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Humidity effect on the monolayer-protected gold nanoparticles coated
chemiresistor sensor for VOCs analysis
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Abstract

Two gold-thiolate monolayer-protected nanoparticles were synthesized and used as interfacial layers on chemiresistor sensors for the
analysis of violate organic compounds (VOCs). Toluene, ethanol, acetone and ethyl acetate were chosen as the target vapors. Both the
resistance and capacitance were measured as the function of analyte concentrations. The effect of humidity on the sensor sensitivity to
VOCs was investigated. The sensitivity decreases with humidity increasing, depending on the hydrophobicity of the target compounds. Less
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ffect was observed on the higher hydrophobic compounds. While the relative humidity (RH) increased from 0 to 60%, the sen
cetone decreased by 39 and 37%, respectively on the Au-octanethiol (C8Au) and Au-2-phenylethanethiol (BC2Au) coated sensors, wh

he sensitivity to toluene decreased by 12 and 14%, respectively. These results show that the sensors coated with hydrophobic
rotected-metal nanoparticles can be employed in high humidity for hydrophobic compounds analysis. The resistance responses
apid, reversible, and linear, while the capacitance response is not sensitive and consequently not applicable for VOCs analysis. T
echanism was also discussed based on the sensor response to water vapor. The capacitance response is not sensitive to the fi
ry environment.
2004 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, monolayer-protected metal nanoparticles
ave attracted continuous research interests owing to their
nique electronic and electrochemical properties[1–5] as
ell as potential applications in molecular electronics, catal-
sis, molecular recognition, gas chromatograph and sensing
6–18]. The monolayer-protected metal nanoparticle consists
f a metal core at a few nanometers in diameter and an or-
anic compound shell, which facilitates the dissolving in or-
anic solvent and protects the particles from aggregation.
he electronic and electrochemical properties of these mate-
ials are determined by the core size and the property of the
hell molecules[13,15,16,19–21]. Nanoparticles with differ-
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ent core size can be easily prepared by changing the e
mental conditions, such as the synthesis temperature[20] or
the molar ratio of metal to shell molecules[4,13,19]. A wide
rang of function groups can be incorporated either in
alkyl chain or at the chain terminal, resulting in electroch
ical property change[15,16,21,22]. The core-shell reactiv
also facilitates the nanoparticles being functionized thro
place-exchange reactions[3,23,24].

The unique core-shell structure and the obvious ad
tages make the nanoparticles ideal sensing interface
chemiresistor sensors. A thin film of the nanoparticle m
rials is cast onto patterned microelectrodes and the ch
in resistance is monitored. Electronic conduction is c
ducted by electron tunneling or hopping between the m
cores[9,25,26], and can be changed by vapor sorption
causes the insulating monolayer swelling and dielectric p
erty change. The vapor sorption alters the distance bet

039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2004.09.020



1344 P. Pang et al. / Talanta 65 (2005) 1343–1348

cores, resulting in a change in the electron hopping rate. Pre-
liminary studies of gold-thiolate nanoparticles as chemically
sensitive interface were conducted in a number of groups
[14–17]. Wohltjen and Snow[14] reported a chemiresistor va-
por sensor coated with a thin film of octanethiol-encapsulated
gold nanoparticles. The test to toluene and trichlorethy-
lene showed that remarkable changes in conductance can be
yielded by vapor sorption and desorption. In Cai and Zellers’s
work [15] lower detection limit than polymer coated SAW
sensor was obtained. A dual chemiresistor vapor sensor ar-
ray using 2-phenylethanethiol and octanethiol-encapsulated
gold nanoparticles as sensing interfaces were employed as a
GC detector. Compared to the sensor array alone or to single-
detector GC systems, the capabilities for vapor recognition
were improved by the combination of response patterns and
GC retention times. Evans et al.[16] investigated the re-
sponse of chemiresistor sensors coated with four different
Au-arenethiolated nanoparticles with OH, COOH, NH2, and
CH3 as terminal groups, respectively. The nature of the termi-
nal groups is a key factor to affect the relative strength of the
particle–particle and particle–solvent interactions and deter-
mines the particles properties. Distinct response patterns to
each of eight vapors were obtained. Subsequent work by this
group[27] predicted that the sensitivity is related closely to
the property of the shell material and the size of the Au core.
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that of most organic compounds, capacitance is a useful de-
terminant to elucidate the vapor response mechanism based
on the response to water vapor. In addition, the knowledge of
humidity effect on the violate organic compounds (VOCs) re-
sponse is necessary for the sensor applications in field. This
paper focus on the humidity effect on the sensor response,
and the sensor response to water vapor. Two gold-thiolate
monolayer-protected nanoparticles were prepared and were
cast on interdigital microelectrodes. Both the resistance and
capacitance changes were measured in situ. The response
mechanism upon vapor sorption was investigated based upon
both the resistance and the capacitance responses.

2. Experimental section

2.1. Chemicals

Octanethiol (C8H17SH), 2-phenylethanethiol, tetraocty-
lammonium bromide (TOAB), and hydrogen tetrachloroau-
rate tetrahydrate were obtained from Aldrich Chemical Co.
Sodium borohydride was purchased from Fisher Scientific
Co. Other chemicals include organic solvents purchased from
commercial sources. All chemicals were used as received.
Deionized and distilled water was used through the experi-
m
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n nges
he responses of OH functionalized nanoparticle films
ainly contributed to the film swelling at high vapor c

entrations and to the film permittivity changes at low
or concentrations. Han et al.[17] investigated two types o
etworked nanoparticles as sensing film materials on
hemiresistor and quartz crystal microbalance (QCM).
as crosslinked with 1,9-nonanedithiolate and another
as crosslinked through the head-to-head hydrogen bo
t the terminal of the gold-bound 11-mercaptoundeca
cid. The vapor absorption on QCM sensor was corre
ith the film resistance changes measured by the che
istor. The group conducted by Murray[25,26] investigated
he effect of vapor sorption on the electron-hopping rate
ng networked nanoparticles, indicating that the vapor s
ion results in the electron-hopping rate decreasing. G
t al. [22] compared the sorption behavior of Au-thiola
anoparticles film materials with typical sorptive polym
sed on vapor sensor, concluding that the nanoparticle

erials are less sorptive than the polymers. Synovec’s g
pplied dodecanethiol monolayer-protected gold nanop
le as stationary phase in open tubular gas chromatog
12,28]. Much faster separation time for nerve agent s
ant mixture analysis was achieved by using nanopart
s stationary phase[28]. The Au-nanoparticle was also us
s the sensing interface in ion-selective field-effect tra

or for adrenaline analysis based on the potential chang
ulted from the interaction of the nanoparticles with the ta
olecules[18].
However, so far little attention was paid on the humi

ffect on the sensor response, and neither on the capac
esponse. Since the permittivity of water is much higher
e

ent.

.2. Synthesis

The C8Au and the BC2Au nanoparticles were synthesiz
ased on the method first described by Brust et al.[29] and
sed by others[14–19,27]. Briefly, hydrogen tetrachloroa
ate (aq.) was extracted into toluene using five-fold m
xcess of the phase transfer reagent TOAB under vigo
tirring. After the aqueous phase was removed, the de
mount of thiols with molar rate of 4:1 of Au to thiol w
dded, followed by 10-fold molar excess of sodium boro
ride. With sodium borohydride addition, the reaction m

ure gradually turns dark. Keep stirring for at least 3 h at r
emperature, then the organic phase was isolated, w
ith water and concentrated to approximate 10 mL at∼50◦C
nder reduced pressure. The black product was precip
y the dropwise addition of the toluene solution into 200
f stirred absolute ethanol. After standing overnight at r

emperature, the clear solvent was decanted and the col
roduct was washed with ethanol twice. The product

urther re-crystallized by dissolving it in 5 mL of toluene a
recipitated in 200 mL of ethanol.

.3. Instrumentation and measurements

The chemiresistor sensor was fabricated from inter
al microelectrodes consisted of 50 pairs of Au electro
Cr adhesion layer) with 15�m width, 5 mm length, an
5�m spacing. The sensor was spray-coated with 0.2%
anoparticle solution in toluene. The ac resistance cha
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Fig. 1. Schematic illustration of the test system, (a) for the sensor responses
to water vapor, (b) For the test of the humidity effect on the sensor response
to VOCS.

were monitored in situ using a digital LCR meter (Model
TH2816, Tonghui Electronic Co., Ltd., P.R. China) at a sig-
nal frequency of 1 kHz. The coating was continued until the
desired resistance (∼150 k�) achieved. Then the sensor was
stabilized at 60◦C overnight. The resistance after heating is
lower than the resistance before heating. The heat-treated sen-
sor is much more stable than untreated sensors. The resistance
of BC2Au-coated and C8Au-coated sensors after heating are
around 100 and 120 k�, respectively.

The sensor was placed in a chamber equipped with
rotor flow meters and a humidity meter (Digital Hygro-
Thermometer, model 8708, AZ Inst. Co. Taiwan).Fig. 1
shows the setup for water vapor response test. Both the re-
sistance and capacitance were measured at the same time
with the digital LCR meter, which was interfaced to personal
computer. The parameter setting and the data collection were
carried out with the software provided with the instrument.
Nitrogen was used as the blank gas. Dry N2 was divided
into two streams. One stream was bubbled through a liquid
water reservoir. The desired humidity was generated by ad-
justing the flow rate of the dry and wet N2, and was measured
downstream with a commercial humidity meter. While test
the water vapor response, dry N2 was used as blank. The sys-
tem was first purged with N2 until stable resistance achieved.
Then turn off the 3/2 way valve to conduct the wet N2 with
c
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were
r e 3/2
w ent.

Fig. 2. The sensor response profiles at different humidity. Top: C8Au coated
sensor, bottom: BC2Au coated sensor, Ro and Co are the resistance and
capacitance in dry N2, respectively.

The measurements were reproduced at least two times on
each concentration.

3. Results and discussion

3.1. Response characteristics

The response of both C8Au and BC2Au coated sensor to
water vapor was investigated with dry nitrogen as blank. The
tested humidity is from 10 to 60% RH, the highest humidity in
field in most cases. The response profiles are shown inFig. 2
where the responses were normalized relative to the baseline
responses, and the water vapor concentration is expressed as
relative humidity (RH). Theoretically 1% RH is equivalent to
312 ppm at 25◦C. The sensor response to water vapor at low
humidity is different from that at high humidity. At low hu-
midity, there are positive resistance responses (i.e. resistance
increases with humidity) but little capacitance response. At
high humidity there are negative resistance responses and sig-
nificant positive capacitance responses. These results suggest
that there are two opposite factors affecting the response. The
negative factor that results in the resistance decrease becomes
significant around 30% RH at which there is a rapid increase
in resistance followed by a slow decrease for both the BC2Au
and the C8Au-coated sensors, indicating that the effect is in-
d ing,
t e fac-
t e re-
s

onstant humidity through the system.
While test the humidity effect on the VOC response,

2 at certain humidity was used as the blank. A little mod
ation was made on the setup so that the test air was cyc
closed system with a volume of 1.12 L including the con

ubes. The system was first purged with wet N2 until stable
esistance achieved. Then turn on the 3/2 way valve to c
he system. Certain volume of the target organic solven
yringed into the system to get the desired concentratio

The time-dependent resistance and capacitance
ecorded in situ. While stable resistance achieved, th
ay valve was switched to continue the next measurem
ependent on the film material. With humidity increas
he negative factor increases and surpasses the positiv
or around 40% RH, after which net negative resistanc
ponses were observed as shown inFig. 3. Also around 30%
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Fig. 3. Humidity-dependent sensor response. Top: C8Au coated sensor, bot-
tom: BC2Au coated sensor.

RH the capacitance response becomes significant as shown in
Figs. 2 and 3. Around 20% RH a little capacitance response
was observed and below 15% RH no capacitance response
although at this humidity significant resistance response was
observed. As a comparison, the response profiles to toluene
are shown inFig. 4. There are always positive resistance re-
sponses but no capacitance response during the concentratio
investigated in dry environment. The other three compounds
are with the similar response profiles as toluene and the re-
sults are not shown. The fact that no capacitance response a
low humidity indicates that the capacitance response is not
sensitive to the film swelling at low humidity environment
because that the positive resistance response can be mainly
contributed to the film swelling according to the approach
suggested by Neugebauer and Webb[30]:

σ = σ0 e−δEβ e−E/RT (1)

whereβ is the electron transfer coupling coefficient typically
at the order of 1̊A−1, δE the edge to edge core separation,σ0
the relative conductivity of the dielectric medium separating
the metal cores.E is the activation energy required to gener-
ate a positive and a negative charged cores from two initially
neutral cores.E is inversely proportional to the relative per-
mittivity in the medium separating the cores. This approach
was used to explain the response of nanoparticle sensors by
E

tun-
n hop
t rged
c cted

gold nanoparticle materials is determined by the core–core
separation (δE) and the dielectric properties (σ0 andE) of
the medium separating the metal cores. The vapor absorp-
tion on one hand changes the dielectric properties through
changing the permittivity of the medium, and on another hand
causes the nanoparticle material swelling. Material swelling
increases the core separation, resulting in a decrease in the
conductivity (σ) based on Eq.(1). Sinceβ is of the or-
der of 1Å−1, the conductivity is much sensitive to the core
separation, giving about three times decrease in conductiv-
ity per Å increase in the separation. The direction of resis-
tance response due to the change in the medium dielectric
properties is dependent on the permittivity of the vapor ab-
sorbed relative to the film medium permittivity. While the
vapor permittivity is higher than the medium’s, the vapor ab-
sorption will increase the medium conductivity. Otherwise
the vapor absorption will decrease the medium conductiv-
ity. For most organic compounds whose permittivity is close
to the medium permittivity, the conductance change caused
from the variance in the medium dielectric properties can
be neglected compared with that caused from the change
in core separation. The film swelling governs the resistance
response and positive resistance response was observed as
shown inFig. 4. Actually in most investigations the contri-
bution to the conductance response due to the changes in
fi
w the
m to
t ium

F r;
b ci-
tance in N2, respectively. The other three compounds have similar response
profiles. There is no capacitance response.
vans’[27] and Murray’s group[31].
The first is the tunneling term related to the electron

eling between two metallic cores, and the second is the
erm related to the electron hopping between two cha
ores. The electronic conductivity in monolayer-prote
,

n

t

lm dielectric properties was not considered[27,31]. As for
ater whose relative permittivity is much higher than
edium material permittivity, the partitioning of water in

he film can result in a significant change in the med

ig. 4. The sensor response profiles to toluene. Top: C8Au coated senso
ottom: BC2Au coated sensor, Ro and Co are the resistance and capa
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Table 1
Effect of humidity on the sensitivity

C. Ra (ppm) C8Au BC2Au

0% RHb 20% RH 60% RH 0% RH 20% RH 60% RH

Toluene 100–1000 Sc 19.6 18.2 17.2 0.52 0.44 0.45

S/S0d (%) 0.0 −7.1 −12 0.0 −15 −14

Ethyl acetate 120–1200 S 1.99 1.83 1.76 0.17 0.16 0.12

S/S0 (%) 0.0 −8.0 −12 0.0 −5.9 −29

Ethanol 200–2000 S 0.71 0.53 0.5 0.035 0.027 0.026

S/S0 (%) 0.0 −25 −30 0.0 −23 −26

Acetone 150–1500 S 0.52 0.33 0.32 0.049 0.045 0.031

S/S0 (%) 0.0 −36 −39 0.0 −8.2 −37

a Concentration range explored in ppm.
b Relative humidity.
c Sensitivity in�/ppm, the sensor noise is 10� (C8Au-coated sensor) and 2� (BC2Au-coated sensor), respectively.
d Sensitivity change relative to that in dry environment.

dielectric properties, which can partially offset the expected
increase in resistance due to the film swelling. The effect of
water partitioning on the medium electric properties becomes
more significant at higher humidity while water molecules be-
gin to aggregate. The aggregation of water molecules could
completely change the film electric properties while ion cur-
rent exist. The ion current could be caused by the resid-
ual TOAB contamination. From the research conducted by
Schiffrin’s group[32], it is not easy to remove TOAB com-
pletely in the nanoparticle compounds prepared according to
Brust method[29]. The TOAB contamination influences on
the response is still in investigation. Wohltjen and Snow[14]
also investigated the response of C8Au-coated sensor to wa-
ter vapor, but little resistance response was observed owing to
the low sensitivity. They did not investigate the capacitance
response.

The little capacitance response in dry environment can
be contributed to the low permittivity of the film material.
Since the permittivity of the organic compounds is close to
the medium permittivity, there is little change in the medium
permittivity due to the absorption. At low humidity, the water
molecules are scattered and the effect on the medium permit-
tivity is little, a little capacitance response was observed. At
high humidity, the water molecules aggregated and caused
the film permittivity increase. Abrupt capacitance response
w er
a ant
a re-
s

re-
s
s esid-
u in
F ater
t aci-
t ned o
t rved
o onen-
t

3.2. Effect of humidity on sensor response to VOCs

Toluene, ethyl acetate, acetone, and ethanol were selected
as the target compounds to investigate the humidity effect on
the sensor responses. These four compounds represent four
classes of functional-group compounds ranging from non-
polarity to strong polarity. Responses were linearly with va-
por concentration in the investigated concentration, and the
correlation coefficients were all over 0.99. Replicate analy-
ses were reproducible, yielding relative standard deviations
(R.S.D.s) of <4%. The response profile of toluene in dry envi-
ronment is shown inFig. 4. The rest three compounds have the
similar response profiles. Absorption of the organic vapors
results in the sensor resistance increasing but no change in
capacitance in dry environment. In wet environment, the re-
sistance sensitivity decreased with the humidity increasing as
expected.

The sensor sensitivities to VOCs at different humidity
are summarized inTable 1. In 60% relative humidity en-
vironment, the sensitivity drop ranges from 12% (toluene on
C8Au-coated sensor) to 39% (acetone on C8Au-coated sen-
sor) compared to the sensitivity in dry environment. Among
the four compounds, the humidity effect on toluene is the least
and on acetone the biggest. The higher hydrophobicity of
the target compounds, the less humidity effect was observed.
The results show that sensors coated with hydrophobic com-
p high
h

ganic
v idity
( h hu-
m ater
m a re-
p film.
A less
t e to
t pac-
i le for
s

as observed as shown inFigs. 2 and 3. The effect of wat
bsorption on the film dielectric property begins signific
round 30% RH. With humidity increasing, capacitance
ponse increases exponentially.

Fig. 3 shows that the humidity-dependent resistance
ponses profiles are different on C8Au and BC2Au-coated
ensors. This difference may be related to the different r
al TOAB contamination. If notice the different scale
ig. 3, C8Au-coated sensor is much more sensitive to w

han the BC2Au-coated sensor no matter based on cap
ance or resistance response. Same results were obtai
he VOCs’ response. Higher sensitivity was always obse
n C8Au-coated sensor. The capacitance increased exp

ially with humidity increasing.
n

ounds protected-metal nanoparticles can be used in
umidity.

As for the capacitance response, the absorption of or
apors caused little capacitance response at low hum
RH < 30%), and negative capacitance response at hig
idity (RH > 40%) as the result of the replacement of w
olecules absorbed with the organic molecules. Such
lacement results in a decrease in the permittivity in the
lthough the concentration of organic vapors is much

han water vapor, the hydrophobic film is more favorabl
he hydrophobic target compounds than to water. The ca
tance response is slow, low sensitive, and not practicab
ensing application.
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4. Conclusions

Two gold-thiolate monolayer-protected nanoparticles
were employed as interfacial layers on chemiresistor sen-
sors. Both resistance and capacitance were measured as the
function of the vapor concentration. The sensors show posi-
tive resistance response to water vapor at low humidity and
negative resistance response at high humidity, but little ca-
pacitance response at low humidity and significant positive
capacitance response at high humidity. The sensor sensitivity
to VOCs decreases with the humidity increasing. The capac-
itance response is not sensitive to the film swelling in dry
environment.
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