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ABSTRACT: Surface molecular transformations on nanoscale metal
oxides are inherently complex, and directing those reaction pathways is
still challenging but important for designing their various applications,
including molecular sensing, catalysts, and others. Here, a rational
strategy to direct a reaction pathway of volatile carbonyl compounds
(nonanal: biomarker) on single-crystalline ZnO nanowire surfaces via
molecular modification is demonstrated. The introduction of a
methylphosphonic acid modification on the ZnO nanowire surface
significantly alters the surface reaction pathway of nonanal via
suppressing the detrimental aldol condensation reaction. This is directed
by intentionally decreasing the probability of two neighboring molecular
activations on the nanowire surface. Spectrometric measurements reveal
the correlation between the suppression of the aldol condensation
surface reaction and the improvement in the sensor performance. This
tailored surface reaction pathway effectively reduces the operating temperature from 200 to 100 °C while maintaining the sensitivity.
This is because the aldol condensation product ((E)-2-heptyl-2-undecenal) requires a higher temperature to desorb from the surface.
Thus, the proposed facile strategy offers an interesting approach not only for the rational design of metal oxide sensors for numerous
volatile carbonyl compounds but also for tailoring various surface reaction pathways on complex nanoscale metal oxides.
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■ INTRODUCTION

Aliphatic aldehydes are most important chemical groups in the
field of biosensing because of their ubiquities and informativ-
ities.1,2 For example, nonanal, an aliphatic aldehyde with a
carbon number of 9, can act as a disease marker because it is
specifically found in the breath of lung cancer patients.3,4

Therefore, the gas-phase aldehyde detection has received
growing attention in the recent years by utilizing metal oxide
semiconductor (MOS)-based electrical sensors.5,6 On the
other hand, the abundant reactivity of aliphatic aldehydes is
often problematic for the MOS sensor applications. For
instance, metal oxide surfaces are known to promote “aldol
condensation” of aldehydes to yield much heavier prod-
ucts,7−10 which can inhibit sensor recoveries. Thus, it has been
strongly demanded to develop methodologies which selectively
suppress such undesired reactions of aldehyde while allowing a
desired reaction on metal oxide surfaces.
Directing a reaction pathway on a solid surface is still a

challenging issue not only for the sensor applications but also
in the heterogeneous reaction chemistry including heteroge-
neous catalysts.11,12 Recently, operando observation techni-
ques such as infrared (IR) spectroscopy, Raman spectroscopy,
diffuse reflectance IR Fourier transform spectroscopy, and X-

ray absorption spectroscopy have been developed to provide
much insights into the reaction pathways at heterogeneous
interfaces.13−18 In addition, utilizing self-assembled mono-
layers on heterogeneous catalysts has attracted much interest
because of their successful inhibitions of undesired reaction
pathways.19−28

In this study, these designing concepts are applied to MOS
sensors. Based on our previous spectrometric and spectro-
scopic observations of a metal oxide surface,29 it was
hypothesized that the undesired aldol condensation reaction
can be suppressed by placing organic molecules on the surface.
This is because the aldol condensation reaction is found to be
promoted by a pair of spatially neighboring exposed Zn(II)
ions on the metal oxide surface. Single-nanowire-based devices
were fabricated to investigate the sensing properties using the
proposed method (Figure 1). ZnO nanowires were selected
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because ZnO has been extensively investigated for use in
molecular sensors.30−32 Phosphonic acid was used to cap the
surface active sites because of their good covering ability on
ZnO nanowires.33,34 Methylphosphonic acid (MPA), which is
the simplest phosphonic acid, was selected as the model
molecule to prove the above-mentioned concepts. MPA has
been reported to effectively modulate the catalytic activities of
metal oxides (including ZnO) or metal/metal oxide
surfaces.35−44 Experimental results showed that the MPA
modification on a single ZnO nanowire device successfully
inhibited aldol condensation on the sensor surface and realized
a decrease in the operating temperature for nonanal detection.
Interestingly, the sensor response was not deteriorated by
MPA modification and accomplished ultralow detection of
nonanal, unlike the usual “surface passivation” approaches that
often lower sensor sensitivity.45 This is consistent with the
temperature-programmed desorption mass spectrometry
(TPD/MS) data, which does not show decrease of adsorption
amount of nonanal, despite the MPA modification. This result
has an interesting similarity to the previous studies of
molecular-modified metal oxide catalysts, in which the catalytic
activity was remarkably improved even though their surfaces
were highly covered by molecules. Thus, these results not only
experimentally demonstrate the effectiveness of our approach
but also shed light on the fundamental chemistry which
commonly underlies in the field of heterogeneous catalysts and
metal oxide sensors.

■ EXPERIMENTAL SECTION
Growth of ZnO Nanowires. The hydrothermal method was

utilized to grow ZnO nanowire arrays on Si(100) wafers. First, a 5 nm
thick Ti buffer layer was sputtered on the Si substrate, and then a 100
nm thick ZnO thin film was sputtered as the seed layer. Zinc nitrate
hexahydrate (25 mM) (Zn(NO3)2·6H2O, 99.0%), 25 mM hexame-
thylenetetramine ((CH2)6N4, 99.0%), 2.5 mM polyethylenimine
(number-average MW 1800, 50 wt % in H2O), and ammonia
(NH3·6H2O, 6 mL, 28% in H2O) were dissolved in deionized (DI)
water (200 mL) sequentially. The preprepared substrate was dipped
into the solution and kept at 95 °C for 9 h. After growth, the samples
were rinsed with DI water and dried by N2 flow. Then, the as-grown
ZnO nanowires were annealed at 600 °C in air for 3 h.
Modification of MPA Molecules on ZnO Nanowires. MPA

solutions with different concentrations (0.01, 0.1, 0.5, 1.0, 5.0, and 10
mM) were prepared by dissolving MPA powders (98%) in methanol
at room temperature. The annealed ZnO nanowire array was first
treated with O2 plasma (150 W) for 10 min and then dipped into an
MPA solution (2.5 mL) for 3 h at room temperature. Then, the

samples were washed several times with methanol and heated at 100
°C for 10 min to remove residual organic molecules.

Characterization. X-ray diffraction (XRD) patterns were
recorded with a Philips X’Pert diffractometer using a Cu Kα source
(45 kV, 40 mA) at a wavelength of 1.54 Å. Scanning electron
microscopy (SEM) images were obtained using a JEOL JSM-7610F
microscope (accelerating voltage: 15.0 kV). Transmission electron
microscopy (TEM) images were acquired using a JEOL ARM-200F.
Energy-dispersive X-ray spectroscopy (EDXS) elemental mapping and
spectra were investigated by SEM and TEM attachment. Fourier
transform infrared (FT-IR) spectroscopy spectra were measured using
a Nicolet iS50 FT-IR spectrometer (Thermo Fisher Scientific)
equipped with a mercury−cadmium−telluride detector. The FT-IR
spectra were scanned 300 times for each measurement, with a
resolution of 4.0 cm−1 and a data point interval of 0.482 cm−1.

Desorbed Gas Analysis Using Gas Chromatography−MS.
Nonanal adsorption was carried out for bare ZnO nanowires and ZnO
nanowires modified using various concentrations of MPA. The sample
dimensions were 0.2 cm × 2.0 cm. Nonanal liquid (2 μL) was placed
at the bottom of a 25 mL closed bottle and kept for 30 min to
vaporize the nonanal gas. Prior to adsorption, the sample was
pretreated at 250 °C for 30 min in vacuum using a sample degas
system (VacPrep 061, Micromeritics) to remove residual molecules
from the surrounding environment. Then, the sample was placed in a
bottle filled with nonanal gas for a fixed time (30 s) and immediately
transferred into the inlet port of the gas chromatography (GC)−MS
instrument for further measurements. GC−MS (GC-MS-QP 2020,
Shimadzu, Japan) with an OPTIC-4 inlet temperature control system
was performed to analyze the desorbed compounds. The inlet
temperature was maintained at 400 °C for 34 min and then
immediately decreased to 35 °C. Supelco SLB-IL60 was used as the
capillary column and heated from 40 to 280 °C at a rate of 10 °C/
min. The temperature program is shown in detail in Figure S1.

Desorbed Gas Analysis by TPD/MS. The adsorption of the
nonanal molecules was the same as that in the above process. GC−
MS (GC-MS-QP 2020, Shimadzu, Japan) was used to collect the
desorption spectrum using a capillary column (length: 1 m, internal
diameter: 0.1 mm) without stationary phases to connect the inlet and
the mass spectrometer unit. The sample temperature in the inlet port
was controlled by a multishot pyrolyzer (EGA-PY-3030 D) and was
changed from 35 to 500 °C at a heating rate of 0.5 °C/s (the detailed
temperature program is shown in Figure S2). The change for m/z: 98
with an increase in the inlet temperature was monitored.

Fabrication of a Single-Nanowire Device and Sensing
Measurements. The as-prepared nanowire arrays on the Si substrate
were sonicated and dispersed in 2-propanol. Then, the dispersed
nanowires were transferred onto an n-type silicon substrate capped
with a 100 nm thick SiO2 layer. Prior to transferring the nanowires
onto the SiO2/Si substrate, the macroelectrodes for contacting the
electrical probes were fabricated using an electron-beam lithography
(EBL) process. After EBL patterning, Pt (300 nm) nanogap

Figure 1. (a) Schematic image of the chemical transformation and desorption pathways of nonanal adsorbed on a ZnO nanowire. Surface-exposed
Zn(II) ions on ZnO promotes aldol condensation of nonanals to yield a condensation product, which requires high temperature (>200 °C) to be
desorbed. (b) Concept of this work. Surface-adsorbed MPA prevents nonanal from activating at the neighboring Zn(II) sites.
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electrodes were deposited to contact the macroelectrodes and the
nanowires. For all devices, nanowires with similar gaps (approximately
1.5 μm) and diameters (approximately 90 nm) were chosen to
eliminate the possible distinction induced by the size of the
nanowires. The sensing measurements were performed using a
homemade testing system consisting of a gas supply system, a probe
station with temperature control, and a semiconductor analyzer
(Keithley 4200SCS) used to collect the electric signal. In addition, the
sensing properties were investigated using a dynamic system. For
these measurements, the gas flow rate was 0.25 mL/min, and the
testing temperature was set to vary from 100 to 250 °C. The
background gas was N2 and the gas concentration was calibrated by
GC−MS (the method is shown in detail in the Supporting
Information and Figure S3). The response was defined as Ra/Rg,
where Ra and Rg are the resistances of the sensor exposed to pure N2
and the target gas, respectively. The recovery time was defined as the
time required for the recovery of the resistance to 90% of Ra for the
desorption process. Four or five devices were fabricated for each
sample to obtain statistical data.

■ RESULTS AND DISCUSSION

The sensor fabrication process consists of the following steps:
(1) growth of ZnO nanowire, (2) modification of MPA, and
(3) sensor device fabrication and evaluation. First, ZnO
nanowires were synthesized by a hydrothermal method. The
obtained nanowires showed a single-crystalline wurtzite
structure with a diameter of ∼100 nm (Figure S4). Next, the
nanowire was immersed in an MPA solution (1.0 mM) for 3 h,
followed by dry N2 flow, for the modification with a molecular

layer. To confirm surface MPA modification, the FT-IR spectra
of the modified ZnO nanowires were collected (Figure 2a,b). A
set of the characteristic peaks of MPA (asymmetric stretching
of CH3 νas(CH3): 3009 cm−1, symmetric stretching of CH3
νs(CH3): 2942 cm−1, symmetric umbrella bend of CH3
δas(CH3): 1422 cm−1, rocking of CH3 ρ(CH3): 1323 cm−1,
stretching of PO ν(PO): 1174 cm−1, stretching of P−C
ν(P−C): 1160 cm−1, and ν(P−O) or ν(P−OH): 1067−970
cm−1)46−48 is observed in the FT-IR spectra, confirming the
adsorption of MPA on the ZnO surface. These values are in
good agreement with the reported values of phosphonic acids
bounded on ZnO, though the stretches in the P−O and P−
OH regions are not able to be absolutely verified.49 The peak
intensities increase monotonically with increasing MPA
concentration used in the immersion process, reflecting the
increased surface coverage of MPA. The elemental distribution
obtained by EDXS for the MPA-modified ZnO nanowire also
supports the uniform distribution of MPA on the nanowire
surface (Figure 2e−g). The geometrical and crystallographic
structure of the ZnO nanowire did not show significant
changes with the MPA modification in this concentration
range (0.01−1.0 mM), as can be observed from the SEM
(Figure 2c) and TEM (Figure 2d) images. Thus, these data
confirmed that MPA molecules successfully modified the ZnO
nanowires through the above-mentioned process. It should be
noted that higher concentration of MPA (more than 5.0 mM)
yields plate-like crystals of zinc methylphosphonate (Figures

Figure 2. (a,b) FT-IR spectra of MPA-modified ZnO nanowires at various concentrations. (c) SEM image of the ZnO nanowire array after MPA
modification (1.0 mM). (d) TEM image of an MPA-modified ZnO nanowire (1.0 mM). (e−g) Elemental distributions on an MPA-modified ZnO
nanowire (1.0 mM) estimated by TEM−EDXS. Elemental distributions of the overall nanowire array are shown in Figure S5.
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S6 and S7). Therefore, 1.0 mM condition was used in the
following examinations.
Because MOS-based molecular sensors usually operate at

high operating temperatures (≥100 °C), the thermal stability
of the MPA modification was also explored prior to device
fabrication. Figure 3a,b shows the FT-IR spectra of the MPA-
modified ZnO nanowire obtained after heating for 1 h at
various temperatures under atmospheric conditions. In the
high-temperature region (>600 °C), the CH3 and P−C peaks
completely disappeared, whereas the peaks related to the P−O
bond remained, implying that the thermal P−C bond cleavage
occurred to form zinc phosphate. The XRD profile of the
resultant nanowire (Figure 3c) also shows the formation of
monoclinic α-Zn3(PO4)2. By contrast, these CH3 and P−C
peaks were fully maintained below 500 °C. Based on these

data, it is concluded that the thermal stability (up to 500 °C)
of the MPA modification of the ZnO nanowires is sufficient for
the use in MOS-based sensor applications.
The effects of MPA modification on the suppression of

undesired molecular condensation on the ZnO surface were
next investigated. For this purpose, the desorption temper-
atures and reaction products of an aliphatic aldehyde
(nonanal) on the ZnO nanowires were evaluated by TPD/
MS. MPA-modified ZnO nanowires were first exposed to a
saturated vapor of nonanal to adsorb nonanal molecules and
were then gradually heated to desorb the molecules on the
ZnO surface. The desorption temperature and m/z patterns of
the desorbed gas were analyzed by TPD/MS. Figure 4a shows
the TPD/MS profiles of the gases desorbed from the nonanal-
adsorbed ZnO nanowires modified by MPA at various

Figure 3. (a,b) Temperature-dependent FT-IR spectrum of MPA-modified ZnO nanowires (1.0 mM) after heating for 1 h in air at various
temperatures. (c) XRD patterns of before (blue line) and after (brown line) 600 °C annealing of MPA-modified ZnO nanowires (1.0 mM).

Figure 4. (a) Traces of TPD/MS profiles monitored at m/z = 98 as a function of desorption temperature. Each curve shows different
concentrations of MPA used for modifying the ZnO nanowires. (b) Intensity ratio of the high-temperature peak and low-temperature peak in
Figure 4a plotted vs the MPA concentrations. (c) GC−MS chromatograms of the desorption gas from the nonanal-adsorbed nanowires. (d) Area
ratios of condensation product peaks against the summations of the peak areas of the condensation product and nonanal.
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concentrations. In the profile for the bare ZnO nanowires, two
distinct desorption peaks are observed. The low-temperature
peak is assigned to nonanal, and the high-temperature peak
(marked as yellow) is assigned to a condensation product of
nonanal ((E)-2-heptyl-2-undecenal) based on a previous
study.29 Interestingly, this high-temperature peak gradually
disappears with increasing MPA concentration used in the
immersion process and almost completely disappears at 1.0
mM (Figure 4b). GC−MS analyses also show that the
condensation product included in the desorbed gas from the
ZnO nanowires decreases and almost disappears by increasing
the MPA concentration (Figure 4c,d). These data indicate that
the undesired condensation of aldehydes on the ZnO nanowire
is effectively suppressed by the MPA modification. Figure 1
illustrates a plausible mechanism for the reaction suppression
effect of the MPA. Our previous study revealed that the
presence of neighboring Zn2+ ions exposed on ZnO is
important for the acceleration of aldol condensation.29

Bidentate adsorption of MPA is expected to partially cover
these surface-exposed Zn2+ and decrease the number of
neighboring Zn2+ ions, while leaving isolated Zn2+ sites
available for adsorption of molecules. In fact, it should be
noted that the amount of the adsorbed nonanal does not
decrease even after MPA modification (Figure 4a). This
indicates that the MPA modification does not hinder nonanal
adsorption, probably because of its small steric hindrance.
These data clearly demonstrate that MPA modification enables
ZnO nanowires to adsorb and desorb aldehydes smoothly at
lower temperatures. This feature is expected to lead to the fast
recovery of MOS sensors under lower temperatures.
The effects of MPA modification on the molecular sensing

properties were next evaluated (Figure 5). Single-nanowire
devices were fabricated using a typical EBL technique (the

detailed procedure is shown in the Experimental Section).
Figure 5a shows the SEM image of a typical single ZnO
nanowire device. All the devices show Ohmic I−V curves, as
shown in Figure S8. The resistance (R) at a fixed voltage (1.0
V) and temperature (200 °C) was monitored under alternating
flows of pure N2 and 2.48 ppm nonanal in N2. A typical current
trace of a device using a bare ZnO nanowire is shown in Figure
5b. A fast response to nonanal gas is observed, and the
resistance value (Rg) is reduced to approximately 20% of the
original value (Ra). However, a long time (about 1000 s) is
required to again reach the original resistance value after
exposure to pure N2 gas. This slow recovery is considered to be
due to the surface residual condensation product because the
desorption temperature of this product (approximately 230 °C,
Figure 4a) is higher than the current working temperature of
the sensor (200 °C). By contrast, the recovery time for a
device using MPA-modified ZnO nanowires is much lower
(Figure 5c). The recovery time decreased monotonically with
increasing MPA concentration (Figures 5d and S9) and was 5
times lower than that of the bare ZnO nanowire for an MPA
concentration of 1.0 mM, reflecting the suppression of surface
condensation. Interestingly, despite the suppression of the
surface reaction, the response (Ra/Rg) did not decrease in this
concentration range (Figure 5e). These good response/
recovery characteristics were maintained even under ultralow
concentrations as low as 17.3 ppb (Figure 5f). These trends are
in good agreement with the results of the above-mentioned
TPD/MS analyses, confirming our hypothesis that the
suppression of undesired condensation reactions is important
for obtaining good sensor properties. Moreover, this recovery
time shortening effect is observed over a wide range of
temperatures (100−250 °C), as shown in Figure 5c,d. In other
words, the MPA modification enables the sensor to operate at

Figure 5. (a) SEM image of a typical single-nanowire device fabricated by the EBL technique. (b,c) Resistance trace of the sensor devices under
alternating flow of pure N2 (white region) and 2.48 ppm nonanal in N2 (yellow region). The time denoted in the white region indicates the
recovery time of each region. The recovery time is defined as the time required to obtain the original resistance value after the sample was exposed
to nonanal for 200 s and then exposed to pure N2 flow. A bare ZnO is used in (b), and an MPA-modified ZnO (1.0 mM) is used in (c). (d)
Recovery time of the sensor at each temperature plotted vs MPA concentrations used for molecular modification. (e) Response (defined as Ra/Rg)
at each temperature plotted vs MPA concentrations used for molecular modification. (f) Resistance trace of an MPA-modified ZnO sensor for
various concentrations (from 17.3 ppb to 2.48 ppm) of nonanal in N2 at 200 °C.
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lower temperatures without negatively affecting their recovery
times. These results clearly demonstrate the effectiveness of
our strategy of tailoring surface reactions by molecular
modification for the design of molecular sensor performance.

■ CONCLUSIONS
In summary, an effective strategy for designing the perform-
ance characteristics of ZnO nanowire-based molecular sensors
has been successfully demonstrated. Based on the reaction
mechanism of the target molecule (nonanal) on metal oxide
surfaces, an appropriate surface modification molecule (MPA)
was designed to selectively suppress the undesired reaction
(aldol condensation) that negatively affects the recovery time.
The molecular modification and its effect were examined in
detail using SEM, TEM, EDXS, FT-IR, and TPD/MS. These
analyses showed that the reaction pathway of the target
molecule was tailored as intended, and this tailoring enabled
ZnO nanowires to adsorb and desorb molecules smoothly at
lower temperatures. The investigation of the molecular sensor
properties proved that the suppression of the condensation
reaction is an effective approach for improving the sensor
performance. By using the MPA-modified ZnO nanowires, the
recovery time of the molecular sensor was decreased
drastically, while their response was maintained over a wide
range of temperatures. This property is quite useful for
lowering the operating temperature of the sensor, which is a
key challenge for MOS-based molecular sensors. A further
development of the new strategy for the design of sensor
performance presented here will provide more highly
controlled MOS-based molecular sensors.
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