra-
sonicated for at least 1 h to form a 1 mg mL™" uniform
suspension.

Carbonization

%»

Willow catkin

Scheme 1
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2.3. Electrochemical experiments

Electrochemical experiments for determination of AA were
carried out using a typical three-electrode electrochemical
system. The working electrode was a bare or the modified GCE,
the counter electrode was Pt wire and a saturated calomel
electrode (SCE) served as the reference electrode. Prior to
modification, bare GCE was sequentially polished with 0.3 and
0.05 pm alumina slurry, washed ultrasonically in nitric acid and
distilled water respectively for 3 min and then dried under
nitrogen stream. The modified GCE was obtained by dropping 9
uL of the prepared suspension onto the surface of bare elec-
trode and dried under infrared lamp.

3. Results and discussion

3.1. Characterization of NCN

Scanning electron microscopy and transmission electron
microscopy were employed to characterize the surface
morphology of the carbon nanosheets. It is clearly seen in Fig. 1a
that the willow catkin has a hollow, tube-like structure. The SEM
image (Fig. 1b) displays that the carbon nanosheets derived from
willow catkin possess a highly interconnected network-like
structure. Moreover, from the TEM images (Fig. 1c and S1t), we
can clearly observe the lattice fringes on the porous carbon
nanosheets, which demonstrates the partially ordered structure.
Further detailed structure information was inspected by Raman
spectroscopy analysis. As shown in Fig. 1d, the D band appeared
at ~1350 cm™ ' is related to the disordered and defective portions
in the structure, while the G band located at ~1580 cm™*! is
ascribed to the degree of graphitization.**** The integral intensity
ratio (I/Ip) is 0.75, confirming that the carbon nanosheets are
partially graphitized, which is crucial for improving the electrical
conductivity in carbon-based electrodes.*>

Nitrogen adsorption-desorption analysis was used to study
the porosity of the resultant carbon materials. As shown in
Fig. 2A, the carbon nanosheets show the isotherm for type-I,
indicating the significant existence of micropores (<2 nm) in
the materials. The pore size distribution of NCN was further
recognized by density functional theory (DFT) model (Fig. 2B). It
is easy to discover that its pore size distribution mainly focuses
on the range of 1.5-1.8 nm. Impressively, the prepared carbon
materials show a high specific surface area of 1589 m> g,
which demonstrates the sufficient pore openness due to the

Activation

NCN

Illustration of the synthesis process for the network-like carbon nanosheets.
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Fig. 1 The SEM images of willow catkin (a) and NCN (b). The TEM image of NCN (c). The Raman spectra of NCN (d).

activation of KOH. Thus, the carbon nanosheets can be directly
used as an enhanced electrode material for the analysis of AA
owing to the partially graphitic and network-like structure.

3.2. Electroactivity of NCN

EIS was used to reveal the favorable performance of the carbon
nanosheets modified electrode. Fig. 3A provides the Nyquist
plots of the different electrodes in a solution of 5 mM Fe(CN)g*> /4~
in 0.1 M KCl. As we all know, the charge transfer resistance (R.)
corresponds to the diameter of the semicircular region, which
can be used to describe the electron-transfer kinetics of the
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modified electrode.®*** The larger the semicircle portion, the
higher the electron transfer resistance. As shown in Fig. 3A, the
R, of the NCN/GCE is calculated to be 119 Q in fact, much lower
than that of the bare electrode (ca. 281 Q). The result demon-
strates that the carbon nanosheets significantly decrease the
electron transfer resistance and facilitate the electrical
conductivity.

The electrochemical property of the prepared NCN/GCE was
further evaluated by CV using Fe(CN)¢>*~ as redox probe. As
shown in Fig. 3B, the bare GCE displayed a pair of quasi-
reversible redox peaks with a peak separation (AE}) of 75 mV.
According to the literature,® the AE, is the function of the
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Fig. 2 The N, adsorption—desorption isotherm (A) and pore size distribution (B) of NCN.
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Fig.3 (A) Nyquist plots for a bare GCE (a) and a NCN/GCE (b) in a 5 mM Fe(CN)g>~/4~ solution containing 0.1 M KCL. Inset is the equivalent circuit;
(B) CVs of bare GCE (a) and NCN/GCE (b) in a 5 mM Fe(CN)g* 4~ solution containing 0.1 M KCL. Scan rate: 0.05V s,

electron transfer rate. After bare GCE was modified with NCN,
the peak current of the system was increased, while the AE,
decreased by 7 mV. The changes were consistent with the
discussion of EIS, which further confirmed that the carbon
nanosheets possess superior electrical conductivity and are ex-
pected to be a promising material towards AA determination.

3.3. Electrocatalytic oxidation of AA

To examine the electrocatalytic performance of the carbon
nanosheets, the oxidation of 5 mM AA at different electrodes
was conducted using cyclic voltammetry and the results are
shown in Fig. 4. Both bare GCE and NCN/GCE exhibited one
oxidation peak in the test potential range, indicating the irre-
versible electrochemical process of AA on the electrodes. As
expected, after being decorated with the carbon nanosheets, the
oxidation peak potential of AA greatly reduced to 0.045 V and
the anodic current was much higher (ca. 2-folds) than that of the
bare GCE. The smaller overpotential and the higher peak
current offer forceful evidence for the electrocatalytic effect of
NCN towards AA. The increased electrocatalytic activity can be
partly attributed to the formation of the network-like structure
which provides a pathway for rapid electron transfer.*® On the
other hand, a high specific surface area can offer more active
sites to catalyze analyte, which results in an improvement of
electrocatalytic performance.>”*
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Fig.4 CVsof 5mM AAin 0.1 M PBS (pH 6.5) with a bare GCE (a) and
a NCN/GCE (b). Inset: CV curve of a NCN/GCE in 0.1 M PBS (pH 6.5).
Scanrate: 0.1V s
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For an electrochemical sensor, the pH value of supporting
electrolyte is an important operation parameter which could
affect the current response of analyte. The relationship between
the oxidation current of AA and the pH value was investigated by
differential pulse voltammetry (DPV) at different pH values (pH:
5-8). As shown in Fig. 5A, the electrochemical response of
ascorbic acid is dependent on the pH value of PBS and reaches
a maximum at pH = 6.5, which may be attributed to the effect of
pH on the charge density and charge property of AA and
NCN.***® Accordingly, a pH value of 6.5 was chosen for the
determination of AA.

Fig. 5B depicts cyclic voltammograms of NCN/GCE in 0.1 M
PBS containing 5 mM AA acquired at different scan rates, which
can explore the reaction mechanism. It is easy to discover that the
peak potential (Ep,) shifts positively with increasing scan rate in
CV measurements, manifesting a kinetic limitation of AA oxida-
tion at NCN/GCE.*" The relationship between E,, and the natural
logarithm of scan rate (In v) can be expressed as the equation: E,,
(V) = 0.0946 + 0.0299 In v (R* = 0.9953). Based on the well-known
Laviron's equation, the slope of Ep, versus In v graph is equal to
RT/anF. Thus, electron transfer number (n) is calculated to be 2,
indicating that the electrochemical reaction of AA at NCN/GCE is
a two-electron transfer process. As shown in the inset of Fig. 5B,
the anodic current of AA is linear to the square root of scan rate in
the range of 0.02-0.25 V s~', demonstrating that the reaction of
AA at the modified electrode is controlled by diffusion.***

3.4. Amperometric response of AA on the NCN/GCE

Typical amperometric plot of the NCN/GCE with successive
additions of AA at 0.05 V is depicted in Fig. 6. As ascorbic acid
was injected into the stirring PBS, stepwise increase of current
response was achieved within 5 s. Furthermore, the oxidation
peak current of AA has a good linear relation with its concen-
tration (inset of Fig. 5) in the range from 7.5 uM to 0.64 mM,
with a detection limit of 1.2 uM (S/N = 3). The linear regression
equation can be expressed as ip, (HA) = 0.0903-0.02cas (M) (R
= 0.9976). The sensitivity of the proposed sensor is 282.94 pA
mM ' em ™2, which is calculated from the slope of calibration
plot and the active electrode surface area.>**

To further evaluate the analytical performance of the NCN/
GCE for AA detection, different comparison aspects including

RSC Adv., 2017, 7, 32020-32026 | 32023
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(A) Effect of pH value on the oxidation current response of 2.5 mM AA at NCN/GCE. Inset: DPVs of 2.5 mM AA at NCN/GCE with different
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0.10, 0.14, 0.2 and 0.25 V s71). Inset: the oxidation peak current of AA vs. the square root of the scan rate.

. 100mM

Current / pA

b & & o
/

o
Current / pA

S
A

200 400 600
CAA /M

200 400 600
Time /s

A
N
A

800

o

Fig. 6 The amperometric current response of the NCN/GCE upon
successive injection of various concentrations of AA into stirred PBS
(pH 6.5). Applied potential: 0.05 V. Inset: the plot of electrocatalytic
current of AA versus its concentration.

applied potential, linear range and detection limit are listed in
Table 1. The proposed method exhibits better than or compa-
rable performance to those of the previous reports,***** sug-
gesting that the carbon nanosheets can be directly used as an
enhanced material for sensitive determination of AA.

3.5. Selectivity, reproducibility and stability

The selectivity of the NCN/GCE towards the oxidation of AA was
also investigated by amperometric method. Some coexisted
electrochemical biomolecules such as dopamine (DA), uric acid

(UA) and glucose were added into the PBS solution, which
generally introduce serious interference to the determination of
AA. As shown in Fig. 7, compared with a sensitive amperometric
response to AA, the addition of common electroactive species
did not show any interferential response under an applied
potential of 0.05 V. This phenomenon illustrates the high
selectivity of the NCN/GCE towards AA oxidation. Furthermore,
the reproducibility and long term stability of the carbon nano-
sheets modified GCE were systematically investigated through
CV measurement. The relative standard deviation (RSD) is
found to be 4.18% for six repeated measurements of 0.1 mM AA
with the same electrode, indicating the good reproducibility of
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Fig. 7 The amperometric current response at the NCN/GCE upon
successive injections of 20 mM DA (a), 20 mM UA (b), 50 mM glucose
(c), 50 mM AA and 50 mM AA into stirred PBS (pH 6.5). Applied
potential: 0.05 V.

Table 1 Comparison of analytical performance at various electrodes for the determination of AA

Electrodes Applied potential (V) Linear range Detection limit (uM) References
AsOx/c-MWCNT/PANI/Au 0.6 2-206 uM 0.9 45
AMWCNT/PcCo/GCE 0.05 10 uM to 1.2 mM 4 46

PB film/GCE 0.27 5x10°t01.0 x 10°M 2.49 47
PLL-GA-Mo(CN)s* /GCE 0.575 5x10°t01.2 x 10 ° M — 48

— 5x10%to1.5 x 107> M —
Pd NWs/GCE 0 25 uM to 0.9 mM 0.2 34
NCN/GCE 0.05 7.5 uM to 0.64 mM 1.2 Present work
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Table 2 Determination of AA in vitamin C injection samples

Determined Added Found RSD Recovery
Samples  (uM) (uM) (um) (n=3,%) (%)
1 15 59.2 3.9 104.8
2 41.5 30 70 2.8 97.9
3 60 102.7 2.2 101.2

the NCN/GCE. After 1 month storage in PBS at room tempera-
ture, there is only about 7.5% loss in the current response of the
NCN/GCE towards AA, confirming the suitable stability of the
NCN/GCE. These results demonstrate that the as-prepared
NCN/GCE possesses notable electrochemical performance for
determination of AA.

3.6. Practical sample analysis

After above electrochemical tests, to verify the applicability, the
carbon nanosheets modified GCE was used to determine AA
content in samples of vitamin C injection. The vitamin C
injection (0.25 g/2 mL) was diluted 10 times with 0.1 M PBS,
then 3 pL of the diluted samples was injected into the stirring
PBS solution at 0.05 V. The injection of AA was analyzed using
standard addition method and the results are shown in Table 2.
There is a satisfactory agreement between the amount deter-
mined and amount labeled on the bottle, and the recoveries lie
in the range of 97.9-104.8%. The results indicate that the
proposed AA sensor has promising applications in real samples.

4. Conclusion

In summary, the carbon nanosheets with porous and network-
like were successfully designed and synthesized for use as an
enhanced electrode material in the field of AA determination.
Benefitting from the novel structure, the fabricated electro-
chemical sensor exhibited excellent electrochemical perfor-
mance for AA oxidation in terms of the reduction of the
overpotential, high sensitivity and good selectivity. Particularly,
the carbon nanosheets modified electrode showed a wide linear
range and low detection limit. The exact determination of AA in
vitamin C injection further confirmed that the network-like
carbon nanosheets are undoubtedly a good choice for con-
ducting AA sensor.
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