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ABSTRACT: In this work, flame-spray-made SnO2 nano-
particles are systematically studied by doping with 0.1−2 wt %
nickel (Ni) and loading with 0.1−5 wt % electrolytically
exfoliated graphene for acetone-sensing applications. The
sensing films (∼12−18 μm in thickness) were prepared by a
spin-coating technique on Au/Al2O3 substrates and evaluated
for acetone-sensing performances at operating temperatures
ranging from 150 to 350 °C in dry air. Characterizations by X-
ray diffraction, transmission/scanning electron microscopy,
Brunauer−Emmett−Teller analysis, X-ray photoelectron spec-
troscopy and Raman spectroscopy demonstrated that Ni-
doped SnO2 nanostructures had a spheriodal morphology with
a polycrystalline tetragonal SnO2 phase, and Ni was confirmed to form a solid solution with SnO2 lattice while graphene in the
sensing film after annealing and testing still retained its high-quality nonoxidized form. Gas-sensing results showed that SnO2
sensing film with 0.1 wt % Ni-doping concentration exhibited an optimal response of 54.2 and a short response time of ∼13 s
toward 200 ppm acetone at an optimal operating temperature of 350 °C. The additional loading of graphene at 5 wt % into 0.1
wt % Ni-doped SnO2 led to a drastic response enhancement to 169.7 with a very short response time of ∼5.4 s at 200 ppm
acetone and 350 °C. The superior gas sensing performances of Ni-doped SnO2 nanoparticles loaded with graphene may be
attributed to the large specific surface area of the composite structure, specifically the high interaction rate between acetone vapor
and graphene−Ni-doped SnO2 nanoparticles interfaces and high electronic conductivity of graphene. Therefore, the 5 wt %
graphene loaded 0.1 wt % Ni-doped SnO2 sensor is a promising candidate for fast, sensitive and selective detection of acetone.
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1. INTRODUCTION

Volatile organic compounds (VOCs) are widely used active
substances in various chemical-related industries. Due to their
volatility and toxicity, they are becoming important environ-
mentally hazardous pollutants that pose a serious threat to
human health. VOCs the enter the human body through
breathing will transport via the bloodstream to many organs
and adversely affect brain, nervous, endocrine and skin systems,
even at low concentrations.1−4 Acetone (C3H6O), a widely
used VOC in industries and laboratories, is toxic to various
organ systems and is a selective breath marker for type-1
diabetes.5 The acetone concentration in the breath of a healthy
individual should be below 0.9 ppm and the concentration of
more than 1.8 ppm could indicate ketosis (high ketone level in
blood) of insulin-dependent diabetes. Thus, highly sensitive
and selective sensors for acetone detection are required for the
rapid assessment of diabetes and related diseases.5,6 Detections
of VOCs at low concentrations have typically been conducted
based on expensive analytical instruments such as gas

chromatography devices, which are normally only available in
laboratories. VOC sensors on the basis of semiconductor metal
oxide nanomaterials are promising alternatives for rapid
estimation of VOCs in the field due to its low cost, high
sensitivity and satisfactory selectivity. However, the perform-
ances of semiconductor gas sensors must be further improved
to meet various requirements, particularly sensitivity and
selectivity toward particular VOCs.
Metal oxide semiconductors as gas-sensing materials have

been widely for various types of gases due to their stable
chemical transduction properties, which can reversibly convert
chemical interactions on a surface to change the electrical
conductivity.7−15 Particularly, tin dioxide (SnO2) is the best-
understood and commercially used semiconducting metal oxide
material due to numerous advantages including low cost, high

Received: October 6, 2014
Accepted: January 20, 2015
Published: January 20, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 3077 DOI: 10.1021/acsami.5b00161
ACS Appl. Mater. Interfaces 2015, 7, 3077−3092

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b00161


T
ab
le

1.
Su
m
m
ar
y
of

G
as
-S
en
si
ng

P
er
fo
rm

an
ce
s
to
w
ar
d
V
O
C
s
of

N
i-D

op
ed

an
d
G
ra
ph

en
e-
Lo

ad
ed

Sn
O

2
G
as

Se
ns
or
s
P
re
pa
re
d
by

V
ar
io
us

Sy
nt
he
ti
c
M
et
ho

ds

au
th
or
s

se
ns
in
g
m
at
er
ia
ls

m
et
ho
d

ga
s
co
nc
en
tr
at
io
n

se
ns
in
g
pe
rf
or
m
an
ce

B
ag
al
et

al
.21

Sn
O

2
2
w
t
%

N
i/
Sn
O

2
4
w
t
%

C
e/
Sn
O

2
2
w
t
%

N
i−
4
w
t
%

C
e

co
do
pe
d
Sn
O

2

co
pr
ec
ip
ita
tio

n
ac
et
on
e

0.
2−

50
0
pp
m

30
0
°C

31
%

38
%

60
%

92
%

S
=
50
0
pp
m

t re
s
=
23

s,
t re

c
=
1
m
in

C
he
n
et

al
.22

N
i-d
op
ed

Sn
O

2
ho
llo
w
sp
he
re
s

hy
dr
ot
he
rm

al
et
ha
no
l

59
−
10
0
pp
m

35
0
°C

S
=
59
,1
00

pp
m

t re
s
=
2
s,
t re

c
=
15

s

Li
u
et

al
.23

N
i-d
op
ed

Sn
O

2
ho
llo
w
sp
he
re
s

ca
rb
on

m
ic
ro
sp
he
re

te
m
pl
at
e

n-
bu
ta
no
l
et
ha
no
l

2−
50

pp
m

30
0
°C

∼
28
,5
0
pp
m

∼
15
,5
0
pp
m

se
le
ct
iv
ity

=
n-
bu
ta
no
l

Le
e
et

al
.24

3
w
t
%

N
i-d
op
ed

Sn
O

2
th
ic
k
fi
lm

po
w
de
r
im
pr
eg
na
tio

n
to

di
ch
lo
ro
m
et
ha
ne

(D
C
H
)

et
ha
no
l

0.
1−

0.
8
pp
m

35
0
°C

∼
50
%
,0
.5

pp
m

C
he
ng

et
al
.25

N
i-d
op
ed

Sn
O

2
ho
llo
w
na
no
fi
be
rs

el
ec
tr
os
pi
nn
in
g

ac
et
on
e

2−
10
00

pp
m

34
0
°C

S
=
26
5,
10
00

pp
m

t re
s
=
7
s,
t re

c
=
30

s

M
en
g
et

al
.28

Sn
O

2/
gr
ap
he
ne

na
no
co
m
po
si
te

w
et

ch
em

ic
al

be
nz
en
e,
et
ha
no
l

to
lu
en
e,
m
et
ha
no
l

ch
lo
ro
be
nz
en
e

n-
pr
op
an
ol

5−
10
0
pp
b

21
0
°C

S
=
94
.3
%
,1
00

pp
b
be
nz
en
e

se
le
ct
iv
ity

=
be
nz
en
e

Li
n
et

al
.29

Sn
O

2/
gr
ap
he
ne

co
m
po
si
te

hy
dr
ot
he
rm

al
N
H

3
10
−
50

pp
m

15
−
45

°C

S
=
15
.9
%
,5
0
pp
m
,4
5
°C

<1
m
in

Z
ha
ng

et
al
.30

Sn
O

2
na
no
pa
rt
ic
le
s
/r
ed
uc
ed

gr
ap
he
ne

ox
id
e

hy
dr
ot
he
rm

al
N
O

2
0.
5−

5
pp
m

50
°C

S
=
3.
31
,5

pp
m

t re
s
=
13
5
s,
t re

c
=
20
0
s

C
ha
ng

et
al
.31

Sn
O

2/
re
du
ce
d
gr
ap
he
ne

ox
id
e
co
m
po
si
te
s

hy
dr
ot
he
rm

al
et
ha
no
l

H
2S

0.
56
−
1.
68

pp
m
,3

00
°C

S
=
22
,1
.1
6
pp
m

S
=
11
,1
.1
6
pp
m

t re
s
=
22

s,
t re

c
=
36

s
se
le
ct
iv
ity

=
et
ha
no
l

pr
es
en
t
w
or
k

0−
2
w
t
%

N
i/
Sn
O

2
0.
1
w
t
%
N
i/
Sn
O

2
/0
.1
−
5w

t
%

gr
ap
he
ne

(G
)

FS
P
(p
ow

de
rs
)
im
pr
eg
na
tio

n
(c
om

po
si
te
)
sp
in
-c
oa
tin

g
(s
en
so
rs
)

ac
et
on
e,
2.
5−

20
0
pp
m

et
ha
no
l,
2.
5−

20
0
pp
m

H
2,
C
H

4,
5−

40
0
pp
m

H
2S
,0
.2
−
10

pp
m

N
O

2,
0.
1−

5
pp
m

15
0−

35
0
°C

ac
et
on
e,
20
0
pp
m

0.
1
w
t
%

N
i/
Sn
O

2
S
=
54
.4
,t

re
s
=
13

s,
t re

c
=
3
m
in

0.
1
w
t
%

N
i/
Sn
O

2/
5
w
t
%

G
S
=
16
9.
7,
t re

s
=
5.
4
s,
t re

c
=
2.
5
m
in

se
le
ct
iv
ity

=
ac
et
on
e

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00161
ACS Appl. Mater. Interfaces 2015, 7, 3077−3092

3078

http://dx.doi.org/10.1021/acsami.5b00161


sensitivity to various reducing/oxidizing gases and compatibility
with microfabrication processes.7−9 However, its gas-sensing
performances still need to be further improved for sensitive and
specific detection toward particular gases such as acetone.
These goals may be achieved by employing porous SnO2
nanostructures possessing peculiar properties of large specific
surface area and incorporating some effective additive materials.
Transition metals such as Pt,16 Pd,17 Co,18 Fe19 and Ni,20 as
well as their oxides, are widely studied additives for SnO2 gas
sensors due to their effective catalytic properties. In particular,
Ni and NiO p-type catalysts have been employed to improve
sensing performances of SnO2 sensors toward VOCs. Gas-
sensing properties of Ni-doped or NiO-loaded SnO2 sensors
prepared by several synthetic methods toward various VOCs
are summarized in Table 1.
First, resistance-change response of nanocrystalline SnO2

thick film synthesized by a coprecipitation route was found to
improve from 1.44 to 1.61, 2.5, and 12.5 toward 500 ppm
acetone at 300 °C by doping with 2 wt % Ni, 4 wt % Ce and 2
wt % Ni−4 wt % Ce, respectively.21 Additionally, porous Ni-
doped SnO2 hollow spheres synthesized by a hydrothermal
strategy showed a high response of ∼59 to 100 ppm ethanol
with a short response time of a few seconds and a low detection
limit of 1 ppm.22 Likewise, Ni-doped SnO2 hollow spheres
prepared by a carbon microsphere-template technique dis-
played good selectivity toward n-butanol against ethanol and
acetone with relative responses at 50 ppm and 300 °C of ∼28,
15 and 4, respectively, whereas the undoped sensor exhibited
poor responses and selectivity to all gases.23 Moreover, Ni/
SnO2 thick film synthesized by 3 wt % NiO powder
impregnation revealed a good response of ∼50% to 0.5 ppm
dichloromethane (DCH) at 350 °C whereas undoped SnO2
exhibited a very low response value.24 Moreover, 5 at. % Ni-
doped SnO2 hollow porous nanofibers fabricated by an
electrospinning technique exhibited a high response of 265.2
to 1000 ppm acetone at 340 °C with short response/recovery
times (7 s/30 s) and good selectivity against other VOCs
including methanol, ethanol and chloroform.25

Graphene, a novel 2D nanocarbon material, has recently
been widely studied as a new additive material for gas-sensing
due to its large specific surface area, strong gas adsorption
capacity, high carrier mobility and excellent electronic
conductivity.26−33 In particular, graphene has been incorpo-
rated into SnO2-based materials and the incorporation can
considerably enhance sensing responses toward various gases,
especially VOCs, as illustrated in Table 1.28−31 For instance, a
SnO2nanoparticle/graphene nanocomposite prepared by a
simple wet chemical method provided high responses to
VOCs, specifically benzene (conductivity change of 94.3% at
100 ppb and 210 °C), whereas SnO2 nanoparticles gave
negligible benzene responses at ppb-level concentrations.29

Similarly, a graphene/SnO2−nanoparticle composite synthe-
sized by a hydrothermal route exhibited a fair resistance-change
response of 15.9% to 50 ppm NH3 with a short response time
(<1 min) at low and room-temperatures (15−45 °C) whereas
pristine SnO2 sensors had no NH3 response at room
temperature.28 Likewise, the reduced-graphene-oxide (RGO)/
SnO2 composite made by another hydrothermal method
showed a high response of 3.31 to 5 ppm NO2 at a low
temperature of 50 °C.30 In addition, the RGO/SnO2 composite
prepared by a similar hydrothermal process displayed high
ethanol and H2S responses of 22 and 11 at 1.16 ppm and 300
°C with short response/recovery times.31 Therefore, nickel

doping as well as graphene incorporation have been
demonstrated to be effective means to enhance gas-sensing
performances toward VOCs, and their combination should be a
highly promising route to high-performance VOC sensors.
However, there has been no report of Ni-doped SnO2/
graphene composite for VOCs detection.
In this work, Ni-doped SnO2 nanoparticle/graphene

composites are developed for the first time by flame spray
pyrolysis (FSP) and paste mixing with graphene powder
synthesized by electrolytic exfoliation. FSP is an attractive
nanopowder production strategy that can produce various
metal-doped/loaded metal oxide nanoparticles with large
specific surface area in a single high-temperature step whereas
electrolytic exfoliation is also a relatively new single-step
graphene synthesis method. Recently, a variety of unloaded and
metal-loaded/doped metal oxide nanoparticles have been
successfully manufactured by FSP and demonstrated for
detection of various kinds of gases by our group.8,11,17

Nevertheless, FSP-made SnO2 nanoparticles have not been
doped with nickel and incorporated with graphene for acetone
sensing. Thus, the effect of nickel and graphene concentrations
in the hybrid material on gas-sensing performances will be
systematically studied and optimized for selective detection of
acetone.

2. MATERIALS AND METHODS
2.1. Synthesis and Characterization of Metal Oxide and

Graphene Nanopowders. Undoped SnO2 and 0.1−2 wt %Ni-doped
SnO2 nanoparticles were synthesized by FSP technique based on the
procedure reported previously.11,17 Briefly, the precursor solution (0.5
M) comprising tin(II) 2-ethylhexanoate (Aldrich, 95%) and nickel
acetylacetonate (Aldrich, 99%) in the solvent mixture (80/20 vol %) of
xylene (Carlo Erba, 98.5%)/acetonitrile (Lab-scan, 99.7%) was
sprayed through O2 dispersion into a premixed CH4/O2 (5/5)
flame. Precursor droplets were vaporized and combusted to form
nanoparticles via nucleation, condensation, coagulation, coalescence
and Ni-doping on a SnO2 support. The FSP-made unloaded SnO2
nanopowder was labeled as P-0 whereas SnO2 nanopowders doped
with 0.1, 0.2, 0.5, 1 and 2 wt % Ni were designated as P-0.1Ni, P-0.2Ni,
P-0.5Ni, P-1Ni and P-2Ni, respectively.

Graphene (G) was produced from graphite by the electrolytic
exfoliation process reported earlier.32,33 Shortly, a direct potential of 8
V was applied between two graphite rods (1/4 in. dia, Electron
Microscopy Science) immersed in 0.1 wt % poly(styrenesulfonate)
(PSS) (Sigma-Aldrich) electrolyte solution for 7 days to yield high-
density graphene dispersion. The graphene powder was then obtained
by centrifugation at 1200 rpm to separate large graphite agglomerates,
washing in distilled water and drying at 80 °C.

The phases of powder were analyzed by X-ray diffraction (XRD)
(Phillips X’Pert) using Cu Kα radiation (20 kV, 20 mA) with a
scanning speed of 5°/min. The morphologies of nanoparticles were
examined by transmission electron microscopy (TEM: JSM-2010,
JEOL). The specific surface area of nanoparticles was measured by
nitrogen absorption with Brunauer−Emmett−Teller (BET) analysis
(Micromeritics Tristar 3000). All samples were degassed at 120 °C for
2 h prior to BET measurement. The effective particle diameter was
calculated from dBET = 6/SSABET × ρsamples,

8,17,34 where SSABET and
ρsamples was the specific surface area (m

2/g) and the average density of
graphene−Ni-doped SnO2 composite (g/m3), respectively. In
addition, the chemical fingerprint and vibration modes of material
were verified by Raman spectroscopy (Jobinyvon horiba, T-64000).
Moreover, X-ray photoelectron spectroscopy (XPS) was performed to
analyze the chemical states and elemental compositions of nano-
particles.

2.2. Sensing Film Fabrication and Characterizations. To form
a paste for spin-coating of a sensing film, as-prepared FSP-made 0−2
wt % Ni-doped SnO2 and graphene-loaded (0.1−5 wt % G)
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nanopowders were thoroughly mixed and ground with the binder
solution comprising ethyl cellulose (Fluka, 30−70 mPa·s) and α-
terpineol (Aldrich, 90%). The produced paste was spin-coated on
Al2O3 substrates (0.4 × 0.5 × 0.1 cm) equipped with Au interdigitated
electrodes. The resulting sensing films on substrates were baked at 150
°C for 1 h and then subsequently annealed at 450 °C for 2 h in an
oven for binder removal. The sensors fabricated from P-0 and P-0.1Ni
to P-2Ni powder samples were designated as S-0 and S-0.1Ni to S-2Ni,
respectively, while powders and films with additional graphene
loadings at 0.1, 0.5, 2 and 5 wt % would have additional postlabel of
/0.1G, /0.5G, /2G and /5G, respectively.
The phase and crystallinity of Ni-doped SnO2 sensing films were

analyzed by glancing incident X-ray diffraction (GI-XRD) [Rigaku,
TTRAX III] using Cu Kα radiation (30 kV, 15 mA) with the detector
scanning speed of 3° per minute. The surface morphologies and cross-
sectional structures of Ni-doped SnO2 and Ni-doped SnO2/graphene
composite films after annealing and sensing test were examined by
field emission-scanning electron microscopy (FE-SEM: JSM-6335F,
JEOL). Moreover, the oxidation state and chemical composition after
annealing and sensing test were evaluated by X-ray photoelectron
spectroscopy (XPS) using an AXIS Ultra DLD-X-ray photoelectron
spectrometer and a monochromatic Al Kα X-ray excitation source.
2.3. Gas-Sensing Measurement. The gas-sensing performances

of sensing films were characterized for acetone sensing in the
concentration range of 2.5−200 ppm at operating temperatures
ranging from 150 to 350 °C by the standard flow-through technique. A
constant flux of synthetic air as the gas carrier was flowed to mix with
the desired concentration of pollutants dispersed in synthetic air with
the total gas flow rate of 2 L/min. All gas sources were 2,000 ppm
calibrated gas balanced in synthetic air and gas dilution was precisely
manipulated by mass flow controllers (Brook Instruement Inc.). The
sensor was exposed to a gas sample for ∼10 min at each gas
concentration, and the pure synthetic air flow was then resumed for 25
min. The gas-sensing data were then analyzed in terms of sensor
response, response time and recovery time. The sensor response (S) is
defined as the resistance ratio Ra/Rg,

8,11,17,34 where Ra is the resistance
in dry air and Rg is the resistance after exposure to a reducing gas. The
sensor response definition is reversed for an oxidizing gas. The
response time (tres) is defined as the time required until 90% of the
response signal is reached while the recovery time (trec) denotes the
time needed until 90% of the original baseline signal is recovered.

3. RESULTS AND DISCUSSION
3.1. Properties of Nanoparticles and Sensing Films.

XRD patterns of FSP-made undoped SnO2 (P-0) and 0.1−2 wt
% Ni-doped SnO2 (P-0.1Ni to P-2Ni) nanopowders are shown
Figure 1a. It is seen that all samples exhibit high crystallinity
with sharp XRD peaks, which are well matched with the
cassiterite-tetragonal phase of SnO2 (JCPDS file No. 41-1445).
In addition, undoped and Ni-doped SnO2 nanopowders display
similar diffraction patterns with (1 1 0), (1 0 1), (2 0 0) and (2
1 1) preferred crystallographic orientations and a high Ni
doping level (1−2 wt %) noticeably causes peak broadening at
high index planes, suggesting an increasing level of nanoscale
defects. However, peaks of Ni phase cannot be seen in these
patterns due possibly to the formation of Ni−SnO2 solid
solution or the absence of large crystalline NiOx particles (>10
nm). Figure 1b shows XRD patterns of graphene and FSP-
made 0.1 wt % Ni-doped SnO2 (P-0.1Ni) nanoparticles with
various graphene loading concentrations ranging from 0 to 5 wt
% after annealing and sensing test. It is evident that
electrolytically exfoliated graphene exhibits crystalline graph-
ite-2H-C structure (JCPDS file No. 41-1487) with only two
preferred orientations on (0 0 2) and (0 0 4) planes. In
addition, the peak at 27° is less broad compared with the (0 0
2) peak of graphene prepared by other methods due possibly to
its relatively thick multilayer graphene structure and large

crystallite size.28−30 Moreover, the absence of graphene/
graphite oxide peak at around 10° confirms that graphene is
in the reduced state.35,36 When 0.1 wt % Ni-doped SnO2
nanopowders is loaded with 0.1−5 wt % graphene, the (0 0 2)
and (0 0 4) graphitic peaks are overlapped with the (1 1 0) and
(2 2 0) peaks of cassiterite SnO2 such that the resulting
diffraction patterns are not significantly different from the
unloaded one. The result can be expected because the content
of graphene is so low that the contributions of graphitic peaks
are not clearly noticeable. It should be noted that structural
characterizations of graphene-loaded materials have been
primarily focused on 0.1 wt % Ni-doped SnO2 nanoparticles
(P-0.1Ni) because this Ni-doping level will provide optimal
acetone-sensing performances.
Figure 2a,b shows GI-XRD patterns of sensing films made of

SnO2 doped with 0−2 wt % Ni (S-0 to S-2Ni) and 0.1 wt % Ni-
doped SnO2 nanoparticles loaded with 0−5 wt % graphene (S-
0.1Ni and S-0.1Ni/0.1G to /5G) on the Au/Al2O3 substrate
after annealing and sensing test, respectively. It is seen that the
sensing films have similar crystallinity to their corresponding
powders with peaks matched with the same JCPDS files and
diffraction peaks of Ni are also absent. In addition, S-0 to S-2Ni
and S-0.1Ni/0.1G to 5G films exhibit only a few dominant

Figure 1. XRD patterns of (a) FSP-made Ni-doped SnO2 nano-
powders with different Ni doping levels (P-0 to P-2Ni) and (b)
graphene-loaded 0.1 wt % Ni-doped SnO2 nanopowders with different
graphene loading levels (P-0.1Ni/0.1G to P-0.1Ni/5G).
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planes of SnO2 with similar relative XRD peak magnitudes
compared with their corresponding nanopowders (P-0 to P-1Ni
and P-0.1Ni/0.1G to 5G), indicating a relatively low amount of
nanoparticles in the sensing films. The XRD peaks of the Al2O3
substrate (JCPDS file No. 46-1212) and Au electrode (JCPDS
file No. 04-0784) are also present with relatively high
magnitudes compared with those of sensing films due to a
relatively low amount of sensor materials.
Figure 3 illustrates the bright-field (BF) and high-resolution

(HR) TEM images of FSP-made undoped and 2 wt % Ni-
doped SnO2 nanoparticles (P-0 and P-2Ni). The corresponding
selected area electron diffraction (SAED) patterns are shown in
the inset. From the BF-TEM images (Figure 3a and 3c),
undoped and Ni-doped SnO2 nanoparticles are spherical and
polyhedral with typical diameters ranging from 5 to 20 nm. In
addition, they are nonagglomerated and well dispersed. The
respective SAED patterns (inset) show polycrystalline
diffraction rings corresponding to the (1 1 0), (1 0 1), (2 0
0), (2 1 1) and (3 0 1) lattice planes of the cassiterite SnO2
structure, in accordance with those observed in the XRD
patterns (Figure 1). The corresponding HR-TEM images
(Figure 3b,d) clearly show lattice fringes on various nano-
particles whose d-spacings can be well matched with various

planes of the tetragonal SnO2 phase. Furthermore, it can be
noticed that d-spacing of a given plane for P-2Ni tends to be
slightly smaller than that for P-0, signifying a smaller lattice
constant of the Ni-doped SnO2 material due possibly of
substitutional Ni-doping. The results are consistent with the
Hume−Rothery rule and several studies of Ni-doped SnO2
materials.22−25 Based on this rule, Sn4+ with the ionic radius of
0.069 nm can be stably substituted with Ni3+ (high spin) and
Ni2+ (low spin) (the ionic radii of 0.06 and 0.069 nm) because
the differences of their effective ionic radii are much less than
the limit of 15%. Thus, the decreased lattice spacing of the Ni-
doped SnO2 crystal may be attributed to substitution of the
smaller nickel ions.
Typical BF-TEM and HR-TEM images of electrolytically

exfoliated graphene are displayed in Figure 4a,b, respectively.
The BF-TEM image shows a portion of smooth round-edge
overlapped sheets with various shapes and sizes. The observed
large background sheet is roughly polygonal with a few hundred
nanometers in mean diameter and wavy edges whereas
overlapped sheets contain rectangular stripes with 20−40 nm
in width and more than 100 nm in length. The respective
SAED pattern (inset) exhibits dotted diffraction rings that can
be matched to (0 0 2), (1 0 2) and (1 0 3) planes of hexagonal
graphite, indicating a randomly oriented graphitic crystal
structure. The HR-TEM image further affirms that they are
indeed multilayer graphene with 4−7 graphitic fringes observed
on some edges. Figure 4c shows the BF-TEM image of 0.1 wt
% Ni-doped SnO2 nanoparticles loaded with 5 wt % graphene
after annealing. The TEM sample was prepared by spin-coating
of graphene−SnO2 paste mixed in the organic binder as
previously described in section 2.3 on a blank glass substrate.
The resulting film was annealed at 450 °C to eliminate the
organic binder and form the composite powder film. The
powder film was then scraped off and dispersed in ethanol
before dropping onto a carbon/copper TEM grid. It can be
seen that the polyhedral SnO2 nanoparticles are randomly
dispersed around and cover a small area of the graphene sheets,
which are partially overlapped among themselves. Thus, the Ni-
doped SnO2 nanoparticles tend to be isolated from larger
graphene sheets after dispersion in ethanol. The corresponding
SAED pattern displays dotted diffraction ring of hexagonal
graphene structure mixed with relatively thick diffraction rings
of polycrystalline Ni-doped SnO2 nanoparticles, confirming
coexistence of the two materials.
The BET specific surface area (SSABET) and effective BET-

equivalent particle diameter (dBET) of Ni-doped SnO2 nano-
particles and graphene−0.1 wt % Ni-doped SnO2 nanoparticles
were determined as a function of Ni-doping and graphene-
loading concentrations, as displayed in Figure 5a,b, respectively.
It can be seen that SSABET increases considerably from 81.3 to
101.2 m2/g with a small Ni-doping concentration of 0.1 wt %.
As the Ni-doping concentration increases further from 0.1 to 2
wt %, the SSABET tends to decrease slowly (101.2 to 92.8 m

2/g)
while dBET varies inversely with SSABET (unloaded SnO2, 10.6
nm; 0.1−2 wt %Ni/SnO2, 8.5 to 9.4 nm). The results indicate
that the Ni dopant considerably affects the nucleation of flame-
made SnO2 nanoparticles. The presence of the dopant may
affect the primary particle size by influencing the initial cluster
formation, sintering and growth rate in the initial flame stage. In
addition, dopants at high concentrations may change the
formation of the crystal structure in the later flame stage.10 In
the case of graphene−0.1 wt % Ni-doped SnO2 nanoparticles
(Figure 5b), it is evident that SSABET monotonically increases

Figure 2. XRD patterns of sensing films based on (a) 0−2 wt % Ni-
doped SnO2 nanoparticles (S-0 to S-2Ni) and (b) 0.1 wt % Ni-doped
SnO2 loaded with 0.1−5 wt % graphene (S-0.1Ni/0.1G to S-0.1Ni/
5G) on Au/Al2O3 substrates after annealing and sensing test.
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from 101.2 to 110.9 m2/g with increasing the graphene loading
level from 0 to 5 wt % while dBET correspondingly decreases
from 8.5 to 8.1 nm, respectively. The increase of specific surface
area may be attributed to the high surface area of graphene
sheets that can act as spacer between nanoparticles, effectively
preventing particle agglomeration and increasing the surface
area. It should be noted that the value of dBET for the
graphene−0.1 wt % Ni-doped SnO2 composite will be less
accurate due to the presence of nonspherical particles like
graphene.
Raman spectra of graphene (G) and 0.1 wt % Ni-doped

SnO2 nanoparticles loaded with graphene at various concen-
trations ranging from 0 to 5 wt % (P-0.1Ni, P-0.1Ni/0.1G to
5G) after binder-removal annealing are shown in Figure 6. With
no graphene, 0.1 wt % Ni-doped SnO2 nanoparticles exhibit a
sharp Raman peak at ∼632 cm−1 corresponding to A1g vibration
mode of cassiterite SnO2 crystal and two broad bands centered
at ∼568 and ∼2,930 cm−1, corresponding to mixed vibration
modes of amorphous-phase tin oxide and high frequency
vibration due to adsorbed water on SnO2 (H2O−SnO2)
surface, respectively.37−39 In addition, the spectrum is almost

the same as that of undoped SnO2 one (omitted), indicating no
additional vibration mode from Ni-doping. For the electrolyti-
cally exfoliated graphene powder, three carbon peaks are clearly
seen at ∼1330, ∼1574 and ∼2648 cm−1, which can be
attributed to first-order vibration of the sp3 bond (D mode), in-
plane vibration of the sp2 bond (G mode) and second-order
vibration of the sp3 bond (2D mode), respectively. In addition,
the G peak is much higher and sharper than the 2D and D
bands, respectively, implying highly ordered sp2 lattice, low sp3

edge defects and moderate second-order zone-boundary defects
associated with good-quality multilayer graphene configura-
tion.40 With small graphene loading (0.1−0.5 wt %), the G
peak become visible with low intensities while SnO2 peaks
remain about the same and the H2O−SnO2 peak begins to
diminish. At high graphene loading level (2−5 wt %), G peak
becomes dominant with higher intensity than A1g SnO2 peak
while the 2D and D bands also rise accordingly with increasing
graphene concentration and the H2O−SnO2 peak completely
disappears. The results confirm that graphene retains its
structural characteristics after mixing and annealing in air at
450 °C and does not oxidize into graphene oxide.

Figure 3. (a) BF-TEM and (b) HR-TEM images of FSP-made P-0. (c) BF-TEM and (d) HR-TEM images of P-2Ni. Insets: the corresponding
SAED patterns.
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The chemical compositions and oxidation states of existing
elements in nanopowders and sensing films were determined
by XPS. Figure 7 illustrates the representative high-resolution
XPS spectra comprising Sn 3d, Ni 2p and O 1s core levels of 2
wt % Ni-doped SnO2 nanopowder (P-2Ni, Figure 7a,c,e) and
its sensing film (S-2Ni, Figure 7b,d,f) after annealing and
sensing test. It should be noted that only XPS spectra of the 2
wt % Ni-doped SnO2 nanopowder are presented because Ni 2p
signals of SnO2 nanopowders with lower Ni concentrations are
less clear or absent due to the limited resolution of the XPS
technique. The doublet components, Sn 3d5/2 and Sn 3d3/2, of
the Sn 3d core level of P-2Ni (Figure 7a) are peaked at binding
energies of 486.3 and 494.8 eV, respectively, while the
corresponding values of S-2Ni (Figure 7b) are slightly shifted
to 486.9 and 495.3 eV, respectively. The similar peaks of
powder and sensing film can be both assigned to the highest
oxidation state of Sn4+ for SnO2.

23,41,42 The doublet
components, Ni 2p3/2 and Ni 2p1/2, of the Ni 2p signal can
be individually decomposed into two peaks, comprising a main
peak and another minor peak at a higher binding energy,
signifying the presence of two Ni species with different
oxidation states. The Ni 2p3/2 and Ni 2p1/2 doublet peaks of
P-2Ni (Figure 7c) contain main doublet peaks at 855.6 and
873.2 eV, and minor doublet peaks at 857.6 and 874.9 eV,
respectively, while the corresponding two doublet peaks of S-
2Ni (Figure 7d) are slightly moved to 856.3, 873.6, 857.8 and
874.9 eV, respectively. The main and minor doublet peaks can
be assigned to Ni2+ (low spin) and Ni3+ (high spin) states,
respectively.41−46 Both Ni2+ and Ni3+ ions are expected to be at

substitutional sites in SnO2 lattice. The relative contributions of
Ni2+ and Ni3+ oxidation states of P-2Ni are 78.6% and 21.4%,
respectively while those of Ni2+ and Ni3+ for S-2Ni become
61.1% and 38.9%, respectively. This result reveals that some of
Ni2+ ions are oxidized into Ni3+ ones after sensing test,
suggesting partial oxidation of Ni in air. For oxygen element,
the O 1s core level of P-2Ni (Figure 7e) can be deconvoluted
into three contributions centered at 530.3 eV (main peak),
531.6 and 532.9 eV, while three O 1S contributions of S-2Ni
(Figure 7f) are located at 530.9 (main peak), 532.1 and 532.9
eV, respectively. The main component of O 1s centered at
530.1−530.9 eV can be attributed to lattice oxygen (O2−) of
Ni-doped SnO2 lattice on the outermost surface while the
minor peak located at 531.6−532.1 eV may be assigned to the
chemisorbed oxygen on SnO2 surface and the minor peak
centered at 532.9 eV may be ascribed to hydroxide surface
groups due to water adsorption.44−46

The elemental compositions and oxidation states of graphene
powder and 0.1 wt % Ni-doped SnO2 sensing film loaded with
5 wt % graphene (S-2Ni/5G) were analyzed by XPS, as
demonstrated in Figure 8. Figure 8a illustrates the XPS survey
spectra of S-2Ni/5G and graphene powder. In the case of S-
2Ni/5G, the spectrum confirms the expected Sn, Ni, C and O
elements in the composite film as well as the Au element from
electrodes. The Ni and C contents of S-2Ni/5G are determined
to be 1.56 and 6.71 wt % (see the inset table), respectively,
which are in fair agreement with the concentrations of input
materials. For graphene prepared by electrolytic exfoliation, the
spectrum demonstrates high-quality graphene with very low

Figure 4. (a) BF-TEM and (b) HR-TEM images of electrolytically exfoliated graphene. (c) BF-TEM image of P-0.1Ni/5G. Insets: the
corresponding SAED patterns.
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oxygen content of ∼2 wt %, which is much lower than that of
typical reduced graphene oxide prepared by various chemical
synthesis methods.47,48 The respective core level spectra for Sn
3d, Ni 2p, C 1s and O 1s of S-2Ni/5G are illustrated in Figure
8b−8e, respectively. The Sn 3d and Ni 2p spectra (Figure 8b,c)

resemble closely those of S-2Ni (Figure 7b,d) with very similar
binding energies and relative contributions of Ni2+ and Ni3+,
suggesting no chemical interaction between Ni-doped SnO2
and graphene. For the C 1s carbon core level (Figure 8d), the
asymmetric spectrum can be deconvoluted into one main peak
at ∼284.9 eV associated with CC bonding of main graphene
lattice and two minor peaks at ∼286.6 and ∼288.5 eV
corresponding to COH and CO functional groups on the
graphene surface, respectively.47,48 The C 1s signal in the
composite film bears a close resemblance with that of graphene
powder (omitted), confirming that C 1s is mainly derived from
graphene and not from surface contamination. Similarly, the O
1s spectrum (Figure 8e) consists of one main peak at 530.2 eV,
which can be attributed to the lattice oxygen (O2−) of Ni-
doped SnO2 nanoparticles,

46 and three minor peaks at 531.5,
532.4 and 533.3 eV, which may be ascribed to the CO
functional group from graphene, hydroxide functional group
from SnO2 nanoparticles and COH functional group from
graphene, respectively.46−48 The results also indicate that the
presence of 5 wt % graphene considerably affects the
contributions of oxygen species on the surface (see Figure 7f
vs Figure 8e).
The cross-sectional SEM micrographs of S-0, S-0.1Ni, S-

0.1Ni/0.1G, S-0.1Ni/0.5G, S-0.1Ni/2G and S-0.1Ni/5G
sensing films on Al2O3 substrates equipped with Au
interdigitated electrodes after annealing and sensing test are
shown in Figure 9a−f, respectively. It can be seen that the
undoped SnO2 (S-0) and 0.1 wt % Ni-doped films (S-0.1Ni)
similarly contain densely agglomerated nanoparticle layers with
quite uniform thickness in the range of ∼14−16 μm. With
graphene addition at low concentrations (S-0.1Ni/0.1G, S-
0.1Ni/0.5G), the films are still dense but their thicknesses
become less uniform and graphene sheets are still not clearly
visible. At high graphene loading concentrations (S-0.1Ni/G2,
S-0.1Ni/G5), the films become more porous with noticeable
inclusion of graphene sheets and incidence of some voids
within the films. The voids may occur due to distinct thermal
expansion coefficients between large grains of graphene sheets
and small grains of SnO2 nanoparticles causing material
separation after annealing heat treatment. Thicknesses of all
sensing films are well controlled within the range of ∼12−18
μm, indicating good reproducibility of binder/powder mixing
and spin-coating methods. Thus, FSP-made powder together
with paste mixing and spin-coating technique has potential for
the fabrication of graphene−metal oxide composite sensing
films.

3.2. Acetone Sensing Properties. 3.2.1. Effect of
Operating Temperature. The effect of operating temperature
ranging from 150 to 350 °C on the response to 200 ppm
acetone (C3H6O) of SnO2 nanoparticles with different Ni-
doping and graphene loading concentrations are demonstrated
in Figure 10a,b, respectively. With no graphene loading (Figure
10a), the responses of undoped and all Ni-doped SnO2 sensors
increase monotonically with increasing the operating temper-
ature up to 350 °C. In particular, the 0.1 wt % Ni-doped SnO2
sensor (S-0.1Ni) exhibits the highest response of ∼54.2 to 200
ppm acetone at the highest operating temperature of 350 °C.
Thus, the 0.1 wt % Ni-doped SnO2 sensor has been chosen
based on its optimal response to acetone for further study with
graphene loading, as illustrated in Figure 10b. It is seen that all
graphene-loaded 0.1 wt % Ni-doped SnO2 sensors also exhibit a
monotonic increase of acetone response with increasing
working temperature, and the response tends to increase with

Figure 5. Specific surface area and average particle diameter of sensing
films based on (a) 0−2 wt % Ni-doped SnO2 nanoparticles (P-0 to P-
2Ni) and (b) 0.1 wt % Ni-doped SnO2 loaded with 0.1−5 wt %
graphene (P-0.1Ni/0.1G to P-0.1Ni/5G) after annealing.

Figure 6. Raman spectra of electrolytically exfoliated graphene and
graphene-loaded 0.1 wt % Ni-doped SnO2 nanopowders with different
graphene loading levels (P-0.1Ni and P-0.1Ni/0.1G to 5G).
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increasing graphene loading levels, especially at high operating
temperatures. In particular, the Ni-doped SnO2 sensing film
with 5 wt % graphene (S-0.1Ni/5G) sensor exhibits the highest
response of ∼169.7 to 200 ppm acetone at 350 °C, which is
more than 3 times as high as that of unloaded one. The roles of
operating temperature, Ni doping and graphene loading will be
further discussed in subsequent sections.
3.2.2. Effect of Ni-Doping. Figure 11a shows the change in

resistance of SnO2 sensing films with different Ni doping
concentrations (S-0 to S-2Ni) under exposure to various
C3H6O concentrations at the highest operating temperature of
350 °C. It is seen that the baseline sensor resistance increases
monotonically and drastically by almost 3 orders of magnitude
as the Ni-doping level increases from 0 to 2 wt %. Similar
doping dependence of baseline resistance is seen but the
magnitude of resistance span is relatively less at a lower
operating temperature. The increase of resistance with
increasing Ni doping level may be explained based on
substitutional-doping effect. Doping of Ni, a p-type dopant in
SnO2, generates holes, which will be neutralized by existing
electrons of n-type SnO2 host resulting in the decrease of
electron concentration and increase of electrical resistance. At 2
wt % Ni-doping, the material is still n-type with a very low

concentration of electrons. A higher Ni-doping level may lead
to complete compensation and inversion to a p-type semi-
conductor, exhibiting a decrease in resistance with increasing
Ni-doping concentration. However, Ni is more likely to
precipitate into the secondary phase of p-type nickel oxide,
which forms p−n heterojunctions that exhibit high electrical
resistance.12−23

When exposed to C3H6O, the resistances of all sensors
decrease rapidly, conforming to a typical n-type semiconducting
characteristic toward a reducing gas. In addition, the resistance
changes of the Ni-doped SnO2 sensor with low Ni-doping
levels (0.1−0.5 wt %) are considerably better than that of
undoped one, whereas those of a sensor with high doping levels
(1−2 wt %) are comparable or inferior compared with that of
the undoped sensor. The corresponding sensor characteristics
in terms of sensor response (solid line, left axis) and response
time (dash line, right axis) of S-0 to S-2Ni sensors as a function
of C3H6O concentration are displayed in Figure 11b. It is
evident that the sensor response and response time initially
improve with increasing Ni-doping concentration from 0 to 0.1
wt % but then steadily degrade as the concentration increases
further to 2 wt %. In particular, the 0.1 wt % Ni-doped SnO2
sensor (S-0.1Ni) exhibits the highest response of 54.2 to 200

Figure 7. XPS spectra of (a) Sn 3d, (c) Ni 2p and (e) O 1s core levels for FSP-made 2 wt % Ni-doped SnO2 nanopowder (P-2Ni). (b) Sn 3d, (d) Ni
2p and (f) O 1s core levels for sensing film after annealing and sensing test (S-2Ni).
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ppm of C3H6O, which is more than 4 times as high as that of
the undoped SnO2 sensor (S-0) at 350 °C. Moreover, the
response increases rapidly in the low range of C3H6O
concentration (2.5−30 ppm) and then increases more slowly
in the high range of C3H6O concentration (30−200 ppm),
indicating the power-law behavior with the exponent value of
<1. Furthermore, the 0.1 wt % Ni-doped SnO2 sensor exhibits a
short response time of ∼13 s while the recovery time (not
shown) is also short, on the order of a few minutes. Therefore,
0.1 wt % is the optimum Ni-doping concentration that results
in high and fast acetone-sensing response.
The role of Ni dopant on gas-sensing performances of SnO2

nanoparticles may be explained based on its influence on
specific surface area as well as its electronic and catalytic effects.
From the BET results, it is seen that Ni doping at low

concentration results in a considerable increase of the specific
surface area by as much as 20%. Thus, the observed gas-sensing
enhancement could be attributed to the increase of surface area.
However, this mechanism alone should not be sufficient to
explain the observed gas-sensing improvement by Ni because
the increase of specific surface area is not as large as the
increase of acetone response. Doping and related effects are
then used to further explain the gas-sensing enhancement by
Ni. In a typical n-type SnO2 gas sensor, oxygen species (O2

−,
O− and O2−) are initially chemisorbed on the surface at
elevated temperatures in air. With Ni dopants, Ni2+ and Ni3+

ions may substitute Sn sites in and on the SnO2 surface via
defect reactions of NiO and Ni2O3 quasi-molecules that can be
represented in Kröger−Vink notation according to35,36,49

→ ″ + +••VNiO Ni Ox
Sn o o (1)

Figure 8. XPS spectra of graphene and S-2Ni/5G sensor sensing film after annealing and sensing test: (a) survey scan, (b) Sn 3d, (c) Ni 2p, (d) C 1s
and (e) O 1s core levels.
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→ ′ + + +•hNi O 2Ni 2 2O
1
2

Ox
2 3 Sn o 2 (2)

where NiSn″ , NiSn′ , Vo
••, Oo

x, O2 and h• are the Ni−Sn
substitutional site with double negative charge, the Ni−Sn
substitutional site with single negative charge, the oxygen
vacancy with double positive charge, the neutral oxygen site, the
oxygen gas molecule and the singly positive charge hole,
respectively. The first process generates new oxygen vacancies
and form Ni2+−Vo complexes while the latter induces positively
charged holes that will be annihilated by existing electrons,
leading to the increase of baseline resistance as observed in
Figure 11a. From the results, the Ni3+ contribution in sensing
film of around 39% can cause a considerable increase of
resistance with Ni doping. Upon exposure to C3H6O,

chemisorbed oxygen species particularly O− and O2− are
directly reduced by gas molecules according to

+ → + +− −8O C H O 3H O 3CO 8e3 6 2 2 (3)

+ → + +− −8O C H O 3H O 3CO 16e2
3 6 2 2 (4)

The reactions release electrons from these species into the
conduction band of SnO2, resulting in a resistance decrease.
The reaction rates toward various reducing gases are primarily
controlled by the availability and type of oxygen species as well
as the reducing reaction rate of each gas molecule. O2− is more
reactive than O− and generates double the amount of electrons
per reaction, but it requires a relatively high activation energy.
An undoped SnO2 sensor typically has an optimal operating
temperature at 300−350 °C when the adsorption/desorption
rate ratio of O− and O2− is maximized. From the observed

Figure 9. SEM images (cross-sectional view) of (a) S-0, (b) S-0.1Ni, (c) S-0.1Ni/0.1G, (d) S-0.1Ni/0.5G, (e) S-0.1Ni/2G and (f) S-0.1Ni/5G
sensing films on Au/Al2O3 substrates after annealing and sensing test.
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results, the optimal operating temperature of Ni-doped sensors
is still in the same range as that of the undoped one, implying
similar temperature dependency of adsorption/desorption of
oxygen species on the Ni-doped SnO2 surface. The enhance-
ment of acetone responses with Ni doping at low
concentrations (0.1−0.2 wt %) may be attributed to the
increased density of O− and especially O2− adsorption sites on
nanoparticle surfaces due to additional oxygen vacancies
formed in Ni2+−Vo complexes, which directly enhance the
formation of oxygen species at high temperature.35 In addition,
the reduced background electron concentration due to Ni (p-
type) doping also facilitates electron transfer from gas
molecules to conduction band, allowing much larger change
in resistance. At higher Ni doping levels (0.5−2 wt %), the
acetone response reduces substantially compared with the
optimally doped one. The unfavorable characteristic may be
caused by the high-level surface disorder on nanoparticle
surfaces induced by the heavy Ni doping. This assumption is
well supported by the XPS data that 61% of Ni dopants become
Ni2+ ions and generate more vacancy defects at the highest Ni-
doping level of 2 wt %. The surface disorder can be represented
as defective surface states that trap charge carries, causing
pinning of Fermi-level, less change of surface conductivity due

to charge transfer from reducing reaction and deteriorated gas
response.35,49

3.2.3. Effect of Graphene Loading. The influence of
graphene loading level on the sensing performances toward
C3H6O of Ni-doped SnO2 nanoparticles with the optimal Ni-
doping content of 0.1 wt % is further investigated, as shown in
Figure 11c,d. Figure 11c demonstrates the change in resistance
of 0.1 wt % Ni-doped SnO2 sensing films with different
graphene loading concentrations ranging from 0 to 5 wt %
under exposure to various C3H6O concentrations at 350 °C. It
can be seen that the baseline sensor resistance increases
substantially by more than 1 order of magnitude with increasing
the graphene loading level from 0 to 0.5 wt % (S-0.1Ni, S-
0.1Ni/0.1G to 0.5G). In contrast, the baseline resistance
decreases gradually as the graphene loading concentration
increases further from 0.5 to 5 wt %. This trend of baseline
resistance is similarly observed at other operating temperatures.
The initial increase of resistance with increasing graphene
loading level may be explained based on the effect of metal−
semiconductor (M−S: graphene−Ni-doped SnO2 nanopar-
ticles) junctions. At low graphene concentrations (0.1−0.5 wt
%), conductive graphene sheets are separately dispersed within
the SnO2 matrix and form M/S junctions, leading to enhanced
depletion regions in SnO2 nanoparticles and increased
resistivity with increasing graphene concentration. When the
graphene loading level becomes relatively high, graphene sheets
begin to form clusters, which are partially connected as
observed from SEM images (Figure 9e,f). Thus, partially
connected conductive network of graphene may be formed,
leading to the decrease in electrical resistance.
Upon C3H6O exposure, all sensors display a typical decrease

of resistance in response to a reducing gas of n-type
semiconductor gas sensors. In addition, the resistance change
of the sensor is initially slightly decreased and then
progressively increased with increasing the graphene loading
concentration from 0.1 to 5 wt %. Moreover, the 5 wt %
graphene-loaded sensor demonstrates relatively fast changes in
resistance, response stabilization and baseline recovery
compared with other sensors. It should be noted that the
composite with higher graphene loading level (i.e., 10 wt %)
have also been tested and found to have very poor sensor
response due to excessive aggregation/agglomeration of
graphene leading to too high material conductivity and
insignificant resistance change upon gas exposure. Therefore,
it can be primarily concluded that the optimal graphene loading
level for graphene−Ni-doped SnO2 sensor is 5 wt %.
Figure 11d shows the corresponding sensing characteristics

in terms of sensor response (solid line, left axis) and response
time (dash line, right axis) of S-0.1Ni and S-0.1Ni/0.1G to 5G
as a function of C3H6O concentration. It can be seen that the
sensor response and response time are initially slightly
degraded and then monotonically improved with increasing
graphene loading concentration from 0.1 to 5 wt %. In
particular, the S-0.1Ni/5G sensor exhibits high acetone-sensing
performances at 350 °C in terms of response (S = 169.7 at 200
ppm) and response time (tres = 5.3 s) compared with S-0.1Ni/
2G (S = 61.3, tres = 24 s), S-0.1Ni/0.5G (S = 56.6, tres = 42 s),
S-0.1Ni/0.1G (S = 52.4, tres = 35 s) and S-0.1Ni (S = 54.2, tres =
13 s). In addition, graphene incorporation also results in the
reduction of recovery time for the Ni-doped SnO2 sensor.
Additionally, the response characteristics as a function of
acetone concentration of graphene-loaded Ni-doped SnO2
sensors conform to the well-known power law with exponent

Figure 10. Histograms of sensor response to 200 ppm of C3H6O of
(a) FSP-made Ni-doped SnO2 sensor (S-0 to S-2Ni) with different Ni-
doping levels and (b) graphene-loaded 0.1 wt % Ni-doped SnO2
nanopowders with different graphene loading levels (S-0.1Ni and S-
0.1Ni/0.1G to 5G) at various operating temperatures ranging from
150 to 350 °C.
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value >1. Furthermore, the S-0.1Ni/5G sensor still exhibits a
high response of ∼6.3 at a low acetone concentration of 5 ppm
corresponding to a very low acetone detection limit of ∼0.04
ppm (predicted at the response of 1.1 based on the power-law
fitting). Thus, the optimal sensor is sensitive at low acetone
concentrations and promising for the acetone analysis in breath.
Moreover, the 5 wt % graphene-loaded 0.1 wt % Ni-doped
SnO2 sensor exhibits relatively high acetone response compared
with several other VOC sensors listed in Table 1, which
reported the response in the range of 3−50 to 200 ppm
acetone. Therefore, the graphene−Ni-doped SnO2 composite is
a highly promising material for acetone sensing applications.
The substantial gas-sensing enhancement by graphene may

be explained based on the following plausible mechanisms.
First, graphene could provide extra surface area for adsorption
sites and reaction with target gases since the surface of
graphene is reported to be active to various reducing and
oxidizing gases, leading to enhanced sensor response.28−31

From BET results (Figure 5), it is evident that the specific
surface area of the composite increases considerably with
increasing graphene-loading concentration. Second, graphene
could prevent agglomeration of SnO2 nanoparticles via the
intercalation effect as previously observed in SEM images
(Figure 9e,f), resulting in large effective surface area and
considerably improved gas-sensing performances.
Furthermore, graphene should form M−S junctions with Ni-

doped SnO2 nanoparticles that could enhance electronic
interaction with the target gas. The Ni-doped SnO2−graphene

junctions would induce depletion regions due to their work
function difference in addition to the first depletion region
created on the surface of Ni-doped SnO2 nanoparticles by
chemisorbed oxygen species (O− and O2−). The interaction
between gas molecules and the surface of Ni-doped SnO2
nanoparticles will modify the first depletion layer while other
gas molecules can also adsorb on graphene and transfer
electrons to alter the depletion layers at the Ni-doped SnO2−
graphene interfaces.36 Thus, the electronic interaction between
SnO2 and graphene effectively facilitates the gas detection
through the change in the electrical conductivity of the
nanohybrid. The surface accessibility between FSP-made
nanoparticles and graphene will play the key role to the
enhanced response because the operation involves adsorption/
desorption processes at the interface. Moreover, the formation
of graphene−Ni-doped SnO2 nanoparticle interfaces could lead
to additional active gas-adsorption sites (such as vacancies,
point defects, oxygen functional groups as well as the sp2-
bonded carbon) due to chemical interaction between surface
atoms of two materials and thereby greatly improves the sensor
response.30

Additionally, graphene’s high electrical conductivity can
result in the fast transport of electrons from gas interaction
in the sensing layer, leading to the decrease of response and
recovery times. The graphene loaded in Ni-doped SnO2 sensing
films should enhance the local material conductivity and
electron transport since graphene is zero-band gap metal with
very high electron mobility.28−31 This is in accordance with the

Figure 11. (a) Change in resistance, (b) correlation of sensor response (solid line, left axis) and response time (dash line, right axis) vs acetone
concentration of S-0 to S-2Ni sensors at 350 °C. (c) Change in resistance and (d) correlation of sensor response (solid line, left axis) and response
time (dash line, right axis) vs acetone concentration of S-0.1Ni and S-0.1Ni/0.1G to 5G sensors at 350 °C.
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results in Figure 11c that the baseline resistance (inverse of
conductivity) of graphene-loaded Ni-doped SnO2 sensing film
tends to decrease at the high graphene loading levels of 1−2 wt
%. The increase in conductivity by graphene could assist
electron transfer from the gas reaction, leading to enhanced
response and response rate at a given temperature, as
previously seen in Figures 10 and 11. However, it does not
result in a reduction of optimal operating temperature because
the additional active gas-adsorption sites provided by the
graphene−Ni-doped SnO2 nanoparticle interfaces should be
thermally activated so that the gas adsorption reaction is further
enhanced with increasing operating temperature.
3.2.4. Selectivity, Repeatability and Reproducibility. The

selectivity of undoped, Ni-doped SnO2 and graphene-loaded
Ni-doped SnO2 sensing films has been evaluated for C3H6O,
C2H5OH, H2, CH4, H2S and NO2 at a low gas concentration of
5 ppm and the operating temperature of 350 °C, as illustrated
in Figure 12. It can be seen that Ni-doping and graphene

loading considerably affect the acetone selectivity of FSP-made
SnO2 nanoparticles. In the absence of Ni-doping and graphene
loading, SnO2 nanoparticles exhibit medium responses to
C3H6O, NO2 and H2S and low responses to CH4, C2H5OH
and H2. With the optimal Ni-doping concentration of 0.1 wt %,
responses to C3H6O, C2H5OH and NO2 increase considerably
but the response enhancement for acetone is more substantial
than others while the responses to CH4, H2 and H2S are only
slightly increased. Thus, the acetone selectivity of the FSP-
made SnO2 sensor is considerably improved with the optimal
Ni doping.
With very small graphene loading of 0.1−0.5 wt %, the

responses to C3H6O, C2H5OH and H2S increase moderately
whereas those to other gases are or not much affected, and thus
the acetone selectivity is slightly improved. As the graphene
loading level increases from 0.5 to 5 wt %, response to C3H6O
increases rapidly whereas that to C2H5OH also increases but
with a much smaller rate, and those to other gases are not
significantly changed, indicating the significant enhancement of
the acetone selectivity with increasing graphene loading level.
At the optimal graphene loading level of 5 wt %, the acetone
response becomes about 2 times as high as that to ethanol.
Thus, 5 wt % graphene-loaded Ni-doped SnO2 exhibits not

only high response but also high acetone selectivity against
ethanol and other gases at a low gas concentration of 5 ppm.
The observed high acetone selectivity suggests specifically high
interaction rate between acetone vapor and graphene−Ni-
doped SnO2 nanoparticles interfaces. Lastly, the repeatability
and reproducibility of the sensors, particularly S-0.1Ni and S-
0.1Ni/5G, were evaluated. Each sensor showed good
repeatability with less than 18% response variation from ten
repeated measurements at the same gas concentration. In
addition, five sensors from the same batch were found to have
fair response variation of less than 27% tested under the same
conditions.

4. CONCLUSIONS
In conclusion, FSP-made SnO2 nanoparticles doped with Ni
(0−2 wt %) and loaded with electrolytically exfoliated graphene
(0.1−5 wt %) have been systemically studied for acetone-
sensing applications. Characterizations by XRD, SEM, TEM,
HRTEM, Raman spectroscopy and XPS revealed that Ni-doped
SnO2 nanostructures had a spheriodal morphology with a
polycrystalline tetragonal SnO2 phase, and nickel should form
the solid solution with the SnO2 lattice while graphene in the
sensing film after annealing and testing still retained a high-
quality nonoxidized sp2 structure. The acetone response of the
SnO2 sensing film was found to be substantially improved up to
54.2 at 200 ppm and 350 °C with the lowest Ni-doping level of
0.1 wt % but further increase of Ni-doping concentration
resulted in deteriorated acetone response. In contrast, the
acetone response tended to be substantially enhanced with
increasing the graphene loading level up to 5 wt %. The 5 wt %
graphene-loaded 0.1 wt % Ni-doped SnO2 sensor exhibited
notably high acetone response of 169.7 to 200 ppm acetone
with a short response time of ∼5.4 s at the optimal operating
temperature of 350 °C. The enhanced acetone-sensing
performances of Ni-doped SnO2 nanoparticles loaded with
graphene may be attributed to large specific surface area of the
composite structure, specifically high interaction rate between
acetone vapor and graphene−Ni-doped SnO2 nanoparticles
interfaces and high electronic conductivity of graphene.
Therefore, the graphene loaded Ni-doped SnO2 sensor is a
promising candidate for fast, sensitive and selective detection of
acetone.
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