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a b  s  t r  a c t

Here  we report  the fabrication  of high  surface  area  CuO  nanoparticles (NPs)  on micron-scale ZnO

(CuO/ZnO)  “flowers” with  dimethyl  methylphosphonate  (DMMP)  gas  sensing  capabilities.  The  formation

of  CuO  NPs/ZnO  heterojunction  structures was  confirmed  by  PXRD and TEM  analyses. The  gas sens-

ing  properties  of the CuO  NPs/ZnO  structures  showed a  faster  response time  (26.2 s) compared  to the

exclusively  ZnO-based sensor (330 s).  The heterojunction  sensors  demonstrated  the highest selectivity

in  10 ppm  DMMP, reaching  the high value  of 626.21 at 350 ◦C.  This CuO NPs/ZnO  heterojunction structure

provides  an  extension  of the depletion layer  and  an  increase  of the resistance (Ra) in air,  leading  to a  reduc-

tion  of  the depletion layer  and  resistance (Rg) when  exposed  to  reducing  DMMP gas.  The  higher surface

area  (6.0 m2/g)  of the  CuO/ZnO heterojunction  structure  with  a 0.5  h synthesis  time  of the ZnO flowers

further  promoted  the adsorption  kinetics  for the reaction  between C3H9O3P  and  O2− when exposed to

DMMP, thus enhancing  its  sensing  properties.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The chemical warfare agents (CWAs) Sarin and Soman are some

of the best-known chemical-based weapons of mass destruction.

Sarin is a particularly dangerous gas since it  causes severe effects on

the human health system that can lead to neuromuscular paralysis

or death while being both colorless and odorless [1,2].  Dimethyl-

methyl-phosphonate (DMMP) is often studied as a simulant of

Sarin. Several efforts have been attempted to detect the DMMP  gas

using semiconducting metal oxide (SMO) sensors because of  their

high sensitivity and simple methods of synthetic production [3–6].

More recently, DMMP  gas sensors of  other types, such as microcan-

tilever (MCL) [7,8],  quartz crystal microbalance (QCM) [9,10],  and

surface acoustic wave (SAW) [11,12] sensors, have introduced for

improving sensing capabilities.

Among the many SMO  materials available [13–15],  ZnO is

widely used in n-type semiconductors with a large bandgap value

(Eg = 3.3 eV) owing to its high chemical stability, high sensitivity,

short response time, and low cost [16–18].  CuO is another semicon-

ductor that is widely used in sensor applications, however, unlike
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ZnO, CuO is a narrow bandgap (Eg =  1.2 eV) p-type semiconductor

[17–22].  Technologies that combine these SMOs to form hybrid

ZnO/CuO materials have been receiving increasing attention since

the formation of the p/n junctions not only change energy structure

of ZnO by occurring charge transfer, but also support the surface

catalytic decomposition of other target gases in CuO [18,22].  Finally,

this p/n junction can extend a  depletion layer through interfacial

electron-transfer processes in air, thus improving their sensing

properties in the presence of  the reducing gases (e.g., DMMP).

Few studies have been conducted to develop CuO/ZnO based sen-

sors for H2S, H2, and CO2 detection [23–28].  Recently, several

CuO/ZnO mixed metal oxide nanostructures with high surface-

to-volume ratios or surface modifications, such as nanorods [29],

nanocomposites [30],  nanofibers [31],  and core-shell [32],  have

been reported to show enhanced sensing capabilities. The ability

of these CuO/ZnO heterojunction structures to detect DMMP  gas

has not yet been explored.

In this work, we report the microstructural evolution and DMMP

gas sensing properties of CuO nanoparticles on micron-scale ZnO

(CuO/ZnO) “flower” structures synthesized via a hydrothermal

method. Based on our previous report, Al-doped-ZnO-based sen-

sors showed improved sensing capabilities for the DMMP  gas

detection, i.e., surface modification with Al  metal doping could

increase O2 vacancies and surface reactions, which could lead to

decreased recovery and response times [33,34].  In this context,

http://dx.doi.org/10.1016/j.snb.2016.09.028
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Fig. 1. Plane-view scanning electron microscopy (SEM) images of the surface morphology of both (a–c) ZnO and (d–f) ZnO/CuO structures as a function of ZnO synthesis

time.

adding another p-type semiconductor like CuO nano particles (NPs)

onto the ZnO flower structures after  DMMP  exposure could pro-

vide enhanced adsorption kinetics and reduce the thickness of the

depletion layer in p-n junctions, thus improving p-CuO/n-ZnO sen-

sor performance.

2. Experiment

2.1. Fabrication of ZnO and CuO NPs/ZnO based sensors

The synthesis of ZnO flowers was carried out via a hydrothermal

method [29].  Zinc acetate dihydrate (0.5 M,  Reagent Grade ≥98%,
Sigma-Aldrich) and sodium hydroxide (5 M,  Reagent Grade ≥98%,
Sigma-Aldrich) were each dissolved in distilled water under con-

stant stirring. The solutions were mixed, diluted with an  additional

34 mL  distilled water, and transferred to an autoclave. The Teflon-

lined stainless steel autoclave was heated in  an oven at 120 ◦C for

0.5, 6, and 12 h. After heating the solid product was collected by

centrifugation, washed with methanol several times, air dried at

80 ◦C for 12 h, and then annealed at 400 ◦C for 2 h  in air. For making

the ZnO/CuO heterojunction structures, the resultant ZnO powders

were suspended in ethanol and copper nitrate (0.25 wt%, Reagent

Grade ≥98%, Sigma-Aldrich) was added with constant stirring. The

mixtures were then air dried at 80 ◦C for 12 h and annealed at

400 ◦C for 2 h in air. To  fabricate the CuO/ZnO hybrid sensor, both Ti

(5 nm)  and Pt (150 nm)  electrode layers were deposited on a SiO2
substrate through a DC magnetic sputtering process which was pat-

terned by photolithography. The interdigitated Pt  electrodes were

10 mm wide and 10 mm  long, and spaced 10  �m.  The synthesized

CuO/ZnO powder was blended with �-terpinol binder and a small

ink droplet 10 �L is placed on the interdigitated Pt electrode using

a micropipette. Finally, the sample was heated at 300 ◦C for 1  h to

remove the �-terpinol and annealed at  600 ◦C for 1  h.

2.2. Characterization

Structural data were collected using powder X-ray diffrac-

tion with Cu K�1 radiation (� = 0.15406 nm)  (PXRD, Ultima IV/ME

200DX, Rigaku,), field-emission scanning electron microscopy

(FE-SEM; JEOL 7001F equipped with an energy dispersive spectro-

scope), and transmission electron microscopy (TEM, JEOL JEM ARM

200F) with energy dispersive X-ray (EDX, X  Max  Oxford). The sur-

face areas of the ZnO/CuO hybride flowers as a function of  the ZnO

synthesis time were measured by  a Brunauer-Emmet-Teller (BET,

Autosorb-iQ 2ST/MP) method employing a N2 adsorption at 77 K

after each sample was  treated at 300 ◦C for 4 h under 10−4 Pa, using

a Tristar-300 apparatus.

2.3. Gas-sensing properties

The electrical properties of the sensor mounted on a printed cir-

cuit board (PCB) were measured at 300–400 ◦C using a gas sensing

system comprising a furnace (Korea Vacuum Tech., Korea), mass

flow controllers (MFCs) for air, DMMP  gas, cylinders of the target

and air gases, a current source (Keithley 6220), and a nanovolt-

meter (Keithley 2182). The sample was placed on a quartz cylinder

in the furnace, and its signals were obtained from two  Pt probes

connected to the current source and the voltmeter, respectively.

The DMMP  gas concentration in the synthetic air was achieved by

controlling its partial pressure by  using MFCs. All the gas-sensing

measurements were conducted on five samples in each concentra-

tions at an operating temperature of 300–400 ◦C.

3. Results and discussion

3.1. Characterization of ZnO and CuO/ZnO materials

Fig. 1  shows plane-view scanning electron microscopy (SEM)

images of the surface morphologies of  both ZnO and CuO/ZnO

as a function of ZnO synthesis time. As shown in Fig. 1(a)–(c),

flower-shaped ZnO structures were formed and the size of the

ZnO flower increased from approximately ∼3–5–10 �m in diam-

eter with increasing ZnO synthesis times. After mixing with CuO

in the  ZnO flowers, CuO nanoparticles were uniformly deposited

on the surface of  the ZnO flowers, as observed in Fig. 1(d)–(f).

The BET surface area results showed that the surface area of  the

CuO nanoparticles deposited on the ZnO flowers decreased with

increasing ZnO flower synthesis times, as shown in Fig. 2.
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Fig. 2. Brunauer-Emmet-Teller (BET) surface area of p-CuO/n-ZnO vs. different syn-

thesis time of ZnO (0.5, 6,  and 12  h).

ZnO and CuO/ZnO samples with different ZnO synthesis times

were characterized by  powder X-ray diffraction (PXRD) as shown

in Fig. 3.  The main diffraction peaks of  the ZnO flowers exhibits

(100), (002), and (101) orientations which correspond to hexago-

nal wurtzite phase of ZnO (JCPDS # 36-1451), as shown in Fig. 3(a).

In the CuO/ZnO structures with different ZnO synthesis times in

Fig. 3(b)–(d), the PXRD patterns matched a monoclinic phase of CuO

(JCPDS # 48-1548) and hexagonal wurtzite phase of ZnO. No sec-

ondary phases were detected. The XRD peaks of ZnO in the CuO/ZnO

samples became narrower with higher intensities owing to the heat

treatment.

Fig. 4  shows the high-resolution TEM images with an  energy dis-

persive X-ray (EDX) line profile of  the CuO/ZnO structure. As shown

in Fig. 4(b), elliptical-shaped CuO nanoparticles had an average size

approximately ∼30–40 nm, which were well distributed on the sur-

faces of  the ZnO flowers, as shown in Fig. 4(a). A higher magnified

image of the CuO/ZnO structure in Fig. 4(c)  clearly revealed the

growth of  the CuO NPs on the ZnO flower and the interface between

Fig. 3. Powder X-ray diffraction (PXRD) patterns of ZnO (empty triangles) and CuO/ZnO (filled triangles) samples with different ZnO  synthesis times of 0.5, 6, and 12 h.
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Fig. 4. (a) Transmission electron microscopy (TEM) image, (b) magnified TEM image, (c) more magnified TEM image with  selected area diffraction patterns (SEAD), and (d)

the high-resolution TEM images with energy dispersive X-ray (EDX) line  profile of the CuO NPs/ZnO structures.

CuO and ZnO could be easily identified based on their differences in

contrast. The lattice spacing of  1.63 and 2.63 Å for the  ZnO flowers

correspond to (110) and (002) planes of the wurzite ZnO. The CuO

NPs also exhibit d-spacing values of  2.78 and 2.47 Å nm between

two lattice fringes corresponding to the (1–10) and (11–1) planes

of the CuO phase, as  shown corresponding selected area diffrac-

tion patterns (SEAD) in the inset. The EDX scan profile in Fig. 4(d)

confirmed the identity of Zn and Cu as well as  a distinct interface

between the two with no intermixing. The above results along with

the XRD analysis strongly indicate that  CuO/ZnO heterojunction

structure.

3.2. Sensing properties of znO- and cuO/ZnO-based sensors

Fig. 5 presents the DMMP  gas sensing properties of  ZnO- and

CuO/ZnO-based sensors with various synthesis times and at dif-

ferent operating temperatures of  300–400 ◦C. The corresponding

resistances of the ZnO- and CuO/ZnO- based sensors in 10 ppm of

DMMP are compared in Fig.  5(a) and (b). An example of the cor-

responding resistance in Fig. 5(a) showed that the resistance in air

(Ra) of the CuO/ZnO based sensor increased due to the addition of

CuO NPs on ZnO. The increased resistance (Ra) can be attributed

to the higher surface area of  the semiconductor that extends its

depletion layer by forming p-CuO/n-ZnO junctions [29,30]. Fur-

ther adsorption kinetic reactions occur between C3H9O3P and

O2− from the CuO NPs after exposure to DMMP,  thus enhanc-

ing the corresponding response. During response/recovery cycles,

as shown in Fig. 5(b), the resistance (Rg) and response times of

the CuO/ZnO-based sensor significantly decreased (26.2 s) after

exposure to DMMP  compared to the ZnO based sensor (330 s)—an

overall reduction by a factor of  13  for the CuO/ZnO-based sen-

sors. We  compare the sensing response of  CuO, ZnO, and CuO/ZnO

flower structures for DMMP  detection. As shown in  Fig. 5(c), the

response of the CuO based sensor exhibited low responses in the

range 1.1–2.1 in 10 ppm of  DMMP  at the operating temperature

of 300–400 ◦C, which is ∼20 times lower than  ZnO based sensor.

However the CuO/ZnO based sensor with 0.5 h  synthesis of  ZnO

showed the highest response of 626.21 at 350 ◦C,  indicating that

significantly enhanced sensing properties are attributed to a syn-

ergetic effect of the p-CuO/n-ZnO junction structure. It also shows

that the overall response in CuO/ZnO based sensor decreased with

increasing the synthesis time of ZnO. Fig.  5(d) shows an  overview

of the dynamic sensing responses of  the CuO/ZnO-based sensors as

a function of DMMP  concentration. The measured response of the

CuO/ZnO-based sensor with a 0.5 h  synthesis time is proportional

to the DMMP  concentration. The capability of the  best performing

sensor to selectively sense DMMP  was  evaluated alongside several

gases, including NH3,  CO, NO, and NO2,  all at the same concen-

tration (10 ppm) at 350 ◦C, as  shown in Fig. 5(e). The response to

DMMP exhibited the highest selectivity compared to other gases

reaching a value of 626.21 at 350 ◦C.
The possible mechanism behind DMMP  gas detection by p-

CuO/n-ZnO heterojunction structures is displayed in Fig. 6. As

shown in Fig.  6(a) and as observed in  our results, the CuO NPs

are randomly deposited on the surface of the ZnO flowers. With

addition of  the CuO NPs to the ZnO flowers, the p/n heterojunc-

tion was formed at the interface between p-type CuO NPs and ZnO

flowers. While both CuO and ZnO are connected electronically in

air, carriers (hole in CuO and electron in ZnO) will go through the

opposite direction. For example, electrons transfer n-ZnO to p-CuO
while holes go through p-CuO to n-ZnO until establishment of uni-

form fermi level in  system, which leads to band bending in the

depletion layer (Fig. 6(b)). When CuO/ZnO flowers are exposed to

air, oxygen molecules are adsorbed on surface of ZnO with captur-

ing the electrons in conduction band in  ZnO, thus the resistance

of the CuO/ZnO is increased further due to an additional deple-

tion layer in PN  junction, as described in Fig. 6(c). However, when

CuO/ZnO flowers are exposed to DMMP,  electrons were released by

the gas sensing reaction between C3H9O3P and negatively charged

surface oxygen (O2−) on the conduction band of ZnO. The reduc-

tive DMMP  molecules combine with holes in CuO, produce the

intermediate, and then react with oxygen ions on the surface of

ZnO, resulting in a decrease of the depletion layer and resistance

[30]. Consequently, this allows for a highly sensitive detection of

DMMP through a decrease of the resistance, hence the contribu-

tion of the sensing response from p-type CuO NPs is a predominant

factor in the CuO/ZnO sensor, with the specific surface area of

ZnO playing a critical role in improving the gas sensing proper-

ties.
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Fig. 5. (a) First response/recovery cycle and (b) repeatable response/recovery cycles of ZnO and CuO NPs/ZnO based sensors in 10  ppm dimethyl methylphosphonate (DMMP)

at 350 ◦C, (c) response of CuO, ZnO, and CuO NPs/ZnO based sensors with various synthesis times (0.5, 6, and 12 h) at different operating temperatures of 300  400 ◦C, (d)

dynamic response of the CuO NPs/ZnO based sensor to different concentrations of DMMP  at 350 ◦C  in  air, and (e) selectivity of the CuO NPs/ZnO based sensor to other gases

of NH3, CO, NO, and NO2 at the same concentration (10 ppm) at 350 ◦C.

4. Conclusions

We  demonstrated a hydrothermal method for fabricating CuO

NPs on high surface area ZnO flowers, which have highly sensitive

DMMP gas sensing capabilities. PXRD and TEM analyses confirm the

formation of CuO/ZnO heterojunction structures. The BET surface

areas of the p-CuO/n-ZnO samples decreased with increasing the

synthesis times of ZnO. The gas sensing properties showed that the

response time of the CuO/ZnO heterojunction sensor decreased to

26.2 s after exposure to DMMP  compared to the ZnO based sensor

(330 s). The heterojunction structures’ responses to DMMP  exhib-

ited the highest selectivity compared to other gases, reaching a

value of 626.21 at 350 ◦C. The formation of  CuO NPs and ZnO hetero-

junction structure indicates that an  increase of the depletion layer

and the structures’ resistance (Ra) in air, leading to a decrease of  the

depletion layer and resistance when exposed to reducing DMMP

gas. In addition, the higher surface area (6.0 m2/g) of the CuO/ZnO

heterojunction structure with a 0.5 h  synthesis time of  the ZnO

flowers supported further adsorption kinetic reactions between

C3H9O3P and O2− ions after exposure to DMMP,  thus enhancing

the corresponding response.
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Fig. 6. Schematic diagram of (a) CuO NPs deposited on the surface of ZnO flowers, (b) the energy band gap of a CuO/ZnO p-n  junction, and (c) the sensing mechanism of the

CuO NPs/ZnO sensor in air and in DMMP.  When the sensor exposed to reducing gas (DMMP), the surface adsorption occurred by the gas sensing reaction between C3H9O3P

and negatively charged surface oxygen (O2−), leading to a decrease of the depletion layer and resistance.
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