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ABSTRACT: This paper describes the immobilization of gold nano-
particles on metal−metalloporphyrin frameworks (AuNPs/MMPF-6(Fe))
through electrostatic adsorption. The composites were characterized by
powder X-ray diffraction, zeta potential, transmission electron microscopy,
electrochemical impedance spectroscopy, and voltammetric methods.
MMPF-6(Fe) exhibited a pair of redox peaks of the Fe(III)TCPP/
Fe(II)TCPP redox couple. The AuNPs/MMPF-6(Fe)-based electro-
chemical sensor demonstrates a distinctly higher electrocatalytic response
to the oxidation of hydroxylamine due to the synergic effect of the gold
metal nanoparticles and metal−metalloporphyrin matrix. The voltammetric
current response exhibits two linear dynamic ranges, 0.01−1.0 and 1.0−
20.0 μmol L−1, and the detection limit was as low as 0.004 μmol L−1 (S/N
= 3). Moreover, the biosensor exhibits high reproducibility and stability in
acid solution. Our work not only offers a simple way to achieve the direct electrochemical behavior of metalloporphyrin but also
expands the potential applications of MOFs-based composites in bioanalysis.
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■ INTRODUCTION

Hydroxylamine, an oxygenated derivative of ammonia, is
commonly used as a raw material in industrial and
pharmaceutical processes.1,2 However, it is also well-known to
be moderately toxic to animals, plants, and humans, which can
produce both reversible and irreversible physiological changes.3

Relatively little information is available as to the acute toxicity
of hydroxylamine, and the oral LD50 of hydroxylamine
hydrochloride for the mouse was reported as 420 versus 400
mg/kg by two different sources.4 It has been reported that
hydroxylamine at millimolar levels can remain stable for several
hours (pH 4.0) but for only 1 h in the presence of air (pH
7.8).5,6 Hence, the direct detection of hydroxylamine is difficult
in environmental and biologic samples due to the lower
concentration and instability.7 Many methods have been
developed to detect hydroxylamine over the past decade.
Among these, an electrochemical method possesses many
advantages, such as good selectivity, fast detection, high
sensitivity, and low cost.8−10 These features have spurred
enormous research in electrochemical biosensor/sensors for
hydroxylamine detection.11−15

Metal−organic frameworks (MOFs) represent an intriguing
class of highly porous materials consisting of metal ions and
organic ligands.16,17 Currently, significant progress has been
made in the application of synthesizing new MOFs and
investigating their applications in catalysis and gas adsorption/

separation.18−20 However, because of the poor conductivity of
MOFs at the conventional electrode surface as well as the
instability of MOFs structures in aqueous solutions, the
fabrication of MOFs-based composites for electrochemical
sensor application remains a challenge.21−23 To extend the
scope of applications of MOFs, many conductive materials
(graphene oxide and macroporous carbon) were combined
with MOFs to construct novel electrochemical sensor to
improve their electrochemical performance.24,25

Because of excellent catalytic activity and hospitable
environment for biomolecules, gold nanoparticles (AuNPs)
are increasingly used in numerous electrochemical fields.26,27

The good conductivity of AuNPs can improve the electron
transfer and amplify the electrochemical signal. Meanwhile, the
encapsulation of AuNPs inside the MOFs has been reported
and exhibits high catalytic activity in heterogeneous cataly-
sis.28−31 However, the high catalytic effect of the AuNPs inside
the MOFs was almost completely suppressed when they were
used as electrode materials in our present studies.
Given the complementary characteristics of AuNPs and

MOFs, herein we develop an alternative approach of
constructing AuNPs/metal−metalloporphyrin composites.
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The metal−metalloporphyrin framework, MMPF-6(Fe)
(Zr6O8(H2O)8(TCPP·FeCl)2), was selected as a representative
MOF support because it has large pore size, high surface area,
good chemical stability to water and organic media, and
biomimetic catalytic activities.32 The characterization of the
resulting material indicated that AuNPs were not entered into
the host matrix but rather well-dispersed on the outer surface of
metal−metalloporphyrin crystals. The combination of conduct-
ing gold nanoparticles and MMPF-6(Fe) can provide potential
electrochemical candidates for biochemical sensor due to the
strong catalysis sites, enlarged active surface area, and their high
conductivity. The established method was employed for
ultrasensitive hydroxylamine determination in real pharmaceut-
ical and water samples.

■ EXPERIMENTAL SECTION
Reagents and Materials. Hydroxylamine stock solution (0.01

mol L−1) was obtained by dissolving 0.66 mL of 50% hydroxylamine
aqueous solution (Jinshan Chemicals, Shanghai, China) in 100 mL
deionized water. Phosphate-buffered solution (PBS, 0.1 mol L−1, pH
7.0) was prepared by using Na2HPO4 and NaH2PO4. Hydrogen
tetrachloroaurate trihydrate (HAuCl4·3H2O), trisodium citrate,
zirconyl chloride octahydrate, pyrrole, methyl p-formylbenzoate,
formic acid, N,N-dimethylformamide (DMF), hydrochloric acid,
potassium hydroxide, tetrahydrofuran, methyl alcohol, acetone,
trichloromethane, propionic acid, ferrous chloride tetrahydrate, and
anhydrous magnesium sulfate were of analytical grade. Environmental
water samples were obtained from the lab and local river, respectively.
The oxyurea capsule and pyridine-2-aldoxime methyl iodide (PAM
injection) were purchased from local drugstore. Tetrakis(4-carbox-
yphenyl)-porphyrin (H2TCPP) and Fe(III)-tetra(4-carboxyphenyl)-
porphyrin chloride (Fe-TCPP) ligands were prepared based on
previous reports.33,34

Instrumentation. Electrochemical measurements and impedance
spectroscopy were carried out with CHI852C electrochemical analyzer
(Shanghai Chenhua Co., China). A traditional three-electrode system
was employed in the measurements, with an AuNPs/MMPF-6(Fe)-
modified glassy carbon electrode (GCE) as the working electrode, an
Ag/AgCl electrode as the reference electrode and a platinum wire as
the auxiliary electrode. Zeta potential was measured with Zetasizer
Nano ZSP (Malvern, England). The powder X-ray diffraction (XRD)
analyses were carried out by using a D8 Advance X-ray diffractometer
(Bruker Co., Germany) from 2.5 to 50°. The transmission electron
micrograph (TEM) images were obtained with the Tecnai 12
(Holland Philips).
Synthesis of MMPF-6 and MMPF-6(Fe). MMPF-6 and MMPF-

6(Fe) were synthesized according to the previous literature.32 Briefly,
zirconyl chloride octahydrate (37.5 mg), H2TCPP (6.5 mg) or Fe-
TCPP (6.5 mg), and formic acid (7 mL) were ultrasonically dissolved
in DMF (10 mL). After heating at 130 °C for 72 h, the single crystals
were collected by filtration and washed with DMF (5 × 10 mL) over a
3 h period and acetone (5 × 30 mL) over a 5 day period, respectively.
Finally, the acetone was removed by heating at 120 °C for 48 h.
Synthesis of AuNPs. AuNPs were synthesized by a citrate

reduction of HAuCl4.
35 Distilled water containing HAuCl4 solution

(200 mL, 0.05% by weight) was refluxed during stirring. When the
HAuCl4 solution started to boil, 5 mL of trisodium citrate (1% by
weight) was added rapidly, and the reaction was continued until the
color turned dark red. After reaction, the mixture was cooled to room
temperature under stirring conditions and was then stored at 4 °C for
further use.
Preparation of AuNPs/MMPF-6(Fe)/GCE. The bare GCE was

first polished with alumina slurry, followed by rinsing ultrasonically
with anhydrous alcohol and distilled deionized water, and finally
allowed to dry in N2 blowing. MMPF-6(Fe) (1.0 mg) was dissolved in
1.0 mL of DMF by sonication to form a homogeneously suspension.
Then, 5 μL of the MMPF-6(Fe) suspension was dropped on the fresh
pretreated GCE surface to obtain MMPF-6(Fe)/GCE. The immobi-

lization of AuNPs on the MMPF-6(Fe)-modified electrode was
achieved by immersing the MMPF-6(Fe)-modified electrode into the
colloidal AuNPs solution for 10 min and dried in the air.

Sample Pretreatment. Oxyurea capsule powder (0.0025 g) was
dissolved in 7 mol L−1 HCl solution for digestion. After cooling to
room temperature, the mixture was neutralized with sodium hydroxide
and transferred to a 20 mL calibrated flask with deionized water. As for
PAM injection, PAM injection (12.0 mL) was pretreated by applying
above procedure. The environmental water samples were filtered using
a 0.45 μm membrane filter to eliminate suspended particles and
analyzed without delay.

■ RESULTS AND DISCUSSION
Characterization of AuNPs/MMPF-6(Fe). In the present

work, MMPF-6(Fe) was prepared hydrothermally, as described
in the Experimental Section. To form a robust homogeneous
film on the electrode surface, MMPF-6(Fe) was pretreated by
grinding and ultrasonication before use. The powder scraped
from the electrode was confirmed by comparing the XRD
patterns of the powder and the simulated diffraction patterns
(Figure 1a). The well-tallied patterns indicate that MMPF-

6(Fe) with high quality was successfully prepared and the
structure was preserved after pretreatment.32−35 The BET
surface area of MMPF-6(Fe) is 2101 m2 g−1, and the pore sizes
of MMPF-6 (Fe) by pore size distribution analysis are about 10
and 33 Å. The zeta potential value of MMPF-6(Fe) decreases
with the increase of solution pH, and the isoelectrical point is
calculated to be 7.4 (Figure 1b). Figure 1c shows that the
monodisperse gold nanoparticles are spherical in shape, with a
mean diameter of 15.28 ± 0.5 nm. AuNPs/MMPF-6(Fe) was
obtained by immersing the MOFs-modified electrode in AuNPs
solution for 10 min, and the obtained materials were scraped off
from the electrode for the subsequent TEM analysis. As shown
in Figure 1d, MMPF-6(Fe) did not show perfect crystallinity of
the as-synthesized needle shape after pretreatment. Au
nanoparticles are mainly dispersed on external surface, and
no obvious aggregation was observed. The BET surface area
(2058 m2) and total pore size (10 and 33 Å) of AuNPs/
MMPF-6(Fe) were nearly unchanged compared with MMPF-
6(Fe). The thickness of the coated AuNPs/MMPF-6(Fe) layer

Figure 1. X-ray diffraction pattern (a) and zeta potential value (b) of
MMPF-6(Fe). TEM images of AuNPs (c) and AuNPs/MMPF-6(Fe)
(d). Inset shows the histogram of AuNPs distribution.
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was measured to be about 10 μm (determinated by confocal
laser scanning microscopy). The MMPF-6(Fe) has positive
charge in trisodium citrate solution (pH 6.0), and the AuNPs
layer is formed due to the electrostatic interactions because the
AuNPs are negatively charged in citrate solution.
Electrochemical impedance spectra of [Fe(CN)6]

3−/4− is
usually employed to investigate the interfacial electron transfer
properties of different electrodes. Figure 2 shows the

electrochemical impedance spectra of bare GCE, MMPF-
6(Fe)/GCE, and AuNPs/MMPF-6(Fe)/GCE, Figure 2a−c,
respectively. For bare GCE, the electron transfer resistance
value was 1470 Ω. At MMPF-6(Fe)/GCE, the value of
resistance was changed to 745 Ω, suggesting that the bare GCE
was coated efficiently by MMPF-6(Fe). A distinct decrease in
the interfacial electron transfer resistance was also seen when
AuNPs were dispersed on the out surface of MOFs (403 Ω).
There is no doubt that AuNPs could improve the conductivity
of the MOFs and facilitated the electron transfer between
solution and electrode interface. This result also indicated that
AuNPs/MMPF-6(Fe)/GCE was successfully fabricated. The
amount of AuNPs has an important role in the voltammetric
behavior of hydroxylamine. Hence, the effect of immersion time
(10, 20, 30, and 40 min) on the peak currents of hydroxylamine
was explored. The peak current intensity increased slightly with
immersion time increasing up to 30 min. With further increase
of the immersion time, the current intensity nearly remains the
same. This means that a saturated immobilization of AuNPs on
MMPF-6(Fe) was achieved. In this paper, to decrease the
electrode preparation time and increase the sample frequency, a
10 min immersion time was selected in the subsequent
experiments.
Electrochemical Behavior of AuNPs/MMPF-6(Fe)/GCE.

As shown in Figure 3, the cyclic voltammograms of bare GCE
did not display any redox peak (curve a), whereas GCEs
modified with MMPF-6(Fe) showed a pair of observable peaks
at −0.1 and −0.3 V (curve b). These peaks were be assigned to
the redox couple of Fe(III)TCPP/Fe(II)TCPP in MMPF-
6(Fe).36 It was observed that with an increase of pH from 5 to
9, the oxidation potential of the MMPF-6(Fe)/GCE was
shifted toward less positive values and showed a linear
relationship with a slope of −62.0 mV pH−1. This slope was
very close to the anticipated Nerstian value of −59.1 mV pH−1,
thus meaning that the same number of electrons and protons
are transferred in the electrode oxidation reaction. The AuNPs/
MMPF-6(Fe)/GCE displayed a couple of redox peaks, and the

anodic peak current was 5.17 μA, which is 1.78 times higher
than that of the MMPF-6(Fe)-modified GCE (2.90 μA),
further confirming the effect of AuNPs in accelerating the
electron transfer rate between MMPF-6(Fe) and the GCE.

Cyclic Voltammetric Behaviors of Hydroxylamine. The
cyclic voltammograms at bare GCE, AuNPs/GCE, MMPF-
6(Fe)/GCE, and AuNPs/MMPF-6(Fe)/GCE were recorded
and shown in Figure 4a−d, respectively. The oxidation peaks of

hydroxylamine at these electrodes were completely irreversible.
No oxidation peak was observed at the bare GCE, whereas
AuNPs/GCE gave a signal at 0.2 V, indicating that AuNPs had
clearly catalytic effect activity to the electro-oxidation of
hydroxylamine. Compared with those of the bare GCE and
AuNPs/GCE, a high and broad current signal was obtained
after MMPF-6(Fe) was immobilized on GCE surface, although
the cyclic voltammogram obtained at MMPF-6(Fe)/GCE
presented a larger overpotential at about 0.35 V (Figure 4c).
These could occur in two ways: (1) The relative large surface
area of the MMPF-6(Fe)/GCE can offer more electrochemical
active sites and improves the electrochemical response. (2)
Hydroxylamine molecules can penetrate into the MMPF-6(Fe)
channel, and the size and shape of the pores structure result in
size- and shape-selectivity over the guests that were
accumulated on the electrode surface. Another control
experiment was added with Fe(III)-porphyrin/GCE for
hydroxylamine oxidation with the same Fe(III) content. The

Figure 2. Electrochemical impedance spectra of the bare GCE (a),
MMPF-6(Fe)/GCE (b), and AuNPs/MMPF-6(Fe)/GCE (c) in 0.1
mol L−1 KCl solution containing 5 mmol L−1 Fe(CN)6

3−/4−.

Figure 3. Cyclic voltammograms of a bare GCE (a), MMPF-6(Fe)/
GCE (b), and AuNPs/MMPF-6(Fe)/GCE (c) in 0.1 mol L−1 PBS
(pH 7.0) at 100 mV s−1.

Figure 4. Cyclic voltammograms of 0.20 mmol L−1 hydroxylamine at
the bare GCE (a) and GCEs modified with AuNPs (b), MMPF-6(Fe)
(c), and AuNPs/MMPF-6(Fe)/GCE (d) in 0.1 mol L−1 PBS (pH
7.0).
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current intensity at the MMPF-6(Fe)/GCE was improved in
contrast to that at the Fe(III)-porphyrins/GCE, which also
demonstrated the structural feature of the MMPF-6(Fe), was
favorable for electrocatalytic response. The significant enhance-
ment of oxidation peak current at the AuNPs/MMPF-6(Fe)/
GCE (14.29 μA) was about 1.68 times higher than the sum of
the peak currents of AuNPs/GCE (2.16 μA) and MMPF-
6(Fe)/GCE (6.34 μA), indicating the synergistic effect of
AuNPs and MMPF-6(Fe).
Effect of Fe(III) Ions. To examine the influence of Fe(III)

ions for the hydroxylamine oxidation, the cyclic voltammo-
grams of hydroxylamine at AuNPs/MMPF-6/GCE and
AuNPs/MMPF-6(Fe)/GCE were investigated. The AuNPs/
MMPF-6/GCE exhibits only a small current peak at 0.38 V
(Figure 5a). When compared to that at AuNPs/MMPF-6/

GCE, the oxidation peak current at AuNPs/MMPF-6(Fe)/
GCE increased significantly by about 1.6 times, and the anodic
peak potentials are shifted toward negatively of 0.11 V (Figure
5b). The excellent catalytic characteristics of MMPF-6(Fe)
could be attributed to the fact that the coordinated metallic
ions enhance the conductivity of the MMPF-6, which leads to
efficient electron transport through the electrode materials via a
tunnelling mechanism.37,38 Thus, AuNPs/MMPF-6(Fe)/GCE
oxidized hydroxylamine at less overpotential with higher
current than AuNPs/MMPF-6/GCE.
Effect of pH. In general, the value of sample solution pH

determines the existing state of hydroxylamine, further affecting
their catalytic efficiency. Hydroxylamine is a weakly acidic
compound with a pKa of nearly 5.9, and it exists in both the
protonated form of NH3OH

+ and the deprotonated form of
NH2OH depending on the solution pH value. The effect of
sample solution pH on the current intensity of hydroxylamine
was studied with respect to different pH values (Figure 6).
Protonated NH3OH

+ is less electrocatalytic active in compar-
ison with nonprotonated form in the catalytic oxidation
process. Hence, the current intensity increased significantly
with pH increasing from 5 to 7 and reached the maximum at
pH 7.0. Afterward, the peak currents begin to decrease
gradually with further increase in pH, which could be attributed
to the fact that hydroxylamine will become unstable in high pH
values.7 Hence, pH 7.0 was used in the further experiments.
There is a linear relationship between the oxidation peak
potential and the solution pH. As shown in the inset of Figure
6, the oxidation peak potential varied linearly with an increasing

pH value, and the regression was Epa (V) = −0.062pH + 0.72
(R2 = 0.9995). The slope of 62 mV pH−1 indicates that the
number of electrons and protons were the same in the
hydroxylamine oxidation reaction.

Effect of Scan Rate. The effect of scan rate on the redox
reaction of hydroxylamine at the AuNPs/MMPF-6(Fe)/GCE
was examined using cyclic voltammetry with scan rate in the
range of 10−200 mV s−1 and the results were displayed in
Figure 7. The anodic peak currents increased gradually and

linearly with the square root of the scan rates (inset A in Figure
7), and the linear regression equation was I (μA) = 1.005 +
0.8235v1/2 (mV1/2 s−1/2) (R2 = 0.9999). This indicates that the
oxidation of hydroxylamine on AuNPs/MMPF-6(Fe)/GCE is a
diffusion-controlled process.
A Tafel plot was drawn to obtain the information in the rate-

determining step (inset B of Figure 8). The data can be utilized
to estimate the kinetic parameters of electrocatalytic oxidation
reaction at the modified electrode surface using following
equation.39

α= − αn F RTTafel slope (1 ) /2.3

for which nα is the electron transfer number and α is the
electron transfer coefficient. The Tafel slope could be
calculated based on slope of Epa with respect to log v. In this

Figure 5. Cyclic voltammograms for 0.20 mmol L−1 hydroxylamine in
0.1 mol L−1 PBS (pH 7.0) at GCEs modified with AuNPs/MMPF-6/
GCE (a) and AuNPs/MMPF-6(Fe)/GCE (b) at a scan rate of 100
mV s−1.

Figure 6. Differential pulse voltammograms at AuNPs/MMPF-6(Fe)/
GCE modified electrode containing 20.0 μmol L−1 of hydroxylamine
0.1 mol L−1 PBS with different pH (a−e: 5.0, 6.0, 7.0, 8.0, and 9.0).
Insert: Dependence of oxidation peak potential on solution pH.

Figure 7. Cyclic voltammograms at AuNPs/MMPF-6(Fe)-modified
electrode in 0.1 mol L−1 PBS (pH 7.0) containing 0.10 mmol L−1 of
hydroxylamine at different scan rates. (a−i: 10, 25, 50, 75, 100, 125,
150, 175, and 200 mV s−1). Insets: (A) Dependence of oxidation peak
current on square root of the scan rate. (B) Dependence of peak
potentials on logarithm of the scan rate.
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work, Epa shows a linear relationship with log v, and the
regression equation can be expressed as Epa= 0.0733 log v +
0.1320 (R2 = 0.9997). For a completely irreversible electrode
reaction, α is assumed to be 0.6. Then, nα in the rate-
determining step is calculated to be 1.
The total number of electrons (n) in the oxidation process at

the AuNPs/MMPF-6(Fe)/GCE surface could be calculated
based on the Randles−Sevcik equation.40

α= × − αI n n ACD V3.01 10 [(1 ) ]5 1/2 1/2 1/2

where (1 − α)nα = 0.4 (as obtained from the above Tafel
plots), A is the electrode surface area (0.0314 cm2), C is the
bulk concentration of hydroxylamine (mol cm−3), and D is the
diffusion coefficient (5.88 × 10−6 cm2 s−1, calculated by the
following chronoamperometry), respectively. Therefore, the
total number of electrons (n) involved in the electrode reaction
of hydroxylamine is 2, and the oxidation mechanism of
hydroxylamine may be expressed in the following reaction:

→ + + ++ −2NH OH N O H O 4H 4e2 2 2

Chronoamperometric Studies. Generally, the chronoam-
perometry method was widely used for the determination of
diffusion coefficient of target analytes. According to Cottrell’s
equation in the diffusion control procedure,39 the current signal
can be calculated as follows:

π= − −I nFAD C t1/2 1/2 1/2

where C is the bulk concentration (mol cm−3) and D is the
diffusion coefficient (cm2 s−1). From inset A of Figure 8, the
plot shows the linear dependence between I versus t−1/2. The
slope was calculated versus the hydroxylamine concentration
(inset B of Figure 8); from the value of slope, the diffusion
coefficient was calculated to be 5.88 × 10−6 cm2 s−1.
Effects of Accumulation Potential and Accumulation

Time. With the accumulation potential changed from −0.4 to
0.1 V (Figure 9), the anodic peak current of hydroxylamine
increased obviously and then decreased obviously when the
accumulation potential changed more positively. Therefore,
−0.3 V was used throughout this work. The effect of
accumulation time was examined within a range of 60−210 s
at a time interval of 30 s. The anodic peak current of
hydroxylamine increased achieved the maximum with the
accumulation time until 120 s and then kept nearly unchanged
at a higher accumulation time. This phenomenon suggested

that the saturated adsorption of hydroxylamine at the electrode
surface was achieved. Finally, the accumulation time was
adjusted to 120 s as the optimum condition.

Analytical Performance. Figure 10 showed the differential
pulse voltammograms of hydroxylamine at the AuNPs/MMPF-

6(Fe)/GCE. Clearly, the anodic oxidation peak currents
increased with increasing hydroxylamine concentration within
the range of 0.01−20.0 μmol L−1. As shown in the inset of
Figure 10, two linear ranges were obtained in the ranges of
0.01−1.0 and 1.0−20.0 μmol L−1 with the following linear
regression: Ipa (μA) = 0.8596C (μmol L−1) + 0.0518 (R2 =
0.9962) and Ipa (μA) = 0.1125C (μmol L−1) + 0.7103 (R2 =
0.9992). The first one at lower concentration levels is attributed
to an absorption of hydroxylamine on the AuNPs/MMPF-
6(Fe)/GCE surface to form a submonolayer; meanwhile, the
second one at the higher concentration levels was due to a
diffusion process to form a monolayer-covered surface.
Comparative studies between the two analytical linear segments
revealed that the sensitivity of the second analytical linear
segment was lower than that of the first one. This is due to the
fact that the mass transfer limitation and the diffusion layer
thickness were decreased when hydroxylamine concentration
increased in the solution, which resulted in the decrease in the
sensitivity of the second analytical linear segment. The
detection limit was as low as 0.004 μmol L−1 (S/N = 3).
The analytical performance of AuNPs/MMPF-6(Fe)-based

Figure 8. Chronoamperometric response at the AuNPs/MMPF-
6(Fe)/GCE in 0.1 mol L−1 PBS (pH 7.0). Hydroxylamine
concentrations: (a) 0, (b) 30.0, (c) 70.0, and (d) 100.0 mmol L−1.
Insets: (A) Dependence of I on t−1/2 derived from chronoamperogram
data. (B) Dependence of the slope of straight lines on hydroxylamine
concentration.

Figure 9. Dependence of current intensity of 20 μmol L−1

hydroxylamine on accumulation potential (a) and accumulation time
(b) in 0.1 mol L−1 PBS (pH 7.0).

Figure 10. Differential pulse voltammograms at AuNPs/MMPF-
6(Fe)/GCE for different hydroxylamine concentrations in the pH 7.0
PBS. (a−p: 0.01, 0.03, 0.05, 0.07, 0.1, 0.3, 0.5, 0.7, 1.0, 3.0, 5.0, 7.0, 10,
13, 16, and 20 μmol L−1) Inset: calibration curve.
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electrochemical sensor was compared with other electrode
materials.14,15,41−54 From Table 1, it is obvious that the
fabricated electrode had the lowest detection limit and two
wider linear regions, suggesting that the fabricated AuNPs/
MMPF-6(Fe)-based sensor was superior. At the same time, a
comparison of the other reported methods for hydroxylamine
detection with the proposed electrochemical sensor was also
made, and the results are presented in Table 2.7,55−60

The AuNPs/MMPF-6(Fe)-modified electrode showed good
reproducibility for hydroxylamine detection. The relative
standard deviation of 10 μmol L−1 hydroxylamine was 2.2%
(n = 10). In addition, seven electrodes prepared with the same
procedure were investigated in 10 μmol L−1 hydroxylamine,
and a relative standard deviation of 4.3% was obtained.
Generally, most bare MOFs-based electrode material is
unstable in acidic media, which could be destroyed in the
subsequent potential scan cycles. The stability of AuNPs/
MMPF-6(Fe) was checked by recording 100 successive
adsorptive/stripping cycles in 0.1 mol L−1 supporting electro-
lyte with 10 μmol L−1 hydroxylamine, and the electrode still
possessed more than 85% current intensity. The exceptional
stability of MMPF-6(Fe) could be due to the stable building
units of Zr6 cluster in the MOF structure as well as the
coordinate effect between the porphyrin macrocyclic ring and
Fe(III). Therefore, the whole framework materials demon-

strated high resistance to the acid solution, indicating that
AuNPs/MMPF-6(Fe)/GCE possess extraordinary stability and
has a great potential in practical of reuse.

Sample Analysis and Interference Studies. The
practical application of the fabricated AuNPs/MMPF-6(Fe)/
GCE was used to direct analysis hydroxylamine in oxyurea
capsule, PAM injection, and water samples. As shown in Table
3, recoveries between 95.4 and 103.0% are acceptable. Thus,
the established approach could be used to the determination of
hydroxylamine levels in real samples.
In environmental and biological samples, hydroxylamine

could suffer from the potential interferences in their analysis.
Thus, experiment with potentially interfering substances was
carried out to study the selectivity of AuNPs/MMPF-6(Fe)-
modified electrode. The tolerable concentration was defined as
the current deviations caused by interference not exceeding
±5.0%. The results suggested that 100-fold concentration of
N2H4, 500-fold concentration of Ca2+ (3.5%), Ba2+ (3.1%),
Pb2+ (4.6%), Cd2+ (4.1%), Cu2+ (4.3%), Co2+ (3.9%), and Mn2+

(4.1%), and 1000-fold concentration of K+ (4.5%), Na+ (4.1%),
PO4

3− (4.3%), HPO4
2− (4.6%), H2PO

4− (4.3%), NH4
+ (4.4%),

SO4
2− (4.5%), and Cl− (4.1%) have no influence on the current

intensity of 10.0 μmol L−1 hydroxylamine. In addition,
dopamine (4.6%), glucose (4.5%), fructose (4.5%), lactose
(4.6%), and sucrose (4.1%) showed no obvious changes in the

Table 1. Applications of Electrochemical Methods in the Detection of Hydroxylamine with Different Electrode Materials

electrodea methodsb linear range (μM L−1) detection limit (μM L−1) RSD (%) ref

RuON/GCE DPV 4.0−78.3 0.45 5.7 14
AuNPs/SWCNT/GCE amperometry 16−210 0.72 15
BaMWCNT/GCE amperometry 0.5−400 0.1 4.8 41
quinizarine/TiO2 nanoparticles/CPE DPV 1−400 0.173 42
indigocarmine/GCE DPV 0.5−18 0.16 43
NiHCF/CCE amperometry 1.0−50.0 0.24 2.4 44
Ni(II)-MR/MWCNT-PE amperometry 2.5−400 0.8 1.9 45
alizarine red S/GCE amperometry 10−800 7.2 4.2 46
CGA/MWCNT/GCE amperometry 11.8−2900.7 1.4 4.6 47
Co(II)L/MWCNT/CPE SWV 5−50 1.2 3.7 48
QMSNPs/GCE amperometry 1.0−9410.8 0.38 2.2 49
RMWCNT/GCE amperometry 1.0−81.7 1.0 2.6 50
p-chloranil/MWCNT/GCE SWV 0.1−172.0 0.08 51
nano-Pt/Ch/GCE LSV 0.5−1900 0.07 2.8 52
HTP/MWCNT/CPE DPV 2−8000 0.16 2.6 53
tGO-Pd/GCE amperometry 1−10000 0.31 4.6 54
AuNPs/MMPF-6(Fe)/GCE DPV 0.01−20 0.004 2.2 this work

aRuON: ruthenium oxide nanoparticles; SWCNT: single-walled carbon nanotube; BaMWCNT: baicalin carbon nanotubes; NiHCF: nickel
hexacyanoferrate; Ni(II)-MC/MWCNT-PE: nickel(II)-morin complex/multiwall carbon nanotube paste electrode; CGA: chlorogenic acid film;
Co(II)L: cobalt(II) bis(benzoylacetone) ethylenediimino; QMSNPs: quinazolin silver nanoparticles; RMWCNT/GCE: rutin multiwall carbon
nanotubes; nano-Pt/Ch: Pt nanoclusters on choline film; HTP: 4-hydroxy-2-(triphenylphosphonio) phenolate; DMPP: 2,2′-(4,5-dihydroxy-3-
methoxy-1,2-phenylene) bis(3-oxo-3-phenyl propanenitrile); tGO-Pd: Pd nanoparticle catalysts supported by thiolated graphene oxide. bDPV:
differential pulse voltammetry; SWV: square wave voltammetry.

Table 2. Comparison of the Proposed Sensor with Other Reported Methods for the Determination of Hydroxylamine

methods linear range (μmol L−1) detection limit (μmol L−1) RSD (%) ref

gas chromatograph 0.14−3.57 7
flow-injection biamperometry 0.6−40 0.1 1.4 55
gas chromatograph 0.045 5.0 56
spectrophotometric method 0−0.21 1.2 57
chemiluminescence 0.08−2 0.04 2.0 58
indirect kinetic spectrophotometry 0.001−0.036 0.0003 1.18 59
differential pulse polarography 2−2000 1 <8.0 60
AuNPs/MMPF-6(Fe)/GCE 0.01−20 0.004 2.2 this work
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current intensity until a 200-fold excess was used. More
importantly, some nitrogen compounds such as ammonia,
nitrite, nitrate, and hydrazine are electroactive and usually
present in various industrial processes. The results show that
400-fold concentration of NO3

− (4.5%) and NO2
− (4.7%), 50-

fold concentration of NH3
+ (4.1%), and 50-fold concentration

of hydrazine (4.3%) have no interference on 10.0 μmol L−1

hydroxylamine determination. The above results showed that
the most common interfering species have no impact on the
AuNPs/MMPF-6(Fe)/GCE in the detection of hydroxylamine
in water and pharmaceutical samples.

■ CONCLUSIONS
AuNPs/MMPF-6(Fe) composites were synthesized and
utilized as novel electrode material for the detection of
hydroxylamine. The sensor could lower the anodic over
potentials and significantly increase the anodic peak currents
due to the synergistic effects from the excellent electrical
conductivity of AuNPs and the catalytic effect of MMPF-6(Fe).
The stable and reproducible sensing layer leads to a
considerable improvement in reproducibility and anti-interfer-
ence ability in the sample analysis. More importantly, the
sensor showed a significantly lower detection limit up to
nanomolar levels and a wider linear range. These attractive
analytical performances made this composites electrode
promising in biochemical determination for practical purposes.
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