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Abstract: A highly sensitive hydrogen sulfide gas sensor
based on NH,-rGO-coated thin-core-fibre (TCF) Michel-
son interferometer (MI) is proposed and evaluated. Two
sections of TCFs are alternately sandwiched between three
single-mode-fibres (SMFs). A Faraday rotator mirror (FRM)
is fixed to the end of the last SMF to reflect the light signal
and enhance the interference. Then the structure SMF-TCF-
SMF-TCF-SMF-FRM (STSTS-F) is successfully constructed.
NH,-1GO, as sensing film, is coated on two TCFs and is
used to detect traces of hydrogen sulfide gas. Raman spec-
tra and XPS analysis show that NH,-rGO has been suc-
cessfully synthesised. The thickness of the NH,-rGO film
coated on the TCF surface is about 500 nm. By introduc-
ing 0-60 ppm hydrogen sulfide gas into the chamber,
with the increase in concentration of the gas, the monitor-
ing trough exhibits a blue shift. Our experimental results
show that the sensor has good linearity (R> = 0.98096)
and selectivity for hydrogen sulfide gas. The sensitivity
is 21.3 pm/ppm, and the response and recovery times are
about 72 and 90 s, respectively. The sensor has the advan-
tages of high sensitivity, high selectivity, and small size,
enabling the detection of trace hydrogen sulfide in toxic
gas environments.
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1 Introduction

Hydrogen sulfide (H,S) is a highly toxic gas, which is
produced in industrial activities such as petroleum gas
drilling and refining, wastewater treatment, coke ovens,
tanneries, landfills, etc. [1-3]. Moreover, H,S gas can
induce some diseases, including diabetes, hypertension,
stroke, and Alzheimer’s disease [4]. It has been found that
2-5 ppm or higher H,S is harmful to human respiratory
health, and 100 ppm or higher H,S harms the human ner-
vous systems. When the concentration of H,S is 1000—
2000 ppm, it will cause immediate death [5]. Therefore,
the effective detection of trace H,S is vital for human
health and life safety.

In recent years, optical fibre sensors have been
widely used in environmental monitoring, such as that of
biomolecules [6-8], gases [9-11], temperature and humid-
ity [12-14], pH [15, 16], etc. Among them, the Michelson
interferometer (MI) has received much attention. Recently,
a temperature-insensitive MI refractive index (RI) sen-
sor was fabricated and evaluated with the SMF-TCF-SMF
(SMF: single-mode fibre, TCF: thin-core fibre) structure
[17, 18]. This sensor could remove the temperature cross-
sensitivity for RI [17, 18]. Considering that the intensity
is greatly affected by the external environment, and the
RI sensor modulated by the wavelength is more stable,
an MI RI sensor based on two long-period fibre gratings
(LPFGs) is proposed. The reflective film is coated on the
end surface as a mirror, and the sensitivity is greatly
improved by corroding the cladding [19]. In order to obtain
a highly stable optical fibre sensor, many researchers use
a Faraday rotator mirror (FRM) as a reflector [20-22].
Typically, the gas adsorption-desorption and catalytic
reactions usually occur on the surface of the sensing films,
so new high-performance gas sensing materials play a
key role for gas sensors. Among these sensing materials,
reduced graphene oxide (rGO) possesses excellent electri-
cal and thermal conductivity with good mechanical and
corrosion-resistance properties, too. Thus, some gas sen-
sors based on rGO were fabricated and used in NO,, NH3,
and H, gas detection [23-25]. The rGO-based gas sens-
ing properties are improved by decorating the interface
charge layer [26]. However, there are different molecules
that can regulate the carrier concentration, and hence the
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selectivity cannot be neglected [27]. Recently, carboxyl-,
amide-, or metal-group-functionalised rGO was reported
to improve the selectivity of gas sensors [28]. SnO, quan-
tum dots and MoOs-modified rGO were used as gas sensing
materials for the quantitative detection of low concentra-
tions H,S, and the results showed that these sensors have
excellent selectivity and sensitivity [29, 30]. However, to
the best of our knowledge, there is no report in the lit-
erature on the combination of NH,-rGO and optical fibre
sensing technology for trace hydrogen sulfide detection.
Therefore, in this work, a Michelson interferometric hydro-
gen sulfide gas sensor based on NH,-rGO film is fabricated
and evaluated. The hydrogen sulfide sensing properties
are investigated and the results are discussed.

2 Principle

Figure 1 shows the schematic set-up of the SMF-TCF-SMF-
TCF-SMF-FRM (STSTS-F) MI gas sensor. Two TCFs are cou-
pled between three SMFs, alternatively, and an FRM is
connected to the end face of the final SMF to form the struc-
ture STSTS-F. Light from a broadband amplified spon-
taneous emission (ASE, C+L band, Kangguan, Beijing,
China) source is transmitted to STSTS-F via an optical fibre
circulator, and eventually the light is reflected back to
the optical spectrum analysers (OSA, AQ6370D, Yokogawa,
Japan). Because the SMF has a larger core diameter than
TCF, part of the light in the SMF core will be coupled to the
cladding of the TCF (Nurern, 460-hp, 2.5 um core diame-
ter), and the light passing through the cladding of TCF-L
will be coupled back to the core of the middle SMF. Part
of the light from the core of the middle SMF is coupled to
the cladding of the TCF-R, and the light from the cladding
mode of the TCF-R is coupled back to the core of the ter-
minal SMF and then transmitted to the FRM (Thorlabs,
Newton, NJ, USA). The input light will rotate by 45° the first
time it passes through FRM, and it will be reflected on the
high-reflectivity mirror with 45° rotation again. Therefore,

OSA - . TS =
Circulator() & I
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ASE Gas champer and others
NaOH gases

Figure 1: Schematic diagram of the experimental set-up. The inset
shows the STSTS-F structure.
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the FRM makes the polarisation directions of the input and
output light perpendicular to each other, thus eliminating
the polarisation of the interference spectrum.

An interferogram is formed by coupling the core mode
(LPo1) with the cladding mode (LPom, m > 1). The inten-
sity of the output light (I5) can be expressed as [31]

P
Is =Ico+Ia,m+2 Icolcl,mCOS Pm (n

where I, and I,m are the intensity of the core and
cladding modes, respectively. Because the effective refrac-
tive indices of core and cladding modes are different, the
formulas are as follows:

Neft = PBeo/ko, @)
nStt.m = Be,m/ ko, 3)

where ngg and nglff’m are the effective refractive index
of TCF core and cladding, respectively. Bco and B, are
the propagation constants of the mth-order TCF core and
cladding modes, respectively, and ko is the wave num-
ber of free space. The phase difference (A¢m) between
the mth-order cladding mode and the core mode can be
expressed as

4a(ns%  nS YLy +Lo)
A =~ I (@)
4An Li+L
A¢m — eff,;( 1 2), (5)
m

where Angg (= negy nglff,m) is the difference in effective

refractive index of the mth-order mode, and L, and L, are
the lengths of TCF-L and TCF-R, respectively. According to
the theory of interference, when the input light is reflected
back by the FRM to form Michelson interference, the phase
difference can be expressed as A¢p,m = (2m + 1)m, and
the trough wavelength of the corresponding mth-order
interference can be expressed as

— 4Aneff,m(Ll + L)

A
m 2m+ 1

(6)

When the refractive index of the external environment
changes, the variation (AA;;) of the trough wavelength of
the mth-order interference can be expressed as

Ay = 4(Aneff,m + An)(Ly + Ly) 4Aneff,m(L1 + L)
m 2m+1 2m+1 ’
4An(Ly + Ly) @
Ady, = 2B+ L2) (8)

2m+1

In the experiment, the NH,-rGO gas sensing film was
coated on the cladding surface of two TCF segments.
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When hydrogen sulfide gas is introduced, the interaction
between the gas and sensing film causes a change of the
effective RI of the TCF cladding. According to (8), An will
change with the shift in variation of the trough wavelength
of the mth-order interference.

3 Experiment and Method
3.1 Preparation of NH,-rGO

Graphene oxide dispersion (GO; 2 mg/mL) was obtained from Nan-
jing Xianfeng Nanomaterials Technology Co., Ltd. (Nanjing, China.
Ethylenediamine (C,HgN,, EDA; 99 %), ammonia (NHs-H,0; 25—
28 %), sodium borohydride (NaBH,; 98 %), hydrogen peroxide
(H,0,; 30 %), sulfuric acid (H,SO4; 98 %), N,N-dimethylformamide
(DMF; AR), and anhydrous ethanol (C;H¢O; AR) were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and were
used without further purification.

GO dispersion (30 mL) and absolute ethanol (50 mL) were fully
mixed together, and ammonia was slowly added to the mixed solution
dropwise until pH = 10. Then EDA (15 mL) was added to the mixed
solution and the sample was heated at 80 °C for 3 h with stirring. It
was filtered and washed with de-ionised water and ethanol, respec-
tively, thereby removing unreacted ammonia and EDA. The obtained
sample was ground for 1 h after vacuum-drying at 60 °C for 12 h,
dispersed in 50 mL DMF using ultrasound, and then 0.02 g sodium
borohydride was added to the mixture with stirring at 60 °C for 3 h.
After that, the product was filtered and washed by de-ionised water,
and finally dried it at 60 °C for 12 h. Then NH,-rGO was obtained.

3.2 Instruments and Methods

The morphology of the sensing-film-coated TCF was characterised
using a Gemini SEM 300 field emission scanning electron micro-
scope (FE-SEM; Zeiss, Germany). Raman spectra were obtained using
a Raman spectrometer (LabRAM HR Evolution, Horiba Scientific,
France). X-ray photoelectron spectroscopy (XPS) of NH,-rGO was per-
formed using an XPS-Theta probe instrument (Escalab250Xi, Thermo
Fisher, MA, USA).

3.3 Fabrication of Sensor

Two TCFs and several standard SMFs were prepared. The splicing
machine (Furukawa, S178, Japan) parameters were as follows: first
discharge starting strength +90, the second discharge intensity +40,
the pre-welding time +160 ms, automatic discharge time +1300 ms,
the second discharge intensity +100, the section interval +20, and
other parameters all zero. As shown in Figure 1, one end of the opti-
cal fibre is connected to the spectrometer and the other end to the
ASE light source to form the Mach-Zehnder interferometer (MZI). In
addition, one end of the optical fibre is connected to the fibre circu-
lator and the other end to the FRM to form the Michelson interfer-
ometer. Figure 2 shows the related structural parameter optimisation.
Shown in Figure 2a are the spectra of MZI without FRM and MI with
FRM. By magnifying the waveband around 1575 nm, it can be clearly
seen that MI with FRM has stronger anti-interference ability than MZI.
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Figure 2: Structural parameter optimisation. (a) Spectra of MZI with-
out FRM and MI with FRM. (b) Interference spectra with different
TCF-SMF-TCF lengths. (c) FFT spectrum of STSTS-F structure after
coating. The inset is the interference spectrum after coating.

The result shows that FRM can improve the signal-to-noise ratio and
enhance the stability of the interferometer. The reason is that when
the input light passes through the FRM, the polarisation angle of the
input light is rotated by 45° and the light is deflected by 45° again
after being reflected back by the highly reflective material. The FRM
makes the input light and the output light to have mutually perpen-
dicular polarisation directions, which can eliminate the polarisation
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interference of the spectrum. It should be pointed out that when only
one TCF is used, the interference peaks are fewer, the depth of the
spectral peaks is not enough, and the interference phenomenon may
be not obvious for the sensitivity test.

In order to investigate the influence of length of the TCF and
SMF on the interference spectra, the optimum optical fibre length
and high-stability reflectance spectrogram were obtained. As shown
in Figure 2b, when the lengths of TCF-L and TCF-R are 3 cm and the
length of the SMF is 5 cm, there are fewer interference peaks with
only two obvious troughs. When the lengths of TCF and SMF are 2
and 6.5 cm, respectively, the output spectrum shows more obvious
interference. However, the obvious trough noise makes it difficult to
observe the trough movement. When the lengths of TCF-L, TCF-R, and
SMF are 2.5, 2, and 6.5 cm, respectively, the maximum intensity atten-
uation of the corresponding mth-order mode is about 30 dBm, and
the interference pattern is most stable. So, 2.5 cm TCF-L, 2 cm TCF-
R, and 6.5 cm SMF were used to fabricate the STSTS-F MI hydrogen
sulfide gas sensor.

Two TCFs with lengths 2.5 and 2 cm were spiced between the
SMFs. Piranha solution was prepared by adding 30 % hydrogen per-
oxide to 98 % sulfuric acid at a volume ratio of 3:7 under ultrasonica-
tion for 5 min. First, the fused TCFs were cleaned with ethanol, then
dried, and further soaked in 70 °C sulfuric acid and hydrogen per-
oxide solution for 30 min. Surface-modified TCFs with hydroxylation
were obtained after drying in nitrogen atmosphere. Second, a suitable
amount of NH,-rGO was dispersed in 60 mL ethanol. After magnetic
stirring and cryogenic ultrasonication, the solution was fully mixed.
Finally, the hydroxylated TCF segments were immersed in NH,-rGO
for 20 s and vacuum-dried for 1 h at 60 °C. The above steps were
repeated several times until a light black film was formed on the sur-
face of the optical fibres. The coated optical fibres were placed in the
vacuum drying chamber at 60 °C for 6 h.

The interference spectra and the fast Fourier transform (FFT)
spectra of the MI sensor with STSTS-F structure after coating are
shown in Figure 2c. Most of the light is transmitted in the core, and
the core fundamental mode (LPy;) is coupled with the stimulated
high-order cladding mode (LPoy,) to form the interference.

4 Results and Discussion

4.1 Surface Morphology

The NH,-rGO-coated TCF was characterised by SEM, and
the surface morphologies are shown in Figure 3. From
Figure 3a, a uniform and compact sensing film is formed
on the surface of TCF. From the end-face diagram of TCF,
as shown in Figure 3b, the thickness of the sensing film is
about 500 nm.

4.2 Raman Spectra and XPS Analysis

Raman spectra of GO and NH,-rGO are shown in Figure 4a.
The D band represents the defect of the C atom lattice and
the G band represents the in-plane stretching vibration of
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Figure 3: Surface morphology. (a) Outside surface of TCF coated
with NH,-RGO. (b) Cross-section of NH,-rGO-coated TCF.

sp?-hybridised C atom [32]. The D and G bands of GO are
located at 1339 and 1585 cm !, respectively, while the D
band, G band, and 2D band of NH,-rGO are located at 1336,
1588, and 2927 cm !, respectively. These results are con-
sistent with those in the literature [33]. The intensity ratio
(Ip/Ig) of the D and G bands of GO and NH,-rGO are 0.990
and 1.184, respectively. The larger the ratio, the more the
number of defects or vacancies. That is to say, NH,-rGO has
more defects than GO.

Figure 4b—d shows the results of XPS of NH,-rGO.
From Figure 4b, the sample contains C, N, and O elements,
which are consistent with the expected compositions. H
1s does not exist because the ionisation interface of H is
too small, and the 1s electron of H is easily transferred
and bound to other atoms [34]. The binding energies of C
1s, N 1s, and O 1s correspond to 284.7, 398.7, and 532 eV,
respectively, and C and O Auger energies correspond to
1221.4 and 979.7 eV, respectively. As shown in Figure 4c,
high-resolution peak splitting fitting results of C 1s binding
energies of C-C, C-N, C-0, and C=0 correspond to 284.5,
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285.5, 286.0, and 287.2 eV, respectively. From Figure 4d, the
splitting peak fitting results of N 1s show those of —CO-
NH and -CH,-NHj,, corresponding to 398.2 and 399.2 eV,
respectively. The formation of —-CO-NH- is due to the
dehydration and condensation reaction of —-COOH and -
NH, when they graft with the amino groups. The existence
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Figure 4: Raman and XPS spectra. (a) Raman spectra of GO and NH,-

rGO. (b) XPS image of NH,-rGO. (c) High-resolution XPS scan of C 1s.
(d) High-resolution XPS scan of N 1s.
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of the —~CH,—-NH, peak indicates that —-NH; is successfully
grafted onto rGO.

4.3 Gas Sensing Properties

Hydrogen sulfide gas was injected into the chamber, and
the gas concentration and the corresponding monitoring
wavelength were recorded. As shown in Figure 5a, with
the increase in hydrogen sulfide concentration, the wave
trough shows a blue shift. The sensitivity is 21.3 pm/ppm
and the linear fitting value is R> = 0.98096. The limit of
detection (LOD) of the sensor is given as LOD = 3o/k [35],
where ¢ ( 0.0112 nm) is the standard deviation of the
slope and k ( 21.3 pm/ppm) is the sensitivity; thus the
LOD of the sensor is 1.577 ppm. The response of the sensor
to some typical gases, such as CO, H,S (the concentration
of both gases is 30 ppm), as well as pure N>, O,, and CO,
at room temperature are shown in Figure 5b. It can be con-
cluded that the NH,-rGO film is most sensitive to hydrogen
sulfide, which indicates that NH,-rGO film has good selec-
tivity to hydrogen sulfide gas. When 60 ppm hydrogen sul-
fide gas was injected into the chamber, and the data were
collected every 10 s (see Fig. 5¢), the response and recovery
time of the sensor were 72 and 90 s, respectively. A detailed
comparison of the designed sensor with other fibre gas
sensors is shown in Table 1 [34, 36, 37]. The results indi-
cate that this sensor has some good characteristics such
as sensitivity and selectivity for H,S.

The following is the error analysis of the experimen-
tal data. From Table 2, the arithmetic mean of wavelength
deviation can be obtained as
- 1 X
M= ALi=0.0476 (nm).

i=1
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gas sensor.

DE GRUYTER

The variance can be written as
1 X
)

i=1

S (A, AN ~8.437 10 “,

The standard deviation of wavelength is

V.
u

X
o= %% (AAI
i=1

A’ ~ 0.0290.

The small variance denotes small fluctuation. That
is, the difference AA; between the theoretical value and
the actual measured value is relatively stable. The small
fluctuation indicates that the standard deviation is also
small (0 = 0.0290). In addition, the arithmetic mean
AA = 0.0476 (nm) of the difference between the theoret-
ical value and the actual measured wavelength value is
obtained. Because the resolution of the spectrum ana-
lyzer is 0.02 nm, and the difference values between the
theoretical and experimental data are so tiny and can be
ignored.

4.4 Temperature Response of the Sensor

As shown in Figure 6, the effect of temperature on the sens-
ing performance was evaluated. When the temperature is
between 20 °C and 45 °C, the effect of temperature on the
sensor is very small. However, when the temperature is
higher than 45 °C, the effect on the sensor becomes obvi-
ous. Therefore, the sensor is suitable for H,S detection in
a small temperature range (20—45 °C).

4.5 Sensing Mechanism

Since the amino group (-NH,) can donate an electron on
the rGO surface, amino functionalisation enhances the
negative carrier concentration of rGO [38]. Because of the
enhancement in charge density in NH,-rGO by the pres-
ence of amine groups on the surface, NH,-rGO behaves
like a p-type semiconductor, which can act as an acceptor.
As a reduced gas, H,S easily loses electron to the sensing

Table 1: Parameter comparison of the proposed sensor and other fibre gas sensors.

Sensing material Size Sensitivity Selectivity References
MoS,/citric acid 1cm 10.52 pm/ppm H,S [34]
Cu/ZnO 1cm 300 pm/ppm Not given [36]

Ag 10.0 0.2 mm 3.32 10 °dBm/ppm Not given [37]
NH>-rGO 2cm 21.3 pm/ppm H,S This work
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Table 2: H,S content, measured wavelength data (MWD), theoretical wavelength data (TWD), and the wavelength deviation AA; (WDD).

H,S content 0 ppm 6 ppm 10 ppm 20 ppm 30 ppm 40 ppm 50 ppm 60 ppm

MWD (nm) 1563.88 1563.82 1563.62 1563.34 1563.18 1562.96 1562.80 1562.64

TWD (nm) 1563.855 1563.727 1563.642 1563.429 1563.216 1563.003 1562.79 1562.577

WDD (nm) 0.025 0.093 0.022 0.089 0.036 0.043 0.010 0.063

1565.5 wavelengths of the interference spectra show a blue shift.

The sensitivity is 21.3 pm/ppm and the linearity R? is

1565.0 —xc 0.98096 within the range 0—-60 ppm H,S, and the LOD is

) i 1.577 ppm. The response and recovery times are 72 and
= e . . .

= - 90 s, respectively. The gas sensor has a small size, is easy

§:b 15645 T P PP T to fabricate, and has high sensitivity and selectivity, and
Wavelength (nm . . . . .

- 1y=1563.1721 + 0.01865x o \ can be applied for environmental monitoring of toxic H,S.
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Figure 6: Influence of temperature change on sensing performance.

Figure 7: Sensing mechanism of the sensing film.

film. After H,S is injected into the gas chamber and makes
contact with the film surface, the film surface is consid-
ered to effect the migration of a small amount of electronic
charge transfer at room temperature (Fig. 7), resulting in a
change in thickness of the sensing film and hence a change
in the RI of the film. Thus, the resonant wavelength will be
shifted. When fresh air is introduced into the gas chamber,
desorption occurs, and the negative carrier is transferred
from the film to H,S.

5 Conclusions

In summary, a novel hydrogen sulfidle MI gas sensor
was demonstrated based on NH,-rGO-coated TCF. With
the increase in hydrogen sulfide concentration, the dip
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Chongging Science and Technology Bureau (Grant
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uate Research Innovation Project of CQUT (Grant
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