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1. Introduction

Developing optical detection systems with high accuracy,
sensitivity, and robustness is highly desirable in emerging
technology industries.[1–5] High-performance sound detection
in liquids is a crucial focus in sensing technologies.[6–9] These

detectors are used in seas or other liquids,
such as strong acidic and alkaline solutions
and transformer oil, to listen to underwater
sounds.[10–12] Currently, conventional pie-
zoelectric sensors are the dominant detec-
tion technology for sound detection in
liquids, but there are various drawbacks
to this type of sensor,[13–15] for example,
the piezoelectric sensors based on circuit
systems are susceptible to electromagnetic
interference;[13] in addition, a lot of piezo-
electric materials used as the sensitive com-
ponents are vulnerable to moisture and are
not suitable for being applied to listen to
sounds under liquids for the long term,
and they need to be used with protection
devices;[14] finally, the output current
response of piezoelectric sensors is rela-
tively weak, and they need to be used with
a charge amplifier or a high-output imped-

ance circuit.[15] However, photonic sensing systems based on
optical fibers and fiber Bragg gratings are well placed to over-
come these drawbacks.[16–18] Amongmany optical detection tech-
nologies, extrinsic fiber-optic Fabry–Perot (F–P) sound sensors
are advantageous as they offer simple construction, robustness,
and low production costs.[19–22]

The core detection component of extrinsic fiber-optic F–P
sensors is a sensing diaphragm at the front end of the sensing
probe.[23–25] In previous studies,[23–27] different types of elastic
materials have been used as sensing diaphragms, such as poly-
mers, metals, silicon, and 2D materials represented by graphene
and graphene oxide (GO). These studies showed that the sensi-
tivity of sensing diaphragms is related to the thickness and vibra-
tion radius of diaphragms, as well as Poisson’s ratio and Young’s
modulus of diaphragm materials. For diaphragms prepared by a
defined material, the thinner the diaphragm thickness and the
longer the vibration radius of the diaphragm, the more likely
it is that sound detection can be more sensitive. Compared to
other materials, the 2D material thickness can be prepared at dif-
ferent nanoscale levels,[28–30] but the application of nanoscale-
thick and large-area diaphragms made of 2D materials has been
almost unexplored for sound detection in liquids because they
are so thin and fragile that it is difficult to resist the liquid
pressure.[31]

Here, GO was utilized to prepare sensing films due to its
advantages, such as nonconductivity, film-forming ability,
excellent adhesion, and high mechanical strength.[32,33]

A sound-transparent polyurethane sleeve supported by a
3D-printed stainless steel sleeve has been used to withstand liq-
uid pressure; hence, the GO film can work stably for a long time.
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This article presents nanoscale-thick and large-area graphene oxide (GO) films
manufactured by a facile method to enable high-performance sound detection in
liquids. A Fabry–Perot (F–P) cavity consisting of a GO film, whose vibration
diameter is �4.4 mm, and a single-mode fiber (SMF) is used as the sensing core
for sound detection in liquids. A sound-transparent cap, consisting of a support
sleeve and a sound-transparent sleeve, is used to protect the GO-sensing dia-
phragm to resist liquid pressure to enable long-term stability. The sensing probes
with GO diaphragms of �100 and 200 nm thickness are placed in ultra-pure
water for performance testing. Test results show that they maintain a linear
sound pressure response, a flat frequency response, and a uniform directional
response from 1 to 100 kHz. They have sensitivities of �630 mV Pa�1 and about
84 mV Pa�1, respectively, in the range of 1–100 kHz in all directions in different
liquids. These results demonstrate the suitability of the nanoscale-thick and
large-area GO films for sound detection in liquids with high performance.
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Polyurethane elastomers can show sound transmission and
absorption properties, mainly determined by the preparation
formulation.[34–36] In this work, the sound-transparent sleeve
was made of a polyurethane elastomer with sound transmission
to form a sound-transparent cap with the 3D-printed stainless
steel sleeve together. We have used a simple method to prepare
nanoscale-thick and large-area GO films and provided a prelimi-
nary regulation analysis, which allowed the construction of the
sensing probes. This method provided a fitted mathematical
expression for the thickness of GO films as a function of the con-
centration of GO dispersions and summarized a time-saving,
efficient, and thickness-controlled process for the preparation
of GO films via liquid precipitation. An F–P cavity consisting
of a GO film, whose vibration diameter was �4.4mm, and a
single-mode fiber (SMF) was used as the sensing core for sound
detection in liquids. It was mainly placed in ultrapure water for
performance testing. Test results indicated that nanoscale-thick
and large-area GO diaphragms could achieve high-performance
sound detection in liquids, which provides possibilities for the
rapid development of sensors used for high-performance sound
detection in different liquids.

2. Production of GO Films and Sensing Probes

Part A of Figure 1 shows the manufacturing process of GO films
with a copper foil. First, GO powder is dissolved in ultrapure
water with a resistance higher than 18.5MΩ by the ultrasonic
water bath and magnetic stirring method, resulting in a GO dis-
persion. Second, as shown in step (1) of Figure 1, GO dispersion

(0.25mL) is dropped onto the surface of a 10 μm-thick copper
foil. The copper foil is placed on a spin-coating machine to resist
the surface tension of the GO dispersion droplet and render the
prepared GO films more uniform in the process of natural
drying, as shown in part A in Figure 1 (step (2) of Figure 1).

Figure 2a shows the surface image of a GO film with a copper
foil after step (2) of Figure 1 under a scanning electron micro-
scope (SEM). Figure 2a illustrates that the prepared GO film
surface can be considered to be quite flat at a macroscopic scale
and has no evident defects (Roughness: 4.777 nm), which were
quite important for the production of the sensing probe because
the F–P cavity is an optical interference cavity, and it requires
that the two surfaces forming the F–P cavity be as flat as
possible,[23–25] whereas this surface of the GO film can eventually
become one of two flat surfaces forming an F–P cavity in the
subsequent manufacturing process. It can be seen from steps
(1) and (2) of Figure 1 that the preparation method for GO films
is facile and controllable for most beginners. We prepared 20 dif-
ferent thick GO films using GO dispersions with concentrations
of 40, 80, 120, 160, 200, 240, 280, 320, 360, 400, 440, 480, 520,
560, 600, 640, 680, 720, 760, and 800mg L�1, respectively.
Figure 2b–d shows the thickness images of GO films prepared
by GO dispersions with concentrations of 440, 520, and
600mg L�1 under SEM. Figure 2b–d shows that the average
thickness values of GO films prepared by GO dispersion with
a concentration of 440, 520, and 600mg L�1 are 299.43,
348.13, and 401.63 nm, respectively. We first took 20 points uni-
formly on the cross section of a film and measured the width of
the cross section at these 20 points, and then calculated the aver-
age of these 20 values, which can be used as the representative

Figure 1. The manufacturing process of GO films and sensing probes.
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thickness of the GO film. Then, another 29 GO films with the
same concentration were taken and the representative thickness
values for each of the 29 GO films were measured. Subsequently,
the average of the representative thickness values of these 30 GO
films was calculated and this value represents the thickness of
the GO film at this concentration. Therefore, the average
thickness values of GO films at concentrations of 440, 520,
and 600mg L�1 in Figure 2b–d are essentially the representative
thickness values of GO films at concentrations of 440, 520, and
600mg L�1. It can be seen from Figure 2b–d that GO film thick-
ness is determined by the concentration of GO dispersion in the
preparation method of GO films shown in Part A of Figure 1.
Figure 2e shows the representative thickness values of GO films
prepared by GO dispersions with concentrations of 40, 80, 120,
160, 200, 240, 280, 320, 360, 400, 440, 480, 520, 560, 600, 640,
680, 720, 760, and 800mg L�1, respectively.

As shown in Figure 2f, the fitting equation for these 20 differ-
ent representative thickness values with no consideration of the
zero point is

H1 ¼ 0.6018Cþ 30.87 (1)

In Equation (1), C represents the GO dispersion concentra-
tion; H1 indicates the GO film thickness, and R2 is 0.9975.

As shown in Figure 2g, the fitting equation for these 20
different representative thickness values when considering the
zero point is

H2 ¼ 0.6298Cþ 16.96 (2)

In Equation (2), C represents the GO dispersion concentra-
tion; H2 indicates the GO film thickness, and R2 is 0.9981.

Figure 2. a) SEM image of a GO film surface. SEM image of a GO film thickness prepared by the GO dispersion at a concentration of b) 440mg L�1,
c) 520mg L�1, and d) 600mg L�1. e) Representative thickness values of GO films prepared by GO dispersions with 20 different concentrations. f ) The
fitting equation for these 20 different representative thickness values with no consideration of the zero point. g) The fitting equation for these 20 different
representative thickness values when considering the zero point. h) Errors of Equation (1) and (2).
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The errors (Calculation: jðHfitting �HactualÞ=Hactualj) between
the fit GO film thickness values obtained by the Equations (1)
and (2) when the GO dispersion concentrations are 40, 80,
120, 160, 200, 240, 280, 320, 360, 400, 440, 480, 520, 560,
600, 640, 680, 720, 760, and 800mg L�1, respectively, and the
actual representative thickness values are shown in Figure 2h.
It can be seen from Figure 2h that the error in Equation (1)
is lower in the range of 80 to 320mg L�1. Therefore, the error
of Equation (1) is lower for the representative thickness values
of GO films in the range of 65.77 to 225.49 nm.

Based on this calculation of Equation (1), the GO dispersions
for the preparation of GO films with representative thickness val-
ues of 100 and 200 nm should be prepared at concentrations of
�115 and 281mg L�1, respectively. As shown in Figure 3a, the

representative thickness values of GO films prepared by the GO
dispersion with concentrations of �115 and 281mg L�1 are
�100 and 200 nm, respectively. The prepared GO films with a
thickness of �100 nm have been placed on the surface of a ferric
chloride (FeCl3) solution, which corresponds to step (3) of
Figure 1. Unsupported GO films can be obtained after copper
foil substrates are completely dissolved by FeCl3 solution
(Figure 3b). Step (4) of Figure 1 shows the transfer operation
of a GO film to the end face of a quartz tube. A quartz tube
is used to adhere to a GO film floating on the surface of
FeCl3 solution (Figure 3c). The GO film can be adsorbed on
the surface of a quartz tube due to the Van derWaals forces.[28–30]

Then, the GO film on a quartz tube is immersed in ultra-pure
water several times to remove the FeCl3 solution on the surface

Figure 3. a) Near-fitting thickness values of GO films with two different concentrations of GO dispersions. b) GO films floating on the surface of FeCl3
solution. c) A GO film transferred to the end face of a quartz tube and a sensing probe. d) Sensing principle of extrinsic fiber-optic F–P sound sensors.
e) Structures and sizes of the designed support sleeve and sound-transparent sleeve. f ) Actual size and shape of the sensing probe with a sound-
transparent cap.
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of the GO film. The quartz tube with the GO film is left until this
GO film is completely dry, thereby achieving the transferring
process shown in step (4) of Figure 1. This process is shown
in Part B of Figure 1 in detail. Finally, a GO-sensing diaphragm
with a thickness and a vibration diameter of about 100 nm and
�4.4 mm, respectively, can be obtained, as shown in Figure 3c.
Compared to previous studies,[19–30] the area of this GO-sensing
diaphragm with a vibration diameter of �4.4mm is larger.

To obtain the sensing probe shown in Figure 3c, the sensing
principle of extrinsic fiber-optic F–P sensors, as shown in
Figure 3d, needs to be understood to deduce an appropriate
length of the F–P cavity and the incident light wavelength.
The incident light emitted by a tunable laser passes through
an SMF into the F–P cavity (Figure 3d). A portion of the incident
light is reflected at the end face of the SMF, while the other por-
tion of the incident light propagates into the F–P cavity and is
reflected at the inner surface of the diaphragm. The reflected
light carrying the length information of the F–P cavity enters
the SMF again and interferes with the light inside the SMF
on the photodetector, thereby forming interference fringes.
The length of the F–P cavity can change when sound pressure
causes the diaphragm to vibrate, resulting in a shift of the inter-
ference fringes. Therefore, detecting sound signals can be
achieved by measuring the phase or intensity change of the
interfering light.

The sensing principle can be quantitatively expressed by a rela-
tionship between the intensity of the interference light and the
length of the F–P cavity.[30] As the end face reflectance of the SMF
and the surface reflectance of the GO diaphragm are both less
than 50%[30–33] the relationship between the intensity of
the interference light and the length of the F–P cavity can be
presented as Equation (3).[30]

IRðλ, lÞ ¼ 2
ffiffiffiffiffiffiffiffi

r1r2
p

1� cos
4πn0l
λ

� �� �

I0 (3)

In Equation (3), IRðλ, lÞ represents the intensity of the inter-
ference light; I0 indicates the incident light intensity; r1 is the
end face reflectance of the SMF; r2 represents the surface reflec-
tance of the GO diaphragm; n0 indicates the refractive index of
air in the F–P cavity, generally considered as 1.0;[28–30] λ is the
incident light wavelength; l represents the length of the F–P
cavity.

Theoretically, as shown in Equation (4), the sensitivity S of the
sensing probe can be expressed as the ratio of the intensity of the
interference light IRðλ, lÞ to the length of the F–P cavity l.

S ¼ dIRðλ, lÞ
dl

(4)

The static working point position can affect the sensing probe
sensitivity. The sensitivity S is maximum only when the static
working point is at the position of the optimal working
point.[22–30] Therefore

d2IRðλ, lÞ
dl2

¼ 0 (5)

At this time, the sensor output has only a very small
distortion.[30]

According to the deduction of Equation (5), the length l of the
F–P cavity can be presented as Equation (6).

l ¼ λ
2ηþ 1

8

� �

ðη is a positive integerÞ (6)

It can be seen from Equation (6) that an infinite number of
F–P cavity lengths meet the requirement that a static working
point is at the position of the optimal working point.
However, the environmental temperature can cause a change
in F–P cavity length due to thermal expansion and
contraction,[28–30] which can cause the static working point to
drift. Therefore, the incident light wavelength needs to be
adjusted to stabilize the static working point at the position of
the optimal working point. However, the F–P cavity length
can lead to an excessive free spectral range (FSR) of this sensing
probe,[29,30] impeding the stabilization of the static working
point at the position of the optimal working point by tuning
the incident light wavelength.[30]

Therefore, FSR should be less than or equal to the adjustment
range of the incident light wavelength,[30] namely

κ ⋅ FSR ≤ λm � λn (7)

and

FSR ¼ λ2a
2l

(8)

Therefore

l ≥
κλ2a

2ðλm � λnÞ
(9)

In Equation (7)–(9), λm represents the maximum incident
light wavelength; λn indicates the minimum incident light
wavelength; λa shows the average incident light wavelength; κ
is a redundancy factor, generally considered as 1.5.[30]

Furthermore, the length range of the F–P cavity can be calcu-
lated from Equation (9) as l ≥ 44.815 μm, because the wavelength
adjustment range of the used tunable laser is 1525–1565 nm.

Theoretically, the longer the F–P cavity length, the more
severe the transmission loss of light incident into the F–P
cavity.[24–30] Additionally, the adjustment accuracy of a typical
translation stage, whose function is to insert an SMF with a
ceramic ferrule into a quartz tube to produce the sensing probe,
is 0.5 μm.[30] Based on these perspectives, 45 μmhas been chosen
as the F–P cavity length of the sensing probe.

According to Equation (6), the inequality can be shown as

1525 nm ≤
8l

2ηþ 1
≤ 1565nm (10)

Therefore, when l ¼ 45 μm, the range of η is approximately
114.5-117.5. Since η is a positive integer, η can be 114-117.
When η ¼ 116, the incident light wavelength is approximately
1545.06 nm, which can allow for the maximum application for
the tuning range of a tunable laser because 1545.06 nm is in
the center of the tuning range of the used tunable laser
(1525–1565 nm). Therefore, the incident light wavelength has
been chosen as 1545.06 nm.
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Then the translation stage was used to insert an SMF with a
ceramic ferrule with a diameter of 2.5 mm into the quartz tube
with a GO film because Figure 3c shows that the minimum inner
diameter of the quartz tube is 2.760mm. The length of the F–P
cavity consisting of a GO film and the end face of the SMF was
adjusted to �45 μm. UV adhesive was used to glue the quartz
tube and the ceramic ferrule together to obtain the sensing probe
(Figure 3c).

For the sensing probe to be used in liquids, a support sleeve
and a sound-transparent sleeve must be designed and manufac-
tured to resist liquid pressure for long-term stability. The sche-
matics (1) and (2) in Figure 3e show the front view and side view
of the support sleeve with dimensions. According to the designed
structure and the size of each part, the support sleeve shown in
Figure 3f has been manufactured with a stainless steel material
using 3D printing. The schematics (3) and (4) in Figure 3e show
the front view and side view of the sound-transparent sleeve with
dimensions. According to the designed structure and the size of
each part, this sound-transparent sleeve shown in Figure 3f has
been fabricated with a polyurethane elastomer using molding.
Then the sensing probe, the support sleeve, and the sound-
transparent sleeve were assembled and fixed with UV adhesive,
thereby producing the sensing probe with a sound-transparent
cap (Figure 3f ).

The same manufacturing method was used to fabricate
another sensing probe with a GO film with a thickness and
vibration diameter of �200 nm and about 4.4 mm, respectively.

3. Results and Discussion

A test platform has been built for the performance testing of both
sensing probes (Figure 4). The liquid environment is simulated
by ultrapure water. This platform consisted of a sensing system,
an excitation system, and a reference system. The sensing system
comprises a tunable laser, an oscilloscope, a circulator, a
photodetector, SMFs, and a sensing probe. The excitation system
had a sound generator and a signal amplifier with a piezoelectric
transducer. The reference system consisted of a reference sensor
(Sensitivity: 5.0mV Pa�1) with a sound-transparent cap consist-
ing of a support sleeve and a sound-transparent sleeve with the

same thickness and material as that of the proposed sensing
probes, a data acquisition card, and a computer with data proc-
essing software. The sensing probe, reference sensor, and piezo-
electric transducer were placed together in a beaker filled with
ultrapure water. In addition, the sensing probe and the reference
sensor are placed axisymmetrically. The piezoelectric transducer
was placed on the symmetry axis between the sensing probe and
the reference sensor, whose purpose was that sound signals gen-
erated by the excitation system could act on the sensing probe
and the reference sensor simultaneously in the process of per-
formance testing. The ambient environment and ultrapure water
temperature were kept at room temperature (25 °C) during the
experiment.

Both sensing probes with GO film thicknesses of �100 and
200 nm have been submerged in ultrapure water for perfor-
mance testing. Figure 5a illustrates that the filtered output results
in the time domain of both sensing probes and the reference sen-
sor can be obtained when the excitation system produces a sinu-
soidal sound signal with a frequency of 1 kHz. Figure 5b shows
the filtered output results in the frequency domain of both sensing
probes under this circumstance. The output voltage amplitudes of
both sensing probes were 1859.64 and 240.75mV, respectively
(Figure 5b). As the reference sensor’s sensitivity was known
(5.0mVPa�1), the sound pressure acting on both sensing probes
can be calculated. Thus, according to this method, both sensing
probes have been used to detect sound signals with different inten-
sities at 1 kHz. The output results are shown in Figure 5c.

As shown in Figure 5c, the fitting equation for the relationship
between the output voltage amplitude of the sensing probe with a
GO film thickness of�100 nm and the sound pressure acting on
it is

V100 ¼ 619.7Pþ 0.037 (11)

In Equation (11), V100 represents the output voltage amplitude
of this sensing probe with a GO film thickness of about 100 nm;
P indicates the sound pressure acting on the sensing probe, and
R2 is 0.9993.

Similarly, the fitting equation for the relationship between the
output voltage amplitude of the sensing probe with a GO film
thickness of �200 nm and the sound pressure acting on it is

Figure 4. The platform for performance testing of both sensing probes.
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V200 ¼ 79.68 Pþ 0.1141 (12)

In Equation (12), V200 represents the output voltage amplitude
of the sensing probe with a GO film thickness of about 200 nm; P
indicates the sound pressure acting on the sensing probe, and R2

is 0.9981.

Equation (11) and (12) show that the output voltage amplitude
of both sensing probes can rise linearly as the sound pressure
continues to increase, which indicates that both sensing probes
have a linear sound pressure response to sound signals at differ-
ent levels. Their sensitivities are 619.7 and 79.68mV Pa�1,
respectively, at 1 kHz.

Figure 5. a) Filtered output results in the time domain of both sensing probes and the reference sensor at 1 kHz. b) Filtered output results in the
frequency domain of both sensing probes at 1 kHz. c) Sound pressure response characteristics of both sensing probes at 1 kHz. d) Frequency response
characteristics of both sensing probes in the range of 1–100 kHz. e) The testing process for the directional response of both sensing probes. f ) Directional
response characteristics of both sensing probes in the range of 1–100 kHz. g) Sensitivities of both sensing probes in the range of 1–100 kHz in all
directions in different liquids.
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The sensitivities of both sensing probes can be obtained when
the frequency range of sound signals acting on them is
1–100 kHz (Figure 5d). Figure 5d shows that the output voltage
amplitude of both sensing probes has minor fluctuations in the
difference between two data points in the range of 1–100 kHz,
which indicates that both sensing probes have a quite flat fre-
quency response to sound signals in the range of 1–100 kHz.
Figure 5d also illustrates that the mean values of the sensitivities
for both sensing probes are approximately 630mV Pa�1 and
about 84mV Pa�1, respectively, in the range of 1–100 kHz.

The directional response characteristics of both sensing
probes have been analyzed (Figure 5e). Each sensing probe
was rotated counterclockwise from 0° to 360°. Testing of the
frequency response of each sensing probe in the range of
1–100 kHz was performed at each 30°, so the mean value of
the sensitivity of each sensing probe in this frequency range
is shown in Figure 5f.

Figure 5f shows that both sensing probes had an approxi-
mately equal sensitivity to sound signals from different direc-
tions, which indicated that both sensing probes had a uniform
directional response to sound signals from different directions.
In addition, the sensitivities of both sensing probes in the range
of 1–100 kHz in all directions are �630mV Pa�1 and about
84mV Pa�1, respectively.

Both sensing probes were submerged in three common
liquids, transformer oil, physiological saline, and anhydrous eth-
anol, for performance testing. This also allows the sensitivities of
both sensing probes to be determined in the range of 1–100 kHz
in all directions in different liquids (Figure 5g). The sensitivities
of both sensing probes in the range of 1–100 kHz in all directions
in different liquids had negligible fluctuation. Therefore, the two
sensitivities can still be considered as about 630mV Pa�1 and
�84mV Pa�1, respectively. The results show 126 and 16.8 times
greater sensitivities than the reference sensor, respectively.

4. Conclusion

In summary, we presented the high-performance sound
detection of nanoscale-thick and large-area GO films in liquids.
Nanoscale-thick and large-area GO films have been manufac-
tured using a facile and controllable method. A GO film,
whose vibration diameter is about 4.4mm, and an SMF consti-
tute an F–P cavity, whose length is �45 μm, of the sensing probe
in the condition of the incident light wavelength of about
1545.06 nm. A sound-transparent cap consisting of a support
sleeve made of stainless steel material and a sound-transparent
sleeve made of a polyurethane elastomer with sound transmis-
sion was placed over a sensing probe to resist liquid pressure;
hence, this GO sensing diaphragm can work stably for a long
time. Both sensing probes with GO diaphragm thicknesses of
�100 nm and about 200 nm were submerged in ultrapure water
for performance testing. Test results indicate that both sensing
probes maintained a linearly sound-pressure response, a flat fre-
quency response, and a uniform directional response in the
range of 1 to 100 kHz. In addition, both sensing probes were
placed in transformer oil, physiological saline, and anhydrous
ethanol for performance testing. The testing results indicated
that both sensing probes had sensitivities of �630mV Pa�1

and about 84mV Pa�1, respectively, in the range of 1–100 kHz
in all directions in different liquids. These results show that
the nanoscale-thick and large-area GO films can achieve high-
performance sound detection in liquids, providing a competitive
solution for developing sensors.

5. Experimental Section

GO Powder Preparation: The GO powder for the preparation of GO
films was prepared by the Hummer method[30] using the physically pre-
pared monolayer graphene powder (Manufacturer: Tanfeng Graphene
Technology Co., Ltd., China). The specific preparation process was as fol-
lows. First, 2 g graphite powder was mixed with 1 g NaNO3 and put into
80mL concentrated H2SO4 under an ice bath, and 8 g KMnO4 was slowly
added under vigorous stirring to keep the liquid temperature below 20 °C.
Then, the mixed liquid was transferred to a constant temperature water
bath at 35 °C and stirred for 2 h. Then, 240mL ultrapure water was added
to the paste brown mixture, and at this time, the mixture would release a
lot of heat, so the ultrapure water needed to be added slowly and keep the
mixture below 50 °C. After completing the addition of the ultrapure water,
5 mL H2O2 with 30% concentration was added to the mixture, and the
mixture gradually turned bright yellow in color; after 2 h of stirring, the
mixture was then cleaned and filtered and dried under vacuum to obtain
the GO powder for the prepared GO films. The prepared GO powder was
tested by X-Ray diffraction (XRD) spectroscopy (Device model: BRUCKER
D8 ADVANCE; Manufacturer: Bruker Corporation, Germany). A small
amount of the prepared GO powder was taken out and well ground until
it was free of any graininess. Then, the GO powder with a mass of at least
0.1 g was taken out and tested for a wide-angle XRD, with a scanning range
of 5°–90° at the 2θ angle, a scanning rate of 6°/min, and a scanning step of
0.02. The final XRD spectroscopy was obtained, as shown in Figure S1,
Supporting Information. According to the analysis and calculation, the
crystallinity of the prepared GO powder was 79.47%, as shown in
Figure S2, Supporting Information. The GO powder was then tested by
the Fourier-transform infrared (FTIR) spectroscopy (Device model:
Nicolet IS10; Manufacturer: Thermo Nicolet Corporation, USA) to under-
stand its functional groups and thus further understand the characteristics
of the GO powder. In this process, 10mg GO powder was taken, ground
as much as possible, and dried thoroughly using a UV lamp. Furthermore,
KBr was used to compress the powder during the test and FTIR spectros-
copy was obtained, as shown in Figure S3, Supporting Information. The
analysis of FTIR spectroscopy is shown in Table S1, Supporting
Information. It can be summarized from Table S1, Supporting
Information, that GO has a lot of hydroxyl groups, which may be caused
by hydroxyl or carboxyl groups in GO. In addition, there are also carbonyl
groups in the GO, which can be judged as carboxy–carbonyl groups. There
are also methyl or methylene groups in the GO, but they may be masked
due to the strong peak of hydroxyl groups. Besides, olefins and C─O bonds
are also present in the GO. To get a clearer understanding of the character-
istics of the prepared GO powder, the GO powder was tested by X-Ray
photoelectron spectroscopy (XPS; Device model: PHI 5000 Versaprobe
III; Manufacturer: ULVAC-PHI Corporation, Japan). A small amount of
the GO powder was taken and thoroughly dried, then fully ground,
followed by a narrow sweep of C and O elements by XPS testing, the final
results of which are shown in Figure S4, Supporting Information. The XPS
analysis of the prepared GO powder is shown in Table S2, Supporting
Information.

Details: In the preparation of GO dispersions, the GO powder was first
placed in ultrapure water and then stirred for a period using a magnetic
stirrer (Device model: HJ-4A; Manufacturer: Ronghua Instruments
Manufacturing Co., Ltd., China), followed by water bath ultrasonic shaking
for an equal period using an ultrasonic shaker (Device model: KQ-200VDE;
Manufacturer: Kunshan Ultrasonic Instruments Co., Ltd., China). The
stirring and sonication time increased with the concentration of the
GO dispersion.
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During the natural drying process of the GO dispersion on a copper
foil, the spin-coating machine (Device model: EZ4; Manufacturer:
LEBO Science Instruments Co., Ltd., China) needed to be kept rotating
to resist the surface tension of the GO dispersion droplet and render
the prepared GO films more uniform.

To summarize the mathematical expression between the representative
thickness of GO films and the concentration of GO dispersions, an SEM
(Device model: SU8020; Manufacturer: HITACHI, Japan) was used to
measure the thickness of GO films in a short time, low cost, and large
quantities.

The time to get an unsupported GO film was related to the concentra-
tion of the FeCl3 solution, the higher the concentration of the FeCl3
solution, the shorter the time to get an unsupported GO film.

According to the calculations in Section 2, the range of the F–P cavity
length was l ≥ 44.815 μm. A final length of 45 μm was chosen for the F–P
cavity of the proposed sensing probe, because the longer the length
of the F–P cavity, the more severe the transmission loss of the light
incident into the F–P cavity. Figure S5, Supporting Information, shows
the relative interference intensities, which are the reflective interference
intensities divided by the intensity of the incident light, with different
F–P cavity lengths. As shown in Figure S5, Supporting Information, the
F–P cavity length of 45 μm produces the highest interference intensity,
which enhances the effect of sound-pressure sensing. This is why the
length of all F–P cavities was adjusted to about 45 μm in the experimental
measurements.

The sound-transparent sleeve produced by a polyurethane elastomer is
the main obstacle to the propagation of sound waves, compared to the
support sleeve manufactured by stainless steel, because the support sleeve
is not a completely closed structure. The sound-transmission characteris-
tics of the polyurethane elastomer with the same thickness as the sound-
transparent sleeve are shown in Table S3, Supporting Information. It can be
seen from Table S3, Supporting Information, that the average attenuation
constant of sound waves (0.03 dB cm�1)[37,38] and average sound imped-
ance (1.554 g ⋅ cm2 ⋅ s�1)[38] are quite low, which indicates that the fine
sound-transmission characteristics of the sound-transparent sleeve.

The performance test platform was built by a tunable laser (The central
wavelength of approximately 1550 nm; Device model: AP3350A;
Manufacturer: APEX Technologies, France), an oscilloscope (Device
model: Wave Runner 6Zi; Manufacturer: Teledyne Lecroy, USA), a circu-
lator, a photodetector (Device model: DET08CFC;Manufacturer: Thorlabs,
USA), SMFs, the proposed sensing probes, a sound generator (Frequency
range: 0-20MHz; Device model: FY2300; Manufacturer: Feeltech, China),
a signal amplifier with a piezoelectric transducer (Frequency range of the
signal amplifier: 0–1MHz; Resonant frequency of the piezoelectric
transducer: 300 kHz; Flat frequency range of the piezoelectric transducer:
1–100 kHz; Device model: ATA-2021H; Manufacturer: Aigtek, China), a
reference sensor (Sensitivity: 5.0 mV Pa�1; Device model: MPA401;
Manufacturer: BSWA TECH, China) with a sound-transparent cap consist-
ing of a support sleeve and a sound-transparent sleeve with the same
thickness and material as that of the proposed sensing probes, a data
acquisition card, and a computer with data processing software together
to enable sound detection in a liquid-filled beaker (Volume: 5000mL), and
the details of the experimental platform construction have been presented
in Section 3.

Temperature Influence: The F–P cavity length can change under the
temperature influence due to thermal expansion and contraction,[39] thus
affecting the experimental results. The degree of thermal expansion and
contraction for a material is mainly determined by its average coefficient of
thermal expansion, that is, the greater the value, the more severe the
material is affected by temperature.[40] The average coefficient of
thermal expansion of the quartz tube (5.0� 10�7 °C�1) was much
lower than that of common materials,[40,41] so the F–P cavity length
was theoretically affected slightly by temperature. Figure S6, Supporting
Information, shows the frequency responses of both proposed sensing
probes at different temperatures under the same experimental condition.
It can be seen from Figure S6, Supporting Information, that the
performance of both proposed sensing probes is slightly influenced by
temperature.

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