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ABSTRACT

A CBJ/CCE electrochemical sensor for Cr(VI) detection was prepared by ultrasonic dispersion of Ketjen
Black and then the coating of modified carbon cloth electrode. Material morphology and composition
were characterized based on XPS, TEM, BET, BJH; electrochemical performance of the electrode
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,’:ggles;?tdéd: Jg_gg_gggg was studied based on LSV, EIS and CV. The results show that the high conductivity of Ketjen Black

accelerates charge transfer on the electrode surface, while the abundant mesoporous structure and
Key Words: large specific surface area enhance Cr(VI) adsorption and reduction by the electrode. Under the
Ketjen Black optimal experimental conditions, the relationship between the reduction peak current of Cr(VI) and its

concentration in the sample was studied by the i-t method. The reduction peak current intensity and
its concentration demonstrate a good linear relationship in the range of 0.025-57uyM and 57-483uM.

Carbon cloth
Electrochemical sensor

\Cr(VI) The linear equations are: Ip(uA) = -0.2452C(uM)-0.0303 (R = 0.9908), Ip(uA) = -0.0329C(uM)-15.9212
(R=0.9853), LOD is 9.88nM (S/N = 3). Compared with other methods, the sensor displays outstanding
detection performance advantages. Plus the advantages of low cost and environmental protection, it
has good application prospects in detecting Cr(VI) in water.

INTRODUCTION Electrode materials generally have abundant pore structure,

Cr(VI), as one of the highly toxic ions, means strong
carcinogenic risk to the human body (Jin et al. 2016).
The increasingly serious Cr(VI) pollution in the water
environment has greatly jeopardized water safety and the
ecological environment. As an effective detection method
for various metal ions, electrochemical detection has been
greatly developed in the past decade (Zhang et al. 2014).
Various electrode materials such as Au NPs, Ag/TiO,
NPs/GCE, Fe;0,/MoS,, NiFe/C/GCE have been used for
detection of Cr(VI) in water (Ravindran et al. 2012, Zhang
et al. 2016, Liu et al. 2017). However, metal nanomaterials
feature complicated synthesis process, low stability and
physiological toxicity, which limits their application in
actual commercialization. Developing a non-metallic
material with excellent electrocatalytic activity provides
an effective way to overcome these problems (Dehghani
et al. 2015). Some carbon nanomaterials with sp® hybrid
structure, such as graphene (G), conductive carbon black
(CB) and single-walled nanotubes (SWNTs), are regarded
as the main candidates for non-metallic electrocatalysts.

numerous defect sites and high specific surface area, which
facilitates the electrocatalytic process (Punckt et al. 2014).
Recent studies have shown that mesopores (2-50 nm) act on
the inner surface as ion transport channels, demonstrating
high catalysis and low resistance (Kang et al. 2015). Hence,
among the many candidates sp> hybrid carbon materials,
carbon black with abundant mesopores and surface oxygen-
containing functional groups undoubtedly displays a greater
advantage.

Ketjen Black is carbon black made by a special process.
Due to its stronger conductivity than ordinary conductive
carbon black, its small addition will greatly improve battery
quality and durability (Zhao et al. 2016). Its application is
also common in high-end batteries, supercapacitors and
many conductive and shielding materials. Carbon cloth (CC)
is a conductive textile, which has received special attention
as a flexible substrate due to its high specific surface area,
electrical conductivity and chemical stability (Shao et al.
2017). CC features low cost, high resistance to damage,
natural abundance and good mechanical properties, which
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can greatly reduce the device integration difficulty while
meeting the economic and high activity requirements of
the sensor. Xu et al. (2017) constructed a new flexible non-
enzymatic glucose electrochemical sensor using CC loaded
with gold nanoparticles and polyaniline. Hai et al. (2015)
used CC modified with NiAl layered double hydroxide for
the electrochemical detection of glucose. Barsan (2012)
reported that the use of CC modified with carbon nanotubes
and nitrogen-doped carbon nanotubes resulted in a powerful
biosensor. Although development based on CC electrode
enjoys many applications in the medical and biological fields,
its use is still relatively rare in the field of environmental
detection.

In this study, an electrochemical sensor based on
Ketjen black-modified carbon cloth electrode (CB/CCE)
was prepared for the determination of Cr(VI) in water. The
materials were characterized using X-ray photoelectron
spectroscopy (XPS), Brunauer-Emmett-Teller (BET),
Barrett-Joyner-Halenda (BJH), and transmission electron
microscope (TEM). The electrochemical performance of
the electrode was studied using linear sweep voltammetry
(LSV), electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV). The impact of experimental
conditions was analysed, and the current concentration curve
was obtained by the current-time method (i-t) to find the
detection limit in the linear range. Finally, the electrode was
checked for stability and anti-interference performance and
successfully used in the detection of Cr(VI) in water samples.

MATERIALS AND METHODS
Reagents and Materials

Ketjen Black EC 300J, N, N-dimethylformamide (DMF)
and K,Cr,0, (CP, 99%), graphene (900561-500MG) were
procured from Sigma-Aldrich, Shanghai, China; carbon
cloth was purchased from China Taiwan Carbon Energy
Chemical Co. Ltd.; KCI, K5[Fe(CN)], K, [Fe(CN),], acetone,
ethanol were purchased from Xi’an Jingbo Biotechnology
Co. Ltd. Except for K,Cr,05, all other chemical reagents and
electrochemical measuring reagents are of analytical grade
without further purification.

The supporting electrolyte solution was 0.1M H,SO,-
adjusted 0.1M Na,SO, solution (pH=4.0); the analysis of
electrochemical impedance chart was carried out in 0.1M
KClI solution containing SmM [Fe(CN)6]3'/4'. The solution
was prepared using deionized water (18.3MQ-cm) produced
by the Millipore water purification system.

Electrode Modification

Before the experiment, the bare carbon cloth electrode was
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ultrasonically cleaned in acetone, ethanol, and secondary
water for 15 minutes each, dried in a vacuum oven, and then
cut into a small rectangle with a size of 1.0cm x 2.0cm for
use. lmg weighed Ketjen black nanoparticle sample was
dispersed in 1 mL DMF solution, first undergoing ultrasonic
dispersion in a low-frequency ultrasonic cleaner, and then
sonication under a high-frequency ultrasonic instrument until
ink-like Ketjen black dispersion liquid was formed, which
was then evenly coated on the carbon cloth surface and baked
under an infrared lamp to complete the modification.

Electrochemical Research

The composition of Ketjen black was analysed using XPS
(ThermoFisher EscalLab 250Xi X-ray photoelectron spec-
trometer, USA), and its specific surface area and pore width
were calculated using BET and BJH (Beishide 3H-2000PS1
static nitrogen adsorption specific area analyser, Beijing, Chi-
na). Before measurement of N, adsorption isotherm, all test
materials were degassed at 423 k for 12 hours. Morphology
of the material was observed by TEM (transmission electron
microscope FEI Tecnai G2 F30, USA).

All electrochemical measurement tools were provided
by an electrochemical workstation (Chenhua CHI 660D,
Shanghai, China). A conventional three-electrode system
was used, including a carbon cloth electrode (1.0cmx2.0cm)
as the working electrode, an Ag/AgCl electrode (saturated
KClI) as the reference electrode, and a platinum wire as the
auxiliary electrode.

Electrochemical impedance spectroscopy EIS was
performed in the buffer under the same three-electrode
configuration with a frequency range of 0.1~100000Hz and
an AC probe amplitude of 50mV. Linear scanning voltamme-
try was carried out in Na,SO, electrolyte solution at a sweep
speed of 50mV-s! and a scanning potential of -0.6~0.6V.
The current-time method was performed in an electrolyte
solution with a constant voltage of 0.1V and a pH of 4.0.
Trace amount of Cr(VI) solution with fixed concentration
was dropped into the magnetically stirred electrolyte solution
every 50s. Record the i-t curve showing response current
change with Cr(VI) concentration. All experiments were
conducted at room temperature in the laboratory.

RESULTS AND DISCUSSION
Characterization of Materials

As shown in Fig. 1A, XPS analysis results clearly show that
Ketjen Black is mainly composed of C and a small amount
of O. Fig. 1B shows the C 1s peak of Ketjen Black, whose
characteristic peaks are 284.6eV and 285.4eV, respectively,
corresponding to C-C and C-O (Contarini et al. 1991). It
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indicates that Ketjen Black almost has no heteroatoms and
displays typical non-metallic properties.

Fig. 1 C and D are TEM images of Ketjen Black, which
reflect its porous structure and pore size. There are various
types of mesopores with different sizes and irregular shapes.
The special porosity characteristics carry great significance
for rapid charge transfer and accelerated reaction based on
efficient use of internal structure.

In this study, Ketjen black was compared with other
carbon nanomaterials graphene and single-walled carbon
nanotubes in sp2 hybrid orbital structure. Specific surface area
and pore size distribution of the material were characterized
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by N, adsorption/desorption isotherm measurements.
Fig. 2A shows different N, adsorption/desorption stages
with linear single-layer/multi-layer adsorption properties,
and hysteresis curves at relatively high pressures. The
hysteresis loop has a relation with the capillary condensation
process in the mesopore (Carrott et al. 1987). Compared
to graphene and single-walled carbon nanotubes, Ketjen
Black’s Type IV isotherms exhibit a greater hysteresis loop,
indicating the presence of more abundant mesopores (Liu
et al. 2016). At the same time, under the relative pressure
of 0.8~1.0, obvious macroporous absorption is shown on
the Ketjen black surface. In addition, the Ketjen black pore
size measured by the BJH method has a narrow mesopore
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Fig. 1: (A)XPS analysis of CB. (B)High-resolution XPS analysis of the C 1s peak of CB. TEM characterizations of CB porous structure and size.
Scale bars: 50nm (C); 10nm (D).
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Fig. 2: Nitrogen adsorption-desorption isotherms (A) and pore size distribution by BJH method using the adsorption branch of isotherm (B) of CB, G
and SWNTs.
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Table 1: The surface area, pore volume and average pore diameter pa-
rameters of SWNTs, G and CB measured by the BET and BJH methods

Sample BET Surface Total pore vol- Average pore
area (mz- g'l) ume (cm3- g'l) diameter (nm)

SWNTs  26.09 0.0403 6.17

G 328.69 0.8060 9.81

CB 1333.52 1.8528 5.56

distribution at around 5.56 nm (Fig. 2B), which facilitates
the entry of accessible hydrated Cr(VI) into inner and outer
pore surfaces during the rapid charge and discharge process.

Using BET and BJH methods, the relevant parameters
of Ketjen Black are derived as given in Table 1. It shows
that Ketjen Black has the largest specific surface area of
1333.52m>g "', the largest total pore volume of 1.8528cm>g ™,
and the smallest average pore size of 5.56nm. Specific surface
area, pore size distribution and TEM images jointly prove
that Ketjen Black has a rich mesoporous structure to provide
an effective charge transfer channel for Cr(VI).

Electrochemical Performance of the Electrode

Fig. 3A shows the EIS diagram of CCE and modified CB/
CCE in 5mM [Fe(CN)¢*™* in 0.IM KCl. CB/CCE has a
smaller semicircle diameter than CCE, indicating that CB/
CCE has fast electron migration and great interface electron
transfer between solution and interface material, which
facilitates oxidation-reduction of iron ions on the working
electrode while reducing the resistance value. CCE with great
semicircle can promote oxidation-reduction of electrochemi-
cal probe iron, but with slow electron transfer. Ketjen Black
with abundant mesoporous structures and the high surface
area provides more active sites for the electrode reaction
while improving the conductivity of the working electrode,
facilitating charge transfer within the material, and acceler-
ating charge transfer on the electrode surface, thus basically
guaranteeing high sensitivity in Cr(VI) measurement.
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To more directly investigate the increase in Ketjen Black
electron migration rate, reduction peaks of CCE and CB/
CCE were comparatively analysed by LSV. As shown in
Fig. 3B, CCE has no obvious reduction peak in the range
of -0.6~0.6V, while CB/CCB has a clear electrochemical
reduction peak against Cr(VI) at a voltage of about 0.1V,
indicating that CB has obvious electronic transfer.

CB on CCE played a significant catalytic role in the
reduction of Cr(VI), demonstrating excellent electron con-
ductivity. This is because CB with strong conductivity and
great ion landing area has a strong absorption capacity against
Cr(VI). The above results are consistent with EIS analysis
conclusions, both indicating that the electrode surface
with rich active sites and specific surface area can absorb
and reduce Cr(VI) in large amounts. Hence, Ketjen Black
displays outstanding performance in catalysing Cr(VI) and
can significantly enhance the reduction of current strength
against Cr(VI).

LSV was used to record the peak current response of the
electrode during Cr(VI) concentration change from 1mM to
SmM. Fig. 4A shows that the reduction peak current increases
with the increasing Cr(VI) concentration, exhibiting a good
linear relationship. The linear regression equation is I (uA)
= -0.04826C(uM)-14.35 (R = 0.9987) (Fig. 4B). Where,
L, represents the reduction peak current, and C represents
Cr(VI) concentration. It also indicates Ketjen Black’s excel-
lent ability in reducing Cr(VI). Fig. 4C shows the logarithmic
relationship between reduction peak current and peak voltage
under different Cr(VI) concentrations. For a concentration
as low as 1 mM, the peak current value and the peak voltage
value remain almost unchanged at 0.11V. When the concen-
tration varies between 1~5mM, a linear relation is shown
between the logarithm of peak current and that of the peak
voltage. In the reversible reaction, it is possible to predict
the peak voltage value and electrolyte solution concentration
in the experiment based on the above linear electrochemical
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Fig. 3: (A) EIS of CCE and CB/CCE in a solution of 5SmM [Fe(CN)G]S'M' in 0.1M KCl. (B) CCE(a) and CB/CCE(b) in 0.1M Na,SO, (pH=4.0) of 5mM
Cr(VI), Scan rate: 50mVs™.
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Fig. 4: (A) CV of Cr(VI) at Carbon black modified electrode in 0.1M Na,SO, (pH = 4.0) when Cr(VI) concentrations are from 1mM to 5SmM;
(B) The plot of Ip versus Cr(VI) concentration; (C) Log(Vp/mV) vs Log(Ip/nA) for different concentration Cr(VI) .

model. If this model is not established, the reaction is an

irreversible process. Hence, the electrode reaction here is a
reversible process.

Fig. 5A shows that when the potential is set to -0.2~0.8V,
changes in redox peak current in the test solution can be
studied by changing sweep speeds so that kinetic properties
can be analysed. As can be seen, redox has an increased re-
sponse to current as the sweep speed increases from 10mV-s’!
to 130mV-s™', suggesting that CB/CCE has a good ability to
reverse oxidation-reduction of iron ions. The peak current
value in Fig. 5B has a good linear relationship with the

300

square root of the sweep speed, and the corresponding peak
current is proportional to the square root of the sweep speed.
This indicates that an electrochemical process controlled by
diffusion occurs on the modified electrode.

In this experiment, LSV was used to investigate the
electrochemical behaviour of CB/CCE in the electrolyte
solution with pH = 1.0~6.0. Fig. 6A shows the response of
modified electrode to the electrochemical reduction current
of 5SmM Cr(VI) under different pH values. Obviously, in
the voltage range of -0.6~0.6V, the electrochemical reduc-
tion current peak value of Cr(VI) increases as the pH value
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Fig. 5: (A) CVs of carbon black modified electrode in 0.1M Na,SO, (pH = 4.0) with 0.5mM Cr(V1I) at different scan rates of 10, 20, 30, 50, 70, 100,
130mVs™'. (B) The plot of peak current versus the square root of scan rate.
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Fig. 6: (A) The current response of 5.0 mM Cr(VI) of different solution pH values; (B) The plot of current response for 5.0 mM Cr(VI) with the
influence of solution pH; (C) the effect of potentials and pH value.
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decreases. At low pH, Cr(VI) mainly exists in the form of
HCrO,. The electrostatic interaction between HCrO, and
CB surface-functionalized with H* will facilitate Cr(VI)
ion adsorption by CB in an acidic medium. Fig. 6B shows
a significantly increased reduction current of Cr(VI) with
increasing acidity. Fig. 6C reflects that in the corresponding
relationship between the peak potential and different pH
values, electrolyte solution with a pH value of 4.0 has the
most positive potential when detecting Cr(VI).

Due to the extremely high H* conductivity in transferring
electrons through hydrogen bonds, when the H" exponent in
the solution increases exponentially, electrolyte solution has
redoubled electron migration rate, so that Cr(VI) (0~0.2V)
and Cr(IIT) (-0.1~0.3V) peaks continuously expand. At the
same time, with the increasing acidity, a large reduction
peak also appears at 0.4~0.6V. It is speculated that excessive
Cr(VI) adsorbed on the Ketjen black material at the same time
results in great changes in material structure and its electron
transfer capacity so that saturation peak appears. When the
solution has excessive acidity, the two impurity peaks even
block the reduction peak of Cr(VI), making trace detection
of Cr(VI) impossible. In view of the above reasons, it was
finally decided to select pH 4.0 as the most appropriate pH
value for Cr(VI) detection.

Linear Range and Detection Limit

The linear range of Cr(VI) detection by electrodes was
studied by the i-t method. First, fix the potential at 0.12V,
and add a certain amount of Cr(VI) in 40 mL electrolyte
solution (pH=4.0) every 50 s, then record the response curve
of current over time, as shown in Fig. 7A. The mosaic reveals
that the current shows a clear response at the addition of the
first drop of 0.025 uM Cr(VI). At the same time, the detection
limit (LOD) is calculated to be 9.88 nM, S/N = 3 according
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to the calculation formula: LOD = 3S/m. Where S, is the
standard deviation and m is the slope of the calibration curve.

Fig. 7B shows the calibration curve about the relationship
between the current response of CB/CCE and Cr(VI)
concentration. There is a good linear relationship between
the two, and the two equations of linear regressions between
the peak current value and Cr(VI) concentration are as
follows:

Ip(uA)= -0.2452C(uM)-0.0303

(R=0.9908), (0.025~57uM) (D)
Ip(LA)= -0.0329C(uM)-15.9212
(R=0.9853), (57~483uM) .2

The linear response range is 0.025~483 pM. Sensitivity
calculated based on low concentration range is 0.25
pApM -em™. The good linear relationship also reflects the
accurate and sensitive ability of CB/CCE in detecting Cr(VI).
The two-stage linear phenomenon may be a result of the
two electrochemical processes of diffusion and adsorption
during the reaction. In the diffusion process, the current
increases with the increasing concentration, while in the
adsorption process, excessive molecules completely occupy
the material, resulting in reduced removal efficiency. At the
end of the reaction, the oxide is adsorbed on the electrode,
reducing the effective area of the electrode and leading to
lower resulting sensitivity.

Table 2 lists the comparison of Cr(VI) detection
performance of sensors built herein and by other modified
materials. It suggests that the electrode has a lower detection
limit and a wider linear range.

Stability and Anti-Interference

First, electrode reproducibility was studied by current
measurement. A total of 4 evaluations were performed,

B
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Fig. 7: (A) Various concentrations of Cr(VI) from 0.025 to 483uM in 0.1M Na,SO, (pH = 4.0) at an applied potential of 0.12V. The lower concentra-
tions were showed in the inset.(B) The calibration curve between the current and the concentration of Cr(VI).
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Table 2: Comparison of quality parameters between Cr(VI) sensors developed in different literatures.

Electrode/surface pH Linear range LOD Reference

(M) (nM)
Ag/TiO, NPs/GCE 1.0 0.01~3.1 10 (Ravishankar et al. 2015)
Fe;04/MoS, 1.0 0.5~328 200 (Zhang et al. 2016)
NiFe/C/GCE 4.0 0.025~98.3 10 (Liu et al. 2017)
LMB/MB 2.0 10~500 100 (Sadeghi & Garmroodi 2013)
MWCNTs-SPCE 1.0 1~200 300 (Korshoj et al. 2015)
SPEs 1.0 3~10000 1000 (Miscoria et al. 2014)
PANI/GQDs 1.0 1.92~192 1865 (Punrat et al. 2016)
Ti/TiO,NT/Au 1.0 0.1~105 30 (Jin et al. 2014)
Activated GCE 6.0 0.4~250 100 (Richtera et al. 2016)
BDD 1.0 0.192~96 57.7 (Fierro et al. 2012)
GCE/NF/Ag nano 2.0 0.38~4.42 12 (Xing et al. 2011)
Gold plated carbon 0.5 0.385~38.462 85 (Kachoosangi & Compton 2013)
PVC/POT/GCE 2.0 0.03~1.3 12 (Izadyar et al. 2016)
CB/CCE 4.0 0.025~483.2 9.88 This work

and the relative RSD was about 4.3% in the 4 test results,
showing good test reproducibility. At the same time, before
Cr(VI) addition, the current curves were static and balanced,
demonstrating high electrode stability. According to the
current response of the electrode towards 5 mM Cr(VI) for
7 consecutive days, the current response signal is 88% of the
initial after 7 days, indicating good stability of the electrode.

Cr(VI) detection performance of the electrode was
studied using the i-t method in the presence of common
coexisting ions. First, Cr(VI) with a concentration of 10uM
was added to 0.1M Na,SO, (pH 4.0) solution. Afterwards,
1.0mM interfering ions K¥, Zn**, Mg**, Cu**, Ca**, Ni**,
Fe’*, Mn**, Pb**, CI" and SO42' were added in succession.
Finally, 10uM Cr(VI) was added. Fig. 8 indicates that the
10puM Cr(VI) added successively produces a current response
of about 2uA, and the measurement current has insignificant
changes after the addition of all interfering ions. That is, the
fluctuation of interfering ions is extremely weak compared to

Cr(VI). It suggests that the electrode still has extraordinary
Cr(VI) detection performance in the presence of high-con-
centration interfering ions.

Sample Testing

To evaluate the performance of the built Cr(VI) electro-
chemical sensor in practical applications, real water samples
were tested. The water sample was taken from a sewage
outfall in an industrial park in Xi’an, China. After the sam-
ple filtration using a 0.45um filter membrane, the pH value
was adjusted to 4.0 using a buffer solution. Samples were
detected by the “standard addition method”, and ICP-AES
test results were compared, as given in Table 3. It reveals
that in real water sample detection, the sensor has a small
relative standard deviation (2.3%~3.4%), a high recovery
rate (98%~103%), and detection result consistent with
ICP-AES, demonstrating the reliability of the sensor in
actual detection.
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= 3+ 2+ a2+
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Fig. 8: Interference test of the sensor in 0.1M Na,SO, (pH = 4.0) at

0.12V with 10uM Cr(VI) and 1.0mM other interferents as indicated
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Table 3: Determination of Cr(VI) in the water sample using the standard addition method.

Sample Added (uM) Found (uM) Determined (uM) Recover (%) RSD (n=3, %) ICP-AES (uM)
1 10 10.57 0.58 98 3.1 0.57
20 20.57 99 3.0
30 30.57 98 34
2 10 11.08 1.06 102 2.6 1.02
20 21.07 101 2.7
30 31.07 101 2.3
3 10 12.63 547 103 3.0 5.48
20 22.60 102 3.2
30 32.52 101 34
CONCLUSION Dehghani, M. H., Taher, M. M., Bajpai, A. K., Heibati, B., Tyagi, I., Asif,

A CB/CCE electrochemical sensor for Cr(VI) detection
was prepared by ultrasonic dispersion of Ketjen Black and
then a coating of modified carbon cloth electrode. The high
conductivity of Ketjen Black accelerates the charge trans-
fer on the electrode surface, and the abundant mesoporous
structure and large specific surface area enhance Cr(VI)
adsorption and reduction by the electrode. Under the opti-
mal conditions, the linear range of Cr(VI) was determined
to be 0.025~483uM using the i-t method, with two-step
linear regression equations being Ip(uA) = -0.2452C(uM)-
0.0303 (R = 0.9908), I,(uA) = -0.0329C(uM)-15.9212 (R
= 0.9853), and LOD is 9.88 nM, S/N = 3. The sensitivity
was 0.25 pA uM™'-cm™ under the low concentration range.
The sensor has been successfully used for testing Cr(VI)
in actual water samples. In contrast with previous research
reports, Ketjen black modified electrode not only has better
ability in detecting Cr(VI) than other metal nanoparticle
modified electrodes but also has microscopic advantages
like abundant adsorption specific surface area, as well as
macroscopic advantages of environmental protection, low
cost and easy availability. At the same time, flexible carbon
cloth substrate with low cost and high resistance to damage
favours use in fieldwork.
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