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So far, it is still difficult to construct composites with a gradient distribution of graphene for decreasing the

reflection and increasing the absorption of electromagnetic energy. Here, we introduce an electrochemical

method to efficiently prepare a graphene/polyurethane composite with a gradient graphene distribution.

And the composite shows obvious anisotropic reflection of electromagnetic waves, with low reflection

loss (<�30 dB) and high absorption (>99.5%) in the whole X-band when electromagnetic waves are

incident to the surface that has low graphene content. More importantly, the electrochemical method

could be extended to the preparation of functional materials with similar structures based on the

electrophoresis of charged nanoparticles.
Microwave-absorbing materials can transform electromagnetic
energy into heat through dielectric loss and/or magnetic loss,
helping to eliminate electromagnetic radiation in the environ-
ment.1–3 Therefore, electromagnetic absorbing composites
containing magnetic llers such as ferrite4 and carbonyl iron,5

or conducting llers such as carbon bers,6 conducting poly-
mers,7 carbon nanotubes8,9 and graphene,10–12 have been
created. Previous studies have shown that compared with
graphite, carbon nanotubes and high-quality graphene,
reduced graphene oxide (rGO) demonstrates better electro-
magnetic absorption characteristic of its residual defects and
functional groups.13–15

The reection of electromagnetic waves at the surface of
a material is mainly caused by the mismatch in the impedance
between the material and free space.1,16 For maximal absorption
but also low reection, nely adjusting the electromagnetic
constant of the material to satisfy the impedance matching is
one solution.1,17 Another important solution involves the prep-
aration of multi-layered or gradient structures with gradually
increasing concentrations of active llers.18–20 This kind of
materials could reduce reection at the input interface due to
the low concentration of active llers, and ensure absorption in
the inner layers due to their higher ller content.21–23 Current
preparation methods of gradient structures mainly involve the
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multi-step assembly of composite slices with different active
ller content18,20 or time-consuming supercritical carbon
dioxide technology.19 Compared with the multi-layered struc-
ture, a continuous variation of active ller content could more
efficiently reduce the reection to achieve continuously varied
impedance. As far as we know, electromagnetic absorbing
materials based on graphene composites with continuous
variation of graphene content have not yet been reported.

Here, we present an efficient electrochemical method to
prepare reduced graphene oxide/polyurethane (rGO/PU)
composite foams with continuous variation of graphene
content. This method takes advantage of the negative correla-
tion between the size of GO nanoparticles and their migration
velocity in an electric eld. Through optimizing the distribution
by controlling the electrophoretic time, the gradient graphene
composite shows obvious anisotropic reection of electromag-
netic waves. Furthermore, a low reection (<�30 dB) and high
absorption (>99.5%) in the whole X-band was attainted when
the electromagnetic waves are incident to the surface with a low
graphene content.

The electrophoretic process for the preparation of the gra-
phene oxide/polyurethane (GO/PU) composite foams is illus-
trated in Scheme 1, and the optical image of the equipment is
shown in Fig. S1.† The PU foam lled with graphene oxide
solution was placed between two graphite electrodes and
a direct voltage of 30 V was applied to the electrodes for a certain
period of time. For the ionization of the carboxylic acid and
phenolic hydroxyl groups on the GO sheets,24 the negatively
charged GO nanosheets migrated to the anode under the
external electric eld. According to colloid theory, the migration
velocity v of GO can be determined by the applied electric eld E
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 A schematic illustration of the preparation of a GO/PU
composite with a gradient GO distribution using an electrophoretic
process (left). The directions of the electric field (E) and migration
velocity (v) of the GO nanosheets (right).

Fig. 1 Optical photographs of the (a) PU foam, (b) gradient GO/PU
foam and (c) rGO/PU foam. SEM images of (d) PU foam and (e) rGO/PU
foam. (f) A close-up view of the region marked by the white arrow in
(e). (g) Raman spectra of the GO/PU composite before and after
reduction.
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and the electrophoretic mobility m based on the equation: v ¼
Em; andm for GO nanosheets is given by the following formula:

m ¼ Cr0.5n�1 (1)

where C is a constant, n is a variable from 1 to 2, and r is the
charged particle radius.25 Therefore, the migration velocity is
inversely proportional to the radius of the GO nanosheets.
Because GO nanosheets from chemically oxidized graphite
oen exhibit a wide size distribution,26 the smaller GO nano-
sheets quickly collected near the anode, and eventually formed
a gradient distribution of GO in the PU foam. In succession, the
PU foam was quickly immersed into dilute hydrochloric acid
solution, and the GO nanosheets precipitated and deposited on
the backbone of PU sponges due to the decrease of electrostatic
repulsion between sheets.24 Aer drying in an oven, the as-
synthesized GO/PU composite foam was chemically reduced
to rGO/PU composites. For convenience, the surface with a low
rGO content was denoted as SL, while the surface with a high
rGO content was called SH.

As shown in Fig. 1a–c, aer the deposition of GO, the color of
the foam changed from white (for pure PU) to brown (for the
GO/PU composite). Aer the reduction to rGO/PU composites by
hydrazine in a hydrothermal environment, the color of rGO/PU
turned to black, as shown in Fig. 1c. It is important to note that
the color of the GO/PU composite continuously deepened along
the direction from SL to SH, which indicates that the GO content
in the composite gradually increased along this direction. The
morphology and structure of the rGO/PU composite foam were
investigated by scanning electron microscopy. As shown in
Fig. 1d–f, the PU foam exhibits a highly porous and inter-
connected three-dimensional network structure with contin-
uous macropores of several hundred micrometers. The
morphology of rGO/PU is similar to that of PU foam but the
skeleton of the network exhibits a peeled region marked by the
white arrow in Fig. 1e, which is associated with the presence of
graphene sheets. This indicates that the graphene sheets
assembled around the PU backbones aer the electrophoresis
and reduction process.

Raman spectra of the GO/PU composite sample before and
aer reduction of graphene oxide are shown in Fig. 1e. There
are two strong major bands, the D-band at around 1352 cm�1

and the G-band at around 1580 cm�1, which originate from the
disorder and the E2g mode of the aromatic carbon rings,27
This journal is © The Royal Society of Chemistry 2020
respectively. The G-band was down-shied from 1589 cm�1 to
1575 cm�1 aer the reduction of graphene oxide, which was
attributed to a certain degree of recovery of the aromatic
rings.28,29 Moreover, the intensity ratio of D-band to G-band
increased notably aer the reduction. This indicates that
reduction increases the number of small domains of aroma-
ticity responsible for the D-band, but not necessarily their
overall size which is responsible for the G-band.30

In order to determine the GO relative content at different
positions in the electrophoretically treated GO/PU composite,
the GO/PU composite foam was uniformly sliced into six pieces
along the direction parallel to SL and SH, and TGA was used to
analyze the GO relative content in these pieces. As shown in
Fig. 2a, the three stages of the degradation process of the pure
PU sponge at 220–290 �C, 300–380 �C and 660–700 �C are
referred to as T1st, T2nd and T3rd, respectively.31 Compared with
the PU sponge, there is an obvious weight loss in the range from
175 �C to 225 �C in the GO/PU composite, which could be due to
the thermal decomposition of the oxygen-containing groups in
graphene oxide.32 A close-up view of the weight loss in the
temperature range from 165 �C to 235 �C is shown in the inset of
Fig. 2a, and the arrow shows the order of the specimens. The
weight loss in the temperature range of 175 �C to 225 �C grad-
ually reduced along this order, which indicates that the GO
content in these specimens gradually decreased. The relative
content, dened as the ratio of GO content of the sample to that
of SL, could be concluded from the weight loss ratio. As shown
in Fig. 2b, the farther away the sample was from SL, themore GO
it contained, further indicating that the content of rGO in the
RSC Adv., 2020, 10, 3314–3318 | 3315
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Fig. 2 (a) TGA curves of the PU foam and representative GO/PU
composite. The inset shows the magnified thermal decomposition of
GO/PU specimens. (b) The relative GO content at different positions in
the GO/PU composite. The inset shows a schematic illustration of the
rGO/PU composite with a gradient graphene distribution.

Fig. 3 The frequency dependence of (a) reflection loss, (b) trans-
mission loss and (c) absorption of rGO/PU composites treated for
different time periods as electromagnetic waves irradiated SL. (d) A
comparison between the reflection loss and transmission loss
depending on the incident direction of the waves for the composite
treated for 4 min.
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rGO/PU composite foam gradually increased from SL to SH, as
shown in the inset in Fig. 2b.

According to the electromagnetic theory, when an electro-
magnetic wave travels through the interface of two materials
with different impedance, reection, absorption and trans-
mission of the electromagnetic wave can be observed. The
incident power is divided into reected power, absorbed power
and transmitted power. The corresponding power coefficients
of absorptivity (A), reectivity (R), and transmissivity (T) meet
the equation of R ¼ |S11|

2, T ¼ |S21|
2, and A + R + T ¼ 1, where

the S11 and S21 are the forward reection and transmission
coefficients measured using the wave-guide method.33,34 In the
test of electromagnetic characteristics, the rGO/PU composites
were placed into the middle of an aluminum waveguide tted
into the test xture, as shown in Fig. S2.†

Fig. 3 shows the electromagnetic testing results of rGO/PU
composites electrophoretically treated for different times.
Increasing the time from 2 min to 4 min, the maximum
reection loss reduced from �23 dB to �30 dB. However, when
the time was increased to 8 min, the maximum reection loss
enhanced to�27 dB. This indicates that the distribution of rGO
in the composite signicantly affects the reection loss of
electromagnetic waves. Meanwhile, the maximum transmission
loss increased from �24 dB to �23 dB and �21 dB, as shown in
Fig. 3b. These curves in Fig. 3c indicate that the composites
treated for 4 min exhibit an absorption of higher than 99.5%
3316 | RSC Adv., 2020, 10, 3314–3318
over the whole frequency range, while the values for the other
samples were less than 99.2% at certain frequencies. All these
results indicate that the composite treated for 4 min not only
exhibited signicantly reduced reection loss, but also
demonstrated high absorption over the whole X-band. It is
worth pointing out that the reection loss of the rGO/PU
composite is related to the incident direction of the electro-
magnetic waves. As shown in Fig. 3d, the reection loss was
higher than �20 dB over the whole X-band when SH was irra-
diated with electromagnetic waves, but it signicantly
decreased to �30 dB over the whole X-band when the waves
were incident to SL. On the contrary, the curves of transmission
loss almost coincide, showing that it is entirely unrelated to the
incident direction.

To gain a better understanding of the electromagnetic
absorption of the gradient rGO/PU composites, we prepared
several rGO/PU composites with uniform rGO content and
studied their electromagnetic characteristics. For convenience,
the rGO/PU composite prepared using GO solution with
a concentration of n was denoted as rGOn/PU. Fig. 4a and
b show the variation in reection loss and transmission loss of
the uniform rGO/PU composites. By raising the rGO content,
the reection loss enhanced, and the maximum reection loss
increased to �15 dB for the rGO4/PU composite, which could be
attributed to the greater deterioration of the impedance
matching between the rGO/PU composite and free space with
increased rGO content. Due to the strong dissipation of elec-
tromagnetic waves on graphene, the transmission loss
decreased to �32 dB with increasing content of rGO. These
curves in Fig. 4c indicate that absorption increased with
increasing content of rGO and reached 83% at 8 GHz for rGO1/
PU; when the rGO content was increased further, the absorption
increased to about 99%. The real intensity of electromagnetic
waves entering the interior of the composites is based on (1 �
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04951g


Fig. 4 The (a) reflection loss, (b) transmission loss, and (c) absorption
curves of uniform rGO/PU composites with different rGO content
values. (d) The effective absorption at a frequency of 10 GHz for the
uniform rGO/PU composites versus the concentration of GO solution
used for the preparation of the rGO/PU composites.
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R), so the effective absorption (Aeff) could be described as: Aeff ¼
(1 � R � T)/(1 � R), which can evaluate the real absorbing
capacity of rGO/PU composites.35 The Aeff values of the rGO/PU
composites with different rGO content at the frequency of 10
GHz are shown in Fig. 4d. The Aeff value enhanced with
increasing rGO content; however, the slope of the curve grad-
ually decreased with increasing rGO content, which means that
the absorption capacity per unit rGO mass decreased with
increasing rGO content. This also clearly explains the
phenomenon of gradient rGO/PU composites, in which the
absorption rstly increases and then decreases with increasing
the electrophoretic time.

Conclusions

We have demonstrated an efficient electrochemical method for
the preparation of rGO/PU composite foams with a gradient
graphene distribution. The composite shows obvious aniso-
tropic reection of electromagnetic waves. When the surface
with low graphene content was irradiated, reection loss of�30
dB and absorption of more than 99.5% over the whole X-band
were achieved. More importantly, this method could be easily
extended to the preparation of other functional composites with
a gradient distribution of active llers based on the electro-
phoresis of charged nanoparticles.
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