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a b s t r a c t

A novel composite material, hybrid zeolitic imidazolate framework (HZIF)econducting poly(3,4-
ethylenedioxythiophene) (PEDOT) has been fabricated on carbon cloth electrode (CCE) by microwave-
assisted crystallization, followed by drop-coating and vapor deposition procedures. Specifically, the
HZIF inserted by molybdenum (HZIF-Mo) is entitled to intrinsic catalytic activity towards amine mole-
cules, which is firstly integrated with the conductive and catalytic PEDOT as an enhanced electrochemical
sensor for hydroxylamine. Detection is performed by amperometric method, and the composite sensor
(HZIF-Mo/PEDOT/CCE) shows a low detection limit of 0.04 mM (S/N¼ 3) in the linear range of 0.1e692.2
mM, along with superior anti-interference ability, reproducibility (RSD¼ 4.43%) and outstanding per-
formance in real samples. As noticed, the hydroxylamine catalytic process combines the advantages of
the alkaline-stable HZIF-Mo containing ample catalytic sites and high surface area and the mesoporous
PEDOT reining in outstanding conductivity and redox capability, thereby imparting amplified electro-
chemical signals. This work undertakes an opening to expand MOF-based composites for versatile
sensing applications.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Hydroxylamine which is derivative of ammonia is mainly used
as reducing and imaging agents in life [1,2]. However, its exceeding
toxicity can arouse damage to aquatic organisms, and stimulate
mutagenesis on the respiratory system and skin, even at moderate
levels. Moreover, hydroxylamine can strongly decompose due to its
extremely impoverished stability, and then generates toxic oxides
when exposure to oxidizing substances [3]. Consequently, it is
exceptionally meaningful to connect advanced materials with the
assist of doubtless detection techniques (e.g., electrochemical
strategy) to sensitively monitor hydroxylamine.
ng), qufengyu@hrbnu.edu.cn
Lately, metal-organic frameworks (MOFs), a newfangled class of
crystalline materials, have emerged wide-ranging attentions not
only for their attractive features (e.g., tunable structures, rich po-
rosities and high internal surface areas) but also for underlying
applications in electrochemical territory (e.g., energetic storage,
electrocatalysis and undiscovered electrocatalytic composites)
[4,5]. Nevertheless, the aforesaid applications frommultifold MOFs
are restricted by their inherent stabilities under severe surround-
ings and limited electrocatalytic activities [6]. Deservedly, a classic
type of MOFs, zeolitic-imidazolate frameworks (ZIFs) consisting of
metallic nodes (e.g., Zn2þ and Co2þ) bridged by imidazole linkers,
have caused great interests arising from unique characteristics,
such as permanent porosities coupled with excellent chemical/
thermal stabilities (˃550 �C under N2 atmosphere) referring to other
MOFs [7]. Meanwhile, hybrid ZIFs (HZIFs) walk into the researchers’
vision, which simultaneously unify compositional and structural
merits of ZIFs and zeolites, inserting TO4 tetrahedra (T¼Mo6þ or
W6þ) with metal-imidazolate components. Moreover, introducing
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redox-active heteroatom units (TO4) into ZIFs can immensely
expand HZIFs on electrochemical application [8e10]. Neverthless,
different than ZIFs in battery and supercapacitor [11,12], only
several ZIFs (e.g., ZIF-8 [13e15] and ZIF-67 [16,17]) have been
enlarged as electrochemical detectors, and revolved around func-
tionalized frameworks/composites to boost selectivity or sensi-
tivity for glucose/H2O2 molecules [18e22]. Hereunto, to our survey,
the sparse attention has been paid on ZIFs to detect hydroxylamine,
and further, there is no previous example that employs HZIFs as
electrochemical sensors, although incorporating electroactive ox-
ide blocks in HZIFs can accelerate the electrocatalytic activity.

In this work, we strived to an impressive hybrid zeolitic imi-
dazolate framework [Zn4(im)6MoO4] (denoted as HZIF-Mo, im: 2-
methylimidazolate) for amperometric sensor towards hydroxyl-
amine. Markedly, the Zn(im)4/ZnN4 unit inside ZIF-8 substitutes
with MoO4 blocks in HZIF-Mo with high thermal stability [23].
More importantly, the incorporation of catalytically active hetero-
atoms provides a consummate support for electrochemical detec-
tion [24e26]. Meanwhile, a conducting poly(3,4-
ethylenedioxythiophene) (PEDOT) is merged with HZIF-Mo (HZIF-
Mo/PEDOT), which can figure out the limitation of frangible elec-
trical conductivity and hydrophobic behavior of ZIFs [27]. Prefer-
ably, PEDOT is utilized as polymeric matrix due to its
environmental compatibility; also, the admirable conductivity of
PEDOT (up to 4500 s cm�1 during vapor deposition [28,29]) can
quicken electron/ion diffusion, and thus availably strengthen the
conductivity of HZIF-Mo/PEDOTcomposite. If the detection line and
sensitivity towards target molecule can be further improved by
Scheme 1. Schematic representation of the fa
confident composite means, this alternative sensing material
(HZIF-Mo) will have unexceptionable application potential. Herein,
the high crystallization of alkaline-stable HZIF-Mo is obtained for
the first time by microwave-assisted technique, which is blended
with conductive PEDOT supported on carbon cloth electrode (HZIF-
Mo/PEDOT/CCE) for hydroxylamine detection, followed by drop-
coating and vapor deposition procedures (Scheme 1). The devel-
oped complex sensor possesses the mounting active sites, the
augmented effective active areas together with the improved
conductivity comparison to single MOF and PEDOT based catalysts.
These respects are ultimately responsible for HZIF-Mo/PEDOT/CCE
electrode to acquire exceptional detection performance towards
hydroxylamine including detection line (0.04 mM), anti-
interference ability and recovery in real samples.
2. Experimental section

2.1. Reagents and instruments

Zinc acetate dihydrate (Zn(CH3COO)2$2H2O, �99%), chloride
hexahydrate (FeCl3$6H2O, �99%), 2-methylimidazole (2-Mim,
�99%), 3,4-ethylenedioxythiophene (EDOT, �99%), molybdic acid
(H2MoO4, �99%) and hydroxylamine (NH2OH$HCl, �98.5%) were
bought from Acros organics Company. N, N-dimethylformamide
(DMF, �99%), ethanol (C2H5OH, �99%) were purchased from
Tianjin Fuyu Fine Chemical Co. Ltd. All reagents were used directly
without further purification. Carbon cloth electrodes (CCE) were
purchased from Taiwan Ce Tech Co., Ltd.
brication process of HZIF-Mo/PEDOT/CCE.
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Powder X-ray diffraction (PXRD) patterns were gained on a
Rigaku Ultima IV X-ray diffractometer with Cu-Ka radiation
(l¼ 1.5420 Å) under 40 kV and 30mA. Fourier transform infrared
(FT-IR) spectra were performed in the range 400e4000 cm�1 using
a Bruker Tensor II spectrometer. The field-emission scanning elec-
tron microscopy (SEM) images were measured on a Hitachi S-4800
microscope and energy dispersive spectrometry (EDS) analyses
were performed on a Hitachi SU-70 scanning electron microscope.
The nitrogen adsorption-desorption isothermswere obtained on an
autosorb iQ2 instrument (Quantachrome U.S.) at 77 K after samples
were pretreated at 393 K for 12 h. Raman spectra were covered on a
LabRAM HR800 system using 488 nm lasers (Horiba, France).
Thermogravimetric analyses (TGA) were implemented on a
Mettler-Toledo TGA analyzer under an air atmosphere at a heating
rate of 10 Kmin�1.
2.2. Preparation of HZIF-Mo by microwave-assisted method

HZIF-Mo was synthesized as follows: Zn(CH3COO)2$2H2O
(0.8800 g, 0.40mmol), H2MoO4 (0.0162 g, 0.10mmol) and 2-Mim
(0.0480 g, 0.585mmol) were successively slotted in a beaker con-
taining DMF (4.0mL), and stirred at room temperature until the
reactants dissolved. Afterwards, the suspension was poured into a
microwave reactor and heated at varied temperatures (333 and
393 K) and time (60e600 s) (Intelligent Microwave System, Xintuo
Analytical Instruments, Shanghai, China). The solid obtained was
centrifuged using water and ethanol, respectively, in five subse-
quent cycles (8000 r min�1), and dried overnight at 373 K under
vacuum.
2.3. Fabrication of HZIF-Mo/PEDOT/CCE

Prior to fabrication of HZIF-Mo/PEDOT/CCE composite elec-
trodes, CCEs (10� 10mm2 size) were placed in acetone and
deionized water under ultrasound for 15min, respectively, and
then boiled in concentrated nitric acid at 363 K for 4 h. Afterwards,
CCEs were repeatedly cleaned with deionized water and ethanol
until neutral, and dried at 343 K.

A HZIF-Mo/PEDOT/CCEwas prepared by drop-coating and vapor
phase polymerization (VPP) process (Scheme 1). In a typical pro-
cess, HZIF-Mo was ultrasonically dispersed in ethanol under a fre-
quency of 20 kHz for 30min to obtain a homogenous dispersion
(1.0mgmL�1). The dispersion (30 mL) was dropped on a bare CCE,
and then allowed to air dry (HZIF-Mo/CCE). Subsequently, FeCl3
solution (0.50M, 5.0 mL) was spread over HZIF-Mo/CCE, and placed
in an EDOT deposition reactor to polymerize EDOT at 403 K for 1 h.
The obtained composite (HZIF-Mo/PEDOT/CCE) was washed with
mass of distilled water and ethanol, respectively, and dried in air for
further use.
Fig. 1. PXRD patterns of the simulated HZIF-Mo, PEDOT, CCE, HZIF-Mo/CCE, PEDOT/
CCE and HZIF-Mo/PEDOT/CCE.
2.4. Electrochemical measurements

A three-electrode electrochemical cell was employed for elec-
trochemical studies on a PARSTAT 4000 electrochemical analyzer
(Princeton Applied Research, USA). Platinum wire and saturated
calomel electrode (SCE) were used as the counter and reference
electrodes, respectively. The working electrodes were HZIF-Mo/
PEDOT/CCE as well as CCE, HZIF-Mo/CCE and PEDOT/CCE for
comparison. Nitrogen purging of 0.1M phosphate buffer (pH 9.0)
was used as electrolyte. Electrical impedance spectroscopy (EIS)
were recorded from 0.1 to 10 kHz for in 0.1mM KCl solution con-
taining 0.5mM Fe(CN)63�/4-.
3. Results and discussion

3.1. Characterization of HZIF-Mo and composites

Powder X-ray diffraction (PXRD) patterns of HZIF-Mo by
microwave-assisted strategy under different crystallization tem-
perature and time are shown in Fig. S1. From PXRD patterns, the
crystal structure of HZIF-Mo obtained by microwave-assisted heat
is almost consistent with that of the simulated one, suggesting that
HZIF-Mo is successfully synthesized. More importantly, the smaller
size HZIF-Mo than that by the conventional electric heating is liable
to firmly attach onto CCEs, which contributes to steadily electro-
catalytic detection. Finally, HZIF-Mo synthesized at 393 K and 300 s
is selected for the sequential experiments.

The structure of HZIF-Mo/PEDOT/CCE is also performed using
PXRD analysis. As apparent in Fig. 1, the pristine CCE and PEDOT are
displayed broad diffraction peaks at about 25.56� [30] and 24.91�

((020) reflection) [31,32], respectively, indicating the typically
amorphous or low crystallinity. When HZIF-Mo dripped onto CCE,
the characteristic peaks of the ZIF obviously appear in the PXRD
patterns of HZIF-Mo/CCE composite. While, there is obvious
diffraction peak in CCE modified by HZIF-Mo/PEDOT
(0.12mg cm�2). Therefore, it is speculated that HZIF-Mo and
PEDOT have been blended onto CCE matrix.

The morphological features of PEDOT/CCE, HZIF-Mo/CCE and
HZIF-Mo/PEDOT/CCE were compared by SEM images (Figs. 2 and
S2). PEDOT/CCE covers the CCE surface, evenly as cotton batting
(Fig. 2a and b). The CCE also adheres to HZIF-Mo, which is a regular
and polyhedron (Fig. 2c and d). Moreover, it can be distinctly seen
that a conductive PEDOT and redox capable HZIF-Mo simulta-
neously leech on to the CCE surface, as depicted in Fig. 2e and f ,
which identifies with the elemental mapping analyses of HZIF-Mo/
PEDOT/CCE (Fig. 2g). This tight gathering provides a favorable
support for the electrochemical detection of hydroxylamine.

The combination of HZIF-Mo and PEDOT is also validated by FT-
IR and Raman spectra (Fig. 3a and b). The CeH stretching
(3136 cm�1), methyl group (2923 cm�1) and plane bending (1303,
1143 and 758 cm�1) in the imidazole ring emerge on the FT-IR
spectrum of HZIF-Mo/PEDOT composite; meanwhile, the peaks
corresponding to CeSeC vibration from the thiophene ring are also



Fig. 2. SEM images of (a and b) PEDOT/CCE, (c and d) HZIF-Mo/CCE and (e and f) HZIF-Mo/PEDOT/CCE; (g) elemental mapping images of HZIF-Mo/PEDOT/CCE.
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observed at 986 and 692 cm�1 [33,34]. We also monitored the
stretching vibration of C]C (1477 cm�1) and inter-ring stretching
mode of CeC (1355 cm�1) stemmed from PEDOT in the infrared
spectrum of HZIF-Mo/PEDOT. Additionally, the composite exhibits
the significant and slightly widened bands at 896 (MoeO) and
423 cm�1 (ZneN) comparison to HZIF-Mo [35]; the bending vi-
bration of CeOeC (1236 and 1063 cm�1) in the ethylenedioxy
group are slightly wider than that of pristine PEDOT; the slight red
shift of 986 cm�1 may be pinned on the mutual binding force of
HZIF-Mo. Raman bands in PEDOT at 1445 and 1501 cm�1 belong to
the symmetric stretching vibration of Ca¼ Cb (-O) and the asym-
metric stretching of Ca¼ Cb, which also present in HZIF-Mo/PEDOT
composites [36,37] (Fig. 3b). Thus, HZIF-Mo is successfully com-
bined with PEDOT, and exists the interaction between them.

Thermal gravimetric analysis (TGA) is a fundamental method to
inspect the thermal stability of materials. As displayed in Fig. 3c,
there is a loss for HZIF-Mo after ~380 �C, possibly attributed to the
framework decomposition. PEDOT decorated HZIF-Mo can be sta-
ble up to about ~310 �C [38]. Further, HZIF-Mo has admirable sta-
bility under alkaline conditions (Fig. S3).

The porosities of HZIF-Mo, PEDOT and its composite were
investigated by nitrogen sorption, as displayed in Fig. 3d. The
Brunauer-Emmet-Teller surface area (SBET) of HZIF-Mo/PEDOT
drops to 308.94m2 g�1, comparison to that of HZIF-Mo (SBET¼
452.66m2 g�1) [23]. After HZIF-Mo combined with PEDOT, the pore
size of ZIF decreases to 8.52 Å, and a range of 20e40 Å ascribes to
that of PEDOT (Fig. S4 and Table S1). These results indicate that
HZIF-Mo/PEDOT is tantamount to the backbone for PEDOT, and
confers a high surface area and more electroactive sites (MoO4
units).

3.2. Electrochemical detection of hydroxylamine

3.2.1. Electrochemical behavior of the modifed electrodes
The electrochemical impedance spectroscopy (EIS) is usually

adapted to dissect the interface electron transfer between different
electrodes. As seen from EIS, the resistance of HZIF-Mo/CCE
(0.43 kU) basically is in line with the result of bare CCE (0.42 kU)
(Fig. 4a). For HZIF-Mo/PEDOT/CCE, its electron transfer resistance
obviously decreases to 0.35 kU (Fig. 4b), profiting from high con-
ductivity of PEDOT [39].

The electrochemical properties of four electrodes are investi-
gated by cyclic voltammograms (CVs) in 0.1M PBS (pH 9.0) without
and with 0.5mM hydroxylamine, respectively (Fig. 4c and d). It can
be found that these electrodes have different levels of response to
hydroxylamine. Regarding Fig. 4c, the bare CCE only shows a weak
response to hydroxylamine oxidation (0.56mA cm�2); whereas the
CCE modified with PEDOT exhibits a single observable peaks at



Fig. 3. (a) FT-IR spectra, (b) Raman spectra, (c) TGA and (d) N2 adsorption-desorption isotherms of HZIF-Mo, PEDOT and HZIF-Mo/PEDOT.
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0.82 V (1.12mA cm�2). The existence of conductive PEDOT is more
favorable for the oxidation of hydroxylamine specie [40]. Further,
the peak current of hydroxylamine at HZIF-Mo/CCE (1.32mA cm�2)
is 2.36 and 1.18-fold increases than those of CCE and PEDOT/CCE,
respectively. Also, there is a visible promotion in the current
response when CCE modified by HZIF-Mo/PEDOT (1.88mA cm�2).
This response enlargement is possibly ascribed to the high electro-
conductibility, electrocatalytic action and synergistic effect of HZIF-
Mo, PEDOT and CCE, which afford the high-current detection of
hydroxylamine. Additionally, the comparative probes of CCEs
modified electrodes towards hydroxylamine oxidation are further
identified by amperometry. Fig. 4f depicts the typical current time
dynamic response (iet) of these electrodes towards successively
adding hydroxylamine from 1.0 to 7.0 mM in PBS (pH 9.0). Clearly,
the response current of CCE, PEDOT/CCE, HZIF-Mo/CCE and HZIF-
Mo/PEDOT/CCE forwards with an increase concentration of hy-
droxylamine, and their responses attain 95% of the steady-state
current beneath 5 s. It can be also found that the HZIF-Mo/
PEDOT/CCE composite is more sensitive to detect hydroxylamine.

The effective areas (EAs) of CCE modified electrodes are calcu-
lated from the Randles-Sevcik reversible equation by CV technique:

Ip ¼ 269 An3=2D1=2 CV1=2 (1)

where A, n, D and C represent the electrode area (cm2), the charge
number that joins in electrochemical process, the diffusion coeffi-
cient of [Fe(CN)6]3-/4- [41] and the electrolytic concentration (mol
L�1), respectively. Regarding Fig. S8, the EA of HZIF-Mo/PEDOT/CCE
(21.59 cm�2) is higher than those of the bare CCE (3.19 cm�2), HZIF-
Mo/CCE (10.81 cm�2) and PEDOT/CCE (14.93 cm�2), calculated from
the slope of Ip versus n1/2 (Table S2). The enhancement of EA on the
HZIF-Mo/PEDOT/CCE can extend the reaction sites and amplify the
current response, thereby improving the sensitivity of hydroxyl-
amine detection.

The reaction kinetic of hydroxylamine oxidation at HZIF-Mo/
PEDOT/CCE composite is further investigated by CV measure-
ments under different scans. As observed from Fig. 5, the peak
potential (Ep) and the peak current (Ip) slightly shift following an
increase of scan rate (n). The Ep and Ip are proportional to the nature
logarithm of scan rate (lny) and square root of the scan rate (n1/2),
respectively (Fig. 5b and c), proving that the electrocatalytic reac-
tion of hydroxylamine follows the irreversible and diffusion
controlled process. Further, the rate limiting step is a single electron
transfer process judged by the average value for ana 0.22, (a: the
electron transfer coefficient, na: the electron number) according to
Equation (2). The Randles-Sevcik non-reversible equation (Eq. (3))
is used to calculate the total number of electrons (n) in the hy-
droxylamine oxidation.

Ep � Ep=2 ¼ 1:857RT
.
anaF ¼ 0:0477

.
ana (2)

Ip ¼
�
0:4958� 10�3

�
nF 3=2ðRTÞ�1=2ðanaÞ1=2AcD1=2y1=2 (3)

where D is the diffusion coefficient of 6.8✕10�6 cm2 S�1 (double
potential step chronocoulometry studies, DPSC) [42,43] and Ep/2 is
the potential corresponding to Ip/2. Thus, the n value is roughly
equal to 2.3. The oxidation process of the total number of electrons
electrode towards hydroxylamine can be estimated as 2NH2OH /

N2O þ H2Oþ 4Hþ þ 4e� [44,45]:
To elucidate different signal enhancement abilities of CCE

modified electrodes, the adsorption capacity and diffusion coeffi-
cient of electrodes are measured by DPSC technique (Fig. S9).

Q ¼2nFACD1=2p�1=2 t1=2 þ Qdl þ Qads (4)

According to Anson formula [46], Qdl and Qads (Qads¼ nFAGs)
stand for the charge quantity of electric double layer and the
Faradaic charge, respectively (Equation (4)); Gs is the quantity of
electrolyte active species adsorbed on electrode surface. As attested



Fig. 4. EIS of (a) CCE and HZIF-Mo/CCE, (b) PEDOT/CCE and HZIF-Mo/PEDOT/CCE composites; CVs of (c) CCE and PEDOT/CCE, (d) HZIF-Mo/CCE and HZIF-Mo/PEDOT/CCE at
50mV s�1 without and with hydroxylamine, respectively; (e) the amperometric response to CCE, PEDOT/CCE, HZIF-Mo/CCE, and HZIF-Mo/PEDOT/CCE in the presence of hy-
droxylamine applied a potential of 0.7 V; (f) the corresponding linear plots of current response versus hydroxylamine concentration.
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by Cottrell theory [47], the intercept of Qf e t1/2 (0.25e0.50 V) in-
cludes Qdl and Qads, and that of Qr e f(t) (0.50e0.25 V) consists of
only Qdl (Fig. 6). Thus, the adsorption capacity (Gs) and diffusion
coefficient (D) of these electrodes can be calculated (Table S3). The
Gs value of hydroxylamine at HZIF-Mo/PEDOT/CCE is
1.77✕10�11mol cm�2, which is obviously higher than that of HZIF-
Mo/CCE. Additionally, the rationality of diffusion coefficient
(2.46✕10�6 cm2 S�1) in the HZIF-Mo/PEDOT/CCE is verified by
different methods (scan rates and DPSC), tying inwith the assumed
order of magnitude (6.8✕10�6 cm2 S�1). The relatively high
adsorption capacity and diffusion coefficient imply that the inte-
gration of PEDOT and HZIF-Mo makes the composite electrode
effectively accumulate hydroxylamine on the surface.
3.2.2. Optimization of detective conditions
The testing performance of the sensor is influenced by pH,

working potential, and the amount of HZIF-Mo and PEDOT onto
CCEs. Undoubtedly, hydroxylamine has two forms of aprotic
NH2OH and protonated NH3OHþ in solution [48,49], suggesting
that its oxidation is strongly related to pH. Therefore, cyclic volta-
mograms (CVs) of hydroxylamine for HZIF-Mo/PEDOT/CCE is
acquainted to explore pH effect (from 7.5 to 9.5) in PBS solution. The
maximum response is reached at pH 9.0, and then decreases with a
further increase of pH (Fig. S7a), resulting from the instability of
hydroxylamine at high pH values. Additionally, the effect of poly-
merized time of EDOT and the amount of HZIF-Mo are investigated
by the amperometric method. The relatively prominent deposition



Fig. 5. (a) CVs of HZIF-Mo/PEDOT/CCE at different scan rates (from inner to outer: 10, 20, 30, 40, 50, 70 and 100mV s�1) of 0.8mM hydroxylamine at PBS solution (pH 9.0); the plots
of (b) Ip current versus n1/2 and (c) Ep versus lny.

Fig. 6. Plots of Qf - t1/2 during the forward step and Qr - f(t) (f(t)¼ t1/2 þ (t - t)1/2 e t1/2, t: the step time) during the reverse step in 0.1M pH 9.0 PBS buffer solution of 50 mM
hydroxylamine on (a) CCE, (b) HZIF-Mo/CCE, (c) PEDOT/CCE and (d) HZIF-Mo/PEDOT/CCE. The plus width is 0.25 s.
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time of polymer is 60minwhen the potential was applied for 0.70 V
(Fig. S5a); the amperometric response drops as time goes on. The
excess conductive polymer possibly hampers the diffusion of hy-
droxylamine on the layers between PEDOT and HZIF-Mo. When
0.03mg cm�2 of HZIF-Mo are immobilized in the CCEs, the ob-
tained HZIF-Mo/PEDOT/CCE composites gives the relatively higher
signal of hydroxylamine detection (Fig. S5c), possibly attributable
to the weak conductivity of HZIF-Mo which hinders the electron
transfer between HZIF-Mo layer and PEDOT. Further, as shown in
amperometric responses about the voltage influence (Fig. S7c), the
response signal of hydroxylamine is more pronounced when
voltage set in the range from 0.65 to 0.80 V. Meanwhile, the in-
termediates or interferences generated at high potential (0.85 V)
may concomitantly increase the noise signal, thus 0.80 V is selected
as the working voltage.
Fig. 8. (a) Interference measured by amperometric i-t test; I0 and I stand the current of
hydroxylamine in the absence and presence of interferents, respectively; (b) stability of
chronoamperometry response to 0.2mM hydroxylamine during 13,380 s.
3.2.3. Analytical performance of HZIF-Mo/PEDOT/CCE to
hydroxylamine

Adopting the optimal detection conditions, hydroxylamine is
detected using the available HZIF-Mo/PEDOT/CCE electrode by
amperometric method (Fig. 7a); the corresponding calibration
curve is shown in Fig. 7b, where different concentrations of hy-
droxylamine (from 0.1 up to 696.2 mM) is continuously injected to
0.1 M PBS (pH 9.0) buffer solution at þ0.8 V. The high and rapid
current response (within 5 s) denotes that the prepared sensor can
timely capture the signal change of hydroxylamine. Accordingly, a
linear plot of response current versus hydroxylamine concentration
can be described as follows:

IðmAÞ¼3:03 ½hydroxylamine�ðmMÞ þ 25:33

The detection limit (LOD) is approximately 0.04 mM (S/N¼ 3)
figured from the experimental results. Additionally, the HZIF-Mo/
PEDOT/CCE sensor exhibits the favorable sensing performance of
hydroxylamine detection comparison to other modified electrodes
(Table S4).

The excellent performance of HZIF-Mo/PEDOT/CCE towards
hydroxylamine detection probably attributes to the synergistic ef-
fect between HZIF-Mo and PEDOT: (i) the polyhedral HZIF-Mo
skeleton has redox-active MoO4 units (PXRD) along with high
surface area and porosity (N2 adsorption-desorption isotherm)
[50]; (ii) PEDOT with the high conductivity (EIS) and mesoporous
structure (N2 adsorption-desorption isotherm) heightens the
electronic transfer capacity. These synergies increase the amount of
electroactive sites, electrochemically active surface and adsorption
Fig. 7. (a) Amperometric curve of HZIF-Mo/PEDOT/CCE by stepwise injections of different h
hydroxylamine concentration.
capacity, resulting in an enhancement in the competence of hy-
droxylamine detection.

3.2.4. Interference, stability and sample analysis
Selectivity and stability are important aspects for the practical

application. Wherefore, the anti-interference measurement is
performed in the presence of the potential interfering substance,
including 100-fold concentrations of H2PO4

�, Br�, SO4
2�, HCO3

�, CO3
2�,

Cl�, CH3COO� and 2-fold concentrations of Pb2þ, Cd2þ, Hg2þ, Cu2þ,
ClO3

�, melamine, o-nitrophenol, p-nitrophenol, and D-fructose
(Fig. S10). It is observed that the current response of HZIF-Mo/
PEDOT/CCE towards hydroxylamine (25 mM) is almost no differ-
ence in the absence and presence of interfering substances, inti-
mating that the sensor has splendid selectivity for hydroxylamine
(Fig. 8a). Further, the electrochemical stability is recorded through
ydroxylamine concentrations, and (b) the calibration curve of current response versus



Fig. 9. (a) Recovery and (b) RSD (%) hydroxylamine from different water samples.
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the chronoamperometric response to 0.2mM hydroxylamine, as
displayed in Fig. 8b. The variance (standard deviation
(SD)¼ 1.5✕10�4) between 3000 and 12,000 s implies that the de-
gree of deviation is grand small and the stability is outstanding. The
HZIF-Mo after hydroxylamine detection still retains in the electrode
surface measured by SEM (Fig. S2f), and the characteristic PXRD
patterns of HZIF-Mo also presents when the HZIF-Mo/PEDOT/CCE is
immersed in PBS solution (pH 9.0) under ultrasonic conditions
(40 kHz, KQ-100B, Kunshan, China) for 30min (Fig. S6). Besides,
amperometric currents of hydroxylamine on the five parallel
electrodes are used to check reproducibility, and the relative
standard deviation (RSD) is of 4.43% for 10 measurements.

The detective performance of HZIF-Mo/PEDOT/CCE towards the
hydroxylamine in real samples such as pond water, drinking water,
ground water, and single-deionized water are also analyzed by
employing the standard method. All the real samples were straight
invested for analysis after separately filtering. Upon adding the
given quantity of hydroxylamine, the sample is measured for i-t
method, and the results are outlined in Table S5 and Fig. 9. Notably,
the recovery results are 92.62e102.80% that is satisfactory, and RSD
is all less than 4.10%. Therefore, the HZIF-Mo/PEDOT/CCE sensor is
reliable and sensitive to determine hydroxylamine in real samples.

4. Conclusions

In conclusion, HZIF-Mo/PEDOT/CCE composites are constructed
and harnessed as novel sensors towards hydroxylamine detection.
The hybrid sensor can immensely improve the signal currents,
rooting in the synergistic effects from the inherent catalytic activity
of HZIF-Mo and electrical conductivity of PEDOT. Thus, the HZIF-
Mo/PEDOT/CCE sensor displayed a considerably low detection
limit up to nanomolar levels (0.04 mM). More considerably, the
sturdy and reproducible coating prompts a heightening in anti-
interference ability and recovery in real samples. These absorbing
electroanalytical performances facilitate this composite budding in
practicable determination for chemical molecules.
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