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a b s t r a c t

ZnO nanoparticles have been synthesized by the sol–gel method with approximately 10 nm diameter and
the humidity adsorption and desorption kinetics of ZnO nanoparticles were investigated by quartz crys-
tal microbalance (QCM) technique. The morphology and crystal structure of the ZnO nanoparticles have
been characterized by scanning electron microscopy (SEM) and X-ray diffraction (XRD), respectively. The
roughness of the surface has been investigated using atomic force microscope (AFM). The dynamic Lang-
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muir adsorption model was used to determine the kinetic parameters such as adsorption and desorption
rates and Gibbs free energy under relative humidity between 45% and 88%. The relative sensitivity of
the ZnO nanoparticles-based humidity sensor was determined by electrical resistance measurements.
Our reproducible experimental results show that ZnO nanoparticles have a great potential for humidity
sensing applications at room temperature operations.
anoparticle
uartz crystal microbalance

. Introduction

ZnO nanostructures are promising candidates for wide range
f applications from optoelectronics to variety of sensors [1–3].
ensors based on nanostructures exhibit better sensing properties
han bulk or thin film counterparts due to their huge surface-to-
olume ratio. The sensing properties of ZnO nanostructures are
sually based on the highly active surface properties and the selec-
ive response to certain gases. Several studies have been carried out
o far to monitor gas sensing properties of ZnO nanostructures with
ifferent morphologies showing that the ZnO nanostructures are
ery reactive for the gases such as CO [4], H2 [5], CH4 [6], benzene [7]
nd volatiles like ethanol and acetone [8]. Apart from gas and vapor
ensing, humidity monitoring is also very important for human life,
ndustries, and scientific applications. To date, there are only few
nvestigations done concerning of humidity sensing properties of
nO nanostructures with different morphologies such as nanorod
9], flower-like nanomaterials [10], tetrapods [11], nanosized clus-
ers [12] and nanowires [13]. Zhang et al. investigated the humidity
ensing properties of ZnO nanorods [9] and nanowires [13] and they

howed that the resistances of ZnO nanowires and nanorod devices
hanged more than four times and two orders of magnitude, respec-
ively, when exposed to moisture of 97% relative humidity. Zhou et
l. [10] presented a wireless relative humidity sensor system proto-
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type which based on quartz crystal microbalance (QCM) coated by
flower-like ZnO nanostructures as sensing element and obtained a
frequency shift about 900 Hz @ 80% relative humidity. Wang et al.
[11] studied humidity sensing properties of Pd-doped ZnO nanote-
trapods using QCM and found Pd doping could improve sensitivity
and linearity of sensor and measured a frequency shift with around
5000 Hz @ 80% relative humidity. Yadav et al. [12] observed that the
resistance of annealed ZnO nano-sized clusters at 550 ◦C changed
about 25 times at 80% relative humidity.

It is well known that nanosized-based sensors provide larger
response due to their high surface-to-volume ratio. Exposing sur-
face area of the nanomaterials to target gas is very important factor
affecting directly sensitivity of the sensor. Zero-dimensional (0D)
nanostructures, that is nanodots, have larger active area comparing
its 1D nanowire counterpart, therefore it is expected that sensor
based on nanoparticles provides better sensitivity for gas sens-
ing. Xu et al. [14] reported that the sensitivity of ZnO gas sensors
increase with decreasing grain size.

In this work, we present characterization, humidity sensing
properties, the theoretical analysis of adsorption–desorption kinet-
ics of ZnO nanoparticles and response of ZnO nanoparticles-based
humidity sensor. ZnO nanoparticles with a size about 10 nm were
synthesized by sol–gel process. The morphology, surface rough-

ness and crystal structure of ZnO nanostructures were analyzed by
SEM, AFM and XRD, respectively. Humidity sensing capabilities of
the ZnO nanoparticles were investigated by QCM technique with
increasing relative humidity (RH) up to 90%. The adsorption and
desorption kinetics of ZnO nanoparticles under varying humidity

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:ayseerol@istanbul.edu.tr
mailto:ayseerol@gmail.com
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nvironment have been first time theoretically analyzed by us using
angmuir isotherm kinetic model and Gibbs free energies were
alculated for both adsorption–desorption processes. The relative
ensitivity of ZnO nanoparticles-based sensor under varying RH
alues was determined from electrical resistance measurements.

. Experimental

.1. Synthesis of ZnO nanoparticles

1 M X solution consisting of 0.8 g NaOH and 20 ml C2H5OH
nd 0.084 M Y solution consisting of 0.918 g Zn(CH3COO)2 and
0 ml C2H5OH were stirred by magnetic stirring at the 70 ◦C for
0 min, separately. Z solution was prepared stirring X and Y solu-
ion for 30 min in an ice-bath. The precipitation ZnO from solution
as carried out by addition of n-heptane. The ratio of volume of n-
eptane to sol was 3:2. After the reaction completed, the resulted
hite products were centrifugalized and re-dispersed into ethanol.

he removal of the ions possibly remaining in the final product from
ispersed ZnO was accomplished by repetitive washing of ZnO with
thanol and n-heptane.

.2. Structural characterization of ZnO nanoparticles

The surface morphology and crystal structure of ZnO nanopar-
icles were investigated using SEM, and XRD (Cu K� source),
espectively. The surface topography and surface roughness of
rop-casted ZnO nanoparticles on a glass substrate were examined
ith a Solver P47H atomic force microscope (NT-MTD) (Moscow,
ussia) operating in tapping mode in air at room temperature.
iamond-like carbon (DLC) coated NSG01 DLC silicon cantilevers

from NT-MTD) with a 2 nm tip apex curvature were used at the
esonance frequency of 150 kHz. The Nova 914 software package
as used to control the SPM system and for the analysis of the AFM

mages.

.3. Humidity sensing capabilities of ZnO nanoparticles

QCM technique is a contactless and non-destructive technique
or determining the properties of sensing materials, therefore this
echnique enables testing the sensing capabilities of materials
efore device design and development stages.

QCM is based on frequency shift of coated quartz crystal with
ensing element due to adsorption of humidity atoms on the surface
f the sensing material. The mass change (�m) on surface of the

uartz crystal is calculated by using Sauerbrey equation [15] from
he frequency change (�f)

m = −A
√

��

2f 2
0

�f (1)

ig. 1. The experimental setup to measure the adsorption (a) and desorption (b) kinetics o
lled volumetric flask using QCM electrodes and a commercial humidity sensor.
ors B 145 (2010) 174–180 175

where f0 is the resonant frequency of the fundamental mode of the
QCM crystal, A is the area of the gold disk coated onto the crystal, �
is the density of the crystal, and � is the shear modulus of quartz.

A time-resolved electrochemical quartz crystal microbalance
(EQCM) with the model of CHI400A Series from CH Instruments
(Austin, USA) has been used to measure the change in the resonance
frequency of quartz crystals between gold electrodes via both serial
and USB interface connected to a computer. The QCM works with
oscillation frequencies between 7.995 and 7.950 MHz. The density
(�) of the crystal is 2.684 g/cm3, and the shear modulus (�) of quartz
is 2.947 × 1011 g/cm s2. Around oscillation frequency of 7.995 MHz,
a net change of 1 Hz corresponds to 1.34 ng of materials adsorbed
or desorbed onto the crystal surface of an area of 0.196 cm2.

In order to monitor humidity sensing properties, ZnO nanopar-
ticles are ultrasonically dispersed in ethanol and solution was
applied on the surface of quartz crystal by drop-casting technique.
The drop-casted solution was dried using argon gas until ethanol
was totally evaporated. The film thickness was measured around
300 nm using both a Dektak profilmeter and AFM cross-section
technique. The quartz crystal loaded with ZnO nanoparticles was
placed into the Teflon housing and the reference frequency was
recorded.

Fig. 1 shows the experimental setup to measure the adsorption
(a) and desorption (b) kinetics of drop-casted ZnO nanoparticles
under water vapor at the open end of 50 ml water filled volumetric
flask using QCM electrodes and a commercial humidity sensor. A T-
like pipe was used to divide the humidity equally to measure both
signals coming from QCM and RH sensor simultaneously during the
adsorption process. Then, the same ZnO nanoparticles covered QCM
electrode surface and the commercial RH sensor were exposed to
the ambient air (∼23 ◦C and ∼ 45% RH) during desorption process.
Both the relative humidity and temperature was recorded during
measurements to maintain the temperature constant and monitor
the varying RH values.

2.4. Relative sensitivity of the ZnO nanoparticle humidity sensor

The ZnO nanoparticle-based sensors were prepared using
drop-casting method between thermally evaporated gold elec-
trodes with 30 �m separation and 300 �m channel width on a
glass substrate for electrical resistance measurements therefore
ZnO nanoparticles bridged the two neighboring gold electrodes.
Keithley Sourcemeter was used to measure resistance of the
ZnO nanoparticle-based sensor, and the commercial humid-

ity/temperature sensor was used to monitor real-time relative
humidity changes during the resistance measurements. The rel-
ative sensitivity of ZnO nanoparticle-based sensor was determined
by (R0 − R)/R0, where R0 is the resistance at ambient air, and R is
the resistance at varying relative humidity.

f drop-casted ZnO nanoparticles under water vapor at the open end of 50 ml water
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Fig. 2. XRD pattern of the ZnO nanoparticles.

. Results and discussion

.1. Structure of ZnO nanoparticles

Fig. 2 shows XRD pattern of synthesized ZnO nanostructures.
iffraction peaks in the XRD pattern are indexed to hexagonal
urtzite structured ZnO (space group P63mc (186); a = b = 0.33 nm,
= 0.52 nm) which agrees well with the JCPDS card (36-1451) and
o other diffraction peaks from any kind of side products were
bserved.

Fig. 3(a–e) shows the optical, AFM and SEM pictures of ZnO
anoparticles at different magnifications. Fig. 3(a) and (b) shows
he optical microscopy and AFM images of drop-casted ZnO
anoparticles on the QCM electrodes to give an impression about
he morphology and the quality of the drop-casted ZnO layer in
arge scale, respectively. Fig. 3(c) and (d) shows AFM image and
FM cross-sectional profile of individual ZnO nanoparticles. The
EM images in Fig. 3(e) show the nano-scaled surface properties of
he ZnO nanoparticles. The size of the nanoparticles is obtained
rom both AFM and SEM image analysis. The diameter of the
nO nanoparticles is measured around 10 ± 3 nm using AFM cross-
ection techniques over the smallest particles around the edge of
nO films as shown in Fig. 3(c)–(d). The SEM image given in Fig. 3(e)
upports the AFM thickness measurement. The rms surface rough-
ess of the drop-casted ZnO nanoparticles (Fig. 3(b)) from large area
30 �m) was measured around 100 nm by using AFM due to cracks
nd deep tranches creating porosity on the surface, whereas the
ms surface roughness of the ZnO nanoparticles from small regions
less than 500 nm) was obtained around 10 nm. We believe that
he large roughness due to cracks on the ZnO film increases the
ffective area of the ZnO nanoparticles for the adsorption and des-
rption processes due to possible in and out diffusion of humidity
olecules through the cracks.

.2. QCM results under varying RH

Fig. 4 shows the frequency responses of an empty and loaded
CM with drop-casted ZnO nanoparticles comparing with rela-

ive humidity (RH) values of a commercial sensor for 3 humidity
dsorption–desorption cycles between 45% and 88% RH. The oscil-
ating resonance frequency of QCM electrodes decreases sharply

ith increasing RH while there is no change in that of the empty

CM (adsorption process). On the other hand, during the desorp-

ion process, the RH is decreased suddenly to the ambient RH value
f 45%, as a result, QCM recovers back to its initial resonance fre-
uency value due to desorption of moisture molecules from the
rop-casted ZnO nanoparticle surface on the electrodes. The mag-
ors B 145 (2010) 174–180

nitude of change in the oscillating frequency is larger in the first
adsorption–desorption cycle compared to the latter repeated cycles
due slower desorption rate.

The QCM results show that the ZnO nanoparticles are very sensi-
tive to humidity and give reproducible adsorption and desorption
kinetic behavior to humidity changes for short time periods. The
ZnO nanoparticles on QCM respond like a commercial RH sensor
and can be used for potential humidity sensor application.

3.3. Theoretical analysis of QCM results using modified Langmuir
model

Langmuir adsorption isotherm model is frequently used to
describe adsorption and desorption kinetics of gas vapor molecules
onto organic or inorganic films [16–20]. According to this model,
the rate of surface reaction for forming a monolayer on the surface
is given by,

d�

dt
= ka(1 − �)C − kd� (2)

where � is a unitless quantity, which express the fraction of surface
coverage, C is the water vapor concentration (e.g., RH) in the air,
ka and kd are the rate constants for the adsorption and desorption
processes, respectively. In our experiments, the concentration C is
proportional to the relative humidity. Hence C is not constant dur-
ing the adsorption and desorption process but time dependent, C(t).
Therefore, solving Langmuir adsorption isotherm equation is not
easy analytically. If the time dependent water vapor concentration
C(t) is put in place of C, Eq. (2) can be re-written as follows:

d�

dt
= −(kaC(t) + kd)� + kaC(t) (3)

To solve Eq. (3), QCM result can be used because the frequency
shift data measured by QCM is the fractional coverage � as a func-
tion of time during the adsorption and desorption of water vapor
molecules on ZnO nanoparticles, while the increase in the fre-
quency shift reflects the molecular mass uptake or loss. Therefore
the relationship between the surface adsorption kinetics given by
Eq. (2) and frequency shift (�f) of QCM can be expressed as follows:

d�f

dt
= −(kaC(t) + kd)�f + kaC(t)�fmax (4)

Frequency shift (�f) can be normalized to its maximum
value (�fmax) for numerical analysis. The slope and inter-
cept of the least square fitted d(�f)/dt versus �f line for
adsorption–desorption cycles are related to the kinetic constants
i.e., slope = −(ka × C(t) + kd) and intercept = ka × C(t) to determine
adsorption rate ka and desorption rate kd as shown in Fig. 5 for
the first cycle.

Table 1 shows the fitting parameters (ka × C(t) and kd value) for
every cycle determined from the linear fit using Eq. (4) to the exper-
imental data given in Fig. 4. Fig. 6 shows the experimental data and
the fit to the Langmuir adsorption and desorption isotherm given
in Eq. (3) with the ka × C(t) and kd values obtained from the linear
fit for each cycle. As seen from Fig. 6, the fit and the experimental
data for �f versus time are very well-matched.

As seen from Table 1, the product ka × C(t) is constant for each
cycle. But the vapor concentration C(t) is changing with time due
to increase in the relative humidity while keeping the volume con-
stant during the experiment. The pressure does also not change,
since the QCM is not sealed to the volumetric flask filled with water.
The time dependent change in the vapor concentration of C(t) is the

same for each cycle, so that the adsorption rate ka should be approx-
imately constant. But from the experimental data given in Fig. 6,
the maximum frequency change (�fmax) is larger for the first cycle
compared to the rest and then it becomes constant. This should be
related with the adsorption kinetics of ZnO nanoparticles.
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Fig. 3. The ZnO nanoparticles pictures at different magnifications: optical pictures of drop-casted ZnO nanoparticles on the QCM electrodes (a) and AFM image of the surface
(b), AFM image and AFM cross-sectional profile of individual ZnO nanoparticles (c) and (d), and SEM images (e).

Table 1
ka × C(t) and kd values determined from the linear fit using Eq. (3) to the experimental data given in Fig. 4 describing adsorption and desorption cycles (with 100 s periods)
on the open end of 50 ml water filled volumetric flask.

1. cycle 2. cycle 3. cycle Average

ka C(t) (s−1) kd (s−1) ka C(t) (s−1) kd (s−1) ka C(t) (s−1) kd (s−1) ka C(t) (s−1) kd (s−1)

Adsorption 0.02795 0.00133 0.0139 0.00073 0.0129 0.00036 0.018 0.0008
Desorption 0.0021 0.0394 0.0023 0.0427 0.00136 0.0407 0.0019 0.041
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Fig. 4. The frequency relative sensitivities of an empty (red circles) and loaded
QCM with drop-casted ZnO nanoparticles (blue squares) comparing with rel-
ative humidity values of a commercial sensor (black circles) for 3 humidity
adsorption–desorption cycles between 45% and 88% RH. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

F
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Fig. 7. The experimental data (symbols) and the fit (red solid line) to the Langmuir
adsorption and desorption isotherm given in Eq. (3) with the ka × C(t) and kd values
ig. 5. Plot of d(�f/dt) versus normalized �f for adsorption part of first humidity
ycle given in Fig. 4.
Fig. 7 shows the experimental data and the fit to the Lang-
uir adsorption and desorption isotherm given in Eq. (3) with the

a × C(t) and kd values obtained from the linear fit for each cycle.
s seen from Fig. 7, the �f-fit and the experimental data for �f

ig. 6. The experimental data (symbols) and the fit (red solid line) to the Langmuir
dsorption and desorption isotherm given in Eq. (3) with the ka × C(t) and kd values
btained from the linear fit for each cycle versus time. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
he article.)
obtained from the linear fit for each cycle versus relative humidity. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of the article.)

versus relative humidity are also well-matched. During adsorption
process, the QCM frequency shift increases linearly with smaller
slope up to a relatively high RH value (75% for cycle 1 and 85% for
cycles 2 and 3) compared to initial RH of 45%, and then it increases
sharply with increasing slope as a result of mass uptake of QCM
plate due to incoming water molecules. During desorption process,
the QCM frequency shift decreases linearly with smaller slope up
to a relatively small RH value (53% for first cycle and 57% for sec-
ond and third cycle) compared to initial RH of 45%, and then it
decreases abruptly with increasing slope as a result of mass loss
of QCM plate due to escaping of water molecules from the surface.
The maximum frequency shift for the first cycle is higher than the
other cycles again due to initially completely open adsorption sites.
However, the maximums of second and third cycles are very close
to each other showing equilibrium for the number of adsorption
sites.

The maximum values of the adsorption rate kmax
a for each cycle

was obtained for the time when the concentration of water vapor
reaches its maximum value Cmax(t), e.g., at maximum relative
humidity around 88%, since the time dependent rising behavior of
the RH inside the QCM and on the RH sensor is the same for each
cycle with 100 s periods. From the fitting results given in Table 1, the
maximum adsorption rate kmax

a1 = 0.032 s−1 at the maximum RH of
88% is also larger compared to kmax

a2 = 0.016 s−1, kmax
a3 = 0.014 s−1,

kmax
a4 = 0.0148 s−1, that of second, third and fourth cycles, respec-

tively as shown in Fig. 8. Hence there is a correlation between
the change in the maximum value of frequency shift �fmax and
adsorption rates kmax

a for each cycle. At the beginning of the initial
adsorption process, all the surface sites are empty and a fraction
of the surface will be occupied by water vapor molecules upon the
exposure to moisture. This shows that the initial adsorption rate
is larger due to number of available adsorption sites on the ZnO
nanoparticles.

After number of periodic short desorption cycles, those adsorp-
tion sites are no longer active for adsorption process, so that the rate
of adsorption is decreased resulting less water vapor mass uptake,
i.e., less amplitude of frequency change �fmax of the ZnO nanopar-
ticle loaded QCM plate. But the adsorption rate becomes constant
after a certain amount of time needed for thermodynamic equilib-
rium. On the other hand, the desorption rate kd during adsorption

process is approximately equal, averaging 0.0008 s−1 for each cycle,
including the first one. This shows that average adsorption rate is
around 20 times of average desorption rate during first part of each
cycle showing an adsorption dominant process. Nevertheless, aver-
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Table 2
Adsorption and desorption parameters for each cycle shown at Fig. 4 and Gibbs free energy values calculated using Eq. (5).

1. cycle 2. cycle 3. cycle Average

(kJ/mol) Kequ �G (kJ/mol) Kequ �G (kJ/mol)

70 40.83 −9.25 29.12 −8.31
97 0.04 +8.16 0.05 +7.37
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Kequ �G (kJ/mol) Kequ �G

Adsorption 24.62 −7.99 21.92 −7.
Desorption 0.06 +6.99 0.06 +6.

ge desorption rate is around 20 times of average adsorption rate
howing desorption dominant process in the second part of each
ycle.

The data given in Table 1 and Fig. 8 allow us to determine the
quilibrium constant, Kequ, for ZnO nanoparticles as follows:

equ = kmax
a

kd
(5)

he Gibbs free energy �G of adsorption–desorption process in
erms of Kequ at a given temperature is defined as:

G = −RT ln Kequ (6)

he Gibbs free energy for both adsorption and desorption process
s calculated using Eq. (6) for each cycle and results are given in
able 2. The average Gibbs free energies for adsorption and des-
rption of three cycles is obtained as −8.31 kJ/mol and +7.4 kJ/mol,
espectively. Under humidity exposure, water molecules are con-
ensed at the ZnO nanoparticle surface during adsorption process,
herefore there is an energy loss for water molecules on ZnO sur-
ace. On the other hand, water molecules escaping from the surface
f the ZnO gain energy during desorption process.

As seen from Table 2, there is a negligible difference between
ibbs free energies of two processes. It shows that ZnO surface
annot be completely depleted from water molecules during des-
rption process at room temperature. This explains the small but
etectable decrease in the maximum QCM frequency shift for the
dsorption part at every sequential cycle as seen in Fig. 4.

.4. Relative sensitivity of ZnO nanoparticle-based humidity
ensor

In Fig. 9, the relative sensitivity of ZnO nanoparticle-based
umidity sensor, (R0 − R)/R0, where R0 is the resistance of sam-

le @ 52% RH and R is the resistance at varying RH, is shown
ersus relative humidity cycles in the range of 52–76% RH. As
een from Fig. 9, the relative sensitivity of the sensor is 55% @
6% RH at room temperature operation. Both QCM and sensitivity
easurements confirm that the ZnO nanoparticles-based humid-

ig. 8. The maximum values of frequency shift versus adsorption rates kmax
a at the

aximum RH of 88% for each cycle (4: cycle is not shown in the previous plots).
Fig. 9. Relative sensitivity of ZnO nanoparticles-based humidity sensor for the five
high-to-low relative humidity cycles.

ity sensor is very sensitive to the humidity changes even at room
temperature.

This kind of behavior of the ZnO nanoparticles-based sensor
under varying relative humidity can be explained as follows. It
is well-known that ZnO is n-type semiconductor due to local-
ized donor levels in the bandgap caused by oxygen vacancies and
interstitial Zn atoms in the lattice. Schaub et al. [21] revealed that
the oxygen vacancies are active sites for dissociation of the water
molecule using scanning tunneling microscopy experiments and
density functional theory calculations. Meyer et al. [22] calculated
that the dissociation barrier is very small allowing for an auto-
dissociation of the water molecules even at low temperatures as
observed in our experiments carried at room temperature. Oxygen
vacancies and surface oxygen ion adsorbed from the air environ-
ment on the surface can dissociate water molecule through the
transfer of one proton to a nearby oxygen atom, therefore two
hydroxyl groups are formed for every oxygen vacancy. The dissoci-
ation provides protons as charge carriers of the hopping transport.
When the relative humidity increases more, humidity molecules
starts to condensate on the surface of the ZnO nanoparticles and
both protonic transport and electrolytic conduction contribute to
increasing of the sensitivity, i.e., decreasing of the resistance of ZnO
nanoparticles-based humidity sensor [13]. The presence of defects,
such as steps, more cracked structures increase the surface reactiv-
ity drastically. As seen from the optical microscope, AFM and SEM
images in Fig. 3, the surface of drop-casted ZnO nanoparticle layer
has cracked structure with nano-sized grain morphology therefore
more active sites to interact with humidity molecules compared to
its bulk counterpart are available in the structure. As a result more
adsorbed humidity molecules at the active sites cause decrease at
the resistance of the ZnO-based relative humidity sensor.
4. Conclusions

ZnO nanoparticles with about 10 nm diameter were synthesized
by sol–gel process. The relative humidity relative sensitivity of ZnO
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anoparticles was investigated by QCM technique. The adsorption
nd desorption kinetics under varying relative humidity between
5% and 88% were explained using dynamic Langmuir isotherm
bsorption model. The average Gibbs free energies for adsorption
nd desorption of three humidity cycles is obtained as −8.31 kJ/mol
nd +7.4 kJ/mol, respectively. The ZnO nanoparticles-based sen-
or was fabricated and sensing characteristics to relative humidity
ere studied. Both QCM and sensitivity results exhibit that the ZnO
anoparticles can be used for fabricating highly sensitive humidity
ensors.
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low. Currently, Ayşe Erol is working at Physics Department of İstanbul University as
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