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ABSTRACT: Well-deﬁned gold embedded maghemite hybrid
nanowires are synthesized, and their structures are fully
characterized. They are composed of porous γ-Fe2O3 shells
and embedded gold nanoparticles (3−10 nm), which is novel
and very diﬀerent from the conventional “surface decoration”
conﬁguration. These hybrid nanowires are produced by the dealloying of Au−Fe alloy nanowires and subsequent heat
treatment. The reaction mechanism is proposed and validated.
The results of X-ray diﬀraction, scanning electron microscopy,
transmission electron microscopy, and thermogravimetry
techniques prove consistently that the Fe composition of
Au−Fe alloy nanowires change to γ-FeOOH ﬁrst and then to γ-Fe2O3. The embedded gold particles are help to enhance the gas
response properties of the hybrid nanowires, which is attributed to the nano open-circuit Schottky junctions between γ-Fe2O3
and the Au nanoparticles. The gas sensing experiment data with high repeatability demonstrate that these hybrid nanowires are
excellent sensing materials, especially for ethanol, and have shown both high selectivity and high sensitivity.
KEYWORDS: hybrid nanowires, gold, maghemite, lepidocrocite, de-alloying, gas sensing
decoration. MOS base materials such as nanoparticles,16−18
nanowires4 or ﬁlms10 are fabricated ﬁrst, and then NM particles
are immobilized on the surfaces by vapor deposition,4 RF
sputtering,10 or surface chemical reactions.16−18 Hybrid
nanostructures with the NM-on-MOS conﬁgurations show
tremendous potentials in gas sensing applications, and their gas
response characteristics are closely related to their unique
structure.4 It would be scientiﬁcally and practically important to
synthesize hybrid gas materials with alternative conﬁgurations.
NM-embedded-MOS hybrid conﬁguration is another option,19−25 and materials with such conﬁguration exhibit very
unique characteristics in photoanodic properties,19,20 nanophotonics,21−23 electrochromism,24 and gas sensing.25 NMembedded-MOS nanoﬁlms can be prepared by a two-step
method: ﬁrst NM nanoparticles are dispersed on a substrate,
and then a MOS layer is covered on the top,20,25,26 while, to the
best of our knowledge, NM-embedded-MOS 1D nanowires can
not be prepared with this strategy. Peapod-like Au nanoparticles embedded in MOS nanowires were normally
synthesized by special designed vapor−liquid−solid (VLS)
growth with liquid Au droplets as catalysts at high temperatures, including in SiO2,21 Ga2O322 and indium tin oxide23
nanowires. Liu et al. reported the fabrication of peapod Pt@
CoAl2O4 nanowires by the solid-state reaction of Co−Pt
multilayer nanowires with the alumina wall of the anodic

1. INTRODUCTION
One-dimensional (1D) metal oxide semiconductors (MOSs)
are regarded as ideal building blocks for chemical sensing
applications.1−3 MOSs such as SnO2,4 In2O3,5−7 and iron
oxides8−10 have exhibited very good sensitivity in chemical gas
sensors. The 1D MOS nanostructures are less agglomerated in
thick gas sensing ﬁlms and show improved performance when
compared with their zero-dimensional (0D) analogues such as
nanoparticles and nanocrystals.1−3 It is also well-known that the
response of gas sensing increases greatly as the crystal size
decreases, especially smaller than the Debye length (typically
several nm)11 or the charge carrier depletion zone sizes.4,12,13 In
addition, nanopores in hollow or porous nanostructures can
facilitate the gas transportation and ensure fast gas response
kinetics.14,15 Wang et al. reported porous α−Fe2O3 nanowires
by sintering organic iron precursor nanowires, which exhibited
high gas sensitivity to ﬂammable and corrosive gases.9 It will be
helpful to further enhance the 1D MOS gas sensing
performance by creating nanoporosity and reducing the grain
sizes in the structure.
Noble metal (NM) decoration of the MOSs has been proven
as another eﬃcient approach to boost the gas response
performance, including sensitivity and selectivity.4,10,16 A main
challenge in the research of the gas sensor material is the
preparation of multicompositional hierarchical/hollow structures which is functionalized by NM or other catalysts.15 Such
materials are ideal to obtain high sensitivity, high selectivity, as
well as fast response and recovery kinetics. Currently most of
such hybrid gas sensing materials are prepared by surface
© 2015 American Chemical Society
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Table 1. Electrodeposition Parameters, Compositions, and Brief Morphologies for All Samples Prepared in This Study
electrodeposition parameters
sample
index

[Fe2+]
(mmol/L)

[Au(CN)2−]
(mmol/L)

current density
(mA/cm2)

1
2
3

500
500
500

0
2.0
2.0

10
16
8.0

0
1.4
2.1

0
1.8
12

4

500

10

16

4.4

25

5

500

10

10

7.1

30

6

500

10

6.0

18

7

0

20

1.0

100

compositions of assynthsized
nanowires (Au atom-%)

aluminum oxide (AAO) membranes in the heat.27 All above 1D
NM-embedded-MOS materials have the similar peapod
structures, because the noble metal inclusions agglomerate
into spherical “peas” to minimize their surface energies at high
temperatures. Uniform NM dispersion in the MOS matrix is
not energy favored in the above synthesis processes.
Alternatively, solution chemistry based process must be
involved to overcome this challenge. There are very few public
reports on synthesis of 1D NM-embedded-MOS nanostructures in solution chemistry. Pyun and co-workers reported a
method to produce Co3O4 nanowires with Au nanoparticles
inclusions.28 They prepared the nanowires via the colloid
polymerization of the ferromagnetic Au−Co core−shell
nanoparticles ﬁrst, and followed by the oxidation of cobalt
shells in the reorganized nanoparticles chains.
Herein, we report a new approach to produce Au embedded
porous γ−Fe2O3 nanowires by a mild oxidation of Au−Fe alloy
nanowires. Pulse electrodeposition is a mature technology to
produce bimetallic barcode nanowires in a single bath, which
has been well documented in literatures27,29,30 and in our
previous work.31 Au−Fe barcode nanowires can be electrochemically fabricated using nanoporous templates in a mixed
electroplating solution of high concentration of FeSO4 and low
concentration of KAu(CN)2. Iron segments are electrochemically deposited at high current density, because the KAu(CN)2
can only provide a very little portion of the cathodic
current,30,31 while, technically speaking, these iron segments
are alloys of iron and gold. By carefully adjusting the current
density and the composition of electroplating solution, the gold
contents can be controlled in these alloys. Besides, a solutionbased oxidation process is proposed to convert the iron to
porous γ−Fe2O3 in the alloy nanowires, which is inspired by
the industrial steel bluing process. The Au contents disperse
evenly inside the resulting hybrid nanowires as isolated
nanoparticles with a diameter of 3−10 nm, which are very
diﬀerent from the peapod-like structures. These hybrid NMembedded-MOS nanowires may have great potential in
nanophotonics and gas sensing applications.

compositions after de-alloying
treatment (Au atom-%)

79

product
morphologies
nanoﬂowers
transition state
inherited hybrid
nanowires
inherited hybrid
nanowires
inherited hybrid
nanowires
inherited hybrid
nanowires

several times and dried naturally after the electrodeposition. The
resulted alloy nanowires were characterized by SEM (FEI Nova
NanoSEM 200) directly in cross-section of the AAO membrane. Then
the Ag backing layer was selectively removed by a mixture of ethanol,
H2O2 and NH3·H2O.32 The X-ray diﬀraction (XRD, Bruker D8
Advance with Cu Kα radiation) patterns of the alloy nanowires were
recorded in the AAO membranes. For alloy composition analysis, part
of the AAO membrane was completely digested in aqua regia. The
resulting solution was diluted by deionized water (18.2 MΩ·cm) and
analyzed by inductively coupled plasma optical emission spectrometry
(ICP-OES, PerkinElmer Optima 8000) to determine the concentrations of Au and Fe.
2.2. Synthesis of γ-FeOOH and γ-Fe2O3 Hybrid Nanowires. A
mixed solution (5 mL, containing NaOH 4.4 g and NaNO2 1.0 g) was
heated to about 140 °C (slightly boiling) in oil bath.33 A piece of AAO
membrane with Au−Fe alloy nanowires (0.5 cm2) was put into the hot
solution, and it dissolved very quickly (about 2 min). The solution was
heated for another 10 min, and it became yellowish (low Au content)
or brown (high Au content) and nearly transparent in appearance. The
solution was removed from the oil bath and poured into cool
deionized water (100 mL). After settling for about 2 h, the
precipitations were collected by centrifugation. The product was
washed with deionized water several times, and then with absolute
alcohol. Finally, it was dried in vacuum drying oven at 40 °C for about
10 h to get the γ-FeOOH hybrid nanowires. The γ-Fe2O3 hybrid
nanowires were obtained by heating the γ-FeOOH hybrid nanowires
at 350 °C in air or at 150 °C in vacuum (<1000 Pa) for 10 h.34 The
products were characterized by XRD, scanning electron microscopy
(SEM), high-resolution transmission electron microscopy (HRTEM;
FEI Tecnai G2 F30), and thermogravimetrics (TG, TA Instruments
SDT Q600). All chemicals used in this work are of analytical reagent
grade (Sinopharm Chemical Reagent Co. Ltd., China) and used as
received.
2.3. Gas Sensing Measurement. The gas sensing properties of
the gold−maghemite hybrid nanowires were evaluated by a homemade
system. The hybrid nanowires were dispersed in alcohol and dropped
on a micro planar-ceramic sensor chip (Hanwei Electronics Co., Ltd.,
China). Mass ﬂow controllers (MFCs, D07-11C, Beijing Sevenstar
Electronics Co., Ltd., China) were used to control the ﬂow rates of all
gases. A programmable dc power supply (Agilent E3640A) heated the
sensor chips, and a source measurement unit (SMU, Keithley 2400)
monitored the electric resistance of the sensing layer. The operating
temperature was 210 °C in all tests.

2. MATERIALS AND METHODS
3. RESULTS AND DISCUSSION
3.1. Au−Fe Alloy Nanowires. The Au−Fe alloy nanowires
were prepared by electrodeposition in Fe2+ and Au(CN)2−
mixed solution. The lower the cathodic current density and the
higher concentration of Au(CN)2−, the higher the Au content
in the resulted alloy nanowires.30,31 Diﬀerent electroplating
bath compositions and current densities are conﬁgured and

2.1. Fabrication of Au−Fe Alloy Nanowires. The Au−Fe alloy
nanowires were electrochemically deposited into the pores of anodic
aluminum oxide (AAO) membranes, in an electroplating bath
containing Fe2+ and Au(CN)2− ions. The experimental apparatus
was well documented in previous works.30,31 Diﬀerent parameters,
listed in Table 1, were conﬁgured during the electrodeposition process
to produce nanowires with diﬀerent compositions. The AAO
membranes were cleaned with deionized water and absolute alcohol
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and it decreases in intensity and broadens in bandwidth as the
Au content increases. The bcc Fe matrix remains in these
samples, and the lattice strain successively increases as the Au
content increases. When the Au content reaches about 20 at-%
(sample 6, 18 at-% Au), a broad peak appears between Au
(111) and α−Fe (110) peaks (38.18−44.66°), indicating a
transition state during the bcc−fcc structural transformation.
3.2. De-alloying of the Au−Fe Nanowires. As shown in
Scheme 1, the removal of AAO membrane and the de-alloying

listed in Table 1, which are marked as samples 1−7. Sample 1 is
pure Fe and sample 7 is pure Au for references. ICP-OES was
employed to determine the compositions of the alloy
nanowires, and the results are also listed in Table 1. The Au
content increases from sample 2 (1.4 at-% Au) to sample 6 (18
at-% Au) as the current density decreases and the Au(CN)2−
concentration increases. Cross-sectional SEM characterizations
of the resulted products conﬁrm that well-deﬁned nanowires
are obtained in the AAO membranes after the electrodeposition
in all samples, and a typical SEM image (sample 4, for example)
is shown in Figure S1a (Supporting Information). The
nanowires are about 200 nm in diameter (100−300 nm) and
about 20 μm in length. Figure 1 shows the XRD patterns of all

Scheme 1. Brief Synthesis Process of the Hybrid Nanowires

of Au−Fe nanowires occur at the same time in a hot mixture of
NaOH and NaNO2 solution. The similar recipe is usually used
in steel bluing process, in which thin Fe3O4 protecting ﬁlms are
formed on the steel surfaces,33 while both NaOH concentration
and process temperature are higher in this work.
For Au−Fe alloy nanowires with Au content higher than 2
at-% (sample 3−6), inherited hybrid nanowires are obtained
after the de-alloying process, and a typical morphology (sample
5, for example) is shown in Figure 2c. A large scale SEM image
of another similar product (sample 4) is shown in Figure S1b
(Supporting Information), and a high-resolution TEM image is
also inserted. The hybrid nanowires have the same length as the
Au−Fe nanowires, but the diameter is larger (∼400 nm). As
displayed in Figure 2a, for pure Fe nanowires (sample 1), the
1D structures change into nanoﬂowers with a diameter of ∼200
nm. Between the two diﬀerent transformation processes, the
transition morphology appears in sample 2 (Figure 2b), and it
has a similar nanoﬂowers structure with a tendency to form 1D
nanowires. The morphologies of all samples after the dealloying procedure are also listed in Table 1 brieﬂy. ICP-OES
analysis results indicate that the resulted hybrid nanowires are
also consisted of Au and Fe, and no impurities such as Na and
Al exist. The composition data from ICP results are also listed
in Table 1. The Au contents are signiﬁcantly higher in the
hybrid nanowires than those in the Au−Fe alloy nanowires.
Because Au is quite inert in the hot mixture of NaOH and
NaNO2, this composition change indicates a loss of Fe in the
de-alloying process. For sample 3−6, the Au content is about 5
times higher in the hybrid nanowires than that in their Au−Fe
alloy precursors, which manifests that ∼80% of Fe are lost in
this procedure.
The XRD pattern of the nanoﬂowers (Figure 3a) can be
readily indexed as γ-FeOOH phase (lepidocrocite, JCPDS 76−
2301). The diﬀraction peaks are pretty low and broad in shape,
which indicates that the γ-FeOOH nanoﬂowers are not well

Figure 1. XRD patterns of the alloy nanowires. The samples are
labeled from 1 to 7 as the Au contents increase (Table 1).

these samples. For samples 1 (pure Fe) and 7 (pure Au), all
peaks are in good agreement with body-centered cubic (bcc)
α−Fe (JCPDS 65-4899) and face-centered cubic (fcc) Au
(JCPDS 04-0784), respectively. For the pure Fe nanowires, the
peak of the α−Fe (110) crystal plane is sharp and high in
intensity, and it shows good crystallinity, while as Au atoms are
inserted into the nanowires, the crystallinity of Fe matrix begins
to degrade. The XRD pattern of sample 2, which contains only
1.4 at-% of Au content, is very similar to that of the pure Fe
(sample 1). However, the peak intensity of Fe (44.66°)
becomes lower, and the peak is not as sharp as that of sample 1.
As the Au content increases in the alloy nanowires from sample
3 to sample 7, the α−Fe (110) peak (44.66°) decreases and Au
(111) peak (38.18°) increases continuously. The XRD spectra
here clearly show the transition process of bcc α−Fe (sample
1) to fcc Au (sample 7). The broadening of the Fe diﬀraction
peak (44.66°, in sample 4−6) indicates that the Au atoms exist
as solid solution in the Fe matrix in these samples. The
diﬀerence of atomic radius between Au and Fe atoms causes
the lattice strain, which is the same as that in Au−Fe disordered
alloy ﬁlms prepared by face-to-face sputtering technique.35 It is
also reported that the bcc−fcc structural transformation occurs
at about 80 at-% of Fe in AuFe alloy ﬁlms,35 which is exactly the
same case in our work. The highest peak is α−Fe (110) in
samples with low Au contents (samples 1−5, 0−7.1 at-% Au),
10536
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Figure 2. Typical SEM images of the as-synthesized de-alloying products, (a) sample 1, (b) sample 2, and (c) sample 5. (a, inset) Enlarged TEM
image of the sample 1. (d) Low-magniﬁcation TEM image of an individual hybrid nanowire (sample 5) after being heated at 150 °C in vacuum and
(inset) corresponding selected area electron diﬀraction pattern. HRTEM images of (e) selected area of γ−Fe2O3 shell and (f) an individual Au
nanoparticle.

maghemite−hematite transition by heat treatment further
conﬁrms the structure (Figure 3b,c). The diﬀraction intensities
of Au contents are much higher than γ-FeOOH, so only Au
diﬀraction peaks appear in the XRD patterns of sample 3−6,
and the patterns are similar to that of sample 7 in Figure 1.
TEM characterization reveals that the hybrid nanowires have γFeOOH shells. The wrinkled thin nanosheets in these shells
(Figure S1b, inset, Supporting Information) and in the
nanoﬂowers (Figure 2a, inset) are identical in appearances.
In the conventional steel bluing process, thin Fe3 O4
protecting ﬁlms are formed on the steel surfaces in two steps.
First, part of the iron atoms are oxidized and dissolved
according to the following equations:
3Fe + 5NaOH + NaNO2 → 3Na 2FeO2 + H 2O + NH3↑
(1)

6Na 2FeO2 + NaNO2 + 5H 2O
→ 6NaFeO2 + 7NaOH + NH3↑

(2)

Then, Na2FeO2 and NaFeO2 react to form Fe3O4, which has
lower solubility in the system:
Na 2FeO2 + 2NaFeO2 + 2H 2O → Fe3O4 ↓ +4NaOH
(3)

After the formation of continuous Fe3O4 ﬁlms, the bulk Fe
will separate from the solution, and the reaction terminates. In
the current work, both NaOH concentration and process
temperature are higher, there will be no precipitate and all Fe
will dissolve in the solution as NaFeO2:

Figure 3. XRD patterns of the nanoﬂowers produced by de-alloying
pure Fe nanowires. (a) As-synthesized nanoﬂowers, identiﬁed as γFeOOH (JCPDS 76-2301) with poor crystallinity. (b) After heat
treatment at low temperatures, γ-Fe2O3 (JCPDS 89-5892) with poor
crystalline is formed. (c) After heat treatment at high temperatures, αFe2O3 (JCPDS 89-8103) with improved crystallinity is formed.

2Fe + NaOH + NaNO2 + H 2O → 2NaFeO2 + NH3↑
(4)

As the solution is cooled and diluted, γ−FeOOH will
precipitate:

crystallized. The mean grain size is only 3−5 nm according to
the Scherrer equation. In addition, the lepidocrocite−
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NaFeO2 + H 2O → NaOH + FeOOH↓

domains are very small (<5 nm) in the image, which indicates
that the γ-Fe2O3 shell is poorly crystallized and explains why no
signals from Fe species are observed in both XRD and SAED
patterns. Most gold nanoparticles swaddled by the γ-Fe2O3
shell have a diameter of 5−10 nm, Figure 2f is the HRTEM
image of an individual gold nanoparticle in a hybrid nanowire.
There are two diﬀerent domains with lattice spacing of 0.2 and
0.24 nm, which correspond to (220) and (111) Au crystal
planes, respectively.
3.4. Gas Sensing Properties of the γ-Fe2O3 Hybrid
Nanowires. Iron oxides alone are good gas sensing
materials,8,9,37,38 and their sensing performances can be further
enhanced by introducing noble metal additives, especially
gold.10,16,17 Currently the Au nanoparticles are decorated on
the surface of iron oxides in most of these public literatures, and
it is intriguing to ﬁgure out what will happen to the gas sensing
performance if gold nanoparticles are embedded in the iron
oxide matrix. Gas responses to H2 and ethanol at diﬀerent
temperatures (76 to 302 °C) are shown in Figure S4
(Supporting Information), and all samples are heat treated at
150 °C in vacuum before the gas sensing tests. It is clearly
indicated that at 210 °C all samples exhibit the best sensor
sensitivity. Figure S5a (Supporting Information) shows the
sensitivity responses of sensors based on diﬀerent γ-Fe2O3
hybrid nanowires in 250 ppm of H2. It is distinct that the
sensitivity increases as the Au content increases to about 30 at%. In sample 6 the Au content is very high (79 at-%), and the
gold nanoparticles in the nanowires may contact with each
other. The outer MOS shells are electrically short-circuited by
these Au nanoparticles, so this sample shows no gas sensitivity
at all. The sensor resistance of sample 6 is as low as 21.9 Ω at
room temperature, and it increases to 26.3 Ω at sensor
operation temperature (210 °C). The relationship between the
resistance and temperature is similar to that of the pure metallic
gold. While all remaining sensors based on other samples
(sample 1−5) have much higher resistance (as high as 1010 Ω).
Because the gold nanoparticles are embedded in the hybrid
nanowires, the enhancement of gas sensing cannot be ascribed
to the “chemical mechanism” involving catalytic dissociation of
molecular oxygen and spillover eﬀect.4 Because the molecular
oxygen may have a little chance to contact the Au nanoparticles
in our hybrid nanowires, the “electronic mechanism” may
explain the enhancement well.4 As an n-type semiconductor
(the sensor resistance decreases in reducing gases), the
electrons in γ-Fe2O3 will ﬂow to the Au nanoparticles to
form open-circuit Schottky junctions.12,39
Besides H2, the sensing properties to other reducing gases,
such as ethanol, carbon monoxide and methane, are also worthy
to evaluate. Because the sensor based on sample 5 has
demonstrated the highest sensitivity to H2, it is chosen naturally
for the following investigation. The corresponding responses
are shown in Figure S5b (Supporting Information). The
sensitivity to ethanol is much higher than other gases even
though the concentration of ethanol is much lower. These
results show that the γ-Fe2O3 hybrid nanowires are very
suitable materials for ethanol sensors because of the higher
sensitivity and selectivity. More details about the real-time gas
sensing curves of the hybrid nanowires (sample 5) can be found
in Figure 4. In all test cycles (Figure 4a) the responses and
recoveries are nearly the same, which means perfect sensitivity
and stability. The response and recovery time (deﬁne as time to
reach 90% of the equilibrium value) are also calculated in the
inset, which are 7 and 65 s, respectively. Not only the switching

(5)

For pure Fe sample, it dissolves completely as NaFeO2 ﬁrst.
When it precipitates as γ−FeOOH, homogeneous nucleation is
involved and uniform ﬂower-like nanoparticles (∼200 nm) are
formed. While for Au−Fe alloy samples, porous Au nanowires
remain in the solution as heterogeneous nuclei, and γ−FeOOH
grow on the surface of Au nanoparticles. To validate this
reaction mechanism, we replaced Fe nanowires with Fe2(SO4)3
salt in the de-alloying process, and γ−FeOOH product with
identical structure and morphology was obtained.
3.3. Topotactic Phase Transition from γ-FeOOH to γFe2O3. It is well-known that γ-FeOOH transforms into γ-Fe2O3
ﬁrst and then α-Fe2O3 by dry heating.34,36 The former
transformation temperature is between 200 and 280 °C in
air, and it drops to 120 °C under vacuum.34 With the help of
TG analysis, the phase transition of γ-FeOOH nanoﬂowers
(Figure 2a) is better understood, and the result is shown in
Figure S2 (Supporting Information). The weight loss is 13.5 wt
%, which is in accord with the theoretical value (10.1 wt %,
from γ-FeOOH to γ-Fe2O3). Figure 3 shows the XRD patterns
of the nanoﬂowers before and after various heat treatments. For
the moderately heated samples (350 °C in air or 150 °C in
vacuum), XRD patterns (Figure 3b) agree with γ-Fe2O3
(maghemite, JCPDS 89-5892). This transition from γFeOOH to γ-Fe2O3 is topotactic, in which the oxygen
framework remains intact while the hydroxyl groups are
removed and the Fe atoms are redistributed.36 So it is possible
to keep the nanoﬂowers morphologies during this phase
transition. The mean grain size remains unchanged (3−5 nm)
in this process according to the Scherrer equation. Figure S3
(Supporting Information) shows the SEM images of the
nanoﬂowers before and after the heat treatment, it is conﬁrmed
that the sample morphologies keep unchanged after heated at
both 150 °C in vacuum (Figure S3b, Supporting Information)
and 350 °C in air (Figure S3c, Supporting Information). The
sample convert to α-Fe2O3 (hematite, JCPDS 89-8103) after
heated at 700 °C in air, and the corresponding XRD pattern is
shown in Figure 3c. The nanosheets consisting of the
nanoﬂowers disappear and transform into nanoparticles (Figure
S3d, Supporting Information). Maghemite has inverse spinel
structure, while hematite is isostructural with corundum.
Formation and growth of hematite nuclei are involved during
the transition, and the ﬂower morphology collapses. The mean
grain size increases to about 50 nm according to the Scherrer
equation from Figure 3c.
To retain the structure of hybrid nanowires completely, we
selected heat treatment at low temperature (150 °C) in vacuum
for all samples used in gas sensing tests. Figure 2d−f provide
detailed structure investigations of the resulted γ-Fe2O3 hybrid
nanowires by TEM and electron diﬀraction. Figure 2d is a
typical low magniﬁcation TEM image of the heat-treated hybrid
nanowire. Gold nanoparticles (<10 nm) are embedded in a
porous γ-Fe2O3 nanowire. The outer shell of the γ-Fe2O3
exhibits an identical appearance with γ-FeOOH precursor
shown in the inset of Figure 2a. The inset in Figure 2d shows
the corresponding selected area electron diﬀraction (SAED)
pattern, which is identiﬁed as diﬀraction rings of polycrystalline
metal Au. No signals from the γ-Fe2O3 are observed, which is
similar to that in XRD characterization. Figure 2e shows the
atomic resolution lattices image of the γ-Fe2O3 shell in the
hybrid nanowires, in which the spacing of lattice related to
(311) and (200) crystal planes is illustrated. The crystal
10538
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eNose system and, thereby, to increase the dimension of data
output.40

4. CONCLUSIONS
Well-deﬁned gold embedded γ-FeOOH hybrid nanowires are
prepared by direct de-alloying of Au−Fe alloy nanowires, which
are electrochemically deposited in mixed solutions of Fe2+ and
Au(CN)2−. The reaction mechanism is proposed and validated,
and the Au contents in the resulted hybrid nanowires can be
adjusted easily by changing parameters during the electrodeposition process. After heated at 150 °C in vacuum, the γFeOOH hybrid nanowires will convert to γ-Fe2O3 hybrid
nanowires and retain the microcosmic structures perfectly. The
ﬁnal hybrid nanowires have outer shells consisting of wrinkled
γ-Fe2O3 nanosheets, and Au nanoparticles are embedded.
These hybrid nanowires show good sensing performances and
are promising for use in ethanol sensors with high sensitivity
and high selectivity.

■

Figure 4. Gas sensing properties of the Au embedded γ-Fe2O3 hybrid
nanowires (sample 5). (a) On−oﬀ responses in 50 ppm ethanol. The
responding and recovering time shown in the red square. (b) Step
responses to ethanol gases with concentrations from 5 to 50 ppm and
(inset) photograph of the sensor device used.
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Supplementary images of SEM, TEM, TG and gas sensing
characterizations. The Supporting Information is available free
of charge on the ACS Publications website at DOI: 10.1021/
acsami.5b02087.

■

response, the stair response in ethanol gases with diﬀerent
concentrations has also been studied carefully and demonstrated in Figure 4b. Four concentrations in multiplication (5,
10, 20, 50 ppm) in synthetic air are chosen. It remains excellent
sensing performance in multiple cycles. The logarithm linearity
relationship between sensor resistance and ethanol concentrations is calculated and shown in Figure S6 (Supporting
Information). The good linearity is favored for practical sensing
applications. The gas responses in Figure 4 suggest a sensing
mechanism of surface chemisorptions of ethanol molecules. γ−
Fe2O3 shells of the hybrid nanowires are n-type semiconductors, and free electrons are charge carriers. On one
hand, the electrons in conduction band of γ-Fe2O3 will ﬂow to
the Au nanoparticles to form open-circuit Schottky junctions, as
mentioned previously.12,39 On the other hand, oxygen and
moisture are absorbed on the semiconductor surfaces in
ambient air, which also extracted electrons from the conduction
band of semiconductor to form absorbed O2− and OH− groups.
Signiﬁcant depletion layers are formed on the γ-Fe2O3 surfaces,
so the hybrid nanowires exhibit very high resistance (>1010 Ω)
in air even at the operating temperature (210 °C). After the
sensor was exposed to ethanol vapor, gas molecules are
chemically absorbed on the semiconductor surface and oxidized
into acetaldehyde and then carbon dioxide by the absorbed O2−
and OH−.9 In this oxidation process, some of the trapped
electrons will be released and transfer back to the semiconductor, causing a dramatic decrease of sensor resistance.
It is validated that Au nanoparticles as additives are quite
eﬀective to enhance the gas sensitivities of iron oxide materials,
no matter where the Au nanoparticles are located. The sensor
sensitivity of gold-maghemite hybrid nanowires (35.1 for 50
ppm ethanol) is even higher than α−Fe2O3 decorated by Au
nanoparticles16 (14 for 100 ppm ethanol) and Au-functionalized hematite nanospindles17 (6 for 50 ppm ethanol). In
addition, the sensor-array based electronic noses (eNose) rely
heavily on the diﬀerences of the sensor characteristics.40 The
NM-embedded-MOS hybrid nanowires in this study may
provide extra options to increase the variety of sensor arrays in
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