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Three-dimensional nitrogen-doped graphene aerogels (3D N-GAs) were pre-
pared by ultrasonic stripping, hydrothermal reduction and freeze drying. Those
N-GAs exhibited high-specific surface area, high nitrogen doping amount, and

3D porous network structure. Soft electro-active ionic polymer actuators were
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developed for the first time using this 3D N-GA soft electrode. The developed
soft actuator exhibited large peak-to-peak displacement of 11.8 mm (3 V and
0.1 Hz) and high air working durability for 93.8% after 6 h cycles. These suc-
cessful demonstrations elucidated the wide potential of 3D N-GA soft actuators

for the next-generation soft robotic devices.

1 Introduction

Electro-active polymer (EAP) actuators have received
great interest as artificial muscles for use in soft
robotics, wearable touch-feedback systems, stretch-
able and flexible electronics, and microelectrome-
chanical systems (MEMS) [1, 2]. EAP actuators can be
divided into two categories according to the working
mechanism, that is, electro-active electronic polymer
(EAEP) actuators and electro-active ionic polymer
(EAIP) actuators [3]. EAEPs consist of materials such
as electrostrictive elastomers [4], ferroelectric poly-
mers [5], and dielectric elastomers [6]. EAIPs consist
of materials such as polymer gels [7], conducting
polymers [8], and ionic polymer-metal composites
(IPMCQC) [9]. In the area of soft EAIP actuators, IPMC
actuators arise as one of the most suitable options to
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develop low cost, and low weight devices, as they
allow low operating applied potential difference and
large deformations [10-21].

Traditional IPMC is composed of an ion
exchangeable polymer and noble metal electrodes
[22]. Recently, several carbon materials have been
explored as flexible electrode for new IPMC actua-
tors. Among carbon materials, graphene is of partic-
ular interest because of its one-atom-thick carbon
layer with sp>hybridized bonds, which has excep-
tional mechanical and electrical properties [23]. Chen
et al. and Oh et al. developed soft ionic actuators
using  different graphene hybrid electrodes
[13, 24-26]. Although a number of graphene-based
electrode IPMC actuators have been developed, gra-
phene aerogel and nitrogen-doped graphene aerogel
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has not been investigated as an efficient electrode for
highly bendable IPMC actuator so far.

Graphene aerogel is a novel graphene material in
which individual graphene sheets are bonded toge-
ther to construct three-dimensional porous networks
[27]. Graphene aerogels are usually produced using
sol-gel chemistry, which involves reducing graphene
oxide to form a highly cross-linked graphene
hydrogel, followed by freeze-drying to remove the
absorbed water [28]. Like other nitrogen-doped car-
bon materials, nitrogen-doped graphene aerogels can
be obtained by introducing a nitrogen source into the
preparation process of graphene aerogels. Nitrogen
atom doping in graphene creates charged sites and
results in redistribution of spin and charge densities
in graphene by disrupting the ideal sp” hybridization
of carbon atoms, improving the conductivity and
providing more active sites for electrochemical reac-
tions [29].

In this study, novel EAIP actuators were prepared
using nitrogen-doped graphene aerogels. In addition,
by changing the ratio of raw materials, we obtained a
series of 3D N-GAs with different nitrogen content.
The effect of nitrogen content on actuating perfor-
mance was investigated in detail. We further inves-
tigated the influence of 3D N-GA electrode material
amount on the actuating performance of the actuator.
To the best of our knowledge, this type of 3D N-GA
actuator has not been reported.

2 Experimental
2.1 Chemicals

Graphite oxide was supplied by Nanjing XF Nano
co., Ltd. Urea was supplied by Sinopharm Chemical
Reagent Co.Ltd. PEDOT:PSS (1.05 wt%) was sup-
plied by Shanghai Ouyi organic photoelectric mate-
rial  co, Ltd. 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMIBF,) was commercially avail-
able from Aladin chemical co., Ltd. PVDF-HFP was
commercially available from shanghai 3F co., Ltd.

2.2 Preparation of nitrogen-doped
graphene aerogels

Graphite oxide was placed in an ultrasonic cleaning
machine for 48 h ultrasonic treatment. Graphite oxide
was stripped by ultrasonic. Then we got graphene
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oxide (GO) solution. After drying the GO solution we
got the GO powder. Different concentration of GO/
urea solution was prepared by adding certain
amount of GO powder and urea powder into water.
The ratio of GO and urea was 3:1, 2:1, 1:1, and 1:5.
After that GO/urea solution was placed in a
hydrothermal reactor. GO/urea solution was
hydrothermal treated at 180 °C for 12 h. Then we got
nitrogen-doped graphene hydrogel. Finally nitrogen-
doped graphene aerogels were obtained by freeze
drying the graphene hydrogel at — 50 °C for 48 h.
The graphene aerogel was prepared for comparisons
by the same method just without adding the urea.
The synthetic route of nitrogen-doped graphene
aerogel is shown in Fig. 1.

2.3 Preparation of EAIP actuator

PVDF-HFP/IL electrolyte layer was prepared to
direct the cast of the PVDF-HFP/IL solution in a glass
mold. The sample was then dried at 80 °C for 30 min.

Nitrogen-doped graphene aerogel/PEDOT:PSS
flexible electrode was prepared to direct the cast of
the nitrogen-doped graphene aerogel/PEDOT:PSS
solution in a glass mold and then dried in a vacuum
drying box at 60 °C.

The EAIP actuator was prepared by hot-pressing at
90 °C for 5 min with two layers of nitrogen-doped
graphene aerogel/PEDOT:PSS electrode film and one
layer of PVDEF-HFP/EMIBEF, electrolyte layer.

2.4 Characterization

The structures of N-GAs were analyzed by X-ray
diffraction (XRD) (Bruker D8 Advance diffractome-
ter). The surface morphologies of the N-GAs were
observed by scanning electron microscope (SEM) (FEI
Nova nano 450). Brunauer-Emmett-Teller (BET)
measurements were performed with N, adsorption/
desorption isotherms instrument (Micromeritics
ASAP 2020). The chemical composition of the N-GAs
was analyzed using X-ray photoelectron spec-
troscopy (Thermo ESCALAB250Xi spectrometer).
The electric-induced displacement of the EAIP actu-
ator was measured by a laser positioning system
(Keyence LK-G80). For displacement measurement,
the actuator size was made to 25 mm*5 mm. The
strain (¢) of the actuator was estimated by the fol-
lowing equation [2, 14]:
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Fig. 1 The synthetic route of
nitrogen-doped graphene
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where d, é and L are the thickness, tip displacement
and free length of the actuator strip, respectively.

3 Results and discussion

XRD patterns of GO and 3D N-GA(x) are shown in
Fig. 2. The peak at 11° for GO corresponds to the
(001) crystal plane with a d-spacing of 0.86 nm. After
the hydrothermal reduction of GO, wide diffraction
peaks appeared at 25.2° for 3D N-GA(x). The d-
spacing of 3D N-GA(x) is 0.35 nm. The decrease d-
spacing showed that the reduction of GO eliminates
the functional groups such as the epoxy groups. The
presence of a broad band at 25.2° was also attributed

— GO

— 3DN-GA(1)

— 3DN-GA(Q2)

—3DN-GA(3)
N 3D N-GA(4)

Intensity (a. u.)

10 20 30 40 50 60 70 80
20 (degree)

Fig. 2 XRD patterns of GO and different 3D N-GA(x)

network of pores [30].

XPS tests of 3D N-GA(x) are shown in Figs. 3 and 4.
Figure 3 shows XPS survey spectra of 3D N-GA(x).
They exhibited typical N1s peaks along with Cl1s and
Ols, which indicated the successful doping of N
atoms inside the GA lattice. Figure 4a-h show Cls
and N1s XPS spectra of different 3D N-GA(x). The
C1s peaks can be fitted to five typical peaks at 284.8,
285.9, 286.9, 288.7 and 291.3 eV, corresponding to
C-C, C-O, C-N, O-C=0 and C=C, respectively [31]. In
addition, the nitrogen-containing groups in the 3D
N-GA(x) samples were confirmed by the high-reso-
lution N1s spectra. The three characteristic peaks at
398.2, 399.7 and 401.9 eV correspond to pyridinic,
pyrrolic and graphitic nitrogen in 3D N-GA(x). From
the XPS data we also get the N1s atomic% of different

Cls

—— 3D N-GA(1)
——3DN-GA(2)
—3D N-GAQ)

3D N-GA@4)

Intensity (a.u.)

0 200 400 600 800 1000 1200 1400
Binding energy (eV)
Fig. 3 XPS survey spectra of 3D N-GA(x)
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Fig. 4 a Cls and b N1s XPS spectrum of 3D N-GA(1). ¢ Cls and d N1s XPS spectrum of 3D N-GA(2). e Cls and f N1s XPS spectrum
of 3D N-GA(3). g Cls and h N1s XPS spectrum of 3D N-GA(1)
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Fig. 4 continued

3D N-GA(x), as shown in Table 1. The N1s atomic%
of 3D N-GA(1), (2), (3) and (4) was 6.57,7.29, 8.31 and
8.89.

Figure 5 demonstrates the SEM images of the 3D
N-GA(x). The 3D N-GA(x) showed the obvious three
dimensional porous networks with abundant voids.
There is n—n interaction between the graphene sheets
forming the three-dimensional graphene pore struc-
ture, and there is electrostatic repulsion between the
oxygen-containing functional groups on the sheets.
The balance of these two forces ensured the
stable existence of the three-dimensional graphene
aerogel pore structure. The morphology of 3D
N-GA(1), (2), (3) and (4) was nearly the same.

To investigate the specific surface area and poros-
ity of 3D N-GA, we measured the N, adsorption—
desorption isotherm and the pore-size distribution
curves. As shown in Fig. 6a, the N, adsorption—des-
orption curves follow a type IV isotherm curve
according to the IUPAC classification, which is
characteristic of a mesoporous material [32]. The
specific surface area, pore volume and the average
porous size of 3D N-GA(1), (2), (3) and (4) are sum-
marized in Table 2. 3D N-GA(2) has the highest
specific surface area among four 3D N-GAs. The
specific surface area and pore volume of 3D N-GA(2)
was 127.33 m?/g and 0.2263 cm®/g. The specific
surface area of 3D N-GA(3) was 104.88 m*/g and the
specific surface area of the other graphene aerogels
was below 100 m?/ g.

The soft EAIP actuator with sandwich structure
was prepared by hot-pressing. Figure 7 shows the
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Table 1 Comparisons of different XPS results of the tested

N-doped graphene aerogel

Sample Cls atomic%  Ols atomic%  Nls atomic%
3D N-GA(1) 83.04 10.39 6.57
3D N-GA(2)  83.08 9.63 7.29
3D N-GA(3)  82.39 9.3 8.31
3D N-GA(4) 82.17 8.95 8.89

schematic diagram for EAIP actuator with novel 3D
N-GA electrodes. Figure 7 also displays the cross-
sectional SEM picture of our EAIP actuator with
novel 3D N-GA electrodes. From the SEM we could
clearly see the electrode/electrolyte/electrode sand-
wiched structure. There was no obvious interfacial
gap between the electrode layer and the electrolyte
layer. Our EAIP actuator is nearly 100 um.

We investigated the actuation performances of the
EAIP actuators in detail. First of all, we compared the
displacement performances of four 3D N-GA(x) ac-
tuators and 3D GA actuator under the condition of
the same electrode material amount (1 mg) (Fig. 8).
3D N-GA actuators displayed obviously better per-
formance than that of 3D GA actuator. 3D N-GA(3)
actuator showed the best actuating performance
among the four 3D N-GA actuators. The order of the
actuating performance of EAIP actuators was: 3D
N-GA@®) > 3D N-GA(2) > 3D N-GA(1) > 3D
N-GA(4). The peak-to-peak displacement of 3D
N-GA(3) was 11.1 mm under 3 V at 0.1 Hz. The good
performance of the 3D N-GA(3) actuator was
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«Fig. 5 a, b SEM images of 3D N-GA(1). ¢, d SEM images of 3D
N-GA(2). e, f SEM images of 3D N-GA(3). g, h SEM images of
3D N-GA@41)

attributed to the large nitrogen doping amount (8.31
atomic%) and the large specific surface area (104.88
mz/g) of 3D N-GAQ@).

As to 3D N-GA(3) actuator, we further investigated
the influence of electrode material amount on the
actuating performance of the actuator. With the
increase of 3D N-GA electrode material weight, the
actuating performance of the actuator increased first
and then decreased, as shown in Fig. 9. When the
electrode material dosage is 2 mg, the actuating
performance of the 3D N-GA(3) actuator is the best
(11.8 mm under 3 V at 0.1 Hz). Figure 10 shows the
electric-induced displacement curves of the different
3D N-GA(3) actuators under input voltages of 1.0, 2.0,
and 3.0 V at 0.1 Hz. The electric-induced displace-
ment increased linearly. The law of almost linear
growth was in accordance with other reports [25].
The 3D N-GA@) (2 mg) actuator showed larger

electric-induced displacement than the other
actuators.
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Fig. 7 Schematic diagram and cross-sectional SEM picture for
electro-active ionic polymer actuator with 3D N-GA electrodes

The electric-induced displacement curves of the 3D
N-GA(3) actuator at different frequencies (0.1, 0.5 and
1.0 Hz) are displayed in Fig. 11. As the frequency
increased, the electric-induced displacement obvi-
ously decreased. This is because the higher was the
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Fig. 6 a N, adsorption—desorption isotherms and b corresponding pore-size distributions of 3D N-GA(x)

Table 2 BET characterization

results of 3D N-GA(x) Sample BET surface area (m*/g) Pore volume (cm’/g) Pore size (nm)
3D N-GA(1) 83.4969 0.126730 5.0789
3D N-GA(2) 127.3366 0.226264 5.6264
3D N-GA(3) 104.8848 0.150736 5.8032
3D N-GA(4) 74.1698 0.098779 6.2669
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Fig. 8 The electric-induced displacement curves of different 3D
N-GA(x) and 3D GA actuators under 3 V at 0.1 Hz

frequency; the shorter was the time available for ion
migration. This rule was in accordance with other
reports [20, 33]. Figure 12 shows the bending strain of
the 3D N-GA(3) actuator at different frequencies. The
bending strain of 3D N-GA(3) actuator was 0.47% at
0.1 Hz (3.0 V). Table 3 compares the bending strains
of some EAIP actuators. 3D N-GA(3) actuator dis-
played good performance.

Cyclic stability is an important parameter to eval-
uate the performance of actuator. We measured the
cyclic stability performance of the 3D N-GA(3) actu-
ator. Figure 13 shows the actuating stability data for
the 3D N-GA(3) actuator over a long period of 6 h.
From the actuating stability figure we could clearly
see that there was not any obvious performance
degradation for 3D N-GA(3) actuator after 6 h

[
=

1mg 2mg
—— 4mg—— 5mg

3D N-GA(3) 3mg

N A N ®
P P R T

Displacement (mm)
Lot v

@3V,0.1Hz

—
=)

5 10 15 20 25 30 35 40
Time (s)

=)

Fig. 9 The electric-induced displacement curves of different 3D
N-GA(3) actuators under 3 V at 0.1 Hz
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Fig. 10 The electric-induced displacements of different 3D
N-GA(3) actuators under varying input voltages (1-3 V) at 0.1 Hz
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Fig. 12 Actuating strain of the 3D N-GA(3) actuator under 3 V
sine wave input voltage at different frequencies (0.1-1 Hz)
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Table 3 Bending strains of the 3D N-GA(3) actuator in comparison with that of other EAIP actuators reported in the literatures

Reference  Electrode Polymer Ionic Bending strain Voltage (V) Frequency (Hz)
matrix liquid
This study 3D nitrogen-doped graphene aerogel PVDF-HFP EMIBE, 0.47% 3.0 0.1
[14] Graphdiyne PVDF EMIBF, 0.07% 2.5 30
[16] Conductive graphite PVDF EMIBF, 11.1 mm 10 0.1
[20] Black-phosphorous PVDF-HFP EMIBF, 1.67% (peak-to-peak) 2.5 0.1
[24] Graphene nanosheet/carbon nanotube ~PVDF EMIBF, 3.8 mm 2 0.1
[33] Nacre-based carbon nanomesh PVDF EMIBF,4 1.11% 3 0.1
[34] Graphene-Ag PVDF EMIBF, 1.5 mm 1 0.1
[35] Vapor-grown PVDF-HFP EMIBF, 0.79% 2 0.1
carbon
fibre
[36] Au PVDF PMITFSI  0.35% 5 0.1

2-4-_ @2V,1Hz —u—3D N-GAQ3)
2.2
2.0-
Im
1.8 WEEEg n - - -

1.6

1.4

1.2

1-0 T T T T T T T T T T T T T T T T T

0 40 80 120 160 200 240 280 320 360
Time (min)

Peak-to-peak displacement (mm)

Fig. 13 Durability result (6 h) of peak-to-peak displacements for
the 3D N-GA(3) actuator under 2 Vat 1 Hz

actuating operation (2 V, 1 Hz). After 6 h test, the
displacement of the 3D N-GA(3) actuator decreased
from the initial 1.94-1.82 mm, maintaining a relative
initial bending displacement of 93.8%. These results
demonstrated the good air-working stability of this
novel 3D N-GA(3) actuator based on nitrogen-doped
graphene aerogel soft electrode.

4 Conclusions

In summary, soft EAIP actuators were developed for
the first time using a novel 3D nitrogen-doped gra-
phene aerogel soft electrode. In this study, we
investigated the influence of nitrogen doping amount
and electrode material amount on actuating

performance of 3D N-GA actuators. 3D N-GA(3) has
relatively high nitrogen content and relatively large
specific surface area and 3D N-GA(3) actuator has the
best actuating performance. Furthermore, with the
increase of electrode material consumption, the
actuating performance of the 3D N-GA(3) actuator
increased first and then decreased. When the elec-
trode material dosage is 2 mg, the actuating perfor-
mance of the 3D N-GA(3) actuator is the best
(11.8 mm under 3 V at 0.1 Hz). The 3D N-GA actu-
ator exhibited high actuation performances, e.g. low
actuating voltage below 3 V, large electric induced
displacement of 11.8 mm, and 6 h cycles air working
durability. Thus, this 3D N-GA actuator will have
great potential application in soft robotics and smart
devices.
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