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ABSTRACT: Silver oxide nanowire arrays (Ag,0 NWAs)
were first synthesized on a copper (Cu) rod by a simple and
facile wet-chemistry approach without using any surfactants.
The as-synthesized Ag,O NWA/Cu rod not only can be used
as an integrated electrode (called a Ag,0 NWA/CRIE) to
detect hydrazine (HZ) but also can serve as the catalyst layer
for a direct HZ fuel cell. The current density of HZ oxidation
on Ag,0 NWA (94.4 mA cm™?) is much bigger than that on a
bare Cu rod (3.9 mA cm™2) at —0.6 V, and other Ag,0 NWAs
have the lowest onset potential (—0.85 V). This suggests that a
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Ag,O NWA integrated electrode has potential application in catalytic fields that contain the HZ fuel cell.
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1. INTRODUCTION

Nanowires, nanobelts, and nanotubes of metal/metal oxide as
typical one-dimensional (1D) nanoscaled materials have
received special attention because of their peculiar physical,
chemical, and electrical properties and other potential
applications.' "> Ag,0 as a p-type semiconductor with a
band-gap energy of about 1.46 eV has aroused much attention
because of its high catalytic activity as well as its selectivity as a
catalyst.”*~" Up to now, much effort has been spent on the
preparation of Ag,O nanostructures including nanorods,
nanoparticles, and nanoctahedra'®>' by various methods,
including electrodeposition, laser-induced fragmentative de-
composition, a hydrothermal method, and so on.'®?*??
However, the reaction processes of those methods are
complicated or need high temperature; a simple method to
synthesize Ag,O nanostructures is indispensable. It is well-
known that Ag,O nanowire arrays (NWAs) have large surface
areas, which can make them useful in diverse applications such
as catalyst and chemical sensors, but to the best of our
knowledge, there is no record of Ag,0O NWAs called 1D
nanostructures. Hence, the development of a simple Ag,O
NWA synthetic method is meaningful.

Hydrazine (HZ) is toxic and probably even mutagenic;
therefore, credible and sensitive analytical methods are needed
to detect the concerntration of HZ. We all know that
electrochemical techniques are portable, inexpensive, and
sensitive methodologies.”*>* An Ag,0 NWA/Cu rod used as
an integrated electrode (Ag,0 NWA/CRIE) was confirmed to
detect HZ sensitively; this can be supported by the results of
electrochemical techniques. However, everything is a double-
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edge sword; as a candidate of fuels for a fuel cell, HZ also has
been researched because of its high energy density. Besides
that, it is a low-cost material, and the method of synthesis is
relatively simple. Many aspects of a direct HZ air fuel cell are
superior to those of other conventional fuel cells, such as a
higher theoretical electromotive force (E’ = 1.62 V), a higher
energy density (E = 5.419 h g™'), and a near-ambient working
temperature;” it received an in-depth study in recent years.
The electrochemical oxidation of HZ in an alkaline solution
produ;:fs four electrons, and the total reaction of the HZ fuel
cell is

N,H, + OH™ - N,H; + H,0 + ¢ (slow)

N,H; + 30H™ - N, + 3H,0 + 3e” (fast)

The first HZ fuel cell was researched more than 40 years
ago;z'5 HZ oxidation on nickel>*%’ palladium,38‘39 plati-
num,***! cobalt,*? gold,43’44 silver,** and mercury45 electrodes
in alkaline media was intensively investigated from the 1960s to
the 1980s, but it has attracted renewed interest in the last few
mainly because of the enhanced cost of oil and
incremental demand for stationary and mobile applications,
including vehicles. However, there is still the problem of a lack
of mass production, and a further research is required.

The goal of this work was to develop a new nanostructured
Ag,O. Then we studied the high electrocatalysis for HZ
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Figure 1. (a) High-magnification and (b) low-magnification SEM images of Ag,0 NWAs. (c) TEM image of Ag,0 NWAs. (d) HRTEM image of
Ag,0 NWAs. Inset: Expanded view of the areas enclosed by the white rectangles.

detection as well as the HZ fuel cell. Previously, we used the
adsorption method to make nanomaterials loaded onto
conductive substrates for practical applications. Considering
that these nanomaterials may degrade over the long term, the
activation area could be decreased. Making the nanomaterials
and substrates a whole integration was the strategy, so we used
a simple method to synthesize Ag;0 NWAs on a Cu rod. An
integrated electrode could be used in the electrochemical
oxidation of HZ. We also confirmed that it possesses
underlying application for the HZ fuel cell.

2. EXPERIMENTAL SECTION
2.1. Preparation of Ag,0 NWA/CRIE. A Cu rod (cross section =

2.5 mm% length = 4 cm) was cleaned from a consecutive
ultrasonication in acetone, ethanol, and distilled water, the water was
removed from the surface of the Cu rod and dipped into a test tube
containing a 0.01 M AgNOj; aqueous solution, then 0.1 M NaOH was
added to the reaction system, and the tube was sealed and maintained
for 12 h at room temperature. In order to remove the impurities before
characterization, the product was washed for several times using
distilled water and ethanol (the volume ratio of the two solutions was
1:1).

2.2. Characterization and Measurements. The Ag,O nanoma-
terials were characterized by various techniques. The morphologies of
the Ag,0 NWAs were characterized by scanning electron microscopy
(SEM; Hitachi S-4800) and field-emission transmission electron
microscopy (TEM; JEOL 2010). Powder X-ray diffraction (XRD)
patterns of the as-prepared materials were recorded on a Shimadzu
XRD-6000 instrument employing a scanning rate of 0.05° s~ with the
20 range from 10° to 80°, with high-intensity Cu K radiation (4 =
0.154178 nm). Energy-dispersive X-ray (EDX) spectroscopy was used
to analyze the elements. Electrochemical measurements were tested on
a CHI 760D electrochemical workstation with a conventional three-
electrode system at room temperature. The Ag,O NWA/CRIE,
saturated calomel electrode (SCE), and coiled platinum wire electrode
were applied as the working electrode, reference electrode, and
auxiliary electrode, respectively. All reported potentials are relative to
SCE. Cyclic voltammetry (CV) and scanning electron microscopy

were carried out in an aqueous solution of 0.1 M NaOH. Linear sweep
voltammetry (LSV) was implemented in a mixed solution that
contained 3 M NaOH and additional 1 M N,H,.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization of Ag,0 NWAs. As
presented in Figure 1a,b, Ag,0 NWA is densely covered on the
Cu substrate with lengths in the range of 2—10 ym. TEM
images of the as-prepared sample (see Figure 1c,d) revealed 1D
wire structures with widths of 10—30 nm. A high-resolution
TEM (HRTEM) image showed that the Ag,O nanowires are
single crystals; the lattice distance is about 0.262 nm, which is
close to 0.266 nm, the interplanar distance of {100} facets (see
Figure 1d and inset).

According to the reported date (JCPDS card no. 75-1532),
all of the major diffraction peaks located at (111), (200), (220),
and (311) in the XRD pattern (see Supporting Information
Figure Sla) can be indexed to the monoclinic Ag,O phase with
lattice constants and no detectable impurity phase is found. By
the way, some diffraction peaks of Cu still exist because the
materials were synthesized on a Cu rod. We used X-ray
photoelectron spectroscopy (XPS) techniques to further
characterize the components of our materials; the results are
shown in Figure S1b in the Supporting Information. The curve
is a typical peak of Ag 3d. Figure S2 in the Supporting
Information is the corresponding EDX result of Figure 1b; it
shows that the silver and oxygen contents dominate in the
Ag,O nanomaterial. Meanwhile, a small amount of gold also
exists because we steamed gold onto the samples before we
tested them. In addition, the peaks at 8 and 9 keV are due to
the use of a Cu rod.

3.2. Factors Influencing the Formation of the Ag,0
NWAs. The selection of the reaction time is crucial for the
formation of such Ag,O NWAs. In addition, the concentration
of AgNO; in the precursor solution and the concentration of

dx.doi.org/10.1021/am4016523 | ACS Appl. Mater. Interfaces 2013, 5, 10465—10472



ACS Applied Materials & Interfaces

Research Article

Figure 2. Typical SEM images of products obtained at different periods: (a and b) 2 h; (c and d) 6 h; (e and f) 24 h.

NaOH are also important to the morphologies of the final
products.

3.2.1. Influence of the Reaction Time. It has been known
that the reaction time is a critical parameter for the vegetation
process of the Ag,O NWAs. In Figure 2a,b, we can see that only
sparse and short nanowires are formed on a layered film when
the reaction time is 2 h. According to our previous work,*®
when the concentration of AgNO; was 0.01 M, dendritic silver
quickly formed on the Cu rod. So, we identified that the layered
film consisted of silver based on former work and the EDX
pattern (see Figure S3 in the Supporting Information). When
the time was raised to 6 h, lots of nanowires formed on the
substrate, but they were not uniform and the silver layered film
became thinner because of oxidation of silver in alkaline media
(see Figure 2¢,d). Then the dense and long NWAs formed and
the layer disappeared (Figure la,b) when the reaction time
reached 12 h. When the reaction time was prolonged to 24 h,
nanowires became wider and stacked together (see Figure 2e,f).

3.2.2. Influence of the Ag* Concentration in the Precursor
Solution. Figure 3 shows the morphologies of the products
synthesized with different concentrations of Ag" in the
precursor solution. When the concentration was 0.001 M,
nanowires and lots of irregular nanoparticles appeared (Figure
3a,b). The XRD pattern (see Figure S4 in the Supporting
Information) of the product under this reaction parameter
showed that the product was Cu(OH),, not Ag,O. A possible
interpretation is that the concentration of Ag* is too low, and

the Ag layer cannot form in such a short time. When the NaOH
solution was added, Ag" reacted with OH™ and formed Ag,O
precipitation first, and then the rest of the NaOH reacted with
the Cu rod. When the Ag* concentration was increased to 0.05
M, silver nanodendritics and nanoparticles formed (see Figure
3c,d). This demonstrated that the Ag" concentration was too
high, consuming OH™ quickly and forming Ag,O precipitate in
the solution, and then the rest of the Ag* reacted with the Cu
rod. If the Ag* concentration reached up to 0.1 M, as shown in
Figure 3e,f, the morphologies of the obtained products were
similar to those in Figure 3c,d.

3.2.3. Influence of the Concentration of NaOH. Figure 4
shows the morphologies of the products synthesized from the
solution ([Ag"] = 0.01 M) with different NaOH concen-
trations. When the concentration was 0.01 M, no Ag,O
nanowires were found in the silver layer grown on the Cu rod.
This is due to the low concentration of NaOH; Ag" was
selected to increase the replacement reaction with the Cu rod.
As a result, the final product is silver (see Figure 4a,b). After the
addition of 0.5 M NaOH, we can see (see Figure 4c,d) that the
nanowires became thicker than that when 0.1 M NaOH was
added (see Figure lab). If the concentration of NaOH
continued to increase to 2 M, the Ag,O NWAs not only
become thicker but also aggregated together (see Figure 4e,f).
This was due to the high concentration of NaOH and led to a
fast reaction speed, thereby forming thicker nanowires

produced and aggregated together.

dx.doi.org/10.1021/am4016523 | ACS Appl. Mater. Interfaces 2013, 5, 10465—10472



ACS Applied Materials & Interfaces

Research Article

5-4800 S.Ckv 8 Tmm x2C

S-4800 5.Ckv & 1mm xS0

S-4800 &.Ckv & dmm xEC

Figure 3. Typical SEM images of products obtained at different concentrations of AgNO;: (a and b) 0.001 M; (c and d) 0.05 M; (e and f) 0.1 M.

3.2.4. Formation of Ag,0O NWAs. As a result of the silver
layered film that formed in the beginning of the reaction and
then disappeared, we believe that the silver layered film has a
vital function in generation of the silver oxide nanowire process.
In order to prove this conception, the same volumes of 0.01 M
AgNOj; and 0.1 M NaOH were mixed first, and then the Cu
rod was dipped into the test tube and maintained at room
temperature for 12 h. The results showed that some nanowires
and nanoparticles coexisted on the surface of the Cu rod (see
Figure SS in the Supporting Information). The EDX pattern
identified that the product was not Ag,O (Figure S6 in the
Supporting Information), which indicated that a copper oxide
nanowire may have formed in a redundant alkaline solution and
so could not have formed a silver layer first. In order to prove
that copper oxide nanowire could not have formed in a surplus
alkaline solution after the silver layer formed, we changed the
reaction time of the optimal experiment to 24 h; other reaction
parameters were all according to optimum conditions. The
product was characterized by XRD, as shown in Figure S7 in
the Supporting Information. All of the major diffraction peaks
were also indexed to the monoclinic Ag,O phase. Therefore, we
think the formation mechanism of the Ag,O nanowire is as
follows:

Ag*(sol) + Cu(s) = Ag(s) + Cu**(sol) (1)

Ag+(sol) + OH (sol) & Ag(OH)(s) (2)

4Ag(s) + O, + 40H (sol) = 4Ag(OH)(s) + 2H,0
©)

2Ag(OH)(s) & Ag,O(s) + H,0 (4)

3.3. Detection of HZ. The produced integrated electrode
was used to directly detect HZ in solution. As shown in Figure
Sa, it exhibits an obvious anodic current increment on Ag,O
NWA/CRIE near 0.37 V, which is due to oxidation of HZ.
However, the response of HZ for the bare Cu rod and the
product in Figures 2a,b and 4e,f was so weak (see Figure S8 in
the Supporting Information). These results demonstrated the
catalytic effects of Ag,O NWA/CRIE toward the efficient
oxidation of HZ. The influence of the scanning rates on the
cyclic voltammogram response of Ag,O NWA/CRIE in 0.1 M
NaOH was also evaluated (see Figure Sb). It shows that the
Ag,0 NWA/CRIE anodic peak current increased when the
scanning rates ranged from SO to 150 mV s™'. The inset of
Figure 5b is the corresponding calibration curve and linear plot
of the peak current (IP) versus the scanning rates on Ag,0O
NWA/CRIE. The peak current I, is proportional to scanning
rate v, signifying the dominance of the adsorption process.
According to the equation®*

nzFZz/AFc
? 4RT
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Figure 5. (a) Cyclic voltammograms of Ag;O NWA/CRIE in 0.1 M NaOH with different concentrations of HZ at a scanning rate of 50 mV s™. (b)
Cyclic voltammograms of Ag,0O NWA/CRIE in 0.1 M NaOH containing 4 mM HZ at different scanning rates. Inset: corresponding calibration
curve and linear plot of the peak current (I,) versus the scanning rates for Ag,O NWA/CRIE.
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Figure 6. (a) LSV curves of a bare Cu electrode in 3 M NaOH with 0 M, 0.5 M, and 1 M HZ. (b) LSV curves of electrooxidation of HZ for Ag,0
NWAs, Ag,O nanowalls, a bare Cu, and ordinary silver electrodes at a scanning rate of 50 mV s™'. Inset: corresponding magnified curves.

where I, was the peak current, A is the electrode surface area,
and the other symbols have their usual meanings, the surface
coverage concentration 7, for Ag,O NWA/CRIE was calculated
to be 3.68 X 10™® mol cm™. The surface coverage of the
copper hydr(oxide) layer on the copper electrode was found to
be 1.39 X 107° mol cm™2> and the surface coverage
concentration of poly[Ni"-BA] was calculated as 2.1 X 10®
mol cm?>* which indicated that Ag,0 NWA/CRIE owns
much larger surface coverage, so it has a bigger area to come
into contact with that tested.

Figure Sc shows the amperometric response of Ag,0O NWA/
CRIE at 0.37 V. According to the changes of the HZ
concentration by successively added HZ in 0.1 M NaOH, the
electrode responds sensitively, reaching a steady-state signal
within 3 s, and is linear in the HZ concentration range of 0.2—
1270 uM with a sensitivity of 660.3 A mM™’, as depicted in
the inset picture of Figure Sc. Exhilaratingly, the electrode also
shows a low detection limit of 0.01 M (S/N = 3) toward the
detection of HZ; the detection limit of different electrodes was
compared to that of Ag;O NWA/CRIE, which is shown in
Table S1 in the Supporting Information.

It is well-known that dopamine (DA), ascorbic acid (AA),
and L-cysteine (L-Cys) are common interfering species in
physiological samples. Thus, we conducted the interference test
by measuring the current changes caused by the addition of
DA, AA, and 1-Cys. An amperometric response was obtained by
the successive injection of 0.02 mM HZ and interfering species
(0.1 mM DA, 0.1 mM AA, and 0.1 mM 1-Cys). As shown in
Figure 5d, an obvious current response was observed when 0.02
mM HZ was added; on the contrary, no obvious current
response was observed with the consecutiveaddition of 0.1 mM
AA, 0.1 mM DA, and 0.1 mM L-Cys, which demonstrated that
the electrode can completely avoid interference from the
interfering species.

3.4, Potential Application in the HZ Fuel Cell. In order
to investigate the catalytic performance of Ag,O NWA, an
integrated electrode was also used as an electrocatalyst in the
HZ fuel cell. Figure 6a shows the electrochemical behavior in a
3 M NaOH solution with and without HZ for a bare Cu rod.
For a solution without HZ, the LSV curve reveals that the
copper begins to be oxidized when the potential is —0.55 V.
After 0.5 M or 1 M HZ was added to the solution, we observed
the LSV curve, the potential of the anodic peak of which is
around —0.58 V. As a result, there is a linear relationship
between the current value at this peak and the concentration of
HZ, and the evident anodic peak should be due to oxidation of
HZ. As we know, when the potential is set as more positive
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than —0.55 V, the copper could be oxidized and potential
corrosioncould have a negative effect on the catalytic
performance of Ag,0O NWA, so setting the maximum potential
at —0.6 V in the following LSV should be the solution. Figure
6b is a comprehensive figure showing the catalytic performance
on electrodes of Ag,0 NWA, Ag,O nanowalls, a bare Cu rod,
and ordinary silver electrodes in a 3 M NaOH solution with 1
M N,H,. At —0.6 V, no apparent current was obtained on an
ordinary silver (polycrystalline silver) electrode, but there was
considerable current (3.9 mA cm™) on a bare Cu electrode,
which implied that bare Cu owns a catalytic performance
superior to that of silver on the aspect of oxidation of HZ. In
contrast, the current density of Ag,O nanowalls is just 62.4 mA
cm™% The anodic current density increased quickly as Ag,O
NWA was synthesized on the Cu rod and was almost 2S5 times
(reaching 94.4 mA cm™?) higher than that on bare Cu and 1.5
times higher than that on Ag,O nanowalls. We did further
research to study the size effect of the Ag,O nanowires on the
catalytic activity of HZ; Figure S9 in the Supporting
Information shows that the size of the Ag,O nanowires can
affect the catalytic activity of HZ. The current densities of the
Ag,0 nanowires of parts c,d and e,f of Figure 4 are 76.3 and
42.8 mA cm ™, respectively; compared with 94.4 mA cm ™, the
current density seems to be weak. The Ag,O nanowires of
Figure la,b show better catalytic activity of HZ.

For comparison of the performances of the catalysts, the
onset oxidation potential (E,,) of HZ is regarded as an
evaluation criterion. We can see the inset graph in Figure 6b.
E,, on Ag,0 NWAs (—0.85 V) was lower than those on a bare
Curod (—0.76 V) and Ag,O nanowalls (—0.82 V). The evident
90 and 30 mV negative potential shifts revealed that Ag,O
NWASs not only possess superior oxidation ability toward to HZ
but also can work at more negative potential. The E, values of
other materials are summarized in Table S2 in the Supporting
Information. As a result, Ag;O NWAs have potential
applications in the HZ fuel cell.

Ag,0O NWAs have higher catalytic performance than Ag,O
nanowalls, which may be due to their electrochemical active
surface (EAS). To prove this, the EAS of the two electrodes
was measured by means of CV in 0.1 M NaOH. The peaks in
the potential region —800 mV < E < —500 mV on the CV curve
are associated with the hydrogen adsorption process in the
anodic scan.’® The EAS is calculated according to the
equation57
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where Qpy denotes the Coulombic charge for hydrogen
desorption at the electrodes (mC cm™) and [MO] represents
nanomaterial (Ag,0 NWAs or Ag,0 nanowalls) loading (mg
cm™?) on the electrode. The EAS for Ag,0 NWAs is 23.8 cm’
g™', and that for Ag,O nanowalls is 15.7 cm® g~'. The results
confirmed that the EAS for Ag,0O NWAs is bigger than that for
Ag,O nanowalls, which verifies our estimation.

4. CONCLUSION

A novel Ag,O NWA nanostructure was successfully fabricated
on a Cu rod. The study showed that this Ag,O NWA is grown
from the former silver layered film. The integrated electrode
(Ag;0 NWA/CRIE) showed excellent performance on the
detection of HZ, so it can potentially be used in some novel
electrochemical sensors and other electronic devices. Satisfac-
torily, we found that Ag,0O NWAs have a superior catalytic
performance; this special Ag,O NWA material could be a
applicable candidate as a catalyst in the HZ fuel cell.
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