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electrochemical gas sensor is an ion-con-
ducting electrolyte, which can be either in 
a solid or liquid state. [ 3 ]  Traditional solid 
electrolytes including yttria-stabilized zir-
conia (YSZ) [ 1,4 ]  and sodium super ionic 
conductor (NASICON) [ 4,5 ]  materials can 
conduct O 2−  and Na +  at high tempera-
tures (>250 °C), respectively; while liquid 
electrolytes including acidic or basic solu-
tions can conduct protons or hydroxide 
ions at room temperature. [ 3,5 ]  Due to the 
scalable fabrication, lack of leakage, and 
low energy consumption of all-solid state 
electrochemical gas sensors, the develop-
ment of solid electrolytes with high ion 
conductivity at room temperature is vital 

for portable and battery-driven sensor devices such as breath 
analyzers and combustible and toxic gas detectors. [ 3,5 ]  

 Among different types of materials being used as solid 
electrolytes, graphene oxide (GO) has recently been demon-
strated as a potential reliable candidate. This is mainly due to 
the abundant oxygen-containing groups (e.g., epoxy, hydroxyl, 
and carboxyl groups) in GO, which make it an electrical insu-
lator, highly hydrophilic, superpermeable to water molecules, 
less permeable to most gases, and highly proton conduc-
tive. [ 6–10 ]  Moreover, GO can be easily tuned and functional-
ized to improve its proton conductivity at room temperature, 
generating a promising solid electrolyte with high ion con-
ductivity. [ 11–14 ]  Since gases such as methanol or ethanol have 
low permeability through GO, [ 7,15,16 ]  the design of an electro-
chemical alcohol sensor (also known as direct alcohol fuel cell 
(DAFC)) built on GO-based solid electrolytes becomes techni-
cally feasible. 

 Herein, for the fi rst time, an electrochemical gas sensor is 
described, denoted as an alcohol fuel cell sensor (AFCS), using 
free-standing GO (fGO) and sulfonic acid functionalized GO 
(fSGO) fi lms as solid electrolytes to detect the ethanol con-
centration in the environment. The fSGO was prepared by 
grafting the sulfonic acid groups onto the GO nanosheets using 
3-mercaptopropyl trimethoxysilane (MPTMS) as the precursor 
followed by the oxidation of MPTMS and vacuum fi ltration to 
make free-standing fi lms. [ 11,17 ]  Although, both fSGO and fGO 
fi lms showed proton-conducting characteristics in the AFCSs, 
the fSGO outperformed the fGO fi lm in terms of proton 
conductivity, response, linearity, sensitivity, and selectivity. 
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  1.     Introduction 

 Gas sensors have been developed to detect a variety of gases 
in numerous fi elds such as automobiles, aerospace, safety, 
indoor air quality, environmental control, food, industrial pro-
duction, and medicine. [ 1,2 ]  Specifi cally, electrochemical gas sen-
sors (also known as amperometric gas sensors or micro fuel 
cells) have been widely used to detect different compounds 
like oxygen, nitrogen oxides, alcohols, carbon monoxide, 
hydrogen sulfi de, and volatile organic compounds, because of 
the direct correlation between the concentration of the target 
gas and the output signal. [ 1 ]  One of the core components in the 
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The detection limit of ethanol using the fSGO-based AFCS was 
as low as 25 ppm, indicating its excellent capability of sensing 
low amounts of the ethanol. This substantial characteristic of 
fSGO-based AFCS permits its promising application in systems 
requiring highly sensitive and selective sensors such as breath 
analyzers.  

  2.     Results and Discussion 

  2.1.     Material Synthesis and Structural Characterization 

 The digital photograph of dark brown fSGO fi lm in  Figure    1  a 
shows a fl exibility similar to that of the fGO fi lm (Figure S1a, 
Supporting Information), indicating that functionalization 
does not affect GO sheet stacking and the bending behavior. 
Similar to the morphology of GO paper in literature, [ 12,13,16–19 ]  
the typical laminated layer structure of GO nanosheets appears 
in the fSGO and fGO fi lms, as shown in cross-sectional 

scanning electron microscope (SEM) images in Figure  1 b 
and Figure S1b. To determine the existence and distribution 
of functional groups on the GO nanosheets, a cross-sectional 
energy-dispersive X-ray spectroscopy (EDX) mapping of fSGO 
fi lm was obtained (Figure  1 c–h). Si and S, contained in the 
silane and thiol moieties of MPTMS, were homogeneously 
distributed throughout the thickness of the fi lm, illustrating a 
successful functionalization reaction. The agreement of the dis-
tribution of Si and S with C and O in the EDX mapping indi-
cates that the functional groups are indeed localized on the GO 
nanosheets. The existence and distribution of Al in the fSGO 
fi lm (Figure  1 f) is due to the dissolution of Al contained in the 
anodic aluminum oxide (AAO) membrane used during fi ltra-
tion (for the synthesis procedure see Experimental Section). [ 20 ]  
The dominance of Al over C and O on the surface may be attrib-
uted to the strong acidity of the sulfonic acid groups grafted 
onto the GO sheet surface. 

  To confi rm successful functionalization, Fourier trans-
form infrared spectra (FTIR) of GO and SGO were obtained 
and are presented in  Figure    2  a. In the spectrum of GO, the 
observed characteristic peaks at 3414, 1741, 1627, 1228, 1054, 
and 862 cm −1  are assigned to the stretching of free hydroxyl 
(O H), carboxyl (C O), sp 2  carbon (C C), carbon-hydroxyl 
(C OH), epoxide (C O C), and epoxy ring, respectively. [ 21–25 ]  
The peak at 1415 cm −1  is attributed to the O H deformation 
vibration. [ 21,24 ]  In the spectrum for SGO, additional peaks at 
1363, 1191, 1128, and 1042 cm −1  are assigned to the asym-
metric and symmetric stretching vibrations of S O and S O 
in sulfonic acid groups, respectively. [ 25–27 ]  The bands at 1262, 
1102, and 802 cm −1  are attributed to the vibration Si O/
Si O Si, C O, and Si O C in the silane groups, respec-
tively. [ 23,27 ]  Small peaks at 2920 and 2850 cm −1  appearing in the 
spectrum, are related to the vibration of methylene groups of 
the precursor (MPTMS). The appearance of these new peaks 
further suggests the successful functionalization of GO. It 
should be noted that peaks assigned to the vibration of C OH 
(1228 cm −1 ), C O C (1054 cm −1 ) and epoxy rings (862 cm −1 ) 
disappear after functionalization. This indicates that the 
grafting reaction of MPTMS was carried out through the epoxy 
and hydroxyl groups on the GO nanosheets. 

  X-ray photoelectron spectroscopy (XPS) was also performed 
on the freestanding fi lms. The XPS analysis shows C, O, and Al 
peaks at 284.5, 532.8, and 74.8 eV for both fGO and fSGO fi lms, 
while two other peaks at 169.3 and 102.2 eV were found in the 
pattern of the fSGO fi lm and attributed to S and Si, respectively 
(Figure S2, Supporting Information). The atomic amounts of 
Si and S in the fSGO fi lm were determined to be ≈0.2% and 
0.5% by EDX and XPS (Table S1, Supporting Information). 
This confi rms the functionalization of MPTMS onto the GO 
nanosheets. The structural changes were analyzed by the 
high-resolution spectra of C 1s, O 1s, S 2p, Si 2p, and Al 2p. 
The C 1s spectrum of the fGO fi lm in Figure  2 b is simi lar to 
the reported spectra of GO. [ 9–11,19,21 ]  Four different peaks 
were deconvoluted, namely C C/C H (284.4 eV), C OH 
(285.3 eV), C O C (287.2 eV), and O C O (288.8 eV). Like-
wise, four peaks at the same bonding energies can be separated 
in the C 1s spectrum of the fSGO fi lm. However, for fSGO the 
peak at 285.3 eV can also be assigned to C S and Si O C. 
Thus, compared to the fGO fi lm, the signifi cant increase of 
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 Figure 1.    a) Digital photo of the fl exible fSGO fi lm. b) Cross-sectional 
SEM images of fSGO fi lm. c–h) EDX mapping images of the cross-section 
of fSGO fi lm.
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peak intensity at 284.4 and 285.3 eV and the decrease of inten-
sity of the C O C peak of fSGO (Figure  2 b,d) might indicate 
the coupling reaction of silane groups from MPTMS with the 
reactive epoxy groups on the GO nanosheets. [ 21 ]  According to 
the O 1s spectra in Figure  2 c, three major peaks were identi-
fi ed: Al O (531.5 eV), C O/O C O/SO3H (532.1 eV) and 
C O C/C OH/Si O (533 eV). The functionalization of fGO 
to fSGO causes a decrease in the peak intensity at 533 eV, which 
corresponds to a similar change in the peak at 287.2 eV in C 1s
spectrum. This suggests that the epoxy group is the main par-
ticipant in the coupling reaction between the precursor and 

GO nanosheets. [ 21 ]  The higher intensity of the double-bonded 
oxygen peak at 532.1 eV of fSGO over that of fGO and the 
appearance of the S 2p 3/2  peak at 168.6 eV (Figure S2b, 
Supporting Information) are attributed to sulfonic acid groups, 
confi rming the successful introduction of sulfonic acid groups 
onto GO nanosheets. [ 28,29 ]  A summary of the XPS data in 
Figure  2 d shows that the decrease in single-bonded oxygen 
species was greater than the increase in double-bonded oxygen 
species. This implies that C OH on the GO nanosheets can 
participate in the functionalization reaction. It should also be 
noted that the Al O peak is stronger in the fSGO fi lm which 
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 Figure 2.    a) FTIR spectra of GO and SGO. b,c) XPS spectra of C 1s and O 1s for fGO and fSGO fi lms respectively. d) Summary of carbon and oxygen 
species in fGO and fSGO fi lms (legend from top to bottom corresponds to bars from left to right in each dataset). e) Schematic of the functionaliza-
tion of GO.
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is in agreement with the higher content of Al in the EDX and 
XPS analysis results (Table S1, Supporting Information). This 
may relate to the high dissolution of Al from the AAO fi lm 
due to the high acidity of the sulfonic acid groups on the SGO 
nanosheets. [ 20 ]  

 Based on the analysis of FTIR, XPS, and literature, [ 29,30 ]  the 
possible reaction pathway between MPTMS and GO nanosheets 
is illustrated in Figure  2 e. First, the silane moiety in MPTMS 
hydrolyzes into silanols (Si(OH) 3 ) via existing water on the sur-
face of GO nanosheets. This is followed by the partial oligomer-
ization of the silanols through a condensation reaction. Then 
the coupling reactions of silanol groups and oligomers with the 
epoxy and hydroxyl groups on GO nanosheets are carried out 
through water removal in another condensation reaction. Thus, 
the grafted thiol-ends of MPTMS are located at the original sites 
of epoxy or hydroxyl groups on the GO nanosheets. The subse-
quent oxidation of thiol groups is achieved by H 2 O 2 , forming 
sulfonic acid groups on the surface of the GO nanosheets, 
thereby confering high acidity and proton conductivity. 

 The structural differences between the fSGO and fGO fi lms 
were studied by X-ray diffraction (XRD), Raman spectroscopy, 
and Thermogravimetric analysis (TGA). In  Figure    3  a, a (002) 
diffraction peak at 2 θ  = 10.23° is observed in the XRD pattern of 

the fGO fi lm, exhibiting a similar d-spacing of 0.86 nm to that 
in literature. [ 12,17,20 ]  The distance can be attributed to the one 
or two layers of water molecules that are presumably hydrogen 
bonded to the oxygen species on the GO nanosheets. [ 7,15,17 ]  
After functionalization of fGO to fSGO, the (002) peak 
becomes sharper and shifts to a lower angle of 2 θ  = 10.09°, 
giving a higher d-spacing of 0.88 nm. This may be attributed 
to the big molecular volume of the grafted moieties on the 
SGO nanosheets and their interactions with confi ned water 
molecules in between the GO nanosheets. [ 15 ]  According to the 
width of the diffraction peak, the average crystallite size ( L  c ) ori-
ented perpendicularly to the diffraction plane in the fi lms was 
calculated using the Scherrer–Debye equation:

    

λ
β θ

= 0.89
Lc

cos   
(1)

 

   where 0.89 is shape factor,  λ  is the wavelength of X-ray, 
 β  denotes full width at half maximum of the (002) peak in 
radians,  θ  denotes the Braggs angle. The average crystallite 
size for fGO and fSGO was found to be 8.51 and 12.05 nm, 
respectively. Compared to the large crystallite size of 30–40 nm 
in GO powder, [ 31 ]  the lower values of  L  c  for free-standing fi lms 
in this paper are due to the stacking of GO nanosheets during 
the casting procedure. [ 12,17,20 ]  

  The Raman spectra in Figure  3 b show the two typical peaks 
of graphitic materials: the G band at 1600 cm −1  and D band at 
1340 cm −1 . The G band is attributed to the Raman-active E 2g  
mode observed for sp 2  carbon domain while D band corre-
sponds to the structural defect sites within the graphene. [ 32,33 ]  
The ratio of D and G band intensity,  I  D  /I  G , is a commonly used 
measurement to quantify the degree of disorder and defects for 
carbon-based materials. The ratios of  I  D  /I  G  for fGO and fSGO 
fi lms are 1.03 and 1.10, respectively. The higher  I  D  /I  G  of the 
fSGO fi lm refers to more disorder on the SGO nanosheets due 
to more edges and defects generated during functionalization. 
The ratio of  I  D  /I  G  can also be used to determine the in-plane 
crystallite size  L  a  (nm) by the Tuinstra–Koenig relationship: [ 32,34 ] 

    λ= × − −(2.4 10 ) ( / )a
10 4

D G
1L I I   (2) 

   where  λ  is the wavelength of Raman excitation.  L  a  decreases 
from 18.66 nm in the fGO fi lm to 17.48 nm in the fSGO fi lm, 
which corresponds to a shorter distance between defects on the 
plane of SGO nanosheets. 

 TGA profi les of the fGO fi lm in Figure S3 (Supporting 
Information) show two major mass loss regions: a 10% loss 
at  T  < 150 °C and a 30% loss at 150 °C <  T  < 250 °C. These 
losses are attributed to the free and bounded water in the 
fGO fi lm ( T  < 150 °C) and the evolution of oxygen function-
alities into gases such as CO, CO 2 , and/or H 2 O (150 °C 
<  T  < 250 °C). [ 12,13,17 ]  The major mass loss in the profi le of the 
fSGO fi lm shifts to higher temperature by 15 °C, indicating its 
improved thermal stability. The residual mass of the fSGO fi lm 
is also 5% higher than that of the fGO fi lm because of the func-
tionalized moieties (Si and S) and Al, which matches that of 
their total content according to EDX and XPS results (Table S1, 
Supporting Information).  
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 Figure 3.    a) XRD pattern and b) Raman spectra for fGO and fSGO fi lms.
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  2.2.     Proton Conducting Behavior 

 The conductivities of both fGO and fSGO fi lms were meas-
ured by the four-probe method and are displayed in  Figure    4  a. 
The conductivity of the fGO fi lm was 3.26 mS cm −1  at 25 °C, 
which is in agreement with literature. [ 8–10,12 ]  The grafting of 
sulfonic acid groups endues the fSGO fi lm with six times and 
14 times higher proton conductivity than that of fGO fi lm at 
25 and 55 °C, achieving conductivities of 20 and 58 mS cm −1 , 
respectively. Interestingly, the activation energy calculated for 
the fSGO fi lm (27.47 kJ mol −1 ) was found to be greater than 
that of fGO fi lm (5.84 kJ mol −1 ), indicating a different proton 
transportation mechanism in the fi lm. [ 35–37 ]  Considering the 
d-spacing results from XRD, the possible proton migration 
pathway is proposed in Figure  4 b. The Grotthuss mecha-
nism is considered as the dominant mechanism in the fGO 
fi lm according to its lower activation energy (<3 kcal mol −1 , 
i.e., 12.55 kJ mol −1 ). [ 35,36 ]  The protons or oxonium ions in 
the fGO fi lm can be generated from the self-dissociation 
of water and/or the dynamic interaction between GO and 
water [ 9,38 ]  while their main source is the ethanol oxidation 
reaction (EOR) in the AFCS. [ 12 ]  Generated protons hop onto 

the adjacent oxygen atom in either a bonded water molecule 
or functionalities like epoxy groups on the surface of the GO 
nanosheets. Protons can then migrate through the hydrogen-
bonding network between the single layer of trapped water 
and oxygen species on the GO nanosheets. [ 7,9 ]  In the fSGO 
fi lm (Figure  4 c), large amount of protons can be dissoci-
ated from the grafted sulfonic acid groups and hydrated into 
osoniums in the presence of water molecules in the fi lms. 
However, a signifi cant fraction of epoxy groups on the SGO 
nanosheets is consumed by the grafting reaction of MPTMS. 
In consequence, the amount of free epoxy groups is lower, 
resulting in a break down of the hydrogen bonds network 
structure in between the two layers of SGO nanosheets, 
which impedes the proton migration through the Grotthuss 
mechanism, i.e., the structure diffusion mechanism. [ 9,10,35 ]  
Thus, protons tend to combine with water molecules into 
oxonium ions and migrate together as the charge carriers 
through the vehicle mechanism. Furthermore, the enlarged 
d-spacing of the SGO sheets also benefi ts the proton trans-
portation by enhancing the mobility of oxonium ions. As 
a result, the vehicle mechanism is the dominant proton 
conducting mechanism, which is confi rmed by the high 
activation energy of the fSGO fi lm. [ 36,37 ]  

    2.3.     Sensor Performance 

 The AFCS performance was evaluated using a setup ( Figure    5  a 
and Figure S4, Supporting Information) consisting of a fl ow 
meter, breath alcohol simulator, wafi gter trap, AFCS, data 
logger, and computer analyzer. A constant fl ow of air is pumped 
through the simulator to mimic the relative humidity (RH) and 
temperature of the human breath. A certain concentration of 
ethanol vapor is carried through the air and sampled by the 
AFCS, where the electrochemical reactions occur. The obtained 
response curve from the data logger is then sent to the com-
puter and analyzed further. The AFCS consists of a plastic 
housing, membrane electrode assembly (MEA), and the current 
collector (Figure S4, Supporting Information). The core compo-
nent, the MEA, is fabricated with either an fGO fi lm or fSGO 
fi lm functioning as the solid electrolyte sandwiched between 
commercial gas diffusion electrodes (GDEs) with deposited 
Pt/C catalyst layers. The electrochemical reactions occur-
ring on each side of MEA are illustrated in Figure  5 b. When 
the fi xed volume of ethanol vapor in the breath is sampled 
into the housing by the injection pump, the ethanol molecules 
in the fl ow fi eld diffuse through the GDE onto the surface of 
the catalyst layer. Once ethanol molecules are adsorbed on 
the nano particles of the Pt/C catalyst, the EOR is triggered 
releasing electrons and protons, and producing acetic acid as 
the by-product. The electrons pass along the GDE and cur-
rent collector to the other side of MEA, generating the cur-
rent recorded in the data logger. The protons or oxonium ions 
migrate through the fGO or fSGO fi lms to the other side of the 
MEA and react with incoming electrons and oxygen in the air to 
complete the oxygen reduction reaction, generating water as the 
single product. The typical response current curve acquired in 
Figure  5 c is characterized by four different parameters, namely 
peak height, peak area, response time, and recovery time. 
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 Figure 4.    a) Arrhenius plots of the proton conductivities of fSGO (top 
data set) and fGO fi lms (bottom data set). b) The schematic of proton 
transportation mechanism within GO nanosheets. c) The schematic of 
vehicle mechanism for proton transportation within SGO nanosheets.
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Among them, peak area is used to calculate the ethanol concen-
tration by coulometric methodology. In theory, peak area ( A  peak ) 
corresponds to the quantity of transferred electrons, which is in 

proportion to the amount of reacted ethanol molecules in the 
EOR according to Faraday’s Law. Therefore, the ethanol concen-
tration in the vapor ( c ) can be determined by Equation  ( 3)  
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 Figure 5.    a) Diagram of the experiment set-up for AFCS testing. b) The schematic of the electrochemical principle for AFCS. c) The typical response 
curve of AFCS. d) Response curves of AFCSs employing fGO and fSGO fi lms to the ethanol vapor from standard solution equivalent to BAC = 50 mg dL −1  
blood. e) Response curves of fSGO-based AFCSs to ethanol vapor from different standard solutions. f) The peak areas obtained from response curves 
versus ethanol concentration in the vapor (solid line: fi t to a linear equation). g) Response curves of fSGO-based AFCSs to ethanol and acetone vapors 
from standard solutions of the same concentration. 
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= peakc

A

nFV   
(3)

 

 where  n  is the number of electrons transferred in the electro-
chemical reaction,  F  is the Faraday constant, and  V  denotes 
the fi xed volume of ethanol vapor sampled into the AFCS. It is 
clearly shown here that the relationship between ethanol con-
centration and peak area is linear. 

  The response curves of AFCSs made from fGO and fSGO 
fi lms to ethanol standard solution equivalent to blood alcohol 
concentration (BAC) = 50 mg dL −1  blood (BAC by defi nition is 
the number of miligrams of alcohol per 100 mL of blood) are 
compared in Figure  5 d, showing much larger peak height and 
peak area for the fSGO fi lm when compared to the fGO fi lm. 
A small shoulder peak appears in the response curve of fSGO 
fi lm, which is related to the response of steam in the vapor 
(Figure S5, Supporting Information). Likewise, the water peak 
appears in every response curve of fSGO fi lm to different 
concentration of ethanol standard solution in Figure  5 e. 
The unchanged water peak at different ethanol concentrations 
does not signifi cantly affect the analysis and can be eliminated 
by application of appropriate detection algorithm. Rather, the 
increase in the ethanol concentration causes a corresponding 
increase in peak height, peak area, and response time while 
the recovery time remains unchanged. An unchanged 
recovery time means that the total analysis duration will not 
be affected greatly by ethanol concentration. The AFCS made 
from the fSGO fi lm can effectively respond to an ethanol 
standard solution equivalent to BAC = 10 mg dL −1  blood, 
corresponding the actually detect limit of 25 ppm ethanol in 
human breath (Figure S6, Supporting Information). The peak 
area of AFCSs prepared from fSGO and fGO fi lms as a func-
tion of different concentrations of ethanol standard solution 
is summarized in Figure  5 f, illustrating great linearity for 
both fi lms, especially the fSGO fi lm. The slope of fSGO fi lm 
is three times higher than that of fGO fi lm, indicating a much 
higher sensitivity for this type of AFCS. Moreover, the fSGO-
based AFCS demonstrates great selectivity of ethanol over 
acetone, as shown in Figure  5 g. Virtually no acetone peak is 
observed in the response curve. In fact, this peak is attributed 
to the water peak (Figure S5, Supporting Information) and is 
similar to the reported response of GO fi lms to changes in 
humidity. [ 19 ]    

  3.     Conclusions 

 For the fi rst time, an electrochemical gas sensor employing a 
free-standing fi lm of graphene derivative is developed on the 
basis of the AFCS design. The successful functionalization of 
sulfonic acid groups on the GO nanosheets gives rise to high 
thermal stability and proton conductivity. Furthermore, in com-
parison with the AFCS employing an fGO fi lm as the electro-
lyte, fSGO fi lms are superior in response to the ethanol vapor, 
linearity, and sensitivity. The low detection limit of ethanol, 
down to 25 ppm, and high selectivity for ethanol over acetone 
of fSGO-based AFCSs provide a promising application as an 
electrochemical gas sensor to measure ethanol in the environ-
ment, especially for portable breath analyzers.  

  4.     Experimental Section 
  Synthesis of GO : GO was synthesized according to the modifi ed 

“Hummers” method from the natural graphite fl akes. [ 39 ]  Generally, 
concentrated H 2 SO 4  (360 mL, 98%) and H 3 PO 4  (40 mL, 85%) were 
cooled and mixed carefully in a round-bottom fl ask in an ice bath. Then 
graphite powder (2 g) was added to the acidic mixture and kept stirring 
for 30 min. The strong oxidizing agent, 18 g of KMnO 4  was added slowly 
and the mixture was heated up to 50 °C for 16 h. Then the oxidation 
reaction was terminated by cooling down the mixture and adding 
distilled deionized (DDI) water (400 mL) and H 2 O 2  (20 mL, 30%) 
dropwise. The mixture was centrifuged and washed with DDI water, 
HCl (5%), and ethanol respectively. At last, the well-exfoliated GO 
nanosheets were obtained by freeze-drying of GO suspension. 

  Free-Standing GO (fGO) Film : Freeze-dried GO (40 mg) was 
redispersed into DDI water (40 mL) by sonication for 1 h, giving a 
concentration of 1 mg mL –1 . Then the free-standing GO (fGO) fi lm was 
fabricated by vacuum fi ltering the dispersions through an AAO fi ltration 
membrane (0.2 µm pore size, Anodisc 47, Whatman International Ltd.). 
After 3 d of fi ltration and drying, the fGO fi lm (≈20 µm) was obtained 
and easily peeled off from AAO membrane. 

  Free-Standing SGO (fSGO) Film : MPTMS was applied as the sulfonic 
acid functional group precursor for the functionalization of GO. [ 11 ]  
The freeze-dried GO nanosheets (40 mg) were dispersed in toluene 
(40 mL) by sonication for 1 h. Then, MPTMS (800 mg) was added 
dropwise into the GO suspension and the mixture was maintained at 
ambient temperature for 48 h to graft mercapto groups onto the GO 
nanosheets. After centrifuging and washing with ethanol, H 2 O 2  solution 
(40 mL, 30%) was added and the oxidizing reaction was carried out at 
room temperature for 24 h. After that, the sulfonic acid-functionalized 
GO (SGO) was obtained by centrifuging and washing with DDI water. 
The SGO was dispersed in the DDI water (40 mL) and transferred to 
the fi ltration system equipped with the same AAO fi ltration membrane 
to obtain the free-standing SGO (fSGO) fi lm with the same thickness. 

  Thermal, Physical, and Chemical Characterization : The cross-section 
morphologies of fGO and fSGO fi lms were imaged by SEM and 
distribution of functional groups was recorded by EDX mapping using a 
fi eld emission scanning electron microscope (LEO 1530). XPS (Thermo 
Scientifi c Al K-Alpha X-ray source) and FTIR (Avatar 320) were used to 
analyze the elements and the chemical structure further. XRD patterns 
(INEL XRG 3000) and Raman spectra (HORIBA Scientifi c LabRAM HR, 
532.4 nm laser) of fGO and fSGO fi lms were recorded to determine the 
interlayer spacing and in-plane crystallite size of the graphene oxide 
sheets in fi lms, respectively. TGA was performed using a TA Q500 
V20.10 instrument under nitrogen fl ow, from 25 to 800 °C at a ramp rate 
of 10 °C min −1 . 

  Conductivity Test : The fGO and fSGO fi lms were sandwiched in a 
four-probe cell made of platinum wires and Tefl on plates and placed 
in a temperature-controlled chamber with DDI water. The conductivity 
measurement at different temperatures and fully hydrated conditions 
were performed via electrochemical impedance spectroscopy (EIS) using 
a Princeton Versastat Multi-channel potentiostat. The frequency range 
was between 100 kHz and 1 Hz with perturbation voltage amplitude of 
100 mV. The measurements were repeated four times at each condition 
at 10 min intervals. The proton conductivity could be determined 
according to the equation

    
σ = l

Rbd  
 (4) 

 where  σ  denotes the proton conductivity,  l  is the designed distance 
between the reference electrodes in the four-point cell,  b  is the width of 
the fi lm (0.5 cm),  d  is thickness of fi lms measured by micrometer caliper 
(20 ± 2 µm), and  R  is the resistance of fi lms, obtained from EIS. [ 40 ]  

  Electrochemical Gas Sensor Evaluation : Typical AFCS was chosen 
to demonstrate the application of fGO and fSGO fi lms in the 
electrochemical gas sensor. Commercial GDE coated with 60% Pt/C at a 
Pt loading of 0.5 mg cm –2  (Fuelcell Etc.) were used as the both cathode 
and anode. The as-prepared fGO and fSGO fi lms were sandwiched with 
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GDE and hot-pressed together to fabricate the MEA. The MEA was 
punched into the desired size and assembled into the housing equipped 
with two Pt wires as the current collectors. Then, the MEA and housing 
were placed in the humidity chamber (BTL-433) for 72 h, setting at 25 °C, 
RH 60%, to equilibrate the components with the desired conditions. 
Afterward, the housing was taken out and inserted into the testing device 
(Figure S5, Supporting Information). The ethanol standard solution with 
a certain concentration was warmed up in the simulator and the ethanol 
vapor was generated by purging the air with a fi xed fl ow rate. Sampling 
was initiated by pumping in the desired volume of gas into the housing 
and the response curves were recorded using a digital multimeters 
(Agilent 34411A). The sensor response parameters, such as peak 
height, peak area, response time, and recovery time, could be obtained 
from the response curves (Figure S5, Supporting Information). Each 
sample was repeated fi ve times within a 30 min testing period and the 
average of each parameter was taken into account. The linearity test was 
performed by varying the concentration of the ethanol standard solution 
in the simulator and recording the corresponding response curves of the 
sample. The sensitivity was defi ned as the fi tted slope of linearity curves. 
The selectivity test of ethanol over acetone was performed by switching 
the standard solution from ethanol to acetone at the same concentration.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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