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a  b  s  t  r  a  c  t

SnO2 nanowires  (NWs)  functionalized  with  Ag  nanoparticles  (NPs)  were  tested  for  NO2 gas  sensing  ability;
the  results  revealed  a bell-shaped  curve  as a function  of the  surface  coverage  of  Ag NPs. A model  that
can  explain  these  experimental  observations  regarding  the  functionalization  of metal  NPs  on  oxide  NWs,
which  is the  most  widely  used  approach  for improving  the  sensing  capabilities  of  NWs,  was  proposed
and  validated.  Based  on the electronic  and  chemical  sensitizations  of metal  NPs,  a mathematical  equation
was  formulated  to predict  the optimal  surface  coverage  of  metal  NPs  on  the  NWs  to  obtain  maximum
eywords:
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g

sensing  performance.  This study  may  provide  new  insight  and  guidelines  for the development  of highly
sensitive  NW-based  gas  sensors.

©  2016  Elsevier  B.V.  All  rights  reserved.
ensitization

. Introduction

In recent years, the detection of toxic gases in modern industrial
nvironments has become an important area of study. Consider-
ble effort has been made to realize highly sensitive and selective
hemical gas sensors, including the creative design of new mate-
ials and sensor structures. The use of nanostructured materials
ncluding nanowires (NWs) is one of the most efficient routes for
chieving sensitive chemical sensors owing to their favorable sur-
ace to bulk ratio, good crystallinity, fast diffusion kinetics, and
elf-heating effects [1–6].

Functionalization (or decoration) with metal nanoparticles
NPs) has long been used to further improve the sensing abili-
ies of oxide NWs  [7–9]. Electronic and/or chemical sensitizations
re considered responsible for the improvement. Noble metal ele-
ents including Pd, Pt, Au, and Ag (which act as sensitizers or

atalysts) are attached in the form of NPs to the surface of NWs
sing a range of methods, such as photochemistry [10], reverse
icelles [11], arc discharge [12], sonochemistry [13], �-ray radiol-

sis [14,15], and vacuum deposition [16]. The sensing properties

f the hybrid system are affected by the amount of functional-
zed metal NPs. A generally observed trend in the sensitivity of

etal NP-functionalized NWs  is a bell-shaped curve as a function
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925-4005/© 2016 Elsevier B.V. All rights reserved.
of the NP amount. Recently, Ding et al. [17] and Hwang et al. [18]
investigated the sensing properties of ZnO and SnO2 nanomaterials,
respectively, decorated with Ag NPs. They observed deteriorations
in the gas response after a certain amount of Ag particles, empha-
sizing the need to optimize the amount of functionalized metal NPs.
Although the functionalization process is generally accepted to be
an effective route to upgrading the sensing properties of NWs, to
the best of our knowledge, there are only a few reports of optimiz-
ing the functionalization in terms of the amount of metal NPs on
NWs.

In this work, the NO2-sensing characteristics of Ag-
functionalized SnO2 NWs  are experimentally investigated as
a function of the surface coverage of Ag NPs. We  then propose
a model for explaining the surface coverage-dependent sensing
performances, which can be used as a guideline for achieving
optimized performance of oxide NWs  when functionalized by
metal NPs.

2. Experimental

In this work, as a model experiment, SnO2 NWs  functionalized
with Ag NPs were tested for NO2 gas sensing. For the sensor plat-
form, SnO2 NWs  were grown in a network on patterned interdigital

electrode (IDE) pads using the well-known vapor–liquid–solid
method. Because the experimental procedure for fabricating SnO2
NWs  sensors is described in detail in earlier reports [8,19,20], only
a brief explanation is included here. Firstly, IDEs were made on
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ig. 1. Microstructures of SnO2 NWs  functionalized with varying amounts of Ag NPs
f .

iO2-grown Si (100) substrates using a conventional photolitho-
raphic process. A tri-layer electrode consisting of Au (3 nm)/Pt
100 nm)/Ti (100 nm)  was sequentially deposited by a sputtering

ethod. The Au top layer served as a catalytic layer for the selec-
ive growth of SnO2 NWs. The substrate on which the IDEs had been
repared was introduced into a horizontal quartz tube furnace, in
hich an alumina crucible containing Sn powder was  also placed.

he furnace was then heated to 900 ◦C for 15 min  while flowing
2 and O2 at rates of 300 and 10 sccm/min, respectively. The SnO2
Ws  grown on the IDEs became tangled with each other, producing
hemiresistive electrical transport channels.

�-ray radiolysis was employed to functionalize the Ag NPs on the
nO2 NWs. The precursor solution for the �-ray radiolysis was pre-
ared by the following procedure. 2 × 10−3 concentration of silver
itrate (AgNO3, Sigma-Aldrich) was dissolved in a mixture of deion-

zed water (90 vol%) and 2-propanol (10 vol%). The mixed solution
as stirred for 24 h. The fabricated networked SnO2 NWs  sensors
ere immersed in the solution, subsequently illuminated with 60Co
-rays at the Korea Atomic Energy Research Institute. After the �-
ay illumination, the sensor samples were taken from the solution
nd heat treated at 500 ◦C for 1 h in air. Earlier reports by the present
uthors demonstrated that this technique is an effective route to
ynthesize various kinds of metal NPs on NWs  in a controlled man-
er [8,21,22]. The �-ray radiolysis conditions used in this work were

−1 −3
s follows: exposure time: 1–4 h at 10 kGy h and 2 × 10 mM
gNO3; dose rate: 2–15 kGy h−1 at 2 × 10−3 mM AgNO3 for 3 h.

The NO2-sensing behavior of the Ag-functionalized SnO2 NWs
as measured using a gas sensing system. In our earlier report
= 0, (b) Sf = 0.73, (c) Sf = 0.88 and (d) Sf = 1.76. (e) A schematic illustration describing

[8], the Ag functionalization was  found to greatly enhance the
response and selectivity of the SnO2 NWs  for detecting NO2. The
high selectivity and sensitivity of the Ag-functionalized SnO2 NWs
was attributed to the particular energy-band structure of the sur-
face of the SnO2 NWs  functionalized by the Ag NPs, as well as the
catalytic role of Ag in dissociating NO2 into more active chemical
species. Therefore, as a model experiment, the NO2-sensing behav-
ior was  investigated with respect to the surface coverage, namely
the amount, of Ag NPs. The sensor response (S) was estimated
as S = Rg/Ra where Ra and Rg are the resistances in the absence
and presence of NO2, respectively. The gas concentration was con-
trolled by changing the mixing ratio of the target gas (NO2) to
dry air through mass flow controllers. The operating temperature
was 300 ◦C, which was  selected after preliminary screening exper-
iments [8]. The microstructure of the sensors was examined by
field-emission scanning electron microscopy (FE-SEM, Hitachi, S-
4200). Other material properties of the sensors, including phase
and crystallinity, were the same as those previously reported [8].

3. Results and discussion

3.1. SnO2 NWs  functionalized with Ag NPs

Microstructures of the SnO2 NWs  with varying amount of Ag

NPs are shown in Fig. 1. For the purpose of quantifying the amount
of Ag NPs on SnO2 NWs, the surface coverage (Sf ) was  used. Sf is
defined as the ratio of the average surface area (Anp) of Ag NPs to
the unit surface area (Anw) of SnO2 NWs. Anp was  calculated from
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Ag

(4)
ig. 2. (a) Response curves and (b) summary of the responses of SnO2 NWs  func-
ionalized with Ag NPs as a function of Sf .

he average size and formation density of the NPs, assuming that
he shape of the NPs is hemispherical. Fig. 1e shows a schematic
llustration of how Sf is calculated, where the calculated Sf values
re denoted in the figure. In particular, Fig. 1a shows uncoated SnO2
Ws  with zero Sf .

The response curves to 1 ppm NO2 of the SnO2 NWs  function-
lized with surface coverage of Ag NPs in the range of 0–1.76 are
hown in Fig. 2a. The response is plotted as a function of Sf in Fig. 2b.
t can be seen that the response greatly improves between Sf = 0 and
f = 0.88. However, a further increase to Sf = 1.76 severely deterio-
ates the response. This bell-shaped gas response as a function of
f suggests that optimization of Sf is a key control parameter in
etal NP–functionalized oxide NWs  sensors. The improvement in

he sensing behavior by the functionalization with Ag NPs is caused
y the combination of electronic and chemical sensitizations. It is
oteworthy that the gas response curve of SnO2 NWs  with Sf = 1.76
aturated much faster than NWs  with smaller loads. The relatively
horter distance between functionalized NPs can allow the arriving
as molecules to be transferred more quickly to the surface of the
Ws. This is a case where a larger amount of surface decoration,
amely higher Sf , is possibly responsible for the fast response and
ecovery times.

In the electronic sensitization (ES), NPs act as a donor or acceptor
f electrons from the oxide. During such interaction between metal

nd semiconductor, a change in the surface conductivity of the
emiconductor may  occur due to the change in the electrical state
f the metal particles upon interaction with the target gas [23,24].
ators B 238 (2017) 374–380

This type of sensitization has so far been observed for SnO2 sensors
loaded with Ag, Pd, or Cu. Direct evidences supporting the electrical
interactions between SnO2 and Ag2O have been obtained by X-ray
photoelectron spectroscopy (XPS) [24,25]. In contrast, for chemical
sensitization (CS), gas molecules are activated by the metal NPs and
are spilt-over to the oxide surface to facilitate the chemical reac-
tion of the gas molecules on the semiconductor [23]. The spillover
phenomenon is known to occur in metal NP-functionalized oxide
nanowires [26]. In this work, a general model is derived consid-
ering both sensitization mechanisms and we  further explain their
role in the total sensitization of the NWs. The model can be used as
a guideline for functionalizing oxide NWs  sensors with metal NPs.

3.2. Model formulation for functionalization of oxide NWs  with
metal NPs

The functionalization of NWs  with metal NPs results in an
improvement in the sensing performance of NWs  due to two
effects: ES and CS. Despite the clear effect of metal NPs observed
experimentally, it is unclear why these sensitizations lead to a pro-
nounced difference in the resistance of NWs  during the various
interactions with the gas molecules. Here, we explain with a sim-
ple geometric approach why  a larger effect on the resistance occurs
when metal NPs are attached to NWs.

The gas response (S) of any n-type sensor material for oxidizing
gases is defined as follows:

S = Rg − Ra

Ra
= Rg

Ra
− 1 = �R

Ra
, Rg > Ra (1)

where Rg is the resistance in the presence and Ra is the resistance
in the absence of the target gas.

The resistance R of a NW with length l and cross-sectional area
A of the conduction channel can be described as follows:

R = �
l

A
(2)

where � is the resistivity in the conduction channel of the NW.
Considering the change in the area of the conduction channel

and neglecting the small, but existing, current in the depletion
region, Eq. (3) can be used to describe pure n-type NWs  with cir-
cular cross-sectional areas in the presence of an oxidizing gas, as
follows:

Sp =
� l

Ag
− � l

Aa

� l
Aa

= Aa − Ag

Ag
= �Ac

Ag
(3)

Here Sp is the gas response of pure n-type NWs  without function-
alization, Aa is the cross-sectional area of the conduction channel
in the absence, and Ag is the cross-sectional area of the conduction
channel in the presence of the target gas, and �Ac is the difference
in the area of the conduction channel between the two cases.

The above-mentioned approach is illustrated schematically in
Fig. 3a. In contrast, stronger resistance modulation is present due
to ES when metal NPs are attached to NWs, as shown schematically
in Fig. 3b. To simplify the model, the transducer effect that is well
known as the Schottky depletion layer model [27,28] is included in
the ES effect. This is appropriate, as the transducer effect is depen-
dent on the interface area formed between NPs and NWs, in which
the conduction channel in the NW is suppressed by the electron
flow from the NW to the metal NP. In this case, Eq. (3) can be
modified and generalized for oxidizing gases as follows:(

�Ac

)

f

Here, Se is the gas response of the functionalized n-type NWs  solely
considering ES, the subscript f represents the case of functionalized
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ig. 3. Schematic diagram showing the intensified resistance modulation of NWs  d
as  molecules for (a) pure n-type NWs  and metal-NP-functionalized NWs  (b) with a

Ws, and a and g represent the absence and the presence of the
arget gas. From Eqs. (3) and (4), (�Ac)f > �Ac and

(
Ag

)
f

< Ag .

herefore, Se > Sp, showing that ES by metal NPs produces a more
ronounced change in the resistance of NWs. In other words, the
hange in the resistance of the functionalized NWs  becomes greater
han that of the pure NWs  by ES.

Moreover, in addition to the effect of ES, CS can occur, where

etal NPs can catalytically facilitate the interaction between cer-

ain gas molecules and NWs, leading to even greater suppression
r expansion of the conduction channel, resulting in additional
hange of the resistance of the NWs. As illustrated schematically

Fig. 4. Suppression of the conduction channel of N
the functionalization with metal NPs. Changes in conduction channel by oxidizing
ribution from ES, and (c) with a contribution from both ES and CS.

in Fig. 3c,
(

Ag

)
f

decreases and, hence, (�Ac)f increases in the case

of the functionalized NWs  as compared to that in the pure NWs.
Therefore, much larger enhancement in the total gas response of
the functionalized NWs  can be obtained.

3.3. Electronic sensitization
The contribution of ES, which originates from relaxation of the
electron-depletion layer formed beneath the metal NPs, is depen-
dent on the interfacial area between the NPs and the NWs. The

Ws  by (a) ES, (b) CS, and (c) both ES and CS.
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characteristics of ZnO-based nanostructure sensors with Au deco-
ration applied using DC sputtering, in which the dependence of the
gas sensor response on the quantity of Au coating was systemati-
78 Z.U. Abideen et al. / Sensors an

ransducer effect, which originates from the flow of electrons from
he n-type oxide NWs  to the metal NPs, is also associated with the
nterfacial area, and results in the suppression of the conduction
hannel created inside the NWs. Both the ES and transducer effects
ntensify the resistance change of NWs  when gas molecules adsorb
nd desorb onto the oxide NWs. As illustrated schematically in
ig. 4a, the electron flow is likely to be proportional to the total
nterfacial area between the metal NPs and NWs. To simplify the

odel, the transducer effect is included in the ES because both can
e represented by the total interfacial area.

The contribution by ES, fes, per unit area of NWs, can be described
sing the following equation:

es = Ces · �r2 · n (5)

here Ces is a coefficient of ES, n is the number of metal NPs per
nit area of NWs  and r is the average radius of the attached metal
Ps.

.4. Chemical sensitization

CS is the contribution to the resistance modulation from the cat-
lytic effect of metal NPs. This effect either facilitates the adsorption
f particular gas molecules onto NWs  or induces more inter-
ctions with pre-adsorbed oxygen species, which can cause the
uppression or expansion of the conduction channel of the NWs,
espectively. This is the source of the intensified resistance change
f NWs  as the gas supply is started/stopped. As shown schemati-
ally in Fig. 4b, CS is proportional to the total surface area of the
ttached metal NPs because the catalytic process occurs mainly
n the surface of NPs. In contrast, the surface area of NWs  cov-
red by metal NPs cannot be the adsorption sites for the target gas
olecules. Considering these factors, the contribution by CS, fcs, per

nit area of NWs, can be described as follows:

CS ∝
(

1 − �r2n
)

CS ∝ 2�r2.n

Finally, the equation becomes as follows,

CS = CCS

(
2�r2.n

)
.
(

1 − �r2.n
)

CS = −Ccs · 2�2r4n2 + Ccs · 2�r2n (6)

here Ccs is a coefficient of CS, and the term
(

1 − �r2 · n
)

is asso-
iated with the decreased pristine surface area of NWs  on which
as molecules can adsorb, which is due to the attachment of metal
Ps and 1 represents the total area of the NWs  which is unit in this
ase.

It is of note that the shape of the metal NPs was assumed as hemi-
phere because the attached NPs were generally of hemispherical
hape. However, a coefficient can be included in the equations to
vercome the problem originated from shape differences of the
etal NPs. But since there are already coefficients in Eq. (5) and

6), it can be considered that the shape factors are also included
n the coefficients Ces and Ccs. However, the trend of the equations

ill remain the same irrespective of the particle shape.

.5. Total sensitization

The total contribution, ftot , per unit area of NWs, by both ES
nd CS can be obtained by summing Eqs. (5) and (6), as follows
ith the assumption that only ES and CS are the prime sensitization

echanisms:

tot = fes + fcs = −2Ccs�
2r4n2 +

(
Ces�r2 + 2Ccs�r2

)
· n = −k1n2 + k2n;

{
k1 = 2Ccs�2r

k2 = Ces�r2 + 2Cc
Fig. 5. Total sensitization as a function of the surface coverage of metal NPs on NWs
(a)  NPs of uniform size and (b) three different sizes of NPs.

The suppression of the conduction channel of NWs  by both ES
and CS is described in Fig. 4c. Eq. (7) shows that the total sensiti-
zation of the NWs  due to the attached metal NPs greatly depends
on the size r of the NPs. This value increases as the size of the NPs
reduces and the amount/surface coverage n also changes accord-
ingly. This means that the gas response of the NWs, functionalized
with smaller NPs, will have greater one compared to those func-
tionalized with larger NPs, when keeping n constant. For a fixed r,
there is a certain n value at which we have maximum or optimal
sensitization. This maximum value of total sensitization, (ftot)max,

per unit area of the NWs  will be k2
2

4k1
at n = k2

2k1
for the metal NPs of a

specific average radius r, as schematically shown in Fig. 5a. In other
words, from Eq. (7), we  can estimate the population density of the
metal NPs with a certain average radius for obtaining the maximum
gas response of the NWs. This sensing ability of NWs  following a
bell-shaped curve with regards to the amount of metal NPs func-
tionalized is consistent with the reported literature [3,17,18,29–31]
that also showed a dependence of the gas response as a function
of metal NP amount. For example, Sun et al. [3] showed that a fast
response and recovery in H2S sensing could be realized using bi-
functional SnO2 NWs  modulated radially with CuO NPs. An optimal
amount of CuO decoration was  essential for obtaining the best H2S
sensing performances of the SnO2 NWs. Zhang et al. [29] investi-
gated the decoration of ZnO NWs  with Pt NPs that was  optimized
in terms of the amount of NPs for maximizing sensing efficiency.
Li et al. [30] investigated the optimal amount of Pd nanocrystals
coated on SnO2 NWs  to achieve the best sensing properties toward
H2S. In addition, Wongrat et al. [31] studied the ethanol sensing
4

s�r2
= −k1

(
n − k2

2k1

)2

+ k2
2

4k1
;

k2

2k1
= Ces/Ccs + 2

4�r2
(7)

cally investigated.
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In addition to the case of uniform-sized metal NPs as shown
n Fig. 5a, one can also predict the sensing capability of NWs  with
ifferent sizes of metal NPs. Fig. 5b shows the total sensitization
ehaviors as a function of the surface coverage, that is population
ensity of metal NPs, for three different sizes of metal NPs.

From Eq. (7), we can also determine the maximum value of the
otal sensitization as follows:

ftot)max =
(

k2
2

4k1
2

)
k1 =

(
k2

2k1

)2

k1, at n = k2

2k1
=
(

Ces
Ccs

+ 2

4�r2

)2

.
(

2

With Eq. (8), it is evident that the (ftot)max greatly depends on
he contribution of the CS and ES due to metal NPs and that the
ontribution of ES to (ftot)max is greater than that of the CS. This is
onsistent with the reported literature [17,18,32–34] as well, and
as first proposed by T. Seiyama et al. [24], in which the effects of

arious metal additives including Ag on SnO2 under the influence
f reducing gases were investigated. The dominant contribution of
he ES to the total sensitization was ascribed to the redox reaction
etween Ag and Ag2O and the consequent change in the energy
and structure established at the interface between Ag/Ag2O and
nO2. In the presence of a reducing gas CO, the Ag+ state is converted
o Ag0. In the presence of an oxidizing gas NO2, the Ag+ state is
onverted back to Ag0, causing the band shift of SnO2 and hence,
he change in the (surface conductivity) resistance, which has been
lso confirmed by XPS analysis [18,24]. However, the values of Ces

nd Ccs will be significantly affected by the type of metal NPs, NWs,
arget gas, and the environment (temperature, humidity etc.) of the
ensing chamber. Therefore, further investigations are necessary to
uantify Ces and Ccs.

The phenomenological model presented in this study explains
he experimental observations regarding the functionalization of
xide NWs  with metal NPs and helps us to determine the opti-
ization process of metal NPs. On the basis of Fig. 5a and b, which
ere plotted from Eqs. (7) and (8), the following guidelines can be

ddressed. First, the curve in Fig. 5a shows the bell-shaped sensing
roperties as a function of the amount of functionalized metal NPs
ith a fixed average size. That is, the optimization of the amount

f metal NPs is required to have the sensor show the best sensing
erformance. Second, according to Fig. 5b, by decreasing the size
f the NPs, the curves shift toward the right side. This indicates
he population density of NPs required to obtain the maximum
ensitivity must increase. That is, more NPs per unit surface area
f NWs  need to be decorated as the size of NPs decreases. Singh
t al. [35] reported that increasing the size of Au NPs and reduc-
ng their density on the surface of the metal oxide grains and NWs,
he sensor response was significantly reduced. Third, for larger-
ized NPs, the width of the curve becomes narrower compared
o the case of smaller-sized NPs, as shown in Fig. 5b. This sug-
ests that more deliberate adjustment for the amount of NPs is
ecessary when larger-sized NPs are functionalized. Fourth, for a
ensely-populated metal NPs on the NWs, smaller-sized NPs will
ive higher sensitization in comparison to the case of larger-sized
Ps. The converse will be applied for the case of dilute-populated
Ps. However, it is difficult to control the population density and

he size of metal NPs simultaneously. The guidelines are useful
nly in determination of the optimal concentration or surface den-
ity for a fixed-size metal NPs on the oxide surface as explained
n the description for Eq. (7). The optimal population density of
he metal NPs also depends on the surface morphology and crys-
allite size of oxide NWs  [36–38]. Although further investigations

re needed in order to quantify the exact values of Ces and Ccs, the
resent phenomenological model still provides us with the above-
entioned guidelines that may  be useful to the optimization of
etal NPs.

[

ators B 238 (2017) 374–380 379

r4
)

= (Ces + 2)2

8Ccs
= 1

2

((
Ces ⁄2

)2 + Ces + Ccs

Ccs

)
(8)

4. Conclusions

A model was  proposed for predicting the sensing behavior of
functionalized NWs  in terms of the amount/surface coverage of
metal NPs. This model was based on a simple geometrical consid-
eration of metal NPs in terms of both ES and CS. Although, several
assumptions have been made to simplify the model (such as the

shape of NPs and NWs, type of target gas and the type of semi-
conducting material), the model is in good agreement with the
experimental observations reported in the literature. This model
provides guidelines for the functionalization of NWs  with an opti-
mal  amount of metal NPs for the development of highly sensitive
and selective gas sensors and can be extended to investigate the
effects of other complex systems.
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