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 Here, we propose a new material design strategy to improve 
the performance of chemiresistor gas sensor by combining the 
high sensitivity of nanostructured MOX with the high selec-
tivity and catalytic activity of MOF into one material. First, MOX 
nanowire is used as core material for gas sensing reaction and 
subsequent electrical signal transport. Then, by coating a layer 
of MOF thin fi lm on the surface of MOX nanowire, a MOX@
MOF core–sheath nanowire material could be obtained. In 
such a core–sheath nanostructured material, the porous sheath 
material is used to selectively usher desired target species and 
reject interfering gases from passing through to reach MOX 
surface. By this manner, the selectivity of MOX gas sensor 
could be greatly improved. Moreover, catalytic properties of 
MOF may also be introduced into such materials to enhance 
their sensing performance. 

 For the fi rst time, the above described strategy was suc-
cessfully demonstrated by coating a layer of hydrophobic and 
catalytic Zeolitic Imidazolate Framework - CoZn (ZIF-CoZn, 
isostructural with ZIF-8(Zn) or ZIF-67(Co)) thin fi lm on ZnO 
to form a core–sheath nanowire array for chemiresistor gas 
sensor, which can improve the performance on detecting ace-
tone under humidity interference. The detection of ppb/ppm-
level acetone is of great essence for environmental monitoring 
and clinic application. [ 11 ]  On one hand, acetone is one of most 
used solvents and reagents in industry and laboratory. It can 
anaesthetize the central nervous system of human and cause 
damage to kidney, pancreas, and liver. On the other hand, ace-
tone is an important breath biomarker for diagnosing diabetes, 
because its concentration would increase from 3 to 9 ppm in 
health human body to more than 18 ppm in diabetic patients. 
Breath acetone analysis was found to be more effective than 
urine sampling for monitoring ketosis for insulin-dependent 
diabetic patients. [ 12 ]  However, the humidity in environment and 
human breath can vary within a broad range, and the cross-
sensitivity of humidity may plague the precise detection of ace-
tone by MOX sensors due to their intrinsically poor selectivity. 
We found that ZnO@ZIF-CoZn nanowire array-based sensor 
shows greatly enhanced selectivity of acetone to humidity, much 
better response, accelerated response and recovery behavior, 
and signifi cantly decreased working temperature, compared 
with ZnO nanowire array-based sensor. 

 The ZnO@ZIF-CoZn gas sensor was prepared by coating 
a layer of ZIF-CoZn thin fi lm on ZnO nanowire array via a 
simple solution method (for details see  Figure    1   and Table S1, 
Supporting Information). Notably the synthesis of MOF-coated 
metal oxide nanorod has been reported by others. [ 13 ]  In their 
work, metal oxide nanorod works as sacrifi cial template to 
supply Zn 2+  for constructing MOF. Differently, besides Zn 2+  
dissolved from ZnO nanorod, foreign Co 2+  source was also 
involved in the synthesis of ZnO@ZIF-CoZn. The competition 

  As a critical family of chemiresistor materials, metal oxides 
(MOX), such as ZnO, SnO 2 , and In 2 O 3 , have been developed for 
many industrial and domestic applications in volatile organic 
compound (VOC) detection due to their low cost, portability, 
real-time operability, and ease of use. [ 1 ]  To pursue higher sen-
sitivity, better selectivity, faster responsivity, and lower working 
temperature, nanostructured MOX materials have been exten-
sively studied due to their increased surface-to-volume ratios 
and reactive surface areas compared with bulk. [ 1b ,   2 ]  However, 
selectivity is still a major challenge for commercial MOX gas 
sensor devices, although several ways, such as cross-sensitivity 
adjustment, electronic noses and gas preseparation by other 
instrument, have been developed to address this issue. [ 3 ]  For 
instance, water vapor is a typical interference of MOX gas 
sensor for VOC detecting, which commonly exists in the air 
with high concentration (40–70 RH%, ≈11 440–20 019 ppm) 
and will generate false responses to a major source for unre-
liable results. [ 4 ]  Although many efforts like doping, p–n junc-
tions, and noble metal decoration have been made to reduce 
the negative effects of humidity, an ideal solution is still in 
need. [ 4b,c ]  

 Metal organic framework (MOF) is a class of crystalline 
framework-structured material constructed by connecting 
metal center with organic linker. Such materials feature regular 
pores, ultra large surface areas, tunable framework structures, 
and open-metal sites and demonstrate potential applications on 
catalysis, gas storage and separation, drug delivery, nanoscale 
reactors, proton conduction, etc. [ 5,6 ]  Particularly, their selective 
gas adsorption behavior makes MOF very attractive for over-
coming the selectivity problem in gas sensor. [ 7–9 ]  For example, 
Zhang’s group reported two hydrophobic MOFs, [Co(im) 2 ]  n   
and [Co(mim) 2 ]  n  , exhibiting selective response to VOC gases 
without the interference of humidity. [ 7a,b ]  In contrast, Achmann 
et al. fi rst found that hydrophilic MOF, Fe-1,3,5-benzenetricar-
boxylate, selectively shows higher response to humidity than 
VOCs. [ 8 ]  Even so, the reported MOF-based chemiresistor sen-
sors suffer from low sensitivity to analytes. [ 8–10 ]  
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between Co 2+  and Zn 2+  to coordinate to organic ligand results 
the control synthesis of ZnO@ZIF-CoZn much more com-
plex. Moreover, in order to obtain higher aspect ratio for better 
sensing performance, thinner ZnO nanowire (50–100 nm) 
was used than that (600 ± 100 nm) in the previous work. All 
these make it more diffi cult to control the thickness of MOF 
thin fi lm. All factors in the reaction, such as temperature, 
the ratio of  N , N -Dimethylformamide (DMF) and water, the 
concentration of organic ligand and metal ion, were found to 
vary the fi nal thickness of MOF sheath in ZnO@ZIF-CoZn 
nanostructure. After optimization, by fi xing the reaction con-
ditions with DMF and water in 13.5:2.5 ratio, 0.86 × 10 −3   M  
Co(NO 3 ) 2  and at 60 °C, ZIF-CoZn thin fi lm can be controlled 
to grow to required thickness by only changing the concentra-
tion of 2-methylimadazole (Hmim, details see the Supporting 
Information).  

  Figure    2  a,e shows the morphological features of ZnO 
nanowire array with the length of 2–4 µm and the diameter of 
50–100 nm, respectively. All the ZnO nanowires (Figure  2 a,e) 
are single crystal and grow along [001] direction. After coated 
with a layer of ZIF-CoZn (Figure  2 b–d,f–h), the nanowires keep 
standing vertically on the substrate with similar length. But 
their diameters become larger as increasing the thickness of 
ZIF-CoZn sheath. Scanning transmission electron microscopy 
(STEM) measurements (Figure S1, Supporting Information) 
clearly show the core–sheath structure of ZnO@ZIF-CoZn. 
ZnO core shows brighter contrast owing to larger atomic mass 
than that of MOF sheath (Figure S1c–e, Supporting Informa-
tion). Although, it is not easy to clearly observe the sheath 
with only 5 and 15 nm in thickness, elemental maps of these 
samples demonstrate that Co and Zn do coexist in sheath. 
X-ray photoelectron spectroscopy (XPS) measurements further 
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 Figure 1.    Schematic illustration of the preparation of ZnO@ZIF-CoZn gas sensors.

 Figure 2.    Plan and cross-sectional view of ZnO and ZnO@ ZIF-CoZn nanowire arrays: a,e) pure ZnO with high-resolution transmission microscopy 
(HRTEM) and selected-area electron diffraction (SAED) patterns of a single ZnO nanowire as inset; b,f) ZnO@5 nm ZIF-CoZn; c,g) ZnO@15 nm 
ZIF-CoZn with high-magnifi cation SEM as inset; d,h) ZnO@100 nm ZIF-CoZn.
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confi rm the coexistence of Co and Zn but also show that the 
distribution of Co and Zn in ZIF-CoZn sheath is not homog-
enous (Figure S2, Supporting Information). It has been known 
that XPS is a surface-sensitive quantitative spectroscopic tech-
nique. Normally it can detect the elements as deep as 10 nm 
from the surface. Moreover, XPS measurements reveal that 
both metals are 2+. This valence is just right for compen-
sating the negative charge of Hmim ligand in ZIF-CoZn, 
which can also be found in ZIF-8(Zn) and ZIF-67(Co). [ 14 ]  
N1s peak of ZIF-CoZn sheath located between those of ZIF-
8(Zn) and ZIF-67(Co) (Figure S2d, Supporting Information), 
which indicates the coexistence of Co N and Zn N bonds 
in ZIF-CoZn. In addition, the order of N1s binding energy, 
Co-ZIF < ZnO@100 nm ZIF-CoZn < ZnO@15 nm ZIF-CoZn 
< Zn-ZIF indicates that the ratio of Co 2+  to Zn 2+  on the sur-
face of ZIF-CoZn sheath increased with increasing the thick-
ness of sheath. This may be due to the concentration gradient 
of Zn 2+  from the surrounding of ZnO nanowire to reaction 
solution during synthesis. The peaks of ZnO@ZIF-CoZn in 
powder X-ray diffraction (PXRD) before 20° are very similar 
to these of ZIF-8(Zn) and ZIF-67(Co) (Figure S3, Supporting 
Information), which demonstrates that ZIF-CoZn is isostruc-
tural with ZIF-8(Zn) and ZIF-67(Co). [ 13,15 ]  Besides the peaks of 
ZIF-CoZn, other peaks in PXRD pattern could be assigned to 
wurtzite ZnO (Joint Committee on Powder Diffraction Stand-
ards, JCPDS Card No. 01-075-1526) and sapphire substrate 
(Figure S3b, Supporting Information). As the thickness of 
sheath increases, the intensity of the diffraction peaks of ZIF-
CoZn also increases that further confi rms the results of scan-
ning electron microscopy (SEM), TEM, and XPS analysis.  

 Gas sensing performance of ZnO@ZIF-CoZn sensor was 
evaluated with ZnO nanowire array-based sensor as control 
sample. The experiments were carried out by placing the 
sensor device in a sealed quartz chamber of tube furnace and 
monitoring the resistance of the device in diluted acetone with 
dry air as carrier gas (Figure S4, Supporting Information). 
 Figure    3  a shows the typical dynamic response of ZnO@ZIF-
CoZn sensor to acetone with different concentration in dry 
air and to 10 ppm acetone under different relative humidity 
(RH) as interference. The current curve of ZnO@ZIF-CoZn 
sensor presents good response recovery to a broad range of 
the acetone concentrations (0.25–100 ppm). Notably, after 
coating with a layer of ZIF-CoZn, the selectivity between ace-
tone and humidity of ZnO-based sensor has been signifi cantly 
improved.  

 The coeffi cient of variation (CV) is used to represent the 
effect of humidity on responses, which is defi ned as 

 CV / 100%SD averageR R= ×     ( 1)  

 where  R  SD  and  R  average  are the standard deviation (SD) and 
average value of responses with different humidity, respectively. 
The higher CV value means the worse antiinterference perfor-
mance. At 10 ppm acetone, the responses of the ZnO@5 nm 
ZIF-CoZn device only varies 7.42% (CV) when changing RH 
from 0% to 90% (Figure  3 a,b). Comparatively, ZnO nanowire 
array sensor shows a variation as high as 31.76% at the same 
conditions (Figure  3 b). To increase the thickness of ZIF-CoZn 
thin fi lm from 5 to 15 nm would further decrease the CV to 
6.53%. However, when further increasing ZIF-CoZn thin fi lm 
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 Figure 3.    Gas sensing properties of ZnO@ZIF-CoZn sensor: a) response-recovery curves of ZnO@5 nm ZIF-CoZn to acetone with different concentra-
tions in dry air and to 10 ppm acetone with different relative humidity; b) CV of the sensors by varying RH from 0% to 90% (acetone 10 ppm, 260 °C), 
c) temperature-dependent responses; d) response-recovery curves to 100 ppm acetone at 260 °C.
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as huge as 41.01% was observed. 
 The sensor response in this work is defi ned as the ratio of 

sensor resistance in air ( R  air ) and in analytic gas ( R  analyte ): 

 
Response / 1air analyteR R= −

    
( 2)

    

 Response-concentration log–log plots show good linearity 
for all sensors, based on which the detection limit of each 
sensor can be deduced by setting Response = 0.1 (Figure S5, 
Supporting Information). ZnO@5 nm ZIF-CoZn device has 
the best detection limit in all devices, which is down to trace 
level with the value of 0.0019 ppm. The detection limits of the 
devices in this work are in the order of ZnO@5 nm ZIF-CoZn 
< ZnO@15 nm ZIF-CoZn < ZnO < ZnO@100 nm ZIF-CoZn. 
Compared with ZnO nanowire array sensor, ZnO@5 nm ZIF-
CoZn has improved the detection limit by almost 2 orders of 
magnitude ( Table    1  ) and this value is comparable with that of 
noble metal decorated ZnO gas sensors working at higher tem-
perature (Table S2, Supporting Information).  

 In order to optimize the operating temperature for best 
sensing response, ZnO@ZIF-CoZn sensors were evaluated 
from 200 to 350 °C in 10 ppm acetone atmosphere (Figure  3 c). 
Compared with ZnO nanowire array sensor which has optimal 
operating temperature around 375 °C in this work, ZIF-
CoZn thin fi lm coating decrease the optimal operating tem-
perature of the sensors to 240–260 °C. Notably, the response 
of ZnO@5 nm ZIF-CoZn sensor to 10 ppm acetone is up 
to 27 even at 260 °C, which is ≈20 times higher than that of 
pure ZnO nanowire array (only 1.5). Moreover, the response 
of ZnO@5 nm ZIF-CoZn sensor to 100 ppm acetone is much 
higher than that of noble metal decorated ZnO sensors and 
comparable to the best reported ZnO-based sensor (Table S2, 
Supporting Information). 

 The response time of the sensor is the time required 
increasing the current to 90% of the saturation value and the 
recovery time is the time required decreasing the saturated 
current to its 10%. Figure  3 d illustrates the response and 
recovery characteristic curves of the sensors based on instan-
taneous supply and cutoff of 100 ppm acetone in a 10 min 
cycle. ZnO@5 nm ZIF-CoZn shows the shortest response and 
recovery times in all sensors of this work with the values of 
0.72 and 1.02 min, respectively. Compared with ZnO nanowire 
array sensor, the response and recovery of ZnO@5 nm ZIF-
CoZn speed up by 48% and 470%, respectively. 

 ZnO@5 nm ZIF-CoZn also shows good response repeat-
ability and recyclability to acetone (for details see Figure S6, 

Supporting Information). After continuously working for 
1 week, the sensor can still keep CV less than 10%. Moreover, 
besides acetone, ZnO@ZIF-CoZn sensor shows responses to 
many other VOCs and gases (Figure S7, Supporting Informa-
tion), which makes it possible to use ZnO@ZIF-CoZn to solve 
the humidity problem in detecting these analytes. 

 Vapor sorption measurements confi rm that porous ZIF-
CoZn (Co:Zn = 1:1 in mole) can selectively adsorb acetone 
rather than water (Figure S8a, Supporting Information). PXRD 
patterns show that this sample has the same crystal struc-
ture as that of ZIF-8(Zn) and ZIF-67(Co) (Figure S8b, Sup-
porting Information). ZIF-CoZn coating on the surface of ZnO 
nanowire can serve as a fi ltration membrane to allow acetone 
molecule in and refuse the entry of water molecule due to its 
hydrophobic nature. So, ZnO@ZIF-CoZn-based sensors show 
good selectivity between acetone and humidity (Figure  3 a,b). 
The poor antihumidity of ZnO@100 nm ZIF-CoZn as shown 
in Figure  3 b can be explained by the competition response of 
n-type ZnO core and p-type CoO  x   sheath. It has been men-
tioned above that ZIF-CoZn, ZIF-8(Zn) and ZIF-67(Co) are 
isostructural. However, the thermogravimetric analysis - differ-
ential thermal analysis (TG-DTA) measurements of these three 
samples show that the more Zn content in the crystal struc-
ture would result the better thermal stability (Figure S8c, Sup-
porting Information). Therefore, ZIF-8 (Zn) shows the highest 
thermal stability and keeps intact until 330 °C and ZIF-67 (Co) 
shows the worst thermal stability and can only keep its struc-
ture to 220 °C, while ZIF-CoZn has medium thermal stability 
between 220 and 330 °C. On the other hand, it can be observed 
from XPS measurements that with the thickness of MOF thin 
fi lm increase, Co:Zn ratio on the surface of MOF thin fi lm 
also increases (Figure S3, Supporting Information). Therefore, 
100 nm ZIF-CoZn coating has the worst thermal stability than 
5 and 15 nm ones. After measured at 260 °C, ZnO@100 nm 
ZIF-CoZn shows its color changes from purple to black which 
is due to the pyrolysis of ZIF-CoZn to form CoO  x   nanoparti-
cles, which can be confi rmed by TEM measurement (Figure S9, 
Supporting Information). As known, CoO  x   is a typical p-type 
semiconductor and can be used as active material for detecting 
acetone. [ 14a ,   16 ]  But similar to other MOX, CoO  x   is also sensitive 
to humidity (Figure S10, Supporting Information). Meanwhile, 
the competition of n-type ZnO core and continuous p-type 
CoO  x   sheath of ZnO@100 nm ZIF-CoZn decrease its response 
as observed in Figure  3 c,d. Increasing ZIF-CoZn coating thicker 
to become a continuous thin fi lm would even turn the device 
from n-type into p-type (Figure S11, Supporting Information) 
which completely destroys the selectivity of the sensor. Notably, 
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  Table 1.    Summarized sensing properties of ZnO and ZnO@5 nm ZIF-CoZn sensors.  

Sample Response Antihumidity CV 
[%]

 t  res  a)  
[min]

 t  rec  b)  
[min]

Detection limit 
[ppm]

Operating temperature 
[°C]

ZnO 1.5 Poor 1.07 5.82 0.1666 375

ZnO@5nm ZIF-CoZn 

(this work)

27 Excellent 0.72 1.02 0.0019 260

Enhanced ≈20 times _ 48% 470% 100 times 120

    a)  t  res , reponse time;  b)  t  rec , recovery time.   
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after annealed at 400 °C for 2 h, 5 nm ZIF-CoZn was also 
decomposed and its device exhibited very poor response and 
antihumidity (CV = 49.00%) to 10 ppm acetone (Figure S12, 
Supporting Information). This observation further confi rms 
the existence and the functions of MOF coating in ZnO@5 nm 
ZIF-CoZn. 

 The sensing property of MOX depends on the oxidation reac-
tion between adsorbed oxygen species (such as O 2  − , O 2  2− , and O − ) 
and analyte on its surface. The produced electron from above 
oxidation is injected to the conduction band of MOX to change 
its conductivity. As shown in Figure  3 c, with temperature 
increases from ambient, more oxygen species are activated for 
oxidation reaction due to the additional thermal energy and 
thus higher temperature results higher response. [ 17 ]  Further to 
increase temperature beyond a certain optimum one, the reac-
tants and oxygen species on the surface of ZnO begin to desorb 
signifi cantly which leads to a decrease of sensing response. [ 18 ]  
The balance between above two process results the optimum 
temperature for the sensors in this work. Different from Zn 2+  
in ZIF-8(Zn), Co 2+  in ZIF-CoZn has good catalytic property at 
200−300 °C, which can dissociate and activate oxygen molecule 
from air then generate active oxygen species to help the catalytic 
oxidation of acetone. [ 19 ]  Therefore, compared with ZnO and 
ZnO@ZIF-8(Zn), ZnO@ZIF-CoZn performed better activity 
and higher sensitivity to acetone and can work at lower temper-
ature as shown in Figure  3 c and Figure S13 (Supporting Infor-
mation). The excellent catalytic effects of Co 2+  also contribute to 
the accelerated response and recovery behavior of the device. [ 19 ]  
However, increasing the thickness of ZIF-CoZn would slow 
down the diffusion of acetone and oxygen to ZnO surface. 
So, ZnO@15 nm ZIF-CoZn sensor shows slower response 
behavior than ZnO@5 nm ZIF-CoZn. Further increasing 
the thickness of ZIF-CoZn to 100 nm results in much slower 
response and recovery due to fi erce competition of n-type ZnO 
and p-type CoO  x  . 

 In summary, a new material design strategy has been pro-
posed to improve the selectivity and other performances of 
metal oxide-based chemiresistor gas sensor. Accordingly, 
MOX@catalytic MOF core–sheath nanowire array was success-
fully created as a sensing material for the fi rst time. The gas 
sensor based on this new material shows signifi cantly enhanced 
performances compared with the MOX sensor without MOF 
sheath: (1) the selectivity between acetone and humidity 
with standard deviation only 7.4% was achieved in large rela-
tive humidity range for the fi rst time; (2) the response was 
enhanced ≈20 times; (3) the detection limit was improved by ≈2 
orders of magnitude; (4) the response and recovery behaviors 
were accelerated by 48 and 470%, respectively; and (5) the oper-
ating temperature was decreased by ≈125 °C. Notably, MOF 
material has great designability on its structure and properties, 
unique gas selectivity on size, shape, chirality, etc. as well as 
excellent catalytic activity. Given these, the sensor device based 
on new material designed by above combining MOX and MOF 
strategy offers a high possibility to achieve the detecting on a 
single gas. In future, new material might simplify the structure 
and decrease the cost of the present gas sensor to adapt it to 
be further applied to wearable devices, intelligent automobile, 
smart electrical home appliances, and other precise detection 
fi elds.  

  Experimental Section 
  Preparation of ZnO@ZIF-CoZn Nanowire Array : ZnO nanowire array 

was grown on a sapphire substrate by a seeded method. [ 20 ]  Then, 
ZnO nanowire array was immersed in 16 mL mixture of 13.5 mL  N , N -
dimethylformamide and 2.5 mL deionized water containing 0.004 g 
Co(NO 3 ) 2 ·6H 2 O (0.86 × 10 −3   M ) and 0.040 g 2-methylimidazole (30.4 × 
10 −3   M ) at 60 °C for 2 h to grow the ZIF-CoZn sheath. After that, ZnO@
ZIF-CoZn nanowire array was washed repeatedly with deionized water 
and ethanol and dried in air at room temperature. Detailed experimental 
information and characterization can be found in the Supporting 
Information. 

  Gas Sensor Characterization : The sensor characterization was 
conducted by a home-made system. [ 21 ]  Analyte gas was introduced 
into the quartz tube via mass fl ow controllers. The constant fl ow was 
600 mL min −1 , the bias on the sensor was 5 V, and the current was 
recorded using Keithley 4200 Sourcemeter.  

  Supporting Information 
 Supporting Information is available from Wiley Online Library or from 
the author.  
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Soc.    2015 ,  137 ,  13780 .  

[10]   a)   M. G.    Campbell  ,   D.    Sheberla  ,   S. F.    Liu  ,   T. M.    Swager  ,   M.    Dincǎ  , 
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