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Various graphene-based gas sensors that operate based on the electrical properties of graphene have been developed for

accurate detection of gas components. However, electronic graphene-based gas sensors are unsafe in explosive

WWW.rsc.org

atmospheres and sensitive to electromagnetic interference. Here, a novel optical graphene-based gas sensor for NO,

detection is established based on surface chemical modification of high-temperature-reduced graphene oxide (h-rGO)

films with sulfo groups. Sulfo group-modified h-rGO (S-h-rGO) films with a thickness of several nanometers exhibit

excellent performance in NO, detection at room temperature and atmospheric pressure based on the polarization

absorption effect of graphene. Initial slope analysis of the S-h-rGO sensor indicates that it has a limit of detection of 0.28

ppm and response time of 300 s for NO, gas sensing. Furthermore, the S-h-rGO sensor also possesses the advantages of

good linearity, reversibility, selectivity, non-contact operation, low cost and safety. This novel optical gas sensor has the

potential to serve as a general platform for the selective detection of a variety of gases with high performance.

Introduction

Fast and accurate detection of harmful,l’2 toxic,3’4 combustible and
explosives’6 gases is required to avoid personal injury and monitor
environmental pollution. Graphene, a truly two-dimensional
material, exhibits distinct advantages for accurate gas detection at
room temperature, including sensitive surface electronic structure,
easy chemical modification, and repeated usage without surface
contamination.”™ In 2007, Novoselov and co-workers reported a
pioneering sensor for detecting single gas molecules based on the
electrical properties of graphene.7 Inspired by this work, various
graphene-based materials have been developed for electrical gas
sensing, including graphene prepared by mechanical exfoliation,n'13
epitaxial growth,14 and chemical vapor deposition,ls’16 along with
reduced graphene oxide (rGO) and chemically modified rGO.Y% In
particular, chemically modified rGO materials have attracted great
attention because of their ability to realize selective, reversible gas
flow sensing at low cost with the possibility of large-scale
production.ls’ 2023 However, to enhance the sensitivity of electronic
sensors, the gas-permeation properties of the whole graphene-
based sensing layer need to be preserved to increase the available
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specific surface area, which inevitably sacrifices the response

time because of the need for internal gas adsorption. Moreover, the
use of electronic gas sensors in certain environments, remote
places, potentially explosive atmospheres and areas with high
electromagnetic interference is either difficult or impossible.24
Optical detection methods can overcome these deficiencies of
electronic sensors.”>%’ However, traditional optical methods
require high-precision instruments,”?® and carefully controlled
conditions.”” These limitations may be addressed by suitable
combination of chemically modified graphene materials and a novel
optical measurement method.

High-performance optial gas sensors should have the advantages
of high sensitivity and resolution, fast response and recovery times,
good linearity, reversibility and selectivity. Here, we report a novel
optical NO, gas sensor based on a high-temperature-reduced
graphene oxide (h-rGO) film chemically modified with sulfo groups.
The detection principle of this sensor is based on the polarization
absorption effect of graphene first found by us.Z% The sulfo group-
modified h-rGO (S-h-rGO) film with a thickness of several
nanometers exhibits excellent performance in NO, detection at
room temperature and atmospheric pressure. The sensitivity and
resolution of the S-h-rGO sensor are 78 mV/ppm and 0.77 ppm
based on maximum response analysis method. In addition, the S-h-
rGO sensor has good linearity, reversibility and selectivity. Because
of the advantages of surface chemical modification, particularly
impermeable adsorption and exchange of gas molecules, we
propose an initial slope analysis method. Based on the initial slope
analysis method, the resolution of the S-h-rGO sensor is up to 0.28
ppm; the issues caused by the inverse relationship between
sensitivity and response time in the saturated response analysis
method were solved, and response time is shortened to 300 s. The
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initial slope analysis method is expected to become a general
analysis method for surface gas sensors.

Experimental
Fabrication of GO and h-rGO films

Graphene oxide (GO) was prepared from graphite by the modified
Hummers’ method, and was used as the starting material to
fabricate high-quality graphene films following a reported
procedure."’z’g’3 Pre-cleaned quartz substrates were treated with
oxygen plasma (Harrick Plasma, America) for 1 min prior to use.
Typically, a 5 mg/mL GO dispersion in water was spin-coated on the
quartz surfaces at 2000 rpm for 45 s. The resulting supported GO
films were then thermally annealed at 950 °C for 1 hour in a mixed
atmosphere of 95% N, and 5% H, gases (by volume) to obtain h-rGO
films.

Fabrication of S-h-rGO films

S-h-rGO films were fabricated by the modified sulfonated graphene
method®> > as follows. First, h-rGO films were treated with oxygen
plasma for 3 s to activate their surfaces. An aryl diazonium salt was
prepared by the reaction of sulfanilic acid and sodium nitrite in HCI
solution in an ice bath. The surface-activated h-rGO films were
placed in the diazonium salt solution and kept in an ice bath for 2 h.
After rinsing with deionized water several times and drying under a
N, stream, the S-h-rGO films were obtained.

Fabrication of sensors

The sensor consisted of a polydimethylsiloxane (PDMS) gas cell, S-h-
rGO (h-rGO) film and prism. The PDMS gas cell was fabricated
according to the literature® as follows. A PDMS pre-polymer
mixture of silicone elastomer base (Sylgard 184, 100 g) and
elastomer curing agent (10 g, 10:1 ratio) was placed on a vacuum
line in a fume hood for 1 h to trap any bubbles. The liquid mixture
was then poured on a mold. The dish containing both the mold and
PDMS pre-polymer was placed in an oven set to 70 °C and cured for
3 h. The solidified PDMS gas cell was then peeled off the mold. A
pre-cleaned prism and PDMS gas cell were cleaned in oxygen
plasma at 150 W for 50 s, and densely cross-linked surface on the
PDMS gas cell was formed®® 37, which can significantly block gas
absorption. After dropping matching liquid between the S-h-rGO (h-
rGO) film/quartz substrate and prism, the PDMS gas cell was
irreversibly adhered to the prism to form a structure of PDMS gas
cell/S-h-rGO (h-rGO) film/quartz substrate/prism.

Experimental setup

Light from a 632.8-nm He-Ne laser (Melles Griot, America) was
adjusted to circularly polarized using a polarizer and quarter-wave
plate. A neutral density filter was used to control the laser power.
The light was incident in the center of the optical sensing element.
Then, the reflected transverse electric (TE) and transverse magnetic
(TM) modes were separated by a polarization beam splitter and
monitored with a balanced detector (Thorlabs, PDB210A).

To accurately measure the concentration of NO, molecules, a
carefully designed gas system was used to precisely control
molecular concentration at atmospheric pressure. During the
experiment, a continuous gas flow with a controlled concentration

2 | Analyst, 2016, 00, 1-7

and low speed was provided to the system to minimize the change
of concentration of the upper gas molecules. An optical sensing
element was designed for the target gas sensing application that
consisted of a PDMS gas cell, S-h-rGO film and prism.

Characterization

X-ray photoelectron spectroscopy (XPS) was measured using an
AXIS Ultra DLD spectrometer (Kratos, Japan). A micro Raman
spectrometer (Renishaw, RM2000) was used to acquire Raman
spectra. A 514-nm excitation laser was used in the Raman
measurements. Atomic force microscopy (AFM) was performed
using a Dimension 3100 microscope (Veeco, America) in tapping
mode at a scan rate of 1.003 Hz. The resonant frequency and force
constant of the cantilever were 300 kHz and 40 N/m, respectively.

Results and discussion
Characterization of h-rGO and S-h-rGO films

GO aqueous solution and h-rGO films were fabricated according to
previous reports,zg’sz’33 and S-h-rGO films were fabricated by a
modified graphene sulfonation method.”>** The compositions of h-
rGO and S-h-rGO films were determined by XPS. Fig. 1a shows the
XPS characteristics of a h-rGO film, indicating that it is composed of
the elements C, O, and Si. The characteristic peaks of Si originated
from the silica substrate, which demonstrates that the X-ray passed
through the whole film during XPS characterization. In the XPS
curve of the S-h-rGO film in Fig. 1b, the characteristic peak of S was
detected in addition to the elements C, O, and Si. Fig. 1c depicts a
high-resolution narrow scan of the S region of the S-h-rGO film,
revealing the S signal is at ~168.5 eV. This indicates that S is
hexavalent, which is consistent with the surface of the h-rGO film
being successfully modified with sulfo groups. Quantitative analysis
indicated that the C/S and C/O atomic ratios of the S-h-rGO film
were 141.7 and 11.9, respectively (see Supplementary Information,
Table S1). The content of S atoms is low, and only the surface of the
h-rGO film (about 1-2 nm deep) is modified with S. Thus,
considering that the S-h-rGO film was ~8.5 nm thick (Fig. 1f), about
one in every 25 carbon atoms was functionalized with a sulfo group.

Fig. 1d depicts the Raman spectra of h-rGO and S-h-rGO films.
The D and 2D bands exhibited small shifts after modification of the
surface of the h-rGO film with sulfo groups. The D band reveals the
structural defects of graphene lattice.”> * These small shifts were
caused by the attachment of sulfo functional groups on the carbon
basal plane, and suggest that electronic transfer occurred from h-
rGO to the sulfo group."’g'40 The intensity ratio of the D band to the
G band for the S-h-rGO film is 0.83, which is lower than that of the
h-rGO film (0.88). This reveals that the restoration of m-conjugated
structures during high-temperature reduction were partly
prevented by modification with functional groups.23

The h-rGO film was obtained by reducing an ultrathin GO film at
high temperature (950 °C). The thickness of the h-rGO film could be
precisely controlled from 1 to 10 nm by changing the concentration
of the GO solution and spin-coating speed. We previously reported
that an ~8-nm-thick h-rGO film is the most sensitive in detection.”®
After surface modification with sulfo groups, a 8.5-nm-thick S-h-rGO
film was obtained. AFM images of this film are shown in Fig.1le and
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f. The right half of the image in Fig. 1le is the film, and the left half is
the bare quartz plate exposed after partial removal of the film. The
ultrathin S-h-rGO film has a low surface roughness of 2.69 nm (see
Supplementary Information, Figure S1), making it suitable for
optical sensing applications.

Detection principle

We found that graphene exhibits different reflectance in TE and TM
modes under total internal reflection conditions, which is highly
sensitive to the gas molecules in contact with the surface of
graphene. In our previous researches?®®!, the polarization
absorption effect of graphene can be described by a sandwiched
graphene model as shown in Figure 2a, in which graphene layer
inserted between a low-index medium (refractive index n,, gas) and
a high-index medium (refractive index n,, SiO,). The reflected
coupling structure greatly enhances the interaction between light
and the interface of graphene and gas, leading to a strong
absorption difference between the TM mode and TE mode. And the
difference between the reflectance of the TM mode and TE mode is
the sensitivity to variations in the refractive index (RI) n, (gas) under
the fixed conditions n, (SiO,). By controlling the thickness of
graphene and the incident angle, the resolution and sensitivity of
the sensor can be further improved.28

The high sensitivity may be caused by the following
characteristics of graphene. First, graphene is a two-dimensional
material, and the electrons exposed on its surface are sensitive to

Third, a reflected coupling structure greatly enhances the
interaction between light and the interface of graphene and gas
molecules.”®*!

The theoretical model of the optical Rl sensing is constructed on
the prism/graphene film/gas three-layer structure by transfer
matrix theory, and more details were previously reported by us. %30
In this theory, graphene is considered to be a film with a specific Rl
(A = 2.6 + 1.25i) and thickness, and the gas flow and adsorption
processes were considered to represent the Rl changes in gas layer.
Gas molecules adsorbed on the surface of graphene film increased
with the accumulation of time, and the equivalent RI of gas layer
increased. After chemically modifying the surface of the graphene
film with sulfo groups, NO, adsorption capacity of the sensor was
enhanced, and the equivalent RI of gas layer increased faster than
that without modification.

In our reported literature®®, light coupling into gas layer has a
penetration depth of 2.5 um. The equivalent Rl of gas layer
detected by the sensor is an average refractive index in the depth of
2.5um. Thus, the detection signals are altered by the following two
factors: (a) a change in the concentration of the upper gas
molecules within the detection depth (~2.5 p.m);28 and (b) a change
in the concentration of surface-adsorbed gas molecules that
interact with graphene or chemically modified graphene. During the
experiment, a continuous gas flow with a controlled concentration
and low speed was provided to the system to minimize the change
of concentration of the upper gas molecules (Fig. 2b).

surface changes.7 Second, graphene is a zero-bandgap
semiconductor, exhibiting strong broadband optical absorption.“’42
a
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Fig. 1 Characterization of h-rGO and S-h-rGO films: (a) XPS analysis of a h-rGO film revealing the presence of the elements C (~284.77 eV), O (~532.57 eV),
and Si (2p, ~102.02 eV and 2s, ~152 eV) in the film. (b) XPS analysis of a S-h-rGO film showing the presence of the elements C (~284.77 eV), O (~532.57 eV),
Si (2p, ~102.02 eV and 2s, ~152 eV) and S (~168.5 eV) in the film. (c) High-resolution XPS analysis the S region (~168.5 eV) of a S-h-rGO film. (d) Raman
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spectra of h-rGO and S-h-rGO films. The insets are the enlarged regions of the D and 2D bands. (e) and (f) AFM characterizations of a S-h-rGO film.
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Fig. 2 Schematic diagram of the sensor and experimental setup: (a)
Schematic diagram of the optical gas sensor. (b) The gas control and

sensing units used in the NO, gas sensor.

Performance of h-rGO and S-h-rGO sensors

The intensity difference of the reflected light between TM and TE
modes was captured by a balanced photoelectric detector which
output a real-time voltage signal. Thus, the voltage signals were
used to evaluate the performance of the novel optical gas sensor,
which is more intuitive than the reflectance difference between TM
and TE modes. High-purity N, (99.9%) was used as the load gas for a
controlled concentration of NO, at a fixed incident light power of
0.2 mW. Fig. 3a, b and c display time-resolved voltage signals
obtained for h-rGO and S-h-rGO sensors at NO, concentrations of
15, 50 and 100 ppm, respectively. All concentrations of NO, were
detected by both h-rGO and S-h-rGO sensors with large signal
responses, and both of the sensors show unsaturated responses
after 5000 s. Compared with the h-rGO sensor, the response of the
S-h-rGO sensor was much greater. Although signal responses
continuously increased over time, that is, they were unsaturated,
we controlled the sensing time to 600 s to aid comparison, as
shown in the insets in Fig. 3a—c.

a b c
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Fig. 3 Sensing and analysis results for h-rGO and S-h-rGO sensors: (a)-(c) Time-resolved voltage signals for h-rGO and S-h-rGO sensors exposed to
different concentrations of NO, (15, 50 and 100 ppm). (d) Reversibility of the S-h-rGO sensor. (e) Responses of the S-h-rGO sensor to pure N, and 50 ppm

NO,. (f) Statistical results for the responses of h-rGO and S-h-rGO sensors to
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different concentration of NO, (15, 50 and 100 ppm) over 600s.
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The detection limit and the sensitivity are the basic parameters of
the detector.”™ They were evaluated based on the signal-to-noise
ratio (SNR) of the maximum response at 600 s, and the formula was
shown as below:

Rm = Vnoise / Sm (1)
Sm=M/C (2)

where R, is the detection limit (resolution based on maximum
response analysis method); V.. is the noise signal; S, is the
sensitivity; M is the maximum response and C is the concentration
of NO, gas. Towards 15 ppm NO,, the maximum response of the h-
rGO and S-h-rGO sensors at 600 s are 0.191 and 1.171 V,
respectively. The noise signal is 60 mV. Based on Eq. 1 and Eq. 2,
the detection limits of the h-rGO and S-h-rGO sensors are 4.7 and
0.77 ppm, respectively, and corresponding sensitivities are 12.7 and
78 mV/ppm respectively. Thus, surface modification of the h-rGO
film with sulfo groups increased the response of the sensor by
about 6.1 times.

The S-h-rGO sensor exhibits superior performance to that of the
h-rGO sensor for NO, gas sensing, which can be attributed to the
following factors. The increase of Gas molecules, which are
adsorbed on the graphene film surface with the accumulation of
time, leads to the increase of equivalent RI of gas layer. After
chemical treatment, by using sulfo groups modification on the
graphene film surface, NO, adsorption capacity can be further
enhanced, and the equivalent RI of gas layer increased faster than
that without modification.

The reversibility experiment of the sensor was implemented, and
the corresponding result is shown in the Figure 3d. The result shows
that we send 110 ppm NO, gas (N, as the carrier gas), and the
output voltage signal increases. After 1300 s, we send the carrier
gas (pure N,) the output voltage signal can be recovered rapidly. It
demonstrates that the sensor has a good reversibility. The effect of
the N, carrier gas on the sensor signal needs to be measured. Fig.
3eillustrates the responses of the S-h-rGO sensor to pure N, and 50
ppm NO, in N,. Compared with 50 ppm NO,, the response to pure
N, is almost constant, and even has a downward trend. This may be
caused by the gas adsorbed on the surface of the S-h-rGO film
during sample preparation being desorbed by the N, gas flow.
Based on maximum value analysis, the statistical results for the h-
rGO and S-h-rGO sensors with different concentration of NO, were
on display, as shown in Fig. 3f. Compared with the h-rGO sensor,
the response of the S-h-rGO sensor was greatly enhanced after 600
s under different concentrations of NO,.

Sensing results for S-h-rGO sensor based on initial slope analysis
The analysis method based on the saturated maximum response is

This journal is © The Royal Society of Chemistry 2016
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widely used in gas sensors. However, to obtain a saturated

response, a long accumulation period is required, which highlights
the inverse relationship between sensitivity and response time.
Because the adsorption and exchange of gas molecules occurred on
the surface of S-h-rGO film, the changes of equivalent RI of gas layer
can only be caused by chemical or physical adsorption instead of
gas permeability. Here we propose an analysis method based on
the slopes of the initial responses of the novel gas sensors. The
initial responses (up to 300 s) and linear fitting curves of the S-h-
rGO sensor to different concentrations of NO, (15, 50, 80, 100 and
115 ppm) are shown in Fig. 4a. The initial responses show
consistent linear growth over this period. And their linear fitting
curves indicate that the slope of the curves increases with the
concentration of NO,. Thus, the slope k was used as a parameter to
measure the signal responses of the sensors. Slope analysis using
different time periods and different concentrations of NO, is
depicted in Fig. 4b. The results clearly reveal that the signal
responses based on the initial slope analysis decreased over time.
This means that the shorter the sensing time, the greater the
relative signal response. Unlike the analysis of saturated response,
using the initial slope analysis overcomes the issue of the inverse
relationship between sensitivity and response time. In the analysis
results in Fig. 4b, large slope changes were obtained during the first
tens of seconds of exposure of the sensor to NO, gas, and after
120s, the slopes began to stabilize. Upon exposure to NO, gas for
300 s, towards 15 ppm NO, the slope change Ak over the 60 s
from 240 to 300 s was 2 X 10”. Relative to the slope at 300 s, K300 =
1.1X 107, the rate of change Ak/ kso over the 60 s from 240 to
300 s is less than 2%, which is close to the detection limit of the S-h-
rGO sensor evaluated below. Thus, the slope responses at 300 s
were used in the analysis.

The statistical results determined by the initial slope analysis for
the S-h-rGO sensor toward different concentrations of NO, are
presented in Fig. 4c. Compared with the maximum response
analysis (Fig. 3f), the response of the S-h-rGO sensor was greatly
improved by using the initial slope analysis and the response was
obtained in a shorter period of time. Fig. 4d shows the detection
limits of the S-h-rGO sensor evaluated with different concentrations
of NO, based on the initial slope analysis. The initial responses show
consistent linear growth over 300 s, thus, the initial slope response
around 300s was considered as a constant value. Using the slope
analysis method, the detection limit and sensitivity were evaluated
based on the slope-to-uncertainty ratio within 300 s and the
formula was shown as below:

Ri= U/ Sk (3)

Sk=k/C (4)

Analyst, 2016, 00, 1-7 | 5
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sensor to different concentrations of NO, (15, 50, 80, 100 and 115 ppm). Linear fitting curves obtained with the least square method. (b) Slope analysis
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sensor evaluated with different concentrations of NO, (15, 50, 80, 100 and 115 ppm) over 300 s. (e) Linearity measurements.
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Fig. 5 Selectivity of the S-h-rGO sensor for different interference gases (CO, and NHs): (a) Selectivity based on saturated response analysis. (b) Selectivity

based on initial slope analysis.

where R, and S, are the detection limit and the sensitivity based on
slope analysis method; U, is the uncertainty of the slope; k is the
slope response within 300 s and C is the concentration of NO, gas.
Towards 15 ppm NO,, the slope of the S-h-rGO sensors within 300 s
is 0.0011, and the uncertainty of the slope is 7.26 X 10'6, thus, based
on Eq. 3 and Eq. 4, the detection limit of the S-h-rGO sensor is 0.099
ppm. In order to reduce the estimation error caused by a single
concentration, more concentrations were used to evaluate the

This journal is © The Royal Society of Chemistry 2016

detection limits, including 50 ppm, 80 ppm, 100 ppm and 110 ppm.
Among them, the maximum value of 0.28 ppm was considered as
the detection limit within 100 ppm.

Linearity is another important indicator of sensors that is
measured in this work. The experimental (points) and fitting results
(line) for initial slope analysis are displayed in Fig. 4e. The results
show good linearity for NO, concentrations within 100 ppm. The

Analyst, 2016, 00, 1-7 | 6
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slope k increased with concentration of NO, gas C, and the linear
relationship is given by:

k=4.82X10°C-9.01X 10" (5)

Selectivity of the S-h-rGO sensor

The selectivity of the S-h-rGO sensor was investigated by measuring
the responses of the sensor towards other gases including CO, and
NHs, in terms of maximum value after 600 s (Fig. 5a) and initial
slope after 300 s (Fig. 5b). The concentration of the gases, including
NO,, CO, and NH;, is 50 ppm. The S-h-rGO sensor exhibited
excellent selectivity for NO, gas. Furthermore, compared with the
maximum response analysis, the selectivity of the S-h-rGO sensor
was improved by using the initial slope analysis method.

Conclusions

We developed a novel high-performance NO, gas sensor based on a
h-rGO film chemically modified with sulfo groups. The sensor
combined the advantages of electrochemical and optical sensing,
including fast response, high sensitivity and resolution, good
linearity, reversibility and selectivity, detection at room
temperature and atmospheric pressure, non-contact, low cost and
safety. The response of the S-h-rGO sensor was about 6.1 times
higher than that of the h-rGO sensor. Based on the traditional
analysis method, the detection limits of the h-rGO and S-h-rGO
sensors are 4.7 and 0.77 ppm, respectively, and corresponding
sensitivities are up to 12.7 and 78 mV/ppm, respectively. Because
of the characteristics of the chemically modified h-rGO film,
particularly impermeable adsorption and exchange of gas
molecules, we proposed an analysis method using the initial slope
of the sensor response. Using the developed initial slope analysis
method, the issues caused by the inverse relationship between
sensitivity and response time in the saturated response analysis
were solved. In addition, the resolution, linearity and selectivity of
the sensor were further improved using the initial slope analysis.
Currently, this analysis method cannot be used to measure the
concentrations of NO, gas in an unknown gas environment but,
considering the advantages of the slope analysis method described
above, this analysis method is worthy of being adopted for gas
sensing. And this work indicates that surface chemical modification
of films is an effective approach to improve the performance of
sensors, and opens a new door to realize high-performance optical
gas sensors.
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