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Sound is usually generated in a medium by an electromechanical vibrating structure. The geomet-
rical size and inertia of the structure set the frequency cutoff in the sound-transduction mechanism
and, often, different vibrating structures are necessary to cover the whole range from infrasound to
ultrasound. An alternative mechanism without any physical movement of the emitter is the thermoa-
coustic effect, where sound is produced by Joule heating in a conductive material. Here we show that
a single thermoacoustic transducer based on a graphene aerogel can emit ultrabroadband sound from
infrasound (1 Hz) to ultrasound (20 MHz), with no harmonic distortion. Since conventional acoustic
transducers are frequency band limited due to their transduction mechanism, ultrabroadband graphene
aerogels may offer a valid alternative to conventional hi-fi loudspeakers, and infrasound and ultrasound

transducers.
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I. INTRODUCTION

Modern wireless communication is based on trans-
mitting and receiving electromagnetic waves that span
a wide frequency range, from hertz to terahertz, pro-
viding a large spectral interval for high data-transfer
rates. There are drawbacks in electromagnetic commu-
nication, though, including a high extinction coefficient
for electrically conductive materials and the large size of
antennas [1].

However, animals have effectively used acoustic waves
for short-range communication for millions of years [2].
Acoustic wave-based communication, although embody-
ing a reduced spectral band due to the geometrical size
and inertia of the vibrating structure that set the frequency
cutoff in the sound-transduction mechanism [3], can over-
come some of the difficulties in electromagnetic wave-
based communication and complement existing wireless
technologies. For example, acoustic waves propagate well
in conductive materials, and thus have been explored for
underwater communication (sonar) [4]. Animals such as
rodents, bats, and cetaceans are known to communicate
and move (ecolocalization) effectively by use of ultra-
sound waves (20300 kHz) [2]. In land-based acoustic
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wave communication, the audible band (20 Hz to 20 kHz)
[3] is often occupied by human conversations and acous-
tic loudspeakers, whereas the infrasonic band (below 20
Hz) can be disturbed by moving vehicles and building
construction [5]. Although infrasonic waves are usually
annoying for humans and animals, brain waves (1—600
Hz) occur in this spectral band [6]. Despite having a wide
frequency range and often being free of disturbance, the
ultrasonic band is rarely used for high-data-rate commu-
nication purposes. One possible reason for this is the lack
of wide-bandwidth ultrasonic emitters and receivers. Con-
ventional ultrasound transducers [7] exploit the piezoelec-
tric effect, and thus they operate only near their resonance
frequencies due to their membrane vibrations. Another
typical issue for acoustic transducers is the frequency-
dependent impedance of the materials used, which con-
tributes to limit their spectral band [3]. As a result, there
is no broadband acoustic transducer to date that covers
from infrasound to ultrasound, preventing the broadband
or multiband transmission and detection of signals for
communications.

An alternative mechanism for sound transduction is the
thermoacoustic (TA) effect [2,8—22], where sound is emit-
ted without moving parts by Joule heating when an electric
current flows in a conductive material. The root-mean-
square sound pressure amplitude p,,s of a TA wave can be
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derived by a general analytical solution of the TA model
[23,24] as follows:
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where R = Sf /v, is the Rayleigh factor, with S the emit-
ting surface area of the material, / the sound frequency,
and v, the speed of sound in the medium, go = Qp/S is
the oscillating power density at frequency f dissipated
by the material, with Qy = |V;|?/|Z| the amplitude of the
oscillating component of the electric power, with V(f) =
Vo sin 2xft) the applied ac voltage and Z the material
electrical impedance, rq is the far-field distance from the
sound source, e; = /k;p;C, ; is the thermal effusivity of the
material (i = s) and the medium (i = g), with £; the ther-
mal conductivity, p; the mass density, and C, ; the specific
heat capacity at constant pressure, 7, is the medium tem-
perature, M (f' ) =~ 1 is a frequency-dependent factor, and
D(0, ¢) is the far-field directivity. From Eq. (1) it is evident
that the TA effect is not limited in frequency, potentially
enabling broadband TA transducers.

Here we introduce a transducer based on a graphene
aerogel able to generate ultrabroadband sound from 1 Hz
up to 20 MHz by the TA effect. The sound emitted has
no observable harmonic distortion in the whole frequency
range investigated, and the aerogels act as an omnidi-
rectional point source up to 20 kHz. Furthermore, we
demonstrate that, among the other TA transducers [13],
graphene has the advantage of having a constant electrical
impedance from dc up to the megahertz range, allowing no
frequency cutoff or specific resonances, unlike in conven-
tional acoustic transducers [3]. The present research rep-
resents a breakthrough for audio consumer technologies,
underwater communication [4], transducers for zoologi-
cal [2] and biomimetic [25] applications, and devices for
medical diagnostics [26] and food quality control [27].

II. EXPERIMENT

A. Graphene aerogel fabrication

The aerogels are obtained from a graphene oxide dis-
persion (60 ml, 49 mg/ml) and 7 ml of Tween 80 (150
mg/ml) ethanol solution mixed at 2500 revolutions/min
for 5 min. The mixture is exposed to liquid nitrogen for
30 min. After freeze-drying for 72 h, the mixture is heated
at 300 °C for 2 h in an Ar atmosphere.

The graphene aerogels are cylindrical with diameter
d = 4 cm, thickness L = 6.5 cm, and mass m = 500 mg,
and therefore have mass density p; = 6 kg/m>. From the
scanning-electron-microscopy micrograph of a representa-
tive sample in Fig. 1(a), it is possible to observe a porous
(approximately 80%) random network made of graphene
flakes constituting the aerogel surface.

FIG. 1. Graphene-aerogel TA transducers. (a) Representative
scanning-electron-microscopy micrograph of a graphene aerogel.
(b) Conceptual scheme of the experiment in air. An ac voltage
is applied to a graphene-aerogel sample. The sound emitted by
the aerogel is recorded by a microphone connected to a sound
card. (c) Conceptual scheme of the experiment in water. An ac
voltage is applied to a sample placed in a beaker filled with
water. The sound emitted by the aerogel is detected by a nee-
dle hydrophone immersed in the water and placed at a given
angle with respect the sound-emitting surface of the aerogel.
The hydrophone output is preamplified by a preamplifier and the
hydrophone is connected to a dc coupler and an oscilloscope.

B. Acoustic characterization

The experimental setup is placed in a soundproof room
(3 x 2 x 2 m) to acoustically insulate the experimental
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apparatus from environmental noise and to reduce inter-
nal sound reflections. The audio-signal flow is calibrated
in an anechoic chamber at the Italian National Institute for
Insurance against Accidents at Work (INAIL).

We measure the acoustic emission of graphene aero-
gels both in air and in water to avoid ultrasound (f* > 20
kHz) absorption by air. The experimental setups in air and
in water are shown in Figs. 1(b) and 1(c), respectively.
For infrasound and acoustic measurements, a sine-wave
voltage signal at a frequency of 1 Hz to 20 kHz is gener-
ated by the personal-computer program Room EQ Wizard
connected to an RME Fireface UFX sound card. The ac
voltage is applied in series to a dc bias at the electrodes
connected to the graphene aerogel, and the sound gener-
ated at a frequency of 1 Hz to 20 kHz is acquired by a
calibrated microphone (Earthworks M50) connected to the
sound card and placed in front of the sample at a fixed
distance of 7o = 1 cm for near-field measurements and
ro = 1 m for far-field measurements. Gated measurements
[5] are performed to record the sample sound-frequency
response without any sound reflections, as in an anechoic
chamber.

For ultrasound measurements, a liquid medium (deion-
ized water 18 MQcm) is used to avoid ultrasound
absorption by air. A sine-wave voltage signal at a
frequency of 20 kHz to 20 MHz is generated by a GFG-
8210 function generator. The ac voltage is applied in series
to a dc voltage at the electrodes connected to the graphene
aerogel immersed in a beaker filled with water, and the
sound generated at a frequency of 20 kHz to 20 MHz
is acquired by a calibrated 0.2-mm needle hydrophone
(Precision Acoustics) connected to a preamplifier, a dc
coupler, and an oscilloscope. Since graphene aerogels are
superhydrophobic [28], the samples do not absorb water
when immersed, and therefore their mass density does not
increase.

Directivity patterns are measured by a goniometric stage
with the sample fixed in the center and the microphone
rotating around the sample.

The sample dynamic range acquired as a function of the
sound frequency is divided by the background noise of the
room and smoothed at 1/3 per octave. Therefore, here the
sound pressure level (SPL) corresponds to the signal-to-
noise ratio.
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FIG. 2. (a) Thermal-profile image of the heated sample base surface. (b) Thermal-profile image of the heated sample lateral surface.

(c) Temperature rise as a function of time on the axis of the graphene aerogel. The data are fit by Eq. (2) (solid red line). (d) Radial
thermal profile of the graphene-aerogel illuminated surface as a function of the relative coordinate. The data are fit by Eq. (3) (solid
red line). (e) Temperature rise as a function of time at distance L from the graphene-aerogel heated surface. The data are fit by Eq. 4

(solid red line).
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FIG. 3. (a) Electrical current as a function of voltage applied

to a graphene aerogel. (b) Modulus and phase of the electrical
impedance of a graphene aerogel as a function of frequency.

C. Thermal characterization

The graphene-acrogel thermal properties are
investigated with a Fluke Ti20 thermal camera [Figs. 2(a)
and 2(b)]. A sine-wave voltage signal V(f) = Vy sin (27 ff)
with peak amplitude Vy = 1V, frequency f = 1 kHz, and
power Q = V(8)/Z = V3[1 + cos (4nft)]/2Z, with Z =
380 2 the modulus of the electrical impedance of the
graphene aerogel, is generated by a GFG-8210 function
generator. The ac voltage is applied in series to a Vg, =
20V, dc bias at the electrodes connected to the graphene
aerogel. In this way, the first-harmonic sound generation is
recovered by heterodyning [22] with an intensity 80 times
higher than the second harmonic, which means a total
harmonic distortion [5] of about 1%. However, we could
not observe such a small harmonic distortion. Therefore,
the power reads Q = [(V3 + 2V73,) + 4V V. cos (2rfi) +
Vé cos (4rfH)]/2Z =1 W. It is worth noting that in the
thermoacoustic effect only the oscillating component Oy =
[4Vy V4. cos Rrft) + V(z) cos (4xft)]/2Z of the electrical
heat Q contributes to the sound pressure generation.

Heat is provided to the graphene aerogel by the Joule
effect, by two electrodes placed at the lateral surface of the
cylindrical sample. In a first approximation, heat is dissi-
pated into the aerogel by conduction and in the environ-
ment by natural convection and radiation. In particular, by
solving the Fourier law of heat in cylindrical coordinates,
we find in the cylindrical sample the heat dissipated by
conduction is Qcond = 47 Lk (1 — r’z/rz)_1 [T()— T,
with k; the aerogel thermal conductivity, T (r’) the radial
temperature in the sample with radius » =2 cm, and
T, the temperature on the sample surface. At the aero-
gel surface the heat dissipated by radiation equals the
heat dissipated by convection Qg = Qcony, Where Qg =
eo*S(T;‘ — Tg), with € = 0.99 the aerogel emissivity, o =
567 x 1078 W/m?K* the Stefan-Boltzmann constant,
S =81.6 cm? the aerogel lateral surface, and T, the
temperature of the medium, and Qcony = AS(Ts — Ty),
with 4 the natural convection coefficient. Therefore, /& =
EG(T:,‘ — Tg)/ (Ts — Tg), which we estimate for air is
approximately 6 W/m? K and for water is approximately
200 W/m? K [29].

The heat-up phase is recorded to obtain the heat capacity
C, of the samples [Fig. 2(c)]. Since the Debye temperature
®p of carbon allotropes is approximately 2100 K [30], the
heat capacity is not constant in the temperature range con-
sidered. Therefore, since the steady state is the one that
contributes to the sound generation, we take into account
the heat capacity C; = 10~! & 102 J/K obtained by our
fitting data by the law

T(t) = Tmax + (Tmin - Tmax) €Xp [(tO - t) /T] ) (2)

where T = Cy(Thmax — Tmin) /O, to is the initial time, and
Tmax and Ty, are the sample maximum and minimum
temperature measured, respectively.

The thermal conductivity k&, of the samples is derived by
a thermal-profile image of the heated sample base surface
at the steady state [Fig. 2(d)] by our fitting the data with
the expression

N0 (P
r()= 2 (1 - 72) 7, 3

The fit returns &, = 10~ £ 1072 W/mK.

Furthermore, since the Biot number Bi = hV/Sk; =
0.6 > 0.1, with ¥ = 81.6 cm? the aerogel volume, this sug-
gests a non-negligible internal thermal resistance of the
graphene aerogel.

The thermal diffusivity «; of the samples is studied by
our heating the samples on the base surface and record-
ing the heat-up phase on the orthogonal lateral surface
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FIG. 4. Thermoacoustic effect in graphene aerogels. (a) Unweighted SPL frequency response at 1 W and 1 m for a graphene aero-
gel (solid red dots). The solid black curve represents the limiting analytical TA model with no free parameters. (b) Unweighted
TA-efficiency frequency response at 1 W and 1 m for the aerogel (solid red dots). The solid black curve represents the TA model.
(c) Sound pressure in air at 20 kHz and 1 W as a function of the distance from the graphene-aerogel sound-emitting surface on a
log-log scale (solid red dots). The black curve represents the TA model py,s o< R/ry, which accounts for the far-field regime. The
boundary between the near-field regime and the far-field regime is set by the Rayleigh criterion for »o/R = 1. (d) Sound pressure in
air at 20 kHz/m as a function of the electrical power amplitude (solid red dots). The black curve represents the TA model pyms o< Qg in
the linear regime.

[Fig. 2(e)]. The data are fit by the law [31] D. Electrical characterization

Current-voltage curves [Fig. 3(a)] are measured with a
Keithley 2612B digital SourceMeter. Impedance measure-

00 2.2
J— St . . .
T(t) = T |:1 +2 Z (—1)" exp < nmeo ):| @) ments [Fig. 3(b)] are conduced with an Agilent HP4192A

o L? impedance analyzer.

and we obtain oy = 107* £ 107> m?/s.

Therefore, the minimum effusivity achieved for the sam- III. RESULTS AND DISCUSSION
plesis e, = \/kyp,Cp s = 10.95 £ 0.03 W s'/2/m? K, which In Fig. 4(a), the frequency response of the SPL [5]
is larger than the value reported for air (6 W s!/?/m?K) L, =201log;y (prms/po), With pg = 20 pPa the root-mean-
[29] but is lower than the value reported for water  square pressure of the minimum audible threshold, at an
(1588 Ws'/2/m? K) [29]. input power of 1 W and rescaled to 1 m distance from the
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FIG. 5. Sound pressure recorded in air at 1-m distance as a
function of dc voltage V4. applied to the sample with the ac volt-
age setto Vo = 9V, for the first harmonic (1 kHz) and the second
harmonic (2 kHz) generated by an input electrical signal of 1
kHz.

source in air and water, according to the Audio Engineer-
ing Society standard for acoustic measurements (AES02-
1984-r2003) for a graphene aerogel with mass density p, =
6.55 £ 0.01 is shown. The SPL curves measured in air and
water overlap with each other, as the product of the specific
heat and the effusivity term is similar for the two media.
Furthermore, below 200 Hz, where the modal resonances
due to the finite size of the soundproof room reduce the
signal-to-noise ratio, the experimental data depart from the
TA analytical model with no free parameters in Eq. 1. Also,
unlike conventional acoustic transducers [3], the SPL fre-
quency response of graphene aerogels is not dependent on
the electrical impedance of the load as the latter is constant
in frequency range investigated (see Sec.Il). Moreover,
owing to the far-field directivity D(8,¢) o< f ~! in the
ultrasound range, the SPL saturates above 20 kHz at about
60 dB, corresponding to a sensitivity [5] (i.e., the SPL rel-
ative to the maximum audible threshold of 120 dB) of —60
dB, which is well above the minimum audible threshold
(=120 dB) [5], and is the highest value reported for any
TA devices in the ultrasound range [2,32]. For instance, at
20kHz, 1 W, and 1 cm or at 20 kHz, 1 kW, and 1 m the sen-
sitivity is 0 dB. The graphene-aerogel sensitivity may be
increased further by increasing its surface area. In this way,
the sound emitted by every point on the aerogel surface
heated by the Joule effect coherently adds up to increase the
SPL. By comparison, commercial earphones have a simi-
lar sensitivity in air as graphene aerogels at 1 W, 1 m, and
1 kHz due to their similar surface area [10]. On the other
hand, graphene aerogels act as a highly damped transducer
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FIG. 6. Harmonic analysis of TA sound emission in graphene
aerogels. Fast Fourier transform of the electrical input (a) and
sound output (b) signals at 10 Hz, 10 kHz, and 10 MHz. The
input and output signals are undistorted from the infrasound
region to the audible region, and up to the ultrasound range
investigated.

in the ultrasound range [7]. Therefore, graphene aerogels
could be successfully used as TA broadband transducers.

According to the TA model [24], the TA efficiency (i.e.,
the ratio between the output acoustic power P,eus and the
input electrical power Q) reads

I 2 /2
n= Q_rg f D6, ¢) sin0dodg, (5)
0

0 0

where I = p2 . /pgv, is the sound intensity, with p, the
mass density of the medium. In Fig. 4(b), the TA efficiency
at 1 W and 1 m measured in air and water for the graphene
aerogel along the theoretical curves is reported. The TA
efficiency saturates in the ultrasound range at about 107

024022-6



GRAPHENE AEROGELS FOR ULTRABROADBAND...

PHYS. REV. APPLIED 14, 024022 (2020)

a 105° 907,,75°
(@) 12002 120/ 60°
135° —H99 45°
150°, 30°
165°, 15°
180°+ lo
195°" '345°
210°" / 1\ '330°
2255\ b | N _315°y
240° -/ | \-300°
255° 270° 285° X
(b) 105° 907, 75°
1200 120/ 60°
135°
150°,
165°,
180°+
1950
210°
225°

240°

(c)
0.10

0.08

0.06

X (m)

0.04

0.02

— = _IA
-0.01 0 0.01 0.02
y (m)

ok
-0.02

FIG. 7. Thermoacoustic directivity in graphene-aerogel trans-
ducers. Experimental sound pressure level at 20 kHz, 1 W, and
1 m as a function of the angle in the azimuthal (a) and polar
(b) planes (red dots). The TA model is reported at 20 kHz (solid
red curve) and 1 MHz (solid blue curve). The directivity indexes
[3] are D;(20 kHz) = 11 dB and D;(1 MHz) = 40 dB. (c) Sound
pressure level in space at 1| MHz, 1 W, and 1 m in the azimuthal
plane calculated by the TA model. The sound pressure level is
normalized to its maximum value.

in air and 10~ in water due to the directivity integral,
which is proportional to £ ~2. On the other hand, the ther-
modynamic efficiency of the TA processn’ =1 —T,./T, =
30% is given by a Carnot cycle [13,23] between two heat
reservoirs of temperature 7. = 298 K and 7;, = 430 K.
Evidently 70% of the heat provided to the aerogel is lost
in the environment (20% radiatively, 20% convectively,
and 30% owing to the sample internal thermal resistance
R; = 1/h;S = 433 K/W) without generation of sound.

In Fig. 4(c), we show that the experimental sound pres-
sure at 20 kHz at 1 W departs from the far-field TA
model for ry/R < 1, in agreement with the Rayleigh cri-
terion that defines the boundary between the near-field
regime and the far-field regime [33]. In addition, Fig. 4(d)
illustrates that for values of electrical power Qy > 1.5
W the experimental sound pressure at 20 kHz and 1 m
departs from the linear TA model, partially due to the
air nonlinear thermal conductivity k, o VT [13] and the
graphene-aerogel nonlinear specific heat below the Debye
temperature ®p ~ 2100 K for carbon allotropes [30] (see
Sec. IT).Furthermore, from Fig. 5 we confirm that by het-
erodyning, only the sound pressure of the first harmonic
is linearly dependent on Vg, at low power. The nonlinear
behavior observed at higher power is due to the nonlinear
specific heat of the graphene aerogel. Therefore, it is pos-
sible to amplify the SPL of a graphene aerogel by applying
a small dc voltage in series with the ac voltage applied to
the sample.

In Figs. 6(a) and 6(b), the frequency response of the
input (electrical) and output (sound) signals, respectively,
is reported in the infrasound (10 Hz), audible (10 kHz), and
ultrasound (10 MHz) ranges to evaluate the harmonic dis-
tortion of the sound generated by the graphene aerogel. We
note no harmonic distortion in graphene aerogels over the
range investigated. In our experiments the first-harmonic
generation is obtained by heterodyning [22], as a dc volt-
age is applied in series with the ac voltage to the samples.
By comparison, commercial hi-fi loudspeakers and ear-
phones typically have a total harmonic distortion of about
1% [10].

The theoretical and experimental directivity patterns [3]
of the sound emitted at 1 W and 1 m from the graphene
aerogel are reported in the azimuthal plane [Fig. 7(a)] and
the polar plane [Fig. 7(b)]. The samples behave as an
omnidirectional point source up to 20 kHz, beyond which
they exhibit a multipolar pattern, as shown, for instance,
at 1 MHz. Since there are no electromechanically moving
parts in the emitter, the sound is equally generated with
no destructive interference from both sides of the illumi-
nated spot of the aerogel [10], which acts as a diaphragm of
thermal thickness u = /o /mf = 0.1 um to 1 mm in the
frequency range studied here. Hence, no bass-reflex tech-
nique [3] is needed in TA transducers. Moreover, Fig. 7(c)
depicts the SPL calculated in space at 1 MHz in the
azimuthal plane. The sound is suppressed at given angles
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corresponding to the nodes in the directivity pattern in
Fig. 7(a).

IV. CONCLUSIONS

Graphene aerogels can be effectively used as ultrabroad-
band TA transducers with omnidirectional emission from
1 Hz to 20 kHz and with no harmonic distortion from 1 Hz
to 20 MHz by use of a single, nonmechanically vibrat-
ing emitter. For instance, such devices may be improved
by use of thicker graphene aerogels with lower electrical
impedance to require a lower voltage for operation.
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