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A copper—manganese composite oxide was synthesized by controlling the molar ratio of Cu to Mn and
calcination temperature. Scanning electron microscopy, transmission electron microscopy, X-ray
diffraction, and nitrogen adsorption—desorption measurements were employed to characterize the
obtained products. The as-prepared copper—manganese composite oxide functionalized QCM
resonators were fabricated and explored for HCHO sensing. The copper—manganese composite oxide
functionalized QCM resonators had a significant response to HCHO, and the sensitivity of the resonators
reached 6.35 Hz (ug ppm)~*. Neither the response nor the sensing profile observed significant changes
after 60 days. The linear equation between the response of the QCM resonator and HCHO
concentration endows the copper—manganese composite oxide functionalized QCM resonators with
a capability of HCHO quantitative analysis. The adsorption—desorption process via hydrogen bonding
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1. Introduction

Formaldehyde (HCHO) emits from widely used building and
decorative materials, oil paints and textiles. It is one of the most
dominant and best-known air pollutants in an indoor envi-
ronment. HCHO can cause irritation to the eyes, nose, and
throat, even at low levels for short periods. Longer exposure or
a higher dose can cause coughing, choking, nasopharyngeal
cancer and leukemia. Severe exposure can cause death from
throat swelling or from chemical burns to the lungs."” There-
fore, it is important and highly desired to detect any possible
presence of HCHO. Actually, many techniques have been
utilized to detect HCHO gas, such as UV-VIS spectrophotometry,
gas chromatography-mass spectrometry and high-performance
liquid chromatography. However, these instrumental analysis
methods are generally costly, time-consuming and cannot be
used for on-site detection. Some chemical sensors, potentio-
metric sensors, electrochemical sensors and piezoelectric
sensors have also been used to detect HCHO gas.*™** Until now,
it has still been challenging to determine HCHO on-site in a real
time manner with high sensing properties, such as fast
response, high sensitivity, good reproducibility and stability.
Quartz crystal microbalance (QCM) could measure nanogram-
order changes in mass loading on the quartz crystal surface by
observation of frequency shift based on the Sauerbrey equation.
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a plausible sensing mechanism for HCHO sensing.

QCM has attracted considerable interest in the area of chemical
sensing because of its many advantages such as low cost, easy
installation and inherent ability to monitor analytes in situ and
real time."*® Thus far, how to modify resonator surface properties
becomes an essential issue for enhancing the range of application
of QCM sensors. Recently, nanostructured composite metal
oxides, which have different constituent parts, oxidation states
and coordination numbers, are especially interesting due to their
unique thermal, optical, electronic, photonic, catalytic and
sensing properties.”> Among them, copper-manganese
composite oxide is interesting and was exploited for application as
catalyst (Hopcalite) for the conversion of carbon monoxide to
carbon dioxide. Hopcalite catalysts are also used to remove
ethylene oxide and other VOCs. The active sites of copper—
manganese composite oxide could adsorb and catalyze vaporized
molecules at room temperature. In fact, copper-manganese
composite oxide has been extensively studied as catalyst. There
are very limited studies using copper-manganese composite oxide
as sensing material. To our best knowledge, however, copper—
manganese composite oxide has not yet been explored so far as
sensing media on QCM for detection of HCHO. In the current
work, we synthesized copper-manganese composite oxide, from
which copper-manganese composite oxide functionalized QCM
resonators were fabricated and explored for HCHO sensing.

2. Experimental
2.1 Materials

Copper nitrate, manganese acetate and absolute ethanol were
purchased from Beijing Chemical Works. All chemicals were

This journal is © The Royal Society of Chemistry 2018
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analytic grade, and were used without further purification.
Ultrapure water with a resistivity higher than 18.2 MQ cm was
used in all experiments and obtained from a three-stage Milli-
pore Mill-Q purification system.

2.2 Preparation and characterization of copper-manganese
composite oxide

In a typical preparation, 0.49 g of Mn(CH;COO),-4H,0, 0.32 g of
KMnO, and 0.24 g of Cu(NO;),-3H,0 were first dissolved in
three volumes of pure water (20 mL), respectively. Then
the aqueous KMnO, was slowly added into the aqueous
Mn(CH;COO), under vigorous stirring at room temperature,
followed by addition of the aqueous Cu(NOs), into the above
solution. The molar ratio of Cu** to Mn>" was controlled at 1 : 2.
The mixture was continually stirred for 24 h, and then incu-
bated for 2 h. The precipitate was isolated by centrifugation,
and washed many times with pure water and absolute ethanol.
Then the obtained sample was dried at 60 °C for 24 h. Finally,
the sample was calcinated at 300 °C for 3 h, and a black powder
product was collected.

X-ray diffraction (XRD) patterns of copper-manganese
composite oxide powders were recorded on a Bruker D8 Focus
X-ray diffractometer (Germany) using Cu Ko radiation (A =
0.1542 nm) operated at 40 kV and 40 mA. The specific surface
areas of copper-manganese composite oxide products were
determined by nitrogen adsorption-desorption measurements
on a QuadraSorb SI automated surface area and pore size
analyzer (Quantachrome Instruments, USA). Scanning electron
microscopy (SEM) observations were carried out on a Hitachi
S-4800 field emission scanning electron microscope (Japan).
Transmission electron microscopy (TEM) observations were
performed on a JEOL 2100 transmission electron microscope at
an acceleration voltage of 200 kV (Japan).

2.3 Fabrication and measurement of QCM resonators

A drop-coating method was used to coat both sides (5 mm in
diameter) of a silver-coated QCM resonator (9 MHz, AT-cut
piezoelectric quartz crystal, Beijing Chenjing Electronics Co.,
China). In a typical procedure, 4 mg of the as-prepared copper-
manganese composite oxide was dispersed homogeneously in
2 mL pure water, and 7 pL of the obtained suspension was
dropped onto the surface of silver electrode by using a micro-
syringe. The QCM resonators with copper-manganese
composite oxide thin films were quickly dried at 60 °C.

Sensing properties were examined by placing copper-
manganese composite oxide functionalized QCM resonators in
a glass chamber inside of an incubator where temperature
(20 °C) and relative humidity were accurately controlled by
drying tower (activated carbons and molecular sieves). A
dynamic gas-mixing apparatus was used to steadily generate gas
containing HCHO of low concentration. The gas concentration
was controlled by regulating the gas flow through mass flow
controllers. A four-way valve was applied to switch between air
flow and diluted HCHO flow. Frequency shifts were recorded by
an Agilent 53131A universal counter linked to a computer.
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3. Results and discussion
3.1 Characterization of copper-manganese composite oxide

The morphological structures of as-prepared products were
investigated by using SEM and TEM (Fig. 1). Clearly, the as-
prepared copper-manganese composite oxide consists of
aggregates of nanoparticles. The phase analysis of as-prepared
product was carried out by XRD. As shown in Fig. 2a, the as-
prepared copper-manganese composite oxide was amor-
phous. Nitrogen physisorption represents the most widely used
technique to measure catalyst surface area. By nitrogen
adsorption-desorption measurement (Fig. 2b), the specific
surface areas of as-prepared copper-manganese composite
oxide was measured to be 150 m* g,

3.2 Sensing properties of copper-manganese composite
oxide functionalized QCM resonators

The sensing performance of copper-manganese composite
oxide functionalized QCM resonators were examined by placing
them in a glass chamber, and the concentration of HCHO was
controlled at 0.3-1.7 ppm. An unmodified silver-coated QCM
resonator was also tested as control for comparison (Fig. 3).
While the red solid arrow indicates the time at which air con-
taining 1.7 ppm HCHO was introduced into the testing
chamber, the blue dashed arrow indicates the time at which air
started to flush the testing chamber. Clearly, the unmodified
silver-coated QCM resonator had no response to HCHO. Fig. 4
shows a response curve of a copper-manganese composite
oxide functionalized QCM resonator under otherwise identical
conditions. The coating amount on QCM resonator was 25 ug
according to the Sauerbrey equation. Compared with the
unmodified silver-coated QCM resonator, the copper-manga-
nese composite oxide functionalized QCM resonator had
a significant response to HCHO of 1.7 ppm. When air con-
taining 1.7 ppm HCHO was introduced into the testing
chamber, the QCM frequency began to decrease. The frequency
shift initially decreased rapidly, reaching —270 Hz in 60 s. Then,
the frequency shift decreased less rapidly, reaching —355 Hz at
equilibrium state. The sensitivity of sensing film functionalized
QCM resonator is assessed by the ratio of (frequency shift at 60 s
of HCHO exposure)/(coating amount)/(HCHO concentration).
And the sensitivity of copper-manganese composite oxide
functionalized QCM resonator is 6.35 Hz (ug ppm) ", which is
ca. 3 times as high as that of graphene oxide functionalized

Fig.1 SEM (a) and TEM (b) images of as-prepared copper—manganese
composite oxide.
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Fig. 2 XRD patterns (a) and N, adsorption—desorption isotherm (b) of as-prepared copper—manganese composite oxide.
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Fig. 3 Profiles of frequency shift of unmodified silver-coated QCM
resonator upon exposure to air containing 1.7 ppm HCHO at 20 °C.

QCM resonator (2.09 Hz (ug ppm) ')."* When the testing
chamber was flushed by air, the frequency shift was basically
recovered. Fig. 5 shows profiles of frequency shift of as-prepared
copper-manganese composite oxide functionalized QCM reso-
nator upon exposure to air containing 1.7 ppm HCHO at 20 °C
in three continuous cycles. The response curves are similar for
these three continuous cycles with nearly no changes in
response, response time and recovery time, indicating good
reproducibility of the copper-manganese composite oxide
functionalized QCM resonator.

In order to test its long time stability, the copper-manganese
composite oxide functionalized QCM was also tested 10 days, 30
days and 60 days, respectively, after fabrication (coating
amount: 25 pg). As shown in Fig. 6, the frequency shifts taken at
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Fig. 4 Profile of frequency shift of as-prepared copper—manganese
composite oxide functionalized QCM resonator upon exposure to air
containing 1.7 ppm HCHO at 20 °C (coating amount: 25 ng).
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Fig. 5 Profiles of frequency shift of as-prepared copper—-manganese
composite oxide functionalized QCM resonator upon exposure to air
containing 1.7 ppm HCHO at 20 °C in three continuous cycles (coating
amount: 25 pg).

60 s after exposure to HCHO were —276 + 5 Hz (10 days), —280
+ 4 Hz (30 days) and —265 + 5 Hz (60 days), respectively, and
the frequency shifts taken at equilibrium state after exposure to
HCHO were —360 + 7 Hz (10 days), —362 + 5 Hz (30 days) and
—353 £ 6 Hz (60 days), respectively. No significant changes were
observed either for the sensing profile, indicating that the
sensing characteristics of copper-manganese composite oxide
functionalized QCM resonator is quite stable in an extended
period of time. Fig. 7 displays the response curves of copper—
manganese composite oxide functionalized QCM resonator
(coating amount: 25 pg) upon exposure to HCHO of varied
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Fig. 6 Frequency shifts taken at 60 s (blue square) and saturation state
(red dot) after exposure to air containing 1.7 ppm HCHO at 20 °C
(coating amount: 25 pg) 0, 10, 30 and 60 days, respectively, after
fabrication.
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Fig. 7 Profiles of frequency shift of as-prepared copper—-manganese
composite oxide functionalized QCM resonator upon exposure to
HCHO gas of varied concentrations at 20 °C (coating amount: 25 pug).

concentrations. When HCHO of 1.7 ppm, 1.3 ppm, 0.8 ppm,
0.5 ppm and 0.3 ppm, respectively, were introduced into the
testing chamber, the frequency shifts of copper-manganese
composite oxide functionalized QCM resonator was recorded,
and all responses were similar in shape, and the response of
QCM resonator decreases in proportion to the decrease of
HCHO concentration. The frequency shifts 60 s after exposure
to HCHO were plotted against the corresponding HCHO
concentrations, giving a linear relationship in the concentration
range of 0-1.7 ppm. A linear equation was derived as follows

(Fig. 8):
AF = —167¢ + 0.5r = 0.97

where AF is the frequency shift 60 s after exposure to HCHO
(Hz), ¢ is the HCHO concentration (ppm), r is regression
coefficient. The liner equation could be used for quantitative
analysis of HCHO based on the copper-manganese composite
oxide functionalized QCM resonator. Selectivity is an impor-
tant factor for sensors in practical applications. It was inves-
tigated by exposing the copper-manganese composite oxide
functionalized QCM resonator to a variety of common volatile
chemicals (ethanol, toluene, para-xylene and acetone) under
otherwise identical conditions for formaldehyde. Fig. 9 shows
the frequency shifts of copper-manganese composite oxide
functionalized QCM resonator upon exposure to HCHO
(1.7 ppm), ethanol (0.3 ppm), toluene (0.2 ppm), para-xylene
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Fig. 8 Linear relationship between response and HCHO concentra-
tion at 20 °C (coating amount: 25 ug). Frequency shifts taken 60 s after
exposure to HCHO were used as responses.
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Fig. 9 Frequency shifts of as-prepared copper—manganese
composite oxide functionalized QCM resonator upon exposure to
HCHO, ethanol, toluene, para-xylene and acetone (frequency shifts at
60 s: blue column; frequency shifts at equilibrium state: red column).

(0.5 ppm) and acetone (1.4 ppm) at 60 s (blue column) and
equilibrium state (red column), respectively. The copper-
manganese composite oxide functionalized QCM resonator
shows very near responses to formaldehyde and ethanol. Thus,
ethanol may be an interference factor in the detection of
formaldehyde for the copper-manganese composite oxide
functionalized QCM resonator.

The interaction that occurred between the mass sensitive
chemical sensor surface and vaporized analyte molecules can be
attributed to the sorption mechanism of gas molecules on the
surface.®*® The sorption corresponds to condensation of
vaporized molecules on the surface by intermolecular forces,
such as hydrogen bonding and van-der-Waals interactions. On
the basis of analyses of our experimental results, the sensing
mechanism of copper-manganese composite oxide functional-
ized QCM resonator to HCHO belongs to the sorption process.
There are many oxygen atoms on the surface of copper-
manganese composite oxide.”””®* As shown in Scheme 1, when
HCHO was introduced into the testing chamber, it was adsor-
bed on the oxygen of copper-manganese composite oxide via
hydrogen bonding, the total mass on QCM resonator increased,
and thus a negative frequency shift was observed according to
the Sauerbrey equation. When the testing chamber was flushed
by air, the adsorbed HCHO was desorbed from the copper-
manganese composite oxide, and thus the frequency shift
recovered. These processes are reversible, which brings the
excellent reproducibility of copper-manganese composite oxide
functionalized QCM resonator. Similar interactions occur
between copper-manganese composite oxide and ethanol or
acetone, and van-der-Waals interactions with toluene or para-
xylene. The copper-manganese composite oxide functionalized
QCM resonator also showed similar responses to these analytes.
Thus, these analytes could be an interference factor in the
detection of formaldehyde for the copper-manganese
composite oxide functionalized QCM resonator in real sample
analysis. Even so, the copper-manganese composite oxide
functionalized QCM resonator could be used for quantitative
analysis or concentration monitoring of HCHO in a formalde-
hyde environment in real time because of the linear equation
between the response of QCM resonator and HCHO
concentration.
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Scheme 1 Schematic illustration of the process on as-prepared copper—manganese composite oxide functionalized QCM resonator.

4. Conclusion

Copper-manganese composite oxide functionalized QCM
resonators were fabricated and explored for HCHO sensing. The
copper-manganese composite oxide functionalized QCM reso-
nators had a significant response to HCHO. The frequency shift
of copper-manganese composite oxide functionalized QCM
resonator with 25 nug coating amount reached —270 Hz in 60 s.
Neither for the response nor for the sensing profile were
observed significant changes after 60 days, indicating that the
sensing characteristics of copper-manganese composite oxide
functionalized QCM resonator is stable. In addition, the
copper-manganese composite oxide functionalized QCM reso-
nator could be used for quantitative analysis or concentration
monitoring of HCHO in a formaldehyde environment in real
time because of the linear equation between the response of
QCM resonator and HCHO concentration.
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