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ABSTRACT: We report the kilogram-scale, simple, and cost-
effective synthesis of Pd-loaded quintuple-shelled Co3O4
microreactors by spray drying of aqueous droplets containing
cobalt nitrate, palladium nitrate, citric acid, and ethylene glycol
and subsequent heat treatment. Highly viscous gel spheres
containing Co and Pd salts were successfully converted into
multi thin-shelled Co3O4 reactors uniformly loaded with Pd
catalysts by the sequential combustion of carbon and
decomposition of the metal salts from the outer to the inner
regions during one-step heat treatment. The responses
(resistance ratio) of the Pd-loaded quintuple-shelled Co3O4
microreactors to 5 ppm toluene and p-xylene were 30.8 and 64.2, respectively, and the selectivity values to toluene and p-xylene
against ethanol interference (response ratio) were 14.5 and 30.1, respectively. The unprecedented high response and selectivity
were attributed to the effective dissociation of less reactive methylbenzenes into more active smaller species assisted both by
catalytic Co3O4 and Pd during the prolonged retention within the microreactors. Kilogram-scale preparation of noble metal-
loaded multishelled microreactors and their unique gas-sensing characteristics based on a novel microreactor concept can pave a
new way to design of high-performance gas sensors for practical applications.
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1. INTRODUCTION

Noble metal-loaded metal oxide materials with yolk−shell
structures have been receiving tremendous attention in the
fields of catalysts, microreactors, and gas sensors because of
their unique nanoarchitectures, which facilitate rapid mass
transfer throughout the entire nanostructure and high
controllability of chemical reactions within the semipermeable
shells.1−6 Thus, far, heterostructured yolk−shell materials with
the configuration noble metal@void@metal oxide prepared by
hydrothermal/solvothermal reactions have been explored as
catalysts and gas sensors.7−11 The performance of catalysts and
gas sensors can be further improved or tuned by uniform
loading of nanoscale noble metal catalysts such as Pd, Ag, Rh,
Au, and Pt on metal oxide nanostructures.6,11−16 However,
most chemical routes based on impregnation and sacrificial
templates require prolonged multistep procedures for loading
catalysts onto multiple shells and coating the thin shell layers.
Such procedures often lead to significant loss of expensive Pd-
source materials during processing and the aggregation of metal
catalyst nanoparticles, which hampers cost-effective mass
production and deteriorates the performance of microreactor-
based devices. Therefore, the simple, large-scale, and
reproducible synthesis of yolk−shell oxides uniformly loaded

with noble metal catalysts is not only important, it can also pave
the way for various new applications.
Recently, we prepared SnO2 yolk−shell nanostructures

uniformly loaded with Pd by one-pot spray pyrolysis of
aqueous droplets containing tin oxalate, palladium (II) nitrate
hydrate, and sucrose.12 The synthetic strategy was confirmed by
preparation of Ag-loaded SnO2 yolk−shell nanostructures.13

SnO2 yolk−shell nanostructures loaded with Pd12 and Ag13

showed unusually high selectivity to methylbenzene and H2S,
respectively, which demonstrates a new strategy for designing
high-performance gas sensors based on a novel microreactor
concept. However, it is challenging to achieve the kilogram-
scale preparation of metal-loaded oxide yolk−shell nanostruc-
tures using spray pyrolysis. The spray drying process, on the
other hand, is known to be cost-effective, with high throughput
of powders with a spherical morphology. The production
efficiency of the spray-drying process is several tens of times
higher than that of similar-scale spray pyrolysis processes.
Indeed, one of the present authors successfully demonstrated
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the large-scale production of pure yolk−shell oxide spheres by
spray drying and subsequent heat treatment.17,18 However,
noble metal-loaded yolk−shell materials have never been
prepared by spray drying.
In this study, for the first time, the kilogram-scale production

of noble metal-loaded yolk−shell materials is introduced. The
precursor powders directly prepared by large-scale spray drying
(∼1 kg per day) from an aqueous spray solution of metal salts
were transformed into noble metal-loaded metal oxide yolk−
shell microspheres simply by heat treatment at low temper-
atures below 300 °C under air atmosphere. Both cobalt oxide
(Co3O4) and Pd are known to promote the oxidation of various
volatile organic compounds (VOCs), and thus they can be
considered good candidate materials for high-performance
sensors capable of detecting indoor VOC pollutants in a
selective manner.19−24 Indeed, we previously demonstrated the
selective detection of methylbenzenes using Pd-loaded Co3O4
hierarchical nanostructures prepared by a solvothermal
reaction,25 although this method was not convenient for
preparing sensing materials on a large scale. Accordingly, in the
present study, Co3O4 yolk−shell nanostructures uniformly
loaded with Pd catalysts were prepared on a large scale and
their gas-sensing characteristics were investigated. The
selectivity of the Pd-loaded Co3O4 yolk−shell nanostructures
to methylbenzenes was significantly higher than those of Pd-
loaded Co3O4 nanoparticles prepared by flame spray pyrolysis
and Co3O4 hierarchical nanostructures previously reported.25

The ultrasensitive and ultraselective detection of methylben-
zenes by Pd-loaded Co3O4 yolk−shell nanostructures is
discussed in terms of the gas-reforming reaction within unique
catalyst-loaded microreactors.

2. EXPERIMENTAL SECTION
Sample Preparation. The spray drying system applied in the

preparation of the precursor powders for the Pd-loaded quintuple-
shelled Co3O4 microreactors is shown in Figure S1 in the Supporting
Information. The content of Pd in the microreactors was fixed at 0.3
wt %. The temperatures at the inlet and outlet of the spray dryer were
300 and 130 °C, respectively. A two-fluid nozzle was used as an
atomizer, and the atomization pressure was fixed at 2.4 bar (270 kPa).
The spray solution was prepared by dissolving cobalt nitrate
hexahydrate [Co(NO3)2·6H2O, Junsei Co., Ltd., Japan], palladium
nitrate [Pd(NO3)2, Aldrich Chemical Co., Ltd., USA], citric acid (CA)

[C6H8O7·H2O, Samchun Chemical Co., Ltd., Korea], and ethylene
glycol (EG) [C2H6O2, Samchun Chemical Co., Ltd., Korea] in
distilled water. The solution concentration of the cobalt component
was 0.15 M and those of the CA and EG components were each 0.1
M. The precursor particles obtained by spray drying were converted to
Pd-loaded quintuple-shelled Co3O4 microreactors (referred to as “Pd-
Co3O4-MRs”) by heat treatment at 300 °C for 3 h (heating rate of 10
°C min−1) in air. In order to compare the gas-sensing characteristics,
Pd-loaded Co3O4 nanopowders (referred to as “Pd-Co3O4-NPs”) were
prepared by flame spray pyrolysis of a homogeneous solution
containing cobalt nitrate hexahydrate (0.15 M) and palladium nitrate
(0.3 wt %) in distilled water (Figure S2 in the Supporting
Information). The detailed experimental setup for the flame spray
pyrolysis is described elsewhere.26,27 The flow rates of the fuel,
oxidizer, and carrier gas were 5, 40, and 10 L min−1, respectively.

Characterization. The phases of the powders were investigated
using X-ray diffraction (XRD, Rigaku DMAX-33). Field-emission
scanning electron microscopy (FE-SEM, Hitachi S-4800) and high-
resolution transmission electron microscopy (HR-TEM, JEOL JEM-
2100F) were used to observe the morphologies of the powders. The
decomposition characteristics of the precursor powders were studied
using thermogravimetric analysis (TGA, SDT Q600), which was
performed in air at a heating rate of 10 °C min−1. The specific surface
areas were calculated using Brunauer−Emmett−Teller (BET) analysis
of the nitrogen adsorption measurements (TriStar 3000, Micro-
electrics). The chemical state of the Pd-loaded quintuple-shelled
Co3O4 microreactors was analyzed by X-ray photoelectron spectros-
copy (XPS, XTOOL, ULVAC-PHI). The elemental compositions of
the powders were investigated using an inductively coupled plasma-
optical emission spectrometer (ICP-OES, ICAP 6000, Thermo
Scientific).

Gas-Sensing Characteristics. The prepared powders were
dispersed in distilled water and the slurry was drop-coated on an
alumina substrate (size: 1.5 × 1.5 mm2) with two Au electrodes on the
top surface and a microheater on the bottom surface. Prior to the
measurements, the sensor was heated to 350 °C for 2 h to remove any
hydroxyl contaminants and to stabilize the sensor. The Rg/Ra and Ra/
Rg (Rg, resistance in the analytic gas; Ra, resistance in air) ratios were
used to determine the gas responses (S) to oxidizing and reducing
gases, respectively. The gas responses to 5 ppm toluene, p-xylene,
benzene, ethanol, ammonia, formaldehyde, carbon monoxide, hydro-
gen, and nitrogen dioxide were measured by switching the gas
atmospheres at 200−300 °C. The detailed experimental setup for
measuring the gas-sensing characteristics is described elsewhere.28

Figure 1. SEM and TEM images of Pd−Co3O4-MRs: (a, b) SEM images; (c) TEM image to show multiple-shelled yolk−shell structures; (d) high-
resolution lattice image of shells and fast Fourier transformation pattern; (e) TEM elemental mapping images.
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3. RESULTS AND DISCUSSION

Composition, Structural, and Morphological Proper-
ties. The as-prepared precursor powder particles spray-dried
from droplets containing cobalt and palladium salts, citric acid,
and ethylene glycol had spherical shapes and dense structures
(Figure S3 in the Supporting Information). Decomposition of
the Co and Pd salts as well as carbon components did not occur
completely during the spray drying process because of the short
residence time within the spray-drying chamber at low
temperature below 300 °C. The esterification reaction between
the carboxyl groups in the citric acid and the hydroxyl groups in
the ethylene glycol during the spray drying process resulted in a
highly viscous gel consisting of a three-dimensional organic
polymer network. This viscous gel promoted volume
precipitation and resulted in the formation of powder particles
with spherical shapes and dense morphologies. The XRD
pattern (Figure S4 in the Supporting Information) shows the
amorphous characteristics of the spray-dried powder particles.
The decomposition of the spray-dried spheres occurred in four
steps (Figure S5 in the Supporting Information). The first
weight loss below 100 °C is ascribed to the evaporation of the
adsorbed water molecules. The steep weight loss observed at
∼100 °C is attributed to the burning of low-molecular-weight
cobalt nitrate, which did not participate in the esterification
reaction. The gradual weight loss between 100 and 270 °C
emanated from the decomposition of the cobalt citrate-nitrate
complex and carbonization of the organic polymers formed by
the esterification reaction. The final weight loss between 270
and 380 °C is ascribed to the burning of the carbon component
in air.
The morphologies and elemental mapping images of the

quintuple-shelled Pd-Co3O4-MRs are shown in Figure 1. The
spherical morphology was maintained after heat treatment of
the precursor powders at 300 °C for 3 h in an air atmosphere
(Figure 1a). The multishelled yolk−shell structures are clearly
observed from the broken spheres (Figure 1b). The TEM
image (Figure 1c) confirms the yolk−shell structure of the
quintuple-shelled Pd-Co3O4-MRs. The shell number of the
microsphere was 5 (Figure 1c). The multishelled morphology is
a result of the following reactions: (1) the formation of Pd-Co-
C composite spheres by carbonization of the polymeric
component and decomposition of Co and Pd salts, (2) the

combustion of carbon and decomposition/oxidation of the
outer part of Pd-Co-C sphere into Pd-Co3O4 outermost shell
and subsequent contraction of the inner Pd-Co-C spheres, (3)
repeated combustion of carbon and decomposition/oxidation
of Pd-Co-C sphere at outer part of composite spheres and
subsequent contraction of the inner Pd-Co-C composite
spheres. Thus, the quintuple-shelled Pd-Co3O4-MRs were
prepared by repeating the combustion and contraction
processes five times during heat treatment. The high-resolution
lattice fringes and fast Fourier transformation pattern (Figure
1d) confirm that the phase of the quintuple shells is Co3O4.
The elemental mapping (Figure 1e) shows the uniform
distribution of Co and Pd components throughout the
quintuple-shelled Pd-Co3O4-MRs, indicating no phase separa-
tion of Pd and Co components during spray drying and heat
treatment. This can be attributed to the role of citric acid as a
chelating agent, which minimized the phase separation of the
Co and Pd components.
To investigate the role of the quintuple-shelled microreactor

morphology on the gas-sensing characteristics, we prepared Pd-
Co3O4-NPs by one-pot flame spray pyrolysis for comparison.
The morphologies and elemental mapping images of the Pd-
Co3O4-NPs are shown in Figure 2. The nanoparticles, which
were 10−20 nm in size, were softly aggregated (Figure 2a−c).
During flame spray pyrolysis, micron-sized powders were
formed first by the drying and decomposition of droplets at the
entrance of the high-temperature diffusion flame. The micro-
meter-sized Co3O4-Pd composite powders were then evapo-
rated into Co3O4 and Pd metal vapors within the high-
temperature diffusion flame (>2500 °C). The Co3O4-Pd
composite nanoparticles were then formed from the evaporated
vapors by nucleation, growth, coagulation, and coalescence
processes. The mean size of 100 nanoparticles from the TEM
image was 17.0 ± 7.0 nm. In the high-resolution image (Figure
2d), two lattice planes with the same interplanar distance of
4.67 Å and an angle of 70° were observed, which correspond to
the (111) and (111 ̅) planes of the Co3O4 spinel structure. The
elemental mapping images (Figure 2e) show the uniform
distribution of Pd completely covering the crystalline Co3O4
nanoparticles.
Both the quintuple-shelled Pd-Co3O4-MRs and the Pd-

Co3O4-NPs were identified as the Co3O4 spinel phase (JCPDS

Figure 2. SEM and TEM images of Pd-Co3O4-NPs: (a, b) SEM images; (c) TEM image; (d) high-resolution lattice image and fast Fourier
transformation pattern; (e) TEM elemental mapping images.
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#42−1467) (Figure 3). No Pd-related second phase was
observed, probably owing to the low detection limit of X-ray

diffraction. XPS analysis was carried out to confirm the
oxidation state of Pd in the quintuple-shelled Pd-Co3O4-MRs
(Figure S6 in the Supporting Information). Because the Pd
characteristic peaks for Pd 3d3/2 and 3d5/2 in the 0.3 wt % Pd-
loaded powders could not be observed, probably because of the
low concentration of Pd below the detection limits of XPS, 5.0
wt % Pd-loaded quintuple-shelled Co3O4 microreactors were
analyzed. The Co 2p XPS spectrum was resolved into Co-
related peaks and a satellite peak (Figure S6b in the Supporting
Information). The binding energies of the deconvoluted peaks
in the spectrum of Co 2p3/2 were 779.9 eV (blue) and 780.1 eV
(green), which corresponded to Co3+ and Co2+, respectively, of
the Co3O4 phase.

29,30 Pd 2d3/2 and Pd 3d5/2 peaks were found
at 342.2 and 336.9 eV, respectively, indicating that the
oxidation state of Pd was Pd2+ (Figure S6c in the Supporting
Information).30,31 The presence of PdO was cross-checked by
the O 1s spectrum (Figure S6d in the Supporting Information).
The lattice oxygen-related peak remained nonsymmetric, even
after removing the effect of water adsorbents such as hydroxyl
(green) and water (gray) molecules. This indicates that there
were two types of bonding, O−Co and O−Pd. The binding
energies of O−Co in Co3O4 and O−Pd in PdO were 530.0 and
530.1 eV, respectively, values that are consistent with those in
previous reports.30,32

The pore-size distributions of the quintuple-shelled Pd-
Co3O4-MRs and Pd-Co3O4-NPs were investigated by nitrogen
isothermal adsorption (Figure 4). The BET surface areas of the
Pd-Co3O4-NPs and the quintuple-shelled Pd-Co3O4-MRs were
19.0 and 10.0 m2 g−1, respectively (Figures 4a and c). The
quintuple-shelled Pd-Co3O4-MRs exhibited clear mesopores
with a mean size of 25 nm (Figure 4d), whereas the Pd-Co3O4-
NPs had dense structures with a lower interparticle pore
volume (Figure 4b).
Gas-Sensing Characteristics. The gas-sensing character-

istics of the quintuple-shelled Pd-Co3O4-MRs and Pd-Co3O4-
NPs are shown in Figure 5. Considering that most oxide
semiconductor gas sensors show a high response to ethanol, the

responses (S = Rg/Ra; Rg, resistance in the analytic gas; Ra,
resistance in air) to p-xylene and toluene were compared to the
cross-responses to ethanol (Figures 5a, b). The values of
selectivity toward p-xylene and toluene against interference
from ethanol (Sxylene/Sethanol and Stoluene/Sethanol) were as high as
30.1 and 14.5, respectively, at 250 °C in the Pd−Co3O4-MRs,
whereas those of the Pd−Co3O4−NPs were 3.6 and 5.0,
respectively (Figure 5c, d). The quintuple-shelled Pd-Co3O4-
MRs showed ultrahigh and ultraselective responses to 5 ppm p-
xylene (Rg/Ra = 64.2) and toluene (Rg/Ra = 30.8), with
negligible cross-responses to 5 ppm ethanol, benzene,
ammonia, formaldehyde, carbon monoxide, hydrogen, and

Figure 3. X-ray diffraction patterns (XRD) of the (a) Pd-Co3O4-NPs
and (b) Pd-Co3O4-MRs.

Figure 4. BET surface area and pore-size distribution of the (a, b) Pd-
Co3O4-NPs and (c, d) Pd-Co3O4-MRs.

Figure 5. Gas responses (Rg/Ra) and selectivity (Sgas/Sethanol; Sgas, gas
responses to 5 ppm xylene and toluene; Sethanol, gas response to 5 ppm
ethanol) of the (a, c) Pd-Co3O4-NPs and (b, d) Pd-Co3O4-MRs. Gas
responses (Rg/Ra) of the (e) Pd-Co3O4-NPs and (f) Pd-Co3O4-MRs
to 5 ppm p-xylene (X), toluene (T), benzene (B), ethanol (E),
ammonia (A), formaldehyde (F), carbon monoxide (C), hydrogen
(H), and nitrogen monoxide (N).
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nitrogen monoxide (Rg/Ra or Ra/Rg = 1.2−3.1) at 250 °C
(Figure 5f). The ultrahigh response and selectivity to
methylbenzenes of the quintuple-shelled Pd-Co3O4-MRs were
also observed at 225 °C (Figure S7 in the Supporting
Information). In contrast, the selectivity values to methyl-
benzenes were relatively low in the Pd−Co3O4−NPs at 225
and 250 °C (Figures 5e and Figure S7 in the Supporting
Information). The 90% response and recovery times (τres and
τrecov), i.e., the times needed to reach 90% resistance variation
upon exposure to 5 ppm methylbenzenes and air, were
calculated from the sensing transients at 200−300 °C (Figure
6). The τres values of the quintuple-shelled Pd-Co3O4-MRs to p-

xylene and toluene were higher in comparison to those of the
Pd-Co3O4-NPs (Figures 6a, b) for all sensor temperatures,
whereas the τrecov values showed the opposite tendencies at
200−275 °C (Figure 6c, d). The higher τres values of the
quintuple-shelled Pd-Co3O4-MRs will be discussed in a later
section.
Sensitive and selective detection of methylbenzenes regard-

less of morphological variation in Pd-loaded Co3O4 nanostruc-
tures can be attributed to the characteristics of sensing and
catalyst materials. P-type metal oxide semiconductors such as
Co3O4, Cr2O3, NiO, and CuO, which have abundant oxygen
adsorption and multivalence characteristics, are known to be
good catalysts for oxidizing various VOCs.33 The Co3O4 is an
excellent catalyst for methylbenzenes, and it has been used as a
gas sensor to detect xylene and toluene.34 Pd is a representative
catalyst that enhances the gas response or selectivity by
reducing the charge carrier concentration of the host metal
oxide through the formation of PdO (Pd2+) in air atmosphere
(electronic sensitization) or by promoting the catalytic
oxidation of the analyte gases (chemical sensitization).35 The
sensor resistance in air (Ra) of the Pd-loaded Co3O4
nanoparticles was ∼7 kΩ at 250 °C, which was similar to the
8 kΩ value of undoped Co3O4 nanoparticles with the same
morphology (Figure S8 in the Supporting Information). This
indicates that the enhanced gas response is attributed to the
chemical sensitization rather than electronic sensitization by Pd
loading. Thus, the high response and selectivity to methyl-
benzenes in the present two sensors can be ascribed to the

synergetic catalytic effects of Co3O4 and Pd. This is supported
by our previous investigation in which we reported the high
response and selectivity to methylbenzenes of Pd-loaded Co3O4
hollow hierarchical nanostructures prepared by a small-scale
hydrothermal reaction.25

The gas responses of the quintuple-shelled Pd-Co3O4-MRs
were significantly high as compared to those of the Pd-loaded
Co3O4 agglomerated nanoparticles (Figures 5a and b). Co3O4
forms a charge (hole) accumulation layer near the surface of the
primary particles by the adsorption of negatively charged
oxygen. The gas response can significantly increase when the
primary particle size is comparable to twice the thickness of the
hole accumulation layer. Thus, smaller primary particles are
more favorable for enhancing the gas response. The primary
particle size of the Pd-Co3O4-NPs determined by Scherrer’s eq
(23.1 ± 8.1 nm) is smaller than that of the quintuple-shelled
Pd−Co3O4-MRs (42.4 ± 6.8 nm), and the BET surface area of
the Pd-Co3O4-NPs (19.0 m2g−1) is approximately twice that of
the quintuple-shelled Pd-Co3O4-MRs (10.0 m2 g−1). The
higher response of the quintuple-shelled Pd-Co3O4-MRs to
methylbenzenes despite their larger particle size and lower BET
surface area strongly indicates the importance of the yolk−shell
morphology with abundant pores in the gas-sensing reaction.
Generally, oxide nanoparticles form large agglomerates as a
result of van der Waals attraction. When agglomerates are large
and dense, the gas-sensing reaction occurs mostly at the outer
part, while the inner part of the agglomerates remains inactive,
leading to a relatively low gas response. Thus, the low gas
response of the Pd-Co3O4-NPs can be attributed to the
decrease of gas accessibility because of agglomeration. In the
Pd-Co3O4-MRs, the gas response is primarily determined by
the outermost shell. A thin and semipermeable outermost shell
will provide more effective hole accumulation from both the
inner and outer parts of the shells as a result of high gas
accessibility, which enhances the gas response.
The unprecedented high selectivity to methylbenzenes in the

quintuple-shelled Pd-Co3O4-MRs can be also understood in
relation to the unique microreactor morphology. In the Pd-
Co3O4-NPs, the methylbenzenes are dissociated or partially
oxidized into more active smaller species near the surfaces of
the agglomerates. Thus, some of the products take part in the
gas-sensing reaction, whereas the remaining products diffuse
out to the ambient atmosphere. In contrast, the methyl-
benzenes that diffused into the inner part of the quintuple-
shelled Pd-Co3O4-MRs through the thin and semipermeable
shells can remain within the microreactors for an extended
period of time. Moreover, the Pd-Co3O4 yolk parts and the
inner surface of the outermost Pd-Co3O4 shell will promote the
dissociation or partial oxidation of methylbenzenes into more
reactive smaller species.36 This can enhance the gas response to
methylbenzenes, which is analogous to the improved response
to larger and less reactive gas molecules such as benzene
derivatives by the prolonged retention of the analyte gas within
Pd-containing nanovolumes underneath WO3 thin films37 or
within Pd-SnO2 yolk−shell nanostructures.12 The longer τres
values of the quintuple-shelled Pd-Co3O4-MRs as compared to
those of the Pd-Co3O4-NPs (Figure 6) in the present study
strongly support the reformation of less reactive benzene
derivatives into more active species during the retention of the
analyte gas. That is, the catalyst-loaded Co3O4 microreactors
with multiple shells and yolk in the present study can be used a
unique strategy to promote the reformation of methylbenzenes
into more active species for gas sensing. The decrease of

Figure 6. 90% response times (τres) of the Pd-Co3O4-MRs and Pd-
Co3O4-NPs to (a) xylene and (b) toluene at 200−300 °C and 90%
recovery times (τrecov) to (c) xylene and (d) toluene at 200−300 °C.
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ethanol response (from 185.3 to 7.4) at 200−250 °C in the
quintuple-shelled Pd-Co3O4-MRs is significantly higher than
that in the Pd-Co3O4-NPs (from 26.7 to 9.8) at the same
temperature regime (Figures 5a, b). The abrupt decrease of
response to C2H5OH of the quintuple-shelled Pd-Co3O4-MRs
at >225 °C can be explained by the effective oxidation of
C2H5OH into less reactive or nonreactive CO2(g) and H2O(g)
during the retention of gas within the microreactor.
The dynamic sensing transients of the quintuple-shelled Pd-

Co3O4-MRs to 0.25−5 ppm p-xylene and toluene were
measured at 250 °C (Figure S9 in the Supporting Information).
Stable recovery after sensing different concentrations of
methylbenzenes was observed. The sensor showed high
responses to 0.25 ppm p-xylene (Rg/Ra = 1.4) and toluene
(Rg/Ra = 1.6), demonstrating the detection of sub-ppm-level
methylbenzenes.
Typical concentrations of methylbenzenes in unpolluted

indoor air are in the sub-ppm level. Health Canada
recommended 4 (8 h TWA (time weighted average, the
average concentration of contaminants over a specified time
period)) and 0.6 ppm (24 h TWA) as the residential maximum
exposure limits for methylbenzenes.38 Accordingly, the sub-
ppm-level detection of methylbenzenes is essential. However,
the responses to less reactive methylbenzenes in most n-type
oxide semiconductor gas sensors are significantly lower than
those to reactive and ubiquitous indoor pollutant such as
ethanol.39−41 Accordingly, the selective detection of indoor
methylbenzenes with negligible cross-response of ethanol
remains a challenging issue. The Sxylene and Sxylene/Sethanol of
the quintuple-shelled Pd-Co3O4-MRs in the present study were
ultrahigh as 61.2 and 30.1, respectively, values that are
significantly higher than those of Pd-loaded SnO2 yolk−shell
nanostructures (Sxylene ≈ 17.4 and Sxylene/Sethanol ≈ 2.9)12 and
Cr-doped Co3O4 nanorods (Sxylene ≈ 11.0 and Sxylene/Sethanol =
∼6.1).34 Our group25 reported that Pd-loaded Co3O4
hierarchical nanostructures exhibited high responses to 5 ppm
xylene and toluene (Sxylene = 186, Stoluene = 124), as well as high
selectivity to methylbenzenes (Sxylene/Sethanol = 7.7 and Stoluene/
Sethanol = 5.2) at 275 °C. This clearly shows that both Co3O4
and Pd are important catalysts for enhancing the sensing of
methylbenzenes. In particular, it should be noted that the
selectivity values to xylene and toluene of the present Pd−
Co3O4-MRs (Sxylene/Sethanol = 30.1 and Stoluene/Sethanol = 14.5)
are 3.98 and 2.81 times higher, respectively, than those of the
Pd-loaded Co3O4 hierarchical nanostructures, even though the
gas response is slightly lower. This means that the ultimate level
of selectivity to methylbenzenes can be accomplished by the
unique design of microreactors with two different catalytic
materials, Co3O4 and Pd. Moreover, the kilogram-scale
production of sensing materials via a facile one-pot spray
drying reaction facilitates the development of practical
applications. Therefore, the control or tuning of a gas-
reforming/oxidation reaction within a catalyst-loaded micro-
reactor prepared by large-scale spray drying can provide a new
and general strategy for designing highly selective and sensitive
gas sensors.

4. CONCLUSION
Quintuple-shelled Co3O4 microreactors uniformly loaded with
Pd nanoparticles were prepared for the first time on a kilogram-
scale using a facile spray-drying method and low-temperature
heat treatment, and their gas-sensing characteristics were
investigated. The Pd-loaded quintuple-shelled Co3O4 micro-

reactors showed ultrahigh response (Stoluene = 30.8 and Sxylene =
64.2) and ultrahigh selectivity (Stoluene/Sethanol = 14.5 and Sxylene/
Sethanol = 30.1) to 5 ppm methylbenzenes with negligible cross-
responses to ethanol, benzene, ammonia, formaldehyde, carbon
monoxide, hydrogen, and nitrogen monoxide. The unique gas-
sensing characteristics of the Pd-loaded quintuple-shelled
Co3O4 microreactors were attributed to the effective dissoci-
ation of less reactive methylbenzenes into smaller and more
active gases owing to the prolonged retention of methyl-
benzenes within the semipermeable Pd-Co3O4 shells assisted by
highly catalytic Co3O4 and Pd. These microreactors are thus
useful for monitoring representative indoor pollutants. Kilo-
gram-scale preparation of multiple yolk−shell spheres uni-
formly loaded with metal catalysts can provide a new and
general strategy for designing high-performance gas sensors for
practical applications.
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