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ABSTRACT: Single-crystalline Mn;O, nanowires were prepared using the vapor-phase transformation of ZnO nanobelts.
Mn;0,-decorated ZnO nanobelts and ZnO—ZnMn,0, core—shell nanocables (NCs) were also obtained as reaction
intermediates. Heteroepitaxial growth of tetragonal spinel Mn;0, (or ZnMn,0,) on wurtzite ZnO is a possible reason for the
growth of single-crystalline Mn;O, nanowires. Growth interfaces are possibly formed between the wurtzite (1010)/(2110) and
spinel (101)/(411) planes. Various one-dimensional homonanostructures and heteronanostructures consisting of 7-ZnO,
p-Mn;0,, and p-ZnMn,0, can be used to design high-performance gas sensors.

KEYWORDS: transformation, gas sensor, heteroepitaxial growth, Mn;O0,, ZnO

B INTRODUCTION

Manganese oxides including MnO, Mn;0,, Mn,0;, and MnO,
have been identified as p-type semiconductors because of Mn
vacancies within the lattice."” In particular, Mn;O, is a multi-
functional material that has versatile applications such as in com-
bustion catalysts,3 gas sensors,*® Li-ion batteries,6 and capacitors.7
Various methods of synthesizing Mn;O, nanowires (NWs) or
nanorods, including the hydrothermal method,®®*™'! sol—
gel process,'> and thermal evaporation, have previously been
developed."® Vapor-phase growth is a facile and cost-effective
method of growing well-defined single-crystalline NWs with
excellent thermal stability at high temperature.'*"> Although
there has previously been a report on the growth of crystalline
Mn;O0, NWs by thermal evaporation of Mn powders, a high
temperature (900 °C) and a long reaction time (2 h) were
necessary, and the single crystallinity of the Mn;O, NWs was not
demonstrated,'® indicating that the vapor-phase growth of
Mn;O, NWs remains challenging because of the low vapor
pressure of Mn sources.

The vapor-phase transformation of template nanoarchitec-
tures can be used as an alternative to synthesize highly crystalline
NWs.'*"'® Diverse compositions of NWs can be grown, and
various 1-D heteronanostructures such as NWs and nanobelts
(NBs) coated with discrete or continuous overlayers can be
prepared by tuning the conversion reaction. In particular, the
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formation of oxide p—n junctions can enable the production of a
variety of useful applications such as light-emitting diodes
(LEDs)," photoelectrochemical cells (PECs),*® solar cells,*'
and gas sensors.”>>°

We have previously used vapor-phase transformation to
prepare CoO and Co;0, NWs from a ZnO template.”” The
obtained cobalt oxide NWs exhibited good crystallinity, although
they were found to be essentially polycrystalline. The apparent
absence of single-crystal formation is ascribed to the low
crystallographic matching at the interface between the CoO
overlayer and the ZnO underlayer. In this contribution, for the
first time, we prepared single-crystalline Mn;O, NWs by the
vapor-phase transformation of ZnO nanobelts (NBs). Hetero-
nanostructures such as Mn;O,-decorated ZnO NBs and ZnO—
ZnMn,0, core—shell nanocables (NCs) were also fabricated as
reaction intermediates. The main focus was directed at
elucidating the mechanism for the transformation from ZnO
NBs into single-crystalline Mn;O, NWs, understanding the
crystallographic nature of the heteroepitaxial correlation at the
ZnO/Mn;0, interface, and designing high-performance gas
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sensors with various homonanostructures and heteronanos-
tructures consisting of ZnO, ZnMn,0,, and Mn;0,.

B EXPERIMENTAL SECTION

ZnO NBs were grown using thermal evaporation on Si wafers and a
mixture of ZnO (99.9%, Aldrich), graphite (<20 ym, Aldrich), and Sn
(99.8%, Acros) powders. The source (ZnO/graphite/Sn = 1:1:0.01 by
weight) was loaded into an Al,O; boat and was positioned in the center
of a quartz tube (diameter: 2.5 cm). The Al,O; substrates were placed
S cm downstream from the source. After the quartz tube was evacuated
to ~9 X 1072 Torr, the furnace temperature was increased to 900 °C.
The ZnO NBs were formed in a reaction between the source and mixed
Ar—0, gas (Ar: 100 sccm, O,: 1 sccm). Mn;O, NWs were prepared
using the following procedure: The as-grown ZnO NBs on Si wafers and
MnCl, (99.99%, Aldrich) were placed in the downstream and upstream
parts of the Al,O; boat (4 cm long), respectively. After the quartz tube
was evacuated to ~9 X 107> Torr, the furnace temperature was increased
to 500—750 °C and maintained at the reaction temperature for 20 min.
During the reaction, a mixture of Ar and O, (Ar: 200 sccm, O,: 10 sccm)
was provided as the reaction gas. The Mn;0,-decorated ZnO NBs were
prepared at 500 °C, and ZnO—ZnMn,0, core—shell NCs were
obtained at 600 °C. When the reaction temperature was elevated to
750 °C, ZnO NBs were transformed into phase-pure Mn;O, NWs.

The structural properties of the NWs were investigated using X-ray
diffraction (XRD, Rigaku D/MAX-2500 V/ PC), scanning electron
microscopy (SEM, Hitachi S$-4700), field-emission transmission
electron microscopy (FE TEM, FEI TECNAI G2 200 kV, and JEOL
JEM 3010), and energy-dispersive X-ray spectroscopy (EDS). Raman
spectroscopy (Princeton instrument, Acton SP 2500) was performed
using the 514.5 nm line of an argon-ion laser. The chemical states of the
films were determined using X-ray photoelectron spectroscopy
(ULVAC-PHI, PHI 5000 VersaProbeTM) with an Al Ka radiation
(1486.6 V) source. The binding energies were corrected for specimen
charging by referencing the C 1s peak at 284.6 eV.

B RESULTS AND DISCUSSION

SEM and TEM. Clean-surfaced single-crystalline ZnO NBs
were prepared using thermal evaporation (Figure Sla-b, Supporting
Information). The width of the ZnO NBs ranged from S0 to
80 nm (Figure S1b, Supporting Information). The selected-area
electron diffraction (SAED) pattern (inset in Figure Slc, Supporting
Information) suggests that the ZnO NBs with (0001) and (2110)
surfaces grow along the [0110] direction. From the high-
resolution TEM image of the surface of the ZnO NBs, the (0110)
fringes are separated by a distance of about 2.81 A (Figure S1d,
Supporting Information).

Semielliptical Mn;O, nanoparticles were uniformly deposited
onto the surface of the ZnO NBs by thermal evaporation of
MnCl, powders at 500 °C in 4.76% O, (Figures la and b). The
diameters of Mn;O,-decorated ZnO NBs ranged from 50 to
80 nm. The semielliptical Mn;O, nanoparticles had lateral
lengths in the range of 2—10 nm (Figure 1c). The lattice-resolved
TEM image (Figure 1d) of the Mn;O,-decorated ZnO NBs
shows that the (1010) fringes of ZnO and the (101) fringes of the
Mn;0, particles are separated by 2.81 and 4.92 A, respectively,
and are nearly parallel to each other. The compositions of the
Mn;0, nanoparticles were identified from the line-scan profiles
of Zn, Mn, and O by using energy-dispersive X-ray spectroscopy
(EDS) (Figure S2, Supporting Information).

Detailed inspection of the lattice-resolved TEM images
revealed that the Mn;O, nanoparticles not only grew on the
ZnO NBs along a particular direction but also formed the atomic
interfaces necessary for heteroepitaxial growth. Figure 2a shows a
close-up picture of an interface between two phases. On the right
side of the red dashed line is the wurtzite ZnO lattice, in which
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Figure 1. Morphologies and crystal structures of Mn;0,-decorated ZnO
NBs: (a) SEM image of Mn;O,-decorated ZnO NBs grown on Si
substrates, (b) and (c) TEM images of Mn;O,-decorated ZnO NBs, and
(d) lattice-resolved TEM image of Mn;0,-decorated ZnO NBs.
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Figure 2. (a) Section of lattice-resolved TEM image revealing the interface
between Mn;O, and ZnO. Blue and red dashed lines are proposed atomic
interfaces, as discussed in the text. Close-up views of (b) Mn;O, lattice,
(c) region containing mixed lattice structures, and (d) ZnO lattice.
() Proposed model of atomic interface between spinel and wurtzite lattices.
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the 6-fold symmetry of Zn sites is clearly visible (Figure 2d).
Note that the straight segments of the wurtzite ZnO lattice are
parallel to (2110) and (1010) fringes. On the left side of the blue
dashed line is the spinel Mn;0, lattice, in which the 6-fold
symmetry is reduced to 2-fold, and each atomic image is
elongated along [101] directions (Figure 2b). The elongated
atomic image is ascribed to one A and two B sites of the spinel
AB,0, lattice, partially overlapping when viewed in the [131]
zone of the lattice (Figure 2e). The straight segments in this case
are parallel to the (101) and (411) fringes. A region exhibiting
mixed properties is shown between the two dashed lines, and the
mixed properties suggest that the interfaces consist of several
atomic layers (Figure 2c). Such mixed properties are ascribed to
the accommodation of the mismatch between the two lattices.
Figure 2e shows the atomic lattice model with the spinel lattice
projected on its [131] zone and the wurtzite projected on its
[0001] zone, which is reasonably consistent with the lattices
observed in the TEM image except in the region exhibiting mixed
lattice properties. It is apparent that the 6-fold pseudosymmetry
is maintained along the interface between the two lattices.

As the reaction temperature was increased to 600 °C, the ZnO
NBs became completely coated with continuous ZnMn,O,
overlayers, which led to the formation of ZnO—ZnMn,0,
core—shell NCs (Figure 3a). The shell layer was 17—35 nm
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Figure 3. Morphologies and crystal structures of ZnO—ZnMn,0O, NCs:
(a) and (b) TEM images of ZnO—ZnMn,0, NCs grown on Si
substrates. (c) Lattice-resolved image of ZnO—ZnMn,O, NCs. (d) EDS
elemental mapping of Zn, Mn, and O.

thick (Figure 3b). We found that the angular relations between
the lattice fringes observed in ZnO and those observed in
ZnMn,0O, were essentially unchanged, even after coating had
been completed (Figure 3c), because the spinel lattice is virtually
identical in Mn;0, and in ZnMn,0O, and because conversion
between the two involves only a small change, for example,
reducing the (101) lattice spacing from 4.92 to 4.87 A. The
formation of ZnO—ZnMn, O, core—shell NCs is also supported
by the results of the EDS elemental mappings of Zn, Mn, and O
(Figure 3d). When the reaction temperature was further elevated
to 750 °C, the ZnO—ZnMn,0, core—shell NCs were completely
converted into Mn;O, NWs (Figure 4a). A TEM image of a NW
and the corresponding SAED pattern (at the [131] zone axis)
reveal a single-crystalline Hausmannite Mn;O, NW (Figure 4b).
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Figure 4. Morphologies and crystal structures of Mn;O, NWs: (a) SEM
image of Mn;0, NWs grown on Si substrates, (b) and (c) TEM images
of Mn;0, NWs (inset SAED pattern for Mn;O, NWs), and (d) EDS
spectrum for Mn;O, NWs.

In the lattice-resolved TEM image (Figure 4c) of the Mn;0,
NW, the (101) fringes and the (112) fringes are separated by
4.92 and 3.08 A, respectively. The results of the EDS analysis
indicate that the ZnO was completely converted into Mn;0O,
(Figure 4d). The SAED patterns were generated for four
different spots on a Mn;O, NW (Figure S, yellow area) and were
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Figure 5. TEM image and SAED patterns for the Mn;O, NW.

analyzed along the longitudinal direction to double-check the
single crystallinity of the Mn;O, NWs. The SAED patterns

dx.doi.org/10.1021/am301670x | ACS Appl. Mater. Interfaces 2012, 4, 6565—6572



ACS Applied Materials & Interfaces

Research Article

indicated the presence of a very large area of crystal domains (at
least >1 ym), and the TEM analysis did not show any grain
boundaries within the NWs.

When all the lattice-resolved TEM images and SAED data
were compared, we found that the crystallographic orientations
of ZnMn,0, and Mn;O, are always maintained with respect to
the growth direction of the ZnO NBs. The long edges of the ZnO
NBs are parallel with the [0110] direction, which has previously
been well documented®® and with which the results in the current
work are consistent. Therefore, the [1010] direction is rotated by
60° with respect to the long edges. The [101] directions of the
tetragonal spinels are always found within a few degrees (<3°) of
the [1010] direction of ZnO in both partially converted (Figures 1d
and 3c) and fully converted (Figures 4c and S). These observa-
tions strongly suggest that the tetragonal spinels exhibit a strong
tendency toward heteroepitaxial growth on the ZnO NBs. We
suppose that the symmetry of the tetragonal structure because
of Jahn—Teller active Mn** ions played an important role in
forming atomic interfaces with sufficiently low lattice mismatch.
This behavior is in contrast to ZnO—Co;0, NBs in which shell
layers grow with good crystallinity but lack directionality.””

X-ray Diffraction Patterns (XRD). Figure S3 (Supporting
Information) shows the XRD patterns for the ZnO NBs, Mn;0,-
decorated ZnO NBs, ZnO—ZnMn,0, core—shell NCs, and
Mn;0, NWs. The XRD pattern for the ZnO NBs confirms the
highly crystalline wurtzite structure (JCPDS No. 36-1451)
(Figure S3a, Supporting Information). Small peaks associated
with Mn;O, were observed in the XRD pattern for the Mn;0,-
decorated ZnO NBs (Figure S3b, Supporting Information). The
intensities of the peaks associated with either Mn;O, or
ZnMn,Q, increase in the XRD pattern for the core—shell NCs
(Figure S3c, Supporting Information). The positions of the
peaks associated with Mn;0, (JCPDS No. 24-0734, a = 5.762 A,
¢ = 9.469 A) are similar to those of the peaks associated with
ZnMn, 0, (JCPDS No. 24-1133, a = 5.720 A, ¢ = 9.245 A). We
measured the Raman scattering of the ZnO NBs, ZnO-—
ZnMn,O, core—shell NCs, and Mn;O, NWs (Figure 6) to
distinguish between the Mn;0, and ZnMn,O,,.

B (a) ZnO NBs

(b) Mn,O -decorated
ZnO NBs

(¢) ZnO-ZnMn,0,
NCs

Intensity (Arb. Unit)

600 800

400
Raman Shift (cm™)

200 1000
Figure 6. Raman spectra for (a) pristine ZnO NBs, (b) Mn;0,-

decorated ZnO NBs, (c) ZnO—ZnMn,0, core—shell NCs, and (d)
Mn;0, NWs.

Raman Spectroscopy. The Raman spectrum for the ZnO
NBs exhibits two Raman active peaks at 334.8 (A,;) and 442.1 cm™
(E,) (Figure 6a). The Raman spectrum for Mn;O, exhibits three
Raman active peaks at 318.5, 371.8, and 657.5 cm ™" (Figure 6d).
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The ZnMn,0O, has a tetragonal crystal structure in which the
Zn*" ions occupy the tetrahedral sites and the Mn®" ions occupy
the octahedral sites. In the Raman spectrum for the Mn;0,
structure, the Raman peak at 657.5 cm™ (Ag) is attributed to
characteristics of the octahedral sites, and the peaks at 318.5 and
371.8 cm™ are likely related to the combined vibrations of
tetrahedral sites and the motions of oxygen atoms in octahedral
sites in ZnyMn3_yO4.29 The position of the A, peak in the Raman
spectrum for the Mn;0, NWs (657.5 cm™!, Figure 6d) is similar
to that of the A, peak in the Raman spectrum for the Mn;O,-
decorated ZnO NBs (655 cm™, Figure 6b), but it occurs at a
significantly lower wavenumber than that of the A, peak in the
Raman spectrum for the ZnO—ZnMn,0O, core—shell NCs
(Figure 6¢). This result indicates that the decorated nano-
particles and continuous shell layers consist of the Mn;O, and
ZnMn, 0, phases, respectively. Accordingly, the peaks in the
XRD spectrum for the core—shell configured NCs can be
attributed to the ZnMn,O, phase rather than to the Mn;O,
phase.

X-ray Photoelectron Spectroscopy (XPS). The survey-
scanned and fine-scanned XPS spectra are shown in Figure 7, and
the results are summarized in Table S1 (Supporting
Information). The Zn 2p,, peak in the spectrum for the pure
ZnO NBs is located at 1021.8 eV and is symmetric (Figure 7b).
In contrast, the same peaks in the spectra for the Mn;O4
decorated ZnO NBs and the ZnO—ZnMn,0O, core—shell NCs
are asymmetric, and the peaks could be deconvoluted into Zn—0O
and Zn—Mn bands. The binding energy associated with the Zn—
O band remained the same (1021.8 eV) regardless of the Mn-
containing layer. In comparison, the binding energies associated
with the Zn—Mn band for the Mn;0,-decorated ZnO NBs and
the ZnO—ZnMn, O, core—shell NCs were 1020.7 and 1022.7 eV,
respectively. The Mn 2p;,, peaks in the spectra for the
Mn;0,-decorated ZnO NBs, ZnO—ZnMn,0O, core—shell NCs,
and Mn;0, NWs could be deconvoluted into Mn(II)—O and
Mn(III)—O bands. The area % values of the Mn(III)—O bands in
the spectra for the Mn;0,-decorated ZnO NBs and Mn;0, NWs
are similar (68 and 67%), which is consistent with the
composition of Mn;O,. The area % of the Mn(III)—O band in
the spectrum for the ZnO—ZnMn,0, core—shell NCs is
significantly higher (90%), indicating again that the Mn
component in the core—shell NCs can be identified as
ZnMn, 0O, rather than Mn;0O,.

Transformation Mechanism. Considering the phases and
configurations of the various reaction products and on the basis
of the relevant data in the literature for the cation exchange
reaction,®® we propose the following transformation reactions
and mechanism. The partial transformation from the surface
region of ZnO to the ZnMn,0, shell layer can be attributed to
the relatively high vapor pressure of MnCl, and to the efficient
cation exchange reaction that occurs at high temperature (600
°C), which can be explained by the following reaction

3200(s) + 2MnCLy(g) + %Oz(g)

— ZnMn,O,(s) + 2ZnCl,(g) €))

This reaction is feasible considering that the reaction
temperature (600 °C) is close to the melting point of
MnClL(s) (652 °C). The ZnMn,O, can be further converted
into the pure Mn;0, phase under the very high vapor pressure of
MnCl, and by the enhanced cation exchange reaction at 750 °C
from the following reaction
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Figure 7. XPS results: (a) full-range, (b) Zn 2p;,, and (c) Mn 2p;), spectra.

ZnMn,0,(s) + MnCl,(g) - Mn;O,(s) + ZnCl(g) (2)
The reaction for the direct transformation of ZnO to Mn;0,
can be given by combining the previous two reactions as follows

3200(s) + 3MnCly(g) + %Oz(g)

— MnyO,(s) + 3ZnCl,(g) (3)

The overall chemical reaction for the transformation indicates
that the vapor pressure of MnCl, and the cation exchange
reaction between Zn and Mn should be carefully controlled by
tuning the reaction temperature. For instance, the decoration of
the Mn;O, nanoparticles on the ZnO NBs without the formation
of the ZnMn,O, phase at 500 °C can be ascribed to an
insufficient cation exchange reaction between Zn and Mn
because of the relatively low vapor pressure of MnCl,(g) and the
low reaction temperature. It is also important that sufficient
oxygen should be provided during the reaction.

Gas Sensing Characteristics. The sensing transients to
100 ppm C,H;OH at 400 °C are plotted in Figure 8. The pure
ZnO- or Mn;O,-decorated ZnO NBs exhibited n-type gas
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sensing behaviors; that is, the resistance of the sensors decreased
in response to reducing gas (Figures 8a and b). This result
indicates that the conduction in the Mn;0,-decorated ZnO NBs
occurs along the n-type ZnO NB core rather than the discrete
configuration of p-type Mn;O, nanoparticles. The R,/R, values
(S=R,/ R, R,: resistance in air, Ry: resistance in gas) were used to
measure the responses of the sensors produced with either the
pure ZnO or Mn;0O,-decorated ZnO NBs to various gases. In
contrast, the gas sensors produced with either the ZnO—
ZnMn,0, core—shell NCs or Mn;O0, NWs exhibited p-type gas
sensing behaviors; that is, the resistance of the sensors increased
upon exposure to reducing gases (Figures 8c and d). Note that
both ZnMn, O, and Mn;0, are p-type semiconductors.”>" This
result indicates that the conduction and chemoresistive variation
in ZnO—ZnMn,0, core—shell NCs are dominated by
continuous p-type 17—35-nm-thick ZnMn,O, shell layers.
Accordingly, the R,/R, values were used to measure the
responses of the sensors produced with either ZnO—ZnMn,O,,
core—shell NCs or Mn;O, NWs to various gases.

The gas responses of pure ZnO NBs, Mn;0,-decorated ZnO
NBs, ZnO—ZnMn,0, NCs, and Mn;O, NWs to various
reducing gases (100 ppm C,H;OH, NH;, CO, C;Hj, and H,)

dx.doi.org/10.1021/am301670x | ACS Appl. Mater. Interfaces 2012, 4, 6565—6572
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Figure 8. Sensing transients to 100 ppm C,H;OH at 400 °C: (a) ZnO NBs, (b) Mn;0,-decorated ZnO NBs, (c) ZnO—ZnMn,0, NCs, and (d) Mn;O, NWs.
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Figure 9. Gas responses (R,/ R, or Ry/R;; R,: resistance in air and Ry: resistance in gas) to 100 ppm C,H;OH, NH;, CO, C;Hy, and H, gases measured in
the range 300—450 °C for sensors produced with: (a) ZnO NBs, (b) Mn;0,-decorated ZnO NBs, (c) ZnO—ZnMn,0, NCs, and (d) Mn;O0, NWs. (e)
Dynamic transient for sensitivity of the gas sensor produced with the Mn;0,-decorated ZnO NBs to various concentrations of C,H;OH and (f)
responses of Mn;0,-decorated ZnO NBs to various concentrations of C,H;OH measured at 400 °C plotted as a function of C,H;OH concentration.

were measured in the range of 300—450 °C (Figures 9a—d). The
responses of all four sensors to 100 ppm C,H;OH were higher
than the responses of all four sensors to 100 ppm NH;, CO,
C;Hg, and H,. However, the absolute and relative responses to
C,H OH were significantly different for each sensor, depending
on the sensor materials or the configurations of the p-type
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overlayers. Although the pure ZnO NBs exhibited selective
detection of C,H;OH at 400 and 450 °C (Figure 9a), the highest
response and selectivity to C,H;OH were achieved for the sensor
produced with the Mn;O,-decorated ZnO NBs (Figure 9b).
Note that the C,H;OH responses of Mn;O,-decorated ZnO
NBs are significantly higher than those to the other gases over the

dx.doi.org/10.1021/am301670x | ACS Appl. Mater. Interfaces 2012, 4, 6565—6572
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entire sensor temperature range (300—450 °C). The ratios of the
sensor responses to C,H;OH and to the other gases (Sqpanol/ Seas =
(Ry/Ry)ethanol/ (Ro/Ry)gas) were calculated to quantify the selectivity
of the responses of the sensors to C,H;OH. The Spanot/Sgas
values for NH;, CO, C;Hg, and H, of Mn;0,-decorated ZnO
NBs at 400 °C were 4.69, 11.31, 18.14, and 21.14, respectively,
which were markedly higher than those of pure ZnO NBs
(1.75, 3.53, 5.15, and 4.60, respectively). This result can be
attributed to the catalytic promotion of the gas sensing reaction
by the discrete configuration of the Mn;O, nanoparticles and is
consistent with our previous results”**>** on enhancing gas
selectivity by decorating ZnO NBs with various p-type
nanoparticles. In contrast, the gas responses of ZnO-—
ZnMn,0O, NCs or the Mn;O, NWs to the various gases were
similar (1.03—2.14), and no significant selectivity to a specific gas
was observed for those sensors (Figures 9c and d). This result
indicates that decorating discrete Mn;O, nanoparticles on ZnO
NBs is a very effective method of designing a highly selective and
sensitive C,H;OH sensor.

The dynamic transients of the Mn;0,-decorated ZnO NBs to
various concentrations of C;H;OH in the range 2.5—100 ppm at
400 °C reveal that the sensor exhibits stable sensing and recovery
characteristics (Figure 9e). From the linear regression line fit of
the responses of the sensor plotted as a function of C,H;OH
concentration, the lower limit for the detection of C,H;OH was
estimated as 0.15 ppm when R, /R, > 1.2 was used as the standard
for gas detection (Figure 9f), which is significantly lower than the
limit used for screening an intoxicated driver ([C,H;OH] >
200 ppm).*® The variation in the response and selectivity of the
sensor to various gases significantly depends on the materials and
heteronanostructures used in the sensor, and this should be
understood in the framework of the gas sensing mechanism. The
gas responses of n-type ZnO NBs or Mn;0,-decorated ZnO NBs
to various gases are higher than those of p-type ZnO—ZnMn,0,
core—shell NCs or Mn;O, NWs (Figures 8a—d). Although the
gas response depends on the sensing materials, the conduction
mechanisms of n- and p-type oxide semiconductors can also
induce different chemoresistive variations. In n-type oxide NBs
or NWs, the adsorption of negatively charged oxygen forms an
electron depletion layer near the surface.** The ZnO NBs (50—
80 nm) used in the present study are more than two times wider
than the typical thickness of the electron depletion layer in ZnO
(5—10 nm).* Under this condition, each NW consists of a
resistive electron depletion layer at the outer part and the
semiconducting layer at the inner part, and the chemoresistive
variation at the inter-NW contacts rather than that at the intra-
NWs plays a more significant role in gas sensing.36 In contrast,
the adsorption of negatively charged oxygen on p-type-oxide NBs
or NWs forms a hole accumulation layer near the surface. When
the thicknesses (or diameters) of the NBs (or the NWs) are
thicker than twice the thickness of the hole-accumulation layer,
the conduction across the NB or NW network can be explained
by parallel competition between those along the hole-
accumulation surface layer and the resistive inner layer. Note
that the inter-NB or inter-NW contacts in p-type oxides no
longer play significant roles in the gas sensing reaction and that
the decrease in the thickness of the hole-accumulation layer upon
exposure to the reducing gas is responsible for the increase in
resistance. In this conduction model, adjusting the thickness of
the hole-accumulation layer usually does not lead to very high gas
response unless the hole-accumulation layer becomes extremely
thin.*” The low gas responses in p-type ZnO—ZnMn, O, core—
shell NCs or the Mn;0, NWs can be partly understood from this
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perspective. Nevertheless, the importance and potential of p-type
oxide semiconductors should not be underestimated because the
gas responses of p-type oxide semiconductors to various gases
can be enhanced by noble-metal doping and metal oxide
additives to promote the catalytic reaction and changes in the
hole-accumulation layer.”® Moreover, considering that most
p-type oxide semiconductors such as Mn;0,, CuO, Cr,0;, and
Co;0, are well-known catalytic materials that promote chemical
reactions,””~*' the preparation of various compositions and
configurations of one-dimensional p-type nanostructures such as
ZnO—ZnMn,0, core—shell NCs and Mn;O, NWs in the
present study may be used to detect a specific gas in a selective
manner. The R, values of four different sensors were compared to
understand the conduction behaviors and gas sensing reactions
of 1-dimensional nanostructures. The R, values of the Mn;0,-
decorated ZnO NBs are significantly higher than those of the
pure ZnO NBs (Figure S4, Supporting Information). When
p-type Mn;O, is decorated onto ZnO NBs in a discrete
configuration, the electron depletion layer underneath the
Mn;0, nanoparticles will be extended to a radial direction of
ZnO NBs, which decreases the cross-sectional area for
conduction along the semiconducting inner region (n-type).
This explains the 36.5- to 82.4-fold increase in R, by decorating
Mn;0, nanoparticles onto the ZnO NBs. Accordingly, the
electron injection and consequent thinning of the electron-
depletion layer upon exposure to the reducing gas leads to higher
chemoresistive variation in Mn;0O,-decorated ZnO NBs than in
pure ZnO NBs. The higher R, values for ZnO—ZnMn,0, NCs
can be explained by the high resistivity of ZnMn,O,, the thin
configuration of the shell layer, and/or the extension of the hole-
depletion layer at the interface between the p-type ZnMn,O, and
the n-type ZnO layers.

These results clearly demonstrate that not only gas response
but also selectivity can be enhanced or tuned by the
configurational design of radial p—n junctions in 1-dimensional
heteronanostructures. Although the ZnO—ZnMn,0, NCs and
Mn;0, NWs did not exhibit promising gas sensing character-
istics, those nanostructures can still be used in various
applications. For example, the ZnO—ZnMn,0, NCs produced
in the lpresent study can be applied to highly efficient all-oxide
LEDs," and oxide heteronanostructures can be valuable material
platforms for designing PECs” and solar cells.”"

B CONCLUSIONS

Various 1-D homonanostructures and heteronanostructures
containing ZnO, Mn;0,, or ZnMn,0,, (such as Mn;O, NWs,
Mn;0,-decorated ZnO NBs, and ZnO—ZnMn,0, NCs) were
synthesized using vapor-phase transformation of ZnO NBs. The
heteroepitaxial correlation at the interface between ZnO and
Mn;O, or that at the interface between ZnO and ZnMn,0O,
provided a novel mechanism for growing single-crystalline
Mn;0, NWs. Various 1-D oxide n-type and p-type nanostruc-
tures and p—n junction semiconductors can provide versatile and
powerful platforms for designing high-performance gas sensors,
LEDs, and other functional devices.
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