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Abstract
A comparative study was carried out on the electrochemical behavior of three carbonized zeolitic imidazolate frameworks (ZIFs)
synthesized through solvothermal pyrolysis. An electrochemical sensor for acetaminophen (ACT) was subsequently developed.
The sensor was made by coating the glassy carbon electrode (GCE) with cobalt-nitrogen co-doped carbon nanotube hollow
polyhedron (Co-NCNHP), which was prepared from core shell ZIF-8@ZIF-67, before electrodeposition of gold nanoparticles.
Due to the high specific surface area, good electrical conductivity and stability of both Co-NCNHP and the gold nanoparticles,
the resultant sensor displayed excellent electrocatalytic activity towards ACT with the catalytic rate constant Kcat of 4.9 ×
105 M−1 s−1, diffusion coefficientD of 1.8 × 10−6 cm2 s−1, high sensitivity of 1.75 μA μM−1 cm−2, and best at a working voltage
of 0.35 V (vs. Ag/AgCl). Benefitting from the synergistic effect of both Co-NCNHP and gold nanoparticles, the modified GCE
had a linear response in the 0.1 μM–250 μM ACT and detection limit of 0.05 μM (at S/N = 3). The sensor was successfully
applied to quantify ACT in tablets and spiked urine samples with recoveries ranged between 96.0% and 105.2%.

Keywords CarbonizedZeolitic imidazolate framework . Solvothermal-pyrolysis . Cobalt- nitrogen co-doping .Acetaminophen .

Electrochemical sensor

Introduction

Acetaminophen (ACT) is an antipyretic and analgesic
medicine that reduces fever and relieve pain through

inhibiting the synthesis of prostaglandins [1, 2]. However,
long-term use or overdose of ACT may cause some severe
harmful side effects including hepatocyte death, pancreas in-
flammation and kidney failure [3, 4]. As a result, it is highly
necessary to set up a sensitive and stable method for ACT
detection. Electrochemical analysis, especially for biological,
clinical and environmental sample, has gained great popular-
ity. Development of a sensitive and stable electrode modifier
is of importance to overcome the low sensitivity of bare elec-
trode. Various nanomaterials such as metal and metal oxide/
metal hydroxide [5, 6], graphene [7], carbon nanotube [8],
conductive polymer [9] and ionic liquid [10] have been used
to modify bare electrodes for ACT detection. Houshmand
et al. [5] studied electrocatalytic oxidation mechanisms of
ACT on cobalt hydroxide nanoparticles modified GCE and
successfully applied the sensor to analysis of ACT in human
urine. Bui et al. [6] developed a sensor based on gold nano-
particles (AuNPs) and glutamic acid for detection of ACT in
pharmaceutical. Higher electrocatalytic activity for ACT re-
dox using graphitic-N-rich nitrogen-doped graphene was

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00604-019-3814-x) contains supplementary
material, which is available to authorized users.

* Guangri Xu
xugr70@163.com

* Donghao Li
dhli6510@126.com

1 Department of Chemistry, MOE Key Laboratory of Natural
Resources of the Changbai Mountain and Functional Molecules,
Yanbian University, Park Road 977, Yanji City 133002, Jilin
Province, China

2 School of Chemistry and Chemical Engineering, Henan Institute of
Science and Technology, Xinxiang 453003, China

3 State Key Laboratory of Luminescent Materials and Devices, South
China University of Technology, Guangzhou 510641, China

Microchimica Acta (2020) 187: 6
https://doi.org/10.1007/s00604-019-3814-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-019-3814-x&domain=pdf
http://orcid.org/0000-0002-4291-8560
https://doi.org/10.1007/s00604-019-3814-x
mailto:xugr70@163.com
mailto:dhli6510@126.com


obtained than that of graphitic-N-free nitrogen-doped
graphene by Cao et al. [7]. Alothman et al. [8] achieved si-
multaneous determination of ACT and dopamine using multi-
walled carbon nanotubes modified GCE. It is conceivable that
a modifier rich of Co, Au, N and CNTs is promising for ACT
monitoring.

Metal-organic frameworks (MOFs), which are composed
of inorganic metal irons/clusters and organic ligands, have
drawn increasing attention in field of electrochemistry be-
cause of their large specific area, tunable internal pore size
and functionalization [11, 12]. Zeolitic imidazolate frame-
works (ZIFs), as a typical subgroup of MOFs, are rich of
carbon, nitrogen and transition metals (e.g., Zn2+, Co2+).
ZIFs can be synthesized cheaply and transformed convenient-
ly into nitrogen-doped nanoporous carbon (NPC) for improv-
ing their conductivity and mechanical strength [13]. In addi-
tion, NPC derived from ZIFs has further proved of outstand-
ing electrocatalytic activity in electrochemical fields. Gai et al.
[14] synthesized NPC derived from ZIF-8 to modify the elec-
trode for detection of ascorbic acid, dopamine and uric acid
simultaneously. Yue et al. [15] fabricated Prussian blue/NPC/
polypyrrole/GCE sensor for monitoring hydrazine based on
carbonized ZIF-67. Although the single C-ZIF-8 or C-ZIF-67
has been applied in electrochemical analysis, electrochemical
performance of the carbonized hybrid ZIFs like carbonized
core-shell ZIF-8@ZIF-67 as well as the difference among
them, has rarely been explored.

Inspired by the above, three kinds of carbonized ZIFs,
namely C-ZIF-8, C-ZIF-67 and Co-NCNHP, were synthe-
sized and comparatively studied. The best among the three,
Co-NCNHP was then coupled with AuNPs via potentiostatic
deposition to construct the sensor for electrochemically sens-
ing ACT. The electrochemical parameters including the depo-
sition time of AuNPs, pH value, scan rate, diffusion coeffi-
cient and catalytic rate constant for ACT on modifying sensor
were optimized. The modified sensor was used to determine
ACT in tablets and urine samples.

Experimental section

Reagents

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), cobalt nitrate
hexahydrate (Co(NO3)2·6H2O), 2-methylimidazole (2-
MeIm), HAuCl4·3H2O, acetaminophen (ACT) and chitosan
were purchased from Aladdin Biochemical Technology Co.
Ltd. (Shanghai, China, www.aladdin-reagent.com). The ACT
was in 0.1 M phosphate buffer (PB, pH 7), which was made
up of sodium phosphate dibasic and sodium dihydrogen
phosphate. All the regents were used directly without further
dispose and the aqueous solution was freshly prepared with
deionized water.

Characterization

Scanning electron microscope (SEM) of Hitachi SU8010
(Hitachi, Japan https://www.hitachi.com/) and transmission
electron microscope (TEM) of Hitachi HT7700 (Hitachi,
Japan https://www.hitachi.com/) were used to explore the
morphology and structure nature. X-ray diffraction (XRD)
was measured on Bruker AXS D8 Advance diffractometer
(Bruker, Germany, https://www.bruker.com/), N2-adsorption-
desorption analysis was tested on MicroActive for ASAP
2460 (Micromeritics, USA, https://www.micromeritics.com/),
X-ray photoelectron spectroscopy (XPS) was performed on
Thermo Scientific ESCALAB 250Xi (ThermoFisher
Scientific, USA, https://www.thermofisher.com/).

Electrochemical measurements

All the electrochemical measurements, including cyclic volt-
ammetry (CV), electrochemical impedance spectroscopy
(EIS), differential pulse voltammetry (DPV), and amperomet-
ric i-t curve method were performed via CHI 900 electro-
chemical workstation (Shanghai CH Instrument, China,
http://www.chinstr.com/) at ambient temperature. A three-
electrode system was used, which contained working elec-
trode of glassy carbon electrode (GCE, diameter: 3.0 mm),
counter electrode of platinumwire electrode, and the reference
electrode of Ag/AgCl electrode. The electrochemical charac-
terization of the different modified electrodes were analyzed
by CVand EIS in 5 mM [Fe(CN)6]

3−/4- (1:1) solution contain-
ing 0.1 M KCl. CV was taken between −0.1 and 0.6 V at a
scan rate of 100 mV s−1, and EIS was obtained under an open
circuit potential about 0.2 V, amplitude of 0.005 V and fre-
quency range of 0.1 to 105 Hz. The electrochemical behavior
of different modified electrodes for ACT sample (0.1 M PB,
pH 7) were investigated by CV and DPV. CV was recorded
between −0.1 and 0.8 Vat a scan rate of 100 mV s−1. The DPV
was analyzed from 0.1 to 0.6 V. Amperometric i-t curve was
performed at 0.35 V with solution stirring rate of 1500 rpm.

Synthesis of Co-NCNHP

The method for synthesis of Co-NCNHP and other materials
(ZIF-8, ZIF-67, ZIF-8@ZIF-67, C-ZIF-8 and C-ZIF-67) is
largely on the basis of reference [16]. The detailed procedure
is shown in Electronic Supporting Material.

Fabrication of Au/Co-NCNHP/GCE sensor

The bare GCE was polished with aluminum oxide powder
(0.05 μm) slurry to mirror-like clearness. Then it was rinsed
with water and dried at ambient temperature. After that, 1 mg
Co-NCNHP was added into 1 mL chitosan aqueous solution
(1‰ acetic acid, volume ratio) to get a suspension, 5 μL of
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which was dropped on the GCE surface before dried under
infrared lamp. Afterwards, AuNPs were electrodeposited on
the bottom of GCE via reduction of 5 mM HAuCl4·3H2O
aqueous solution for 15 s at 0.4 V. The modified electrode
was denoted as Au/Co-NCNHP/GCE. All the other sensors
including C-ZIF-8/GCE, C-ZIF-67/GCE, Co-NCNHP/GCE,
ZIF-8@ZIF-67/GCE and Au/GCE were fabricated by the
same way. The procedure for fabrication of the sensor is
shown in Scheme 1.

Preparation of real sample

The ACT tablet (labelled 300 mg per tablet, http://www.wtyy.
com.cn/cn/) was obtained from local pharmacy. Firstly, each
tablet was ground completely and dissolved with water under
stirring. Then the sample solution was filtered by syringe filter
membrane with the pore diameter of 0.45 μm. Lastly, the tablet
sample solution was diluted with PB (pH 7) to different con-
centration (10 μM, 100 μM and 200 μM) of ACT sample. In
the case of human urine sample, it was supplied from healthy
volunteer (the first author of this paper) and diluted ten times
with PB (pH 7) directly. Then the standard spiked method was
used for calculation of ACT recoveries before DPV test.

Results and discussion

Choice of materials

Carbonized ZIFs, a kind of NPC, are widely applied in elec-
trocatalytic field for their fascinating chemical and mechanical
stability, as well as good electrical conductivity. Many merits
cannot be retained through the synthesis by pyrolysis of a
single ZIF. Pyrolysis of a core-shell ZIF-8@ZIF-67 was car-
ried out for better electrocatalyst. This nanomaterial not only
exhibits high specific surface area, large pore volume, but
reveals highly graphitic structure. Besides, the Co, N and

CNT are all existent at the same structure. When coupled to
AuNPs, the composite material displays excellent electro-
chemical activity for ACT redox. Compared with other
conducting polymers, or carbon nanomaterial or metallic ox-
ide such as PPy, PANI, rGO, C-dots, ZnO and etc. Au/Co-
NCNHP is endowed with the advantages of high sensitivity
and robust stability. The difference between C-ZIF-8, C-ZIF-
67 and Co-NCNHP was studied as well.

Physical characterization

The XRD patterns of C-ZIF-8, C-ZIF-67, Co-NCNHP and
Au/Co-NCNHP are shown in Fig. 1a. For C-ZIF-8, there are
two obvious peaks at 25° and 44°, which are assigned to the
amorphous carbon. For C-ZIF-67 and Co-NCNHP, the (002)
peak is shifted towards 26°, suggesting the presence of gra-
phitic carbon. Peaks at 44.3°, 51.5° and 76.1°correspond to
(111), (200) and (220) characteristic diffraction peaks of Co
(JCPDS 15–0806) respectively. It manifests that we have syn-
thesized the Co-NCNHP faultlessly. As shown in the pattern
of Au/Co-NCNHP, the peaks of Au are located at 38.42°
(111), 44.14° (200), 64.39° (220) and 77.48° (311). By con-
trast, the peaks of Co are somewhat weaker, which might be
due to the chitosan and AuNPs covered on the Co-NCNHP
partially. The result confirms that the AuNPs have been de-
posited onto Co-NCNHP evenly. The XRD characterization
of synthesized ZIF-8, ZIF-67 and ZIF-8@ZIF-67 further
proves the validation of our synthesis strategy, see Fig. S1 in
Electronic Supporting Material (ESM).

TEM and EDSmapping images in Fig. 1b and c reveal that
C, N distribute evenly in ZIF-8@ZIF-67, whereas Zn is main-
ly located at the center, and Co is located around the Zn clus-
ter, suggesting we have fabricated the core-shell ZIF-8@ZIF-
67 structure. Figure 1d, e and Fig. S2 show that the synthe-
sized Co-NCNHP is a hollow polyhedron (about 400 nm)
with lots of CNTs. Note that, neither the single C-ZIF-8 nor
C-ZIF-67 has CNTs (Fig. S3), which is in accordance with the
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Scheme 1 The fabrication
procedure and the reaction
mechanism of the Au/Co-
NCNHP/GCE for ACT detection
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reference [16]. Therefore, it can be concluded that we synthe-
sized the Co-NCNHP with success. As shown in Fig. 1f and
S4, AuNPs are located uniformly on the film of Co-NCNHP
with the help of chitosan.

Three types of N can be noticed in N 1 s spectrum of Fig. 2a.
These are assigned to pyridinic N (398.6 eV, 32.1%), graphitic
N (401.3 eV, 39.2%) and oxidized-N (403.8 eV, 28.6%). It is

clear that there is no pyrrolic N, because stability of the
pyridinic N and graphic N is stronger than that of pyrrolic N
[17]. The percentage of pyridinic N and graphic N is so high
that it can improve the electrocatalytic activity and stability of
Co-NCNHP [18]. Co 2p spectrum in Fig. 2b indicates that there
are two peaks at 778.8 eV and 780.2 eV, corresponding to
metallic Co and N-coordinated Co2+ (Co-Nx) respectively.

Fig. 2 (a) N 1 s spectrum and (b)
Co 2p spectrum of Co-NCNHP.
(c) N2 adsorption-desorption iso-
therm (d) pore diameter distribu-
tion of the C-ZIF-8, C-ZIF-67 and
Co-NCNHP
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The existence of Co and Co2+ is also helpful for ACT redox [5].
Other element characterization is shown in Fig. S5.

The specific surface area and pore distribution information
are shown in Fig. 2c. The N2 adsorption-desorption curves of
the three carbonized ZIFs present the IV type isotherms, with
sharp appearance due to the microspores when the relative
pressure (RP) under 0.05. Then the curves increase slowly
when the RP is between 0.05 and 0.45. With the RP over
0.45, the hysteresis loops of desorption curves are observed,
indicating the presence of abundant mesopores. This is also
supported by pore diameter distribution in Fig. 2d, pore diam-
eters of the three carbonized ZIFs being 3–5 nm. This pore
distribution is beneficial for mass transport in aqueous elec-
trolyte [18]. Table S1 presents the surface area and pore vol-
ume of the foregoing three carbonized ZIFs. Obviously, C-
ZIF-8 possesses the largest BET surface area (1480 m2 g−1),
while that of C-ZIF-67 is the smallest (278 m2 g−1). This may
be due to the collapse of micropores for C-ZIF-67 caused by
graphitization of amorphous carbon [19]. As expected, Co-
NCNHP has a middle value of 461 m2 g−1, and the pore
volume is the largest (0.77 cm3·g−1).

Electrochemical characterization of C-ZIF-8,
Co-NCNHP and C-ZIF-67

To compare the electrochemical behavior of the carbonized
ZIFs, we tested the three electrodes in potassium ferricyanide
solution via CV scanning for successive 100 circles. The sur-
face areas A of different electrodes were also calculated in the
solution above. The detailed process and results are shown in
the section of Results and discussion in ESM. Figure 3a shows
that the highest anodic peak current density Ipcd of
0.69 mA cm−2 is achieved on C-ZIF-8/GCE, and the Ipcd of
Co-NCNHP/GCE (0.67 mA cm−2) ranks the second.
However, the peak separation △Ep of 207 mVon the C-ZIF-
8/GCE is not as good as that of Co-NCNHP/GCE (△Ep =
130 mV). It suggests that the Co-NCNHP owns the second
highest sensitivity and the best reversibility among them. The
reasons may be illustrated as follows: for one thing, larger
specific surface area results in more exposed active sites.

Therefore, the catalytic efficiency for the target molecule will
be improved [20, 21]. Large specific surface area value of the
Co-NCNHP contributed to its good electrochemical activity.
For another, the electrical conductivity mainly depends on the
graphitic degree or some heteroatom in carbon nanomaterial
[16, 22]. SEM, TEM, EDS mapping and XPS prove there are
not only Co and N, but also lots of CNTs on Co-NCNHP,
which contrasts to the C-ZIF-8 or C-ZIF-67. The reasons
above illustrate the excellent electrochemical performance of
Co-NCNHP. In order to examine the stability of the materials,
we extracted the anodic peak current values from 1st, 20th,
40th, 60th, 80th, 100th circle of each electrode, and calculated
the relative standard deviation (RSD) of C-ZIF-8/GCE, Co-
NCNHP/GCE and C-ZIF-67/GCE, being 9.8%, 1.4% and
0.22%, respectively. C-ZIF-67 exhibits the strongest stability
among them. This is probably because the graphitic carbon
has a better stability than amorphous carbon. In consideration
of the sensitivity and stability, the Co-NCNHP is the best
electrocatalyst in this case.

To evaluate the electron conductivity of the three kinds of
carbonized ZIFs, we further measured the electrochemical im-
pedance of them. As shown in Fig. 3b, the smallest impedance
value was obtained on Co-NCNHP (83 Ω), implying it pos-
sesses the best electron transfer ability among them. On the
contrary, the C-ZIF-8 exhibits a weaker electron conductivity
of 110 Ω.

The electrochemical behavior of different electrodes
for ACT

The electrochemical behavior of the three carbonized ZIFs
towards ACT was compared via CV. It is shown in Fig. 4a
that the largest redox peaks densities and good reaction revers-
ibility are obtained on Co-NCNHP/GCE. Fig. S6 shows there
is a pair of redox peaks at 0.2 V for Co-NCNHP/GCE in PB,
which is attributed to the redox of Co2+/Co3+ [23], revealing
this reaction probably facilitates ACT redox. Therefore, Co-
NCNHP was chosen for our further experiment.

In order to improve the sensibility and stability of the sen-
sor, we coupled AuNPs to Co-NCNHP by electrodeposition.
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The electrochemical behavior of the five electrodes were stud-
ied by CV in 1 mM ACT. As shown in Fig. 4b, Au/Co-
NCNHP/GCE exhibits the largest redox peaks current densi-
ties compared with others. Only oxidation peak is observed on
ZIF-8@ZIF-67/GCE. Redox currents densities of both Au/
GCE and Co-NCNHP/GCE are larger than that of bare
GCE. The anodic peak potential (Epa) and cathodic peak po-
tential (Epc) of bare GCE are at 455 mVand 159 mV respec-
tively, with a peak separation (△Ep) of 296 mV. Meanwhile,
the △Ep values of Au/GCE, Co-NCNHP/GCE and Au/Co-
NCNHP/GCE are 146 mV, 125 mVand 122 mV respectively.
Therefore, the Au/Co-NCNHP presents good electron trans-
port ability and catalytic rate toward the oxidation of ACT,
and the electrochemical performance of Co-NCNHP is better
than non-carbonized ZIF-8@ZIF-67.

The possible reaction mechanism for ACT on the Au/Co-
NCNHP sensor is discussed as follows: (i) For Co-NCNHP,
the large specific surface and pore volume lead to more active
sites exposed, implying more targets can be adsorbed in a
short time. The Co-NCNHP is rich of π electrons, which can
strongly adsorb molecules with aromatic rings. In case of the
Co, N and CNTs, not only are they helpful to improve the
electron conductivity, but the redox of Co2+/Co3+ is likely to
promote the ACT redox. (ii) The AuNPs are famous for their
superior conductivity, large specific area, and stability. Hence,
the AuNPs facilitate the electrocatalysis activity and conduc-
tivity of the interface. (iii) The synergistic effect between Co-
NCNHP and AuNPs contributes to the excellent electrochem-
ical redox of ACT. The probable reaction is described as
Scheme 1.

Optimization of conditions

The following parameters were optimized: (a) sample pH val-
ue; (b) deposition time. Respective data and figures are given
in Fig. S7a and b. The following experimental conditions were
found to give best results: (a) best sample pH value: 7; (b)
deposition time: 15 s.

Effect of scan rate

Effect of scan rate toward ACT redox on the sensor was also
investigated. Fig. S7c displays that the redox peak current is
proportional to the square root of scan rate. The liner equation
between Ipa, Ipc and scan rate is expressed as Ipa (μA) = 7.0593
v [(mV·s−1)1/2] - 13.7680, Ipc (μA) - 3.7750 v [(mV·s−1)1/2] +
7.2457. It reveals the process of ACT redox on the Au/Co-
NCNHP/GCE is controlled by diffusion.

Chronoamperometry determination of ACT

The ACT oxidation at the sensor was also studied by
chronoamperometry (Fig. S7d). The catalytic rate constant
and diffusion coefficient are two important parameters for
electrochemical reaction. The catalytic rate constant can be
calculated by the equation:

Icat
I l

¼ πkcatctð Þ1=2 ð1Þ

Where Icat stands for the catalytic current produced on the
Au/Co-NCNHP/GCE for ACT. IL means the limited current in
absence of ACT. c and t are the bulk concentration of ACT
solution and the time, respectively. From the left insert of Fig.
S7d, we can obtain the Kcat of 4.94 × 105 M−1 s−1. Besides,
from the equation:

I ¼ nFAD1=2cπ−1=2t−1=2 ð2Þ

Where I (A) refers to the peak current, n is the number of
electron taking part in the redox, A (cm−1 s−1) is the efficient
area of electrode,D(cm2 s−1) is the diffusion coefficient, and c
(mol L−1) is the concentration of ACT. We can also evaluate
the diffusion coefficient D of 1.81 × 10−6 cm2 s−1.

Quantitative determination of ACT

The feasibility of the Au/Co-NCNHP/GCE in ACT determi-
nation was validated by DPV. As presented in Fig. 5a, the
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anodic peak current is in proportion to the concentration of
ACT with two linear segments. The linear equations are as
follows: Ipa (μA) = 0.2189C (μM) + 0.3275 (0.1–40 μM,
R2 = 0.9909), Ipa (μA) = 0.0389C (μM) + 7.3028, (40–
250 μM, R2 = 0.9952). The LOD is 0.05 μM, and the sensi-
tivity of 1.75 μA μM−1 cm−2. The method is compared with
others as listed in Table 1 [24–33]. It is noticed that the linear
range and LOD of the Au/Co-NCNHP/GCE are comparable
to many other methods. The result suggests that both the Co-
NCNHP and the AuNPs improve the electrochemical activity
of the sensor for ACT determination.

Selectivity, reproducibility and stability

Selectivity is an important feature of the sensor to detect target
with many interferences. In order to examine the selectivity,
chemical structure-related drugs like 4-Nitroaniline (5 mM),
Phenacetin (5 mM), 4’-Chloroacetanilide (5 mM), and some
common biological substances with the close redox potential
such as glucose (10 mM), rutin (1 mM), uric acid (UA, 1 mM)
were used as the interference towards 1 mMACT in 7 mL PB
with the stirring speed of 1500 rpm. The volume of each
substance was 100 μL and the time interval of adding the
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Fig. 5 (a) DPV response of Au/Co-NCNHP/GCE in 0.1 M PB
containing different concentration of ACT (0.1, 0.5, 1, 5, 10, 20, 40, 60,
100, 150, 200, 250 μM, pH 7). Insert plot is the calibration plot of ACT.
(b) Amperometric response towards 1 mM ACT in presence of 4-

Nitrioaniline (5 mM), Phecantin (5 mM), 4’-Chloroacetanilide (5 mM),
Glucose (10 mM), Rutin (1 mM), uric acid (UA, 1 mM) in 0.1 M PB
(pH 7.0). Voltage: 0.35 V. Stirring rate: 1500 rpm

Table 1 Comparison of different
electrodes for determination of
ACT

Electrode Method Linear range (μM) LOD (μM) Reference

PANI-MWCNT/GCE DPV 1–100,

250–2000

0.250 [24]

Pt-Co/NPs/3,4,DHPID/CPE SWV 1.0–850 0 .600 [25]

Fc-SAu/CNC/graphene/GCE DPV 0.5–46,

46–275

0.100 [26]

(MWCNT-G4.0)6/GCE DPV 0.3–200 0.100 [27]

Graphene nanosheets/GCE DPV 0.004–7.6 0.0007 [28]

MWCNT-PDDA-FPS DPV 3–1100 0.600 [29]

PdNP@Al2O3/CPE DPV 0.04–1400 0.036 [30]

P-RGO/GCE DPV 1.5–120 0.360 [31]

Carbon@Co nanocages/Nafion

/Poly tiopronin/GCE

DPV 0.5–225 0.170 [32]

Au/UiO-66-NH2/GCE DPV 0.12–95.10 0.049 [33]

Au/Co-NCNHP/GCE DPV 0.1–40,

40–250

0.050 This work

Pt-Co/NPs/3, 4, DHPID/CPE: Pt-Co nanoparticles and 2-(3, 4-dihydroxyphenethyl) isoindoline-1, 3-dione/ carbon
paste electrode; Fc-SAu/CNC/graphene/GCE: Thiol functional ferrocene derivative (Fc-SH) stabilized AuNP/
carbon dots nanocomposite /graphene; (MWCNT-G4.0)6/GCE: Multiwalled carbon nanotube (MWCNT) and the
fourth generation poly(amidoamine) dendrimers (G4.0 PAMAM); MWCNT-PDDA-FPS: Multi-walled carbon
nanotubes-ploy-diallyl-dimethyl-ammonium chloride-FPS; P-RGO: Phosphorus-doped graphene
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samples was 50 s. Figure 5b demonstrates the interference
have no significant impact on the target of ACT. The relative
error is less than ±5.0%, indicating a good selectivity of the
sensor. As for the reproducibility, as shown in Fig. S8,
Table S2, the RSD for ACT determination is 1.6% at the same
electrode (n = 5). As for different electrodes (n = 5), the mean
RSD is 4.5%. To study the long-term stability, the modified
sensor Au/Co-NCNHP/GCEwas stored in refrigerator at 4 °C
for ten days, then used to detect ACT. As shown in Fig. S9, the
peak current retained about 90.0% of the initial peak current
(RSD = 3.0, n = 3). So the long-term stability of the sensor is
not so good. The reason may be due to the effect of chitosan
binder or the storage condition. The long-term stability of the
sensor can be improved by using other binder or
eletrodeposition method or changing the storage condition.

Real sample analysis

To estimate the practical application of Au/Co-NCNHP/GCE,
tablet sample and urine sample were analyzed with the sensor
by DPV. Table 2 reveals that the recoveries of tablet sample
are between 97.0%–105.2%, and the recoveries of urine sam-
ple are from 96.0% to 102.6%, indicating a great potential for
determination of ACT in real samples.

Conclusions

We compared the electrochemical property of three carbon-
ized ZIFs, and fabricated a novel Au/Co-NCNHP/GCE elec-
trode for ACT determination. Due to the synergistic effects of
Co-NCNHP and AuNPs, the sensor exhibits a good selectivity
and reproducibility. For ACT determination in ACT tablets
and spiked urine samples, satisfactory recoveries were re-
ceived. The work provides a reference for the carbonized
ZIFs to detect other substances of biologic interest, as well
as an approach to detect the ACT in real sample. For the
limitation of the method, more efforts should be made to in-
vestigate the aging process of the sensor and improve the
long-term stability in future.
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