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ABSTRACT: A gas/liquid interface will be formed when the free
volatilized methyl aldehyde gas begins to dissolve in to solution. On the
basis of the traditional silver mirror reaction, silver nanoparticle−
manganese oxyhydroxide−graphene oxide (Ag-MnOOH-GO) nano-
composite was synthesized at the gas/liquid interface without any
protection of inert gas at room temprature. The morphology of the
nanocomposites could be controlled by adjusting the reaction temper-
ature and time. The morphology and composition of the nanocomposites
were characterized by scanning electron microscopy, transmission
electron microscopy, X-ray diffraction, and Fourier transform infrared
spectroscopy. The composites were then applied for electrochemical
sensing. The electrochemical investigation for the sensor indicates that it
has excellent property to catalyze H2O2, and could detect H2O2 with a low
detection limit of 0.2μM and wide linear range of 0.5 μM to 17.8 mM.
The present study provides a general platform for the controlled synthesis of nanomaterials and can be extended to other optical,
electronic, and magnetic nanocompounds.
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1. INTRODUCTION

As we all know, nanomaterials usually possess large surface
areas and exhibit high surface concentrations of edges, corners,
defect sites, and other unusual structural features.1 During the
past few decades, much attention has been focused on the
synthesis of nanomaterials because of the fundamental
significance and promising application in optical, electronic,
optoelectronic, and electrochemical nanodevices. Morphology
of nanomaterial is an important factor that can influence its
properties, so the synthesis of materials with controlled size,
orientation, and morphology is one of the most challenging
issues with the state of the art.2

Nowadays, with the development of nanotechnology, more
and more methods have been developed to synthesize
nanomaterials, such as chemical and physical precipitation,3

high-pressure hydrothermal synthesis,4 sol−gel method,5

template methods,6 radiation method,7 ionic liquid method,8,9

and electrochemical synthesis.10−13 Among all the methods,
interfacial reaction, such as liquid/liquid and gas/liquid
interfacial reactions, based on the chemical reactions that
happen at the interface of two different phases, is a special
method different from others. The materials synthesized by
interfacial reactions also have unique properties; as such,
interfacial reaction can be used to control the synthesis of
nanomaterials effectively.14 Rao et al.15 and Heĺder et al.16 have

prepared nanocrystalline films of gold (Au), sliver (Ag), and
copper (Cu) based on a toluene/water interfacial reaction. Lee
et al.17 have reported a liquid/liquid interfacial reaction to
synthesize Au nanoparticles nanocomposite film which has
good properties. Ekarat et al.18 also have prepared polyaniline
(PANI) at a kind of water/organic interface. However, a liquid/
liquid interface is not easily manipulated. Compared with the
liquid/liquid interfacial reaction, a gas/liquid interface can be
easily fabricated, and the reaction can be controlled by adjusting
the reaction temperature, the gas pressure, the velocity of gas
flow, and throughput. In other words, the size and morphology
of nanomaterials that are synthesized by the gas/liquid
interfacial reaction can be effectively controlled.
Among all the nanomaterials, silver nanoparticles (AgNPs)

receive enormous current research attention. Because of the
highest electrical conductivity, antibacterial properties, and
excellent catalytic properties, AgNPs have been explored
traditionally to employ as catalysts in various chemical, physical,
and biological reactions.19 Therefore, the synthesis of AgNPs
has been greatly impressed by a considerable number of
researchers. Historically, the silver mirror reaction has been and
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is still being used as an efficient method for preparing thin film
coatings of AgNPs.20 As a convenient and practical method, the
silver mirror reaction can obviously produce much smaller
homogenized silver particles with narrow size distribution.21−25

Shan et al.21 have prepared AgNPs by a silver mirror reaction.
The AgNPs loaded on micrometer-size TiO2, nanosize TiO2,
and BiVO4 have homogenized size and the fabricated Ag/
semiconductor photocatalytic composites have perfect proper-
ties. Shen et al.22 have fabricated superhydrophobic surfaces
with nanostructures via the silver mirror reaction. By carefully
controlling the deposition time, the authors finally obtained a
superhydrophobic silver film with high reflectivity, which is as
high as that of a polished silicon wafer, and a water contact
angle of 174°. ON the basis of the silver mirror reaction, Saito
et al.23 have prepared silver surfaces that show significantly
greater surface-enhanced Raman scattering signals than the
surface made by the conventional method.
However, because of heating in the water bath and direct

addition of the reducing agent solution, the reaction can’t stay
in control for the fast reaction speed. Because of the advantages
of liquid/gas interfacial reaction, it will be a break through to
conduct the silver mirror reaction at a liquid/gas interface. As a
kind of good reducing agent, methyl aldehyde (CH2O) can just
run off at room temperature and provides a platform to realize
the purpose at liquid/gas interface.
In traditional silver mirror reaction, glass plates have been

used extensively as the substrates for AgNP growth. Almost no
attention has been paid to explore the possibilities of other new
surfaces for the formation of silver nanostructures. The
appearance of graphene oxide (GO) provides an opportunity
to replace the traditional glass substrate. Recently, GO, the
oxidized form of graphene, has attracted much attention
because of its distinct physical performances such as photo-
luminescence,26 ferromagnetism,27 electrodes,28 and water
permeation.29 The distinct properties are derived from its
unique chemical structure that is composed of segregated sp2

carbon domains among sp3 carbons presenting various
functional groups.30 Because of these large numbers of
functional groups, many metal nanoparticals can be attached

better on the surface of GO. Meanwhile, the hybrid can avoid
the self aggregation of GO and nanoparticals effectively.31 As an
efficient strategy, the hybridization of GO with nanoparticles
can enhance the electronic, catalytic, and optical properties.32

To our surprise, we have observed good silver nanostructures
produced from the classical silver mirror reaction by changing
the glass plate substrate to GO nanosheet with the reducing
agent of CH2O gas. The large amounts of synthesized AgNPs
have homogeneous dimension and distribute uniformly on the
surface of GO nanosheets.
In this paper, we report results of the studies relating to

preparation of Ag-GO and Ag-MnOOH-GO nanocomposites
via a modified silver mirror reaction and its application for
electrochemical detection of H2O2. In contrast with the vast
work focusing on synthesis and electrocatalytic application of
MnO2 and Mn3O4, reports on the solution phase synthesis of
MnOOH are rather rare, and little attention has been paid to
their electrochemical characterization. Compared with MnO2,
MnOOH has the better properties to catalyze H2O2: it can
lower detection limit, enhance the sensitivity, and extend the
linear detection range of sensors.33 Therefore, electrochemical
study of MnOOH nanomaterials is necessary and will probably
lead to some interesting new finds. In addition, Wang et al.34

have synthesized GO-MnOOH nanocomposites successfully by
a kind of hydrothermal method. So, combining GO, MnOOH,
and AgNPs, and then using it for H2O2 catalysis will be further
expected. Considering the facile preparation route and excellent
experimental results, it is possible for the idea to be widely
applied in various fields.

2. EXPERIMENTAL SECTION
Materials. Graphite powder (99.998%, 325mesh, Alfa Aesar),

Chitosan (CS, MW 5−6 × 105, >90% deacetylation) was purchased
from Shanghai Yuanju Biotechnology Co., Ltd (Shanghai, China),
H2O2 (30%, v/v aqueous solution) was got from Tianjin Tianli
Chemistry Reagent Co., Ltd (Tianjin, China), 0.1 M phosphate
buffered saline (PBS, pH 7.2). All other reagents and chemicals were
of analytical reagent grade. Doubly distilled water was used in
experiments.

Scheme 1. (A) Experimental Procedure and (B) Schematic Illustration for the Preparation of Ag-MnOOH-GO Nanocomposites
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Characterization. Scanning electron microscopic (SEM) measure-
ments were carried out on a scanning electron microscope (JSM-
6700F JEOL Japan). Transmission electron microscopic (TEM)
images were carried out by Tecnai G2 F20 S-TWIN (FEI, USA). X-ray
diffraction (XRD) patterns of the samples were observed by D/MAX-
3C (Rigaku Japan). Fourier transform infrared spectroscopy (FTIR)
was recorded with TENSIR 27 (Bruker, German).
Electrochemical measurements were carried out in a conventional

three-electrode electroanalysis system controlled by EC 550 electro-
chemical workstation (Gaoss Union Technology Co., Ltd., Wuhan,
China) and CHI 660 electrochemical workstation (Shanghai CH
Instrument Co. Ltd., China). All electrochemical experiments were
conducted at room temperature (25 ± 2 °C).
Preparation of Ag-MnOOH-GO Nanocomposites. GO was

synthesized from graphite powder.35 Exfoliation of GO was achieved
by ultrasonication of the dispersion in an ultrasonic bath.
In a typical synthesis of MnOOH nanorods, 0.5 mmol of KMnO4

and 0.2 mL of CH2O (36 %; w/w) were dissolved in 35 mL of distilled
water and transferred into a Teflon-lined stainless steel autoclave of 40
mL capacity. The synthesis was carried out under hydrothermal
conditions at the specified temperature of 120 °C for 10 h. The
autoclave was then cooled to room temperature naturally. The
products were collected by centrifugation at 5000 rpm for 10 min and
washed with distilled water and absolute ethanol several times
respectively, followed by drying in a vacuum at 50 °C for 12 h.
The Ag-GO nanocomposites were synthesized by a modified silver

mirror reaction. Fifty-five microliters of 5% NaOH solution was added
into 3 mL of AgNO3 aqueous solution (0.2 %; w/w) until a fine brown
precipitate of Ag2O was formed. Then 6% NH3·H2O was added into
this mixture drop by drop until the precipitate disappeared, and the
solution was completely changed to Ag[(NH3)2]

+. Then 6% AgNO3

solution was added until the solution became pale brown. After 1 drop
of 6 % NH3·H2O was added, the solution became transparent again.
Five milligrams of GO was dispersed into this Ag[(NH3)2]

+ solution,
and the mixture was diluted to 50 mL by doubly distilled water and
kept on ultrasonic dispersing for 30 min. Then, the mixture and
another beaker that had 20 mL of CH2O solution were put in a closed
container. The volatilized CH2O gas can be used as reductant, and the
modified silver mirror reaction was performed for 24 h under room
temperature with continuous magnetic stirring.
The Ag-MnOOH-GO nanocomposites were fabricated as Ag-GO,

the only difference was that after 5 mg of GO was dispersed into
Ag[(NH3)2]

+ solution, 10 mg MnOOH nanorods were added and
kept on ultrasonic dispersing for 30 minutes (Scheme 1).
Preparation of Ag-MnOOH-GO Nanocomposite-Modified

Electrode. The glassy carbon electrode (GCE) was prepared by a
simple casting method. Prior to use, the GCE was polished with 1.0
and 0.3 μm alumina powder respectively to obtain mirror like surface
and rinsed with doubly distilled water, followed by sonication in
ethanol solution and doubly distilled water successively. Then, the
GCE was allowed to dry in a stream of nitrogen. The composites (1
mg) were kept on ultrasonic dispersing for 30 min in chitosan (1 mL,
0.5%) solution. The obtained suspension (5 μL) was then cast onto
the GCE and dried in air at room temperature. The modified electrode
can be expressed as Ag-MnOOH-GO/GCE.
Interference Study and Real Sample Analysis. The interfer-

ence test was carried out by analyzing the amperometric i-t response of
the Ag-MnOOH-GO/GCE upon the injection of 1 mM H2O2 and
three common interferences. The interferences selected for the test
were 0.1 mM ascorbic acid (AA), 0.1 mM acetaminophen (AP), and
0.1 mM glucose (Glu). The concentrations of the interferences were
set according to the average concentration in the human body. The
H2O2 disinfectant (3% H2O2, Xin Rui Da Limited Company, Dezhou
China) was used as real samples. Before the experiments, the real
samples were diluted with doubly distilled water. The H2O2

concentration was detected by the present sensor and the titration
method (KMnO4 titration). The three samples were repeated and
measured 3 times at −0.2 V, and values were then averaged.

3. RESULTS AND DISCUSSION
Structural and Morphological Studies. Scheme 1 shows

the schematic representation for the preparation of Ag-
MnOOH-GO nanocomposites. Because of the abundant
oxygen-containing functional groups such as hydroxyl, carbon-
yl, and carboxyl on the GO surface, chemically derived GO
nanosheets can be well-dispersed into water to form a
homogeneous and stable solution. When the silver ammonia
solution was added into the above GO solution, because of
electrostatic adsorption, large numbers of Ag[(NH3)2]

+ ions
can be attached on the surface of GO, which is beneficial to the
following in situ formation of metallic Ag nanoparticles on the
surface of GO nanosheets. After MnOOH was added, it can be
adsorbed on the surface of GO. Actually, the interaction
between MnOOH and GO may be ascribed to the hydrogen
bond.36 MnOOH nanorods have large numbers of hydroxyls,
such as γ-OH and δ-1-OH.37 Meanwhile, because of the
abundant oxygen-containing functional groups on surface of
GO, the MnOOH nanorod probably should be adsorbed on
the surface of GO based on the hydrogen bond, which can be
described as O−H···O. In the presence of these nanorods, the
surface of GO becomes rougher, which provides more extra
binding sites for the adsorption of Ag[(NH3)2]

+ ions. The
electrostatic adsorption may be attributed to the hydroxyls of
MnOOH. Then, in a closed container, as a perfect reducing
agent, the volatilized CH2O gas molecules could be dissolved in
the GO-MnOOH-Ag[(NH3)2]

+ solution easily, and the
Ag[(NH3)2]

+ ions were reduced gradually.
Images A and B in Figure 1 show the TEM patterns of GO

and AgNPs-GO. The TEM image of GO (Figure 1A) shows a

typical monolayer nanosheet structure, which has a smooth
surface with some wrinkles. After the modified silver reaction,
large numbers of reduced AgNPs have been attached on the
surface of the GO nanosheet (Figure 1B). Compared with
other traditional synthetic methods,38−41 it is seen clearly by
the TEM patterns that the AgNPs we synthesized have such
advantages: homogeneous particle size, even distribution on the
surface of GO without any aggregation, and more adsorption.
All of these advantages are beneficial for improving the
performance of the Ag-MnOOH-GO sensor. These indicate
that the modified silver mirror reaction is an excellent way to
synthesize AgNPs on the surface of GO nanosheets.
To research the growth status of AgNPs, we observed the

morphologies of AgNPs on GO surface under different reaction
times at 298.17 K (Figure 2). The scales of patterns are all 50
nm. At the beginning, Ag nuclei with the size of 5−10 nm are
generated when the reaction time is 3 h (Figure 2A). As a
result, the average crystallite size becomes larger during the
aging process (Figure 2B−D). As shown in Figure 2B, when

Figure 1. TEM images of (A) GO and (B) Ag-GO nanocomposites.
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the reaction time is increased to 6 h, two morphologies are
obtained, one is the particle of size 10−20 nm, another like be a
kind of aggregation which is composed by many irregular
nanosilver of size within 10 nm, we called these half-finished
AgNPs. Compared with Figure 2B, more and more particles of
size 10−20 nm appear in Figure 2C. It may be because that
half-finished AgNPs have grown into particles gradually with
continued time. With the reaction time increased to 24 h, the
half-finished morphology almost disappeared; instead, larger
AgNPs are obtained (Figure 2D). However, when the time is
36 h, some of particles have been aggregated (Figure 2E). With
the increase in reaction time to 48 h, the aggregation become
more heavily. These indicate that the morphology of AgNPs
can be controlled by adjusting the reaction time. In conclusion,
the formation of nanoparticles can be composed by two steps:
nucleation and growth (Scheme 2). The steps may be
presented schematically as reactions 1 and 2,42 where n is the
number of Ag0 atoms. Nucleation step 1 proceeds homoge-

neously in solution and involves the reduction of Ag[(NH3)2]
+

to Ag0 atoms, followed by their aggregation to the critical
nucleus size, (Ag0)n. As nuclei appear, a fast autocatalytic
reduction 2 on the surface of growing particles takes place and
limits the rate of their growth.

→+nAg[(NH ) ] (Ag )n3 2
0

(1)

+ →+
+(Ag ) Ag[(NH ) ] (Ag )n n

0
3 2

0
1 (2)

Temperature is also one of the most important factors to
influence the particles’ morphology. Figure 3 shows the TEM
images of AgNP-GOs that have been generated under different
temperatures with a reaction time of 24 h; the scales of patterns
are all 50 nm. The size of particles that are obtained at 298 K is
10−20 nm (Figure 4A), and they are distributed uniformly.

Figure 2. TEM images showing the structural evolution of AgNPs for different reaction durations: (A) 3, (B) 6, (C) 12, (D) 24, (E) 36, and (F) 48
h. The scale bar represents 50 nm.

Scheme 2. Schematic Illustration for the the Formation of
AgNPs

Figure 3. TEM images showing the structural evolution of AgNPs for
different reaction temperature: (A) 298, (B) 308, (C) 313, and (D)
318 K. The scale bar represents 50 nm.
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However, when the temperature is increased to 308 K (Figure
3B), the size of the particles increases, and they are
agglomerated slightly. As the temperature increases, particles
are more heavily agglomerated. As shown in Figure 3C (313 K)
and Figure 3D (318 K), the AgNPs are all agglomerated. When
the temperature is increased to 318 K, the AgNPs are
agglomerated more heavily. These indicate that 298 K is the
suitable temperature to synthesize AgNPs and we can also
control the morphology by changing the reaction temperature.
Figure 4 show the morphologies of GO, MnOOH, and Ag-

MnOOH-GO. As shown in the patterns, we can see the
nanorod structure of MnOOH clearly (Figure 4D−F). Their
length ranges are several micrometers, and the external
diameter is tens of nanometers. It is obviously seen that
MnOOH nanorods have been attached on the surface of GO
nanosheets, and large numbers of granular nanosilver have been
attached on MnOOH nanorods and GO nanosheets (Figure
4G−I).
Furthermore, the XRD patterns of MnOOH nanorods and

Ag-MnOOH-GO nanocomposites are shown in Figure 5. As
seen from Figure 5A, all of the reflections of the XRD pattern
are indexed well to a pure monoclinic phase of γ-MnOOH
(manganite, space group P21/c (14)) with lattice parameters a
= 5.300 Ǻ, b = 5.278 Ǻ, c = 5.307 Ǻ, and β = 114.36° (JCPDS
41-1379). Figure 5B shows the XRD pattern of Ag-MnOOH-
GO nanocomposites. It is obviously seen that there are several
strong reflection peaks at 2θ values of 38.166, 44.277, and
64.426°, these peaks can be well-indexed to the (111), (200),
and (220) planes, respectively (JCPDS 04-0783). Among all
peaks, the (111) peak is relatively strong, which indicates the
enrichment of the (111) crystalline planes.

Figure 6 shows the FTIR spectra of (a) γ-MnOOH, (b) GO,
and (c) Ag-MnOOH-GO samples. As shown in Figure 6a, the
peaks located at 1083 and 1151 cm−1 are attributed to the
−OH, respectively, to γ-OH and δ-1-OH.37 The broad peak at
around 2634 cm−1 is related to the hydrogen band O−H−,
with an O−H···O length of about 2.60 Å in the structure of γ-
MnOOH.43 Another peak at 2041 cm−1 could be considered as
a combination band of the OH− stretching mode at 2634 cm−1

( f1) and the excited lattice mode at 620 cm
−1 ( f 2). Thus, by f =

f1 − f 2, i.e., 2634−620 = 2014 cm−1, the value obtained is very
close to the results by Sharma and Kohler.37 The peaks at 620
and 750 cm−1 could be related to the Mn−O vibrations. No
other Mn−related vibrations are observed above 800 cm−1 in
this spectrum, which indicates that the MnOOH nanorods are
pure single phase. It is obviously seen that the GO (Figure 6b)
shows many strong absorption peaks which are attributed to
the various oxygen functional groups. The peak at 3410 cm−1 is
attributed to the water −OH stretching, the peaks at 1726 and

Figure 4. SEM images of (A) GO, (D) MnOOH nanorods and (G) Ag-MnOOH-GO nanocomposites; TEM images of (B, C) GO, (E, F) MnOOH
nanorods and (H, I) Ag-MnOOH-GO nanocomposites.

Figure 5. XRD patterns of (A) MnOOH nanorods and (B) Ag-
MnOOH-GO nanocomposites.
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1620 cm−1 are related to CO stretching, water −OH
bending, and CC stretching, respectively, other peaks at
1400,1223, and 1054 cm−1 could be attributed to alcoholic C−
OH bending, epoxide C−O−C or phenolic C−O−H stretching
and C−O stretching, respectively.44,45 After loading of metallic
Ag (Figure 6c) particles, the resultant composites show a low
absorption-peak intensity of the functional groups, these may
be attributed to the existence of Ag that covered absorption
peak of GO and MnOOH.
Electrochemical Properties of Ag-MnOOH-GO Nano-

composites. Electrochemical impedance spectroscopy (EIS)
is a powerful tool for studying properties of surface-modified
electrodes. Generally, the semicircle diameter equaled to the
electron transfer resistance (Rct). According to the relationship
between Rct and exchange current density Rct= (RT)/Fi0,

46 the
value of Rct decreased after introducing AgNPs and MnOOH-
AgNPs into the GO-modified electrode (Figure 7). In the

impedance spectra, the value of Rct is decreased from 1000 to
300 Ω after introducing AgNPs into the GO-modified
electrode, whereas the value is decreased to 500 Ω after
introducing MnOOH and AgNPs. These results suggest that
after GO was modified on GCE, electron transfer between the
solution and the electrode is less efficient which is ascribed to
the presence of less-conductive GO, when Ag is immobilized
onto the electrode, the electron transfer resistance value is
reduced because of the good conductivity of AgNPs that
decreased the impedance of the electrode. Because of the

semiconduction of MnOOH nanorods, the Ag-MnOOH-GO
electrode is less conductive than the Ag-GO electrode. In
general, AgNPs could efficiently enhance the electron transfer
efficiency.
The electrochemical behavior of the obtained materials at

different stages was investigated with CV, and the results are
shown in Figure 8. It is obviously seen that in N2-saturated 0.1
M PBS (pH 7.2), GO, Ag-GO, MnOOH-GO, and Ag-
MnOOH-GO (curve a, c, e, f respectively) exhibit almost no
electrochemical response in the absence of H2O2. However,
after adding 1.0 mM H2O2, the electrochemical responses are
increased with varying degrees. In contrast, GO (curve b)
shows no significant current response, whereas Ag-MnOOH-
GO (curve f) shows a remarkable catalytic current peak about
18 μA in intensity at −0.55 V. Compared with Ag-GO (curve
d) and MnOOH-GO (curve g), the peak current of Ag-
MnOOH-GO is increased about 5 and 10 μA, respectively,
which may be attributed to the synergistic effect of MnOOH
and AgNPs. MnOOH nanorods provide extra surface for
adsorption, and then more adsorbent AgNPs improve the
catalytic performance. All the above observations indicate that
AgNPs contained in the nanocomposites exhibit a notable
catalytic performance for H2O2 reduction.
As AgNPs could efficiently enhance the electron transfer

efficiency for this hybrid material, therefore, the amount of
AgNPs and MnOOH in the hybrid materials may be an
important factor to obtain the material with the best
electrocatalytic property. We have synthesized such Ag-
MnOOH-GO composites with different amount of AgNPs
and MnOOH, and then fabricated different sensors for H2O2
detection. As seen in panels A and C in Figure 9, with the
increase of AgNPs, the H2O2 current responses are also
aggrandized. However, when 7 mL of AgNO3 was added in the
synthetic process, the obtained Ag-MnOOH-GO composite
has lower analytical performance instead. This may be because
that too many AgNPs have been aggregated, and catalytic
performance of the composite has been affected deeply. In
addition to these, curves b and c almost have the same highest
current response, which indicates that whether 5 or 3 mL of
AgNO3 was added, the composites we obtained almost have the
same catalytic performance; economically, 3 mL of AgNO3 is
more appropriate. Also, the amount of MnOOH in the hybrid
materials is an important factor affecting the performance of the
composite. As seen in panels B and D in Figure 9, more and
more MnOOH has been added in the hybrid materials, and the
current responses increase with it. But when 20 mg of MnOOH
was added, the current response becomes lower. As we all
know, MnOOH is semiconductive; electrons will be impeded
in the presence of too many MnOOH nanorods. Therefore, 15
mg of MnOOH is more appropriate.
According to the literature,47 the mechanism of H2O2

electroreduction can be expressed as follows

+ ⇌ +− −H O e OH OH2 2 (ad) (3)

+ ⇌− −OH e OH(ad) (4)

+ ⇌− +2OH 2H 2H O2 (5)

When the AgNPs are deposited on the electrode, the reaction
become more irreversible

→ +H O
1
2

O H O2 2
Ag

2 2 (6)

Figure 6. FTIR spectra of (a) MnOOH nanorods, (b) GO, and (c)
Ag-MnOOH-GO nanocomposites.

Figure 7. EIS of (a) Ag-GO/GCE, (b) Ag-MnOOH-GO/GCE, and
(c) GO/GCE in 5.0 mM [Fe(CN)6]

4−/3− containing 0.1 M KCl from
1 × 105 to 1 × 10−2 Hz at amplitude of 5 mV.
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Then the O2 generated in the action above would turn into the
detection signal on electrode. It have been proposed that the
electroreduction of oxygen on electrode occurred via the
mechanism shown below48

+ ⇌− ·−O e [O ]2 2 (ads)

+ ⇌ +·− · −[O ] H O HO OH2 (ads) 2 2(ads) (8)

Then

+ ⇌ +· ·− −HO O HO O2(ads) 2 2(aq) 2 (9)

or

+ ⇌· − −HO e HO2(ads) 2(aq) (10)

When AgNPs are used as catalysts, the reduction of H2O2
become more completely and the detection signal of H2O2 will
be amplified.
The catalytic responses of the Ag-MnOOH-GO nano-

composite-modified electrode by changing the concentration

of H2O2 are shown in Figure 10A. It can be seen that in N2-
saturated 0.1 M PBS (pH 7.2), with the increase in H2O2

concentration, the highest reduction current responses
gradually increased because of the excellent electrocatalytic
activity of Ag-MnOOH-GO nanocomposites. Figure 10B shows
the calibration curves of catalytic current versus H2O2

concentration. A good linear relationship is found between
the catalytic current and H2O2 concentration at a range from 0
to 8 mM (R = 0.9994). Figure 10C shows the corresponding
CV curves of the Ag-MnOOH-GO electrode under different
scan rates. As shown in Figure 10D, the peak current shows
linear dependence on the square root of the scan rate and obeys
the Randles−Sevcik equation ip = 0.4463n3/2F3/2ADapp

1/2Cv1/2/
(RT)1/2. In this equation, n is the electron transfer number, F is
Faraday’s constant, R is the gas constant (8.314 J mol−1 K−1), T
is the room temperature (298.15 K in our case), A is the area of
the GCE, Dapp is the apparent electron diffusion coefficient, C is
the effective electroactive site concentration, and v is the scan
rate.49 By plotting ip vs v

1/2 (Figure 9D), the Dapp
1/2C can be

Figure 8. (A) CVs of (a, b) GO/GCE and (c, d) Ag-GO/GCE, as well as (B) CVs of(e, g) MnOOH-GO/GCE and (f, h) Ag-MnOOH-GO/GCE in
N2-saturated 0.1 M PBS (pH 7.2) in the (a, c e, f) absence and (b, d g, h) presence of 1 mM H2O2 at a scan rate of 50 mV/s.

Figure 9. (A) CVs showing the current responses of Ag-MnOOH-GO/GCE with different amount of AgNPs: (a) 1, (b) 2, (c) 3, (d) 5, and (e) 7
mL AgNO3 aqueous solution (0.2 %; w/w) as well as (B) CVs showing the current responses of Ag-MnOOH-GO/GCE with different amount of
MnOOH: (a) 3, (b) 7, (c) 10, (d) 15, and (e) 20 mg in N2-saturated 0.1 M PBS (pH 7.2) containing 1 mM H2O2 at a scan rate of 50 mV/s. (C)
Highest current response values of Ag-MnOOH-GO/GCE with different amounts of AgNPs as well as (D) the highest current response values of
Ag-MnOOH-GO/GCE with different amounts of MnOOH.
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estimated. C in the film can be calculated from the surface
coverage and the film thickness.37 Because of the good linear
relationship between the catalytic current and square root of
the scan rate (R = 0.9997), an accurate value of Dapp can be
obtained, that is, the apparent electron diffusion of Ag-
MnOOH-GO electrode can be controlled.

Figure 11A shows the amperometric response of Ag-
MnOOH-GO nanocomposites modified GCE in N2-saturated
0.1 M PBS (pH 7.2) for the different concentration of H2O2.
Although the modified electrode exhibits biggest catalytic
activity at about −0.5 V, determination of the H2O2 was carried
out at −0.2 V, such a potential can ensure the lower

Figure 10. (A) CVs of Ag-MnOOH-GO/GCE in N2-saturated 0.1M PBS (pH 7.2) in the absence and presence of H2O2 with different
concentrations (from a to i: 0, 1, 2, 3, 4, 5, 6, 7, and 8 mM) at a scan rate of 50 mV/s. (B) Linear fitting program of the reduction peak currents with
the H2O2 concentrations. (C) CVs of Ag-MnOOH-GO/GCE in N2-saturated 0.1 M PBS (pH 7.2) containing 5 mM H2O2 at different scan rates
(from a to j: 20, 40, 60, 80, 100, 120, 140, 160, 180, and 200 mV/s). (D) Linear fitting program of the reduction peak currents with the square root
of scan rate.

Figure 11. (A) Typical amperometric response of the Ag-MnOOH-GO/GCE on successive injection of H2O2 into the stirring N2-saturated 0.1 M
PBS (pH 7.2), applied potential: −0.2 V. (B) Calibration curve of H2O2 versus its concentration.

Table 1. Comparison of Several Typical Nonenzymatic and Enzymatic H2O2 Sensors

sensors
applied potential

(V)
response time

(s)
linear range

(mM)
sensitivity (μA mM−1

cm−2)
detection limit

(μM) literature

Ag/MWCNTs/gold electrode −0.2 5 0.05−17 20.0 0.5 51
Ag NPs/F-SiO2/GO/GCE −0.3 2 0.1−260 4 52
MnO2/GO/GCE −0.3 5 0.005−0.6 38.2 0.8 53
MnO2/carbon fiber microelectrode +0.58 0.012−0.26 10.6 5.4 54
Hb/CNTPME −0.8 7 0.21−0.9 9.0 55
Ag-MnO2- MWCNTs/GCE −0.3 2 0.005−10.4 82.5 1.7 50
Ag NPs/rGO/GCE −0.3 2 0.1−100 3.6 56
MnO2/OMC/GCE +0.45 0.0005−0.6 0.07 57
MnOOH/GCE −0.3 0.00015−1.6 0.15 33
Ag-MnOOH-GO/GCE −0.2 3 0.0005−17.8 59.1 0.2 this work
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background, good signal-to-noise ratio and less interference of
other electroactive species in the solution, also, the oxygen
reduction current can be limited.50 Here, Ag-MnOOH-GO
nanocomposites modified GCE shows the amperometric
current response for H2O2 within 3 s, indicating a fast response
behavior. Figure 11B shows the calibration curve of the sensor.
The linear detection range is from 0.5 μM to 17.8 mM with a
correlation coefficient of 0.9998, the sensitivity is 59.14 μA
mM−1 cm−2 and the detection limit is estimated to be 0.2 μM at
a signal-to-noise ratio of 3. Compared to our previous work, the
H2O2 sensor herein has improved the detection limit and the
linear range, especially the broad linear range. Moreover, the
performance comparisons of the present sensor with others are
presented in Table 1. Through these comparisons, obviously,
performances of the Ag-MnOOH-GO/GCE are better than
that of other electrodes, especially the extremely wide linear
range, the low detection limit and the short response time. The
wide linear range and low detection limit may be due to the
unique structure and performances of Ag-MnOOH-GO
nanocomposites. In the composite, GO play a role as a
template. Because of the abundant oxygen-containing func-
tional groups, large numbers of homogeneous AgNPs can be
attached on the surface of GO nanosheets by the modified
silver mirror reaction. After MnOOH nanorods are added, they
provid extra superficial area to attach more AgNPs. So, more
electroactive sites can be obtained for H2O2 adsorption and
reaction. The short response time may be due to the high
electron transfer rate of AgNPs, otherwise, the uniform size of
AgNPs is in favor of fast electron transfer.
To investigate the selectivity and anti-interference advantages

of the modified electrode, the interference effects have been
investigated by comparing the amperometric responses of Glu,
AA, AP (0.1 mM, respectively) with H2O2 (1 mM) on the
modified electrode in N2-saturated 0.1 M PBS (pH 7.2) at a
working potential of −0.2 V.51 As shown in Figure S1A in the
Supporting Information, the Ag-MnOOH-GO/GCE exhibits
good ability of anti-interference to these distractions. The
interfering species of oxygen have been also investigated by
testing the amperometric responses of H2O2 at −0.2 V. As seen
from Figure S1B in the Supporting Information, the electrode
exhibits good ability of anti-interference to O2. These
properties may be attributed to the unique anti-interference
ability of Ag-MnOOH-GO composites, and the relatively lower
potential of −0.2 V can limit the reduction of these distractions.
Real Sample Analysis and the Stability of Sensor. To

verify the reliability of the sensor, we detected the H2O2
concentration in the real sample of disinfectant. The
determination results are summarized in Table S1 in the
Supporting Information. The results indicate that it is enough
to limit the interference effects for real sample analysis, the
sensor could be used for H2O2 samples analysis and the sensor
also has good repeatability. The stability of Ag-MnOOH-GO/
GCE ware also evaluated, and results showed that the Ag-
MnOOH-GO/GCE has good stability (see Table S2 in the
Supporting Information).

4. CONCLUSION
In summary, Ag-MnOOH-GO nanocomposites have been
synthesized at a gas/liquid interface based on traditional silver
mirror reaction. By adjusting the reaction time and temper-
ature, we can obtain the AgNPs of different size and
morphology successfully. The Ag-MnOOH-GO/GCE obtained
in this work has been successfully employed as a H2O2 sensor

which shows a low detection limit of 0.2 μM and particularly
wide linear range of 0.5 μM to 17.8 mM. We believe that the
procedure to synthesize Ag-MnOOH-GO nanostructures can
be considered a general approach and can be extended to other
optical, electronic, and magnetic nanocompounds, enabling the
development of high-performance electrochemical sensors.
Further works derived by the idea in our research for
nanomaterials synthesis are on our schedule.
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