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Azobenzene derivatives have fast light response characteristics; in this paper, a new azobenzene derivative (Azo) was synthesized
and to be made a composite (PANI/GO/Azo) with polyaniline/graphene oxide (PANI/GO). Both composites were carefully
investigated by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), and thermogravimetric
analysis (TGA). Moreover, their electrochemical properties were characterized by the electrochemical workstation, including
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), cycling stability, and electrochemical impedance spectroscopy
(EIS). The results demonstrated that the PANT/GO/Azo composite has a higher capacitance of 478.3 F g than that of PANI/GO
(359.9F g ') at a current density of 1 A g~'. PANI/GO/Azo composite showed excellent photosensitive electrochemical properties
under UV irradiation, and its rate of capacitance change achieved about 52.57%. Additionally, the PANI/GO/Azo composite also
displayed high reversibility, with specific capacitance retention of 92% after 500 cycles. Therefore, the PANI/GO/Azo electrode
with a controllable electrochemical performance by UV irradiation had a great potential in the photoresponsive supercapacitor.

1. Introduction

Recently, with the growing trend about solar energy, wind
energy, and other clean energy generations, the development
of alternative storage resources is very indispensable.
Supercapacitors have attracted considerable interest in elec-
tronic energy storage systems due to low cost, simple charging
circuit, long cycle life, and high power density [1-4]. The
performance of supercapacitors is closely related to electrode
materials. Therefore, a large number of theoretical and ex-
perimental research studies have been focused on designing
and preparing novel and promising electrode materials with
high capacitances and long-term stability [3-8].

Electrode materials of supercapacitors are mainly divided
into three categories: conducting polymers, carbon materials,
and transition metal oxides [3]. Among a large number of
conducting polymers, polyaniline (PANI) is the most widely
used electrode material owing to its advantages of simple
synthesis process, excellent stability, and high electrical
conductivity [9-11]. However, the poor cycling stability and
lower surface area of PANI limit its applications in

supercapacitors [12, 13]. Significant attention has been fo-
cused on integrating PANI with high-conductive carbon
materials to obtain high-performance composite electrode
materials. Among a large number of carbon materials, gra-
phene oxide (GO) [14] is widely studied to make composites
with PANI because of its relatively large surface area [15],
good flexibility, and excellent mechanical properties
[5, 6, 16, 17]. For example, Manoj et al. prepared PANI/GO
nanocomposites by in situ oxidative polymerization tech-
nique, which showed specific capacitance (132Fg™' at
5A g ") with excellent capacity retention over 1,000 cycles [1].
Zhao et al. synthesized vertically oriented PANI/GO nano-
composites by interfacial polymerization, which had a specific
capacitance (369F g' at 1 Ag™") and exhibited capacitance
retention of 81.2% after 500 cycles at 10 Ag "' [18]. Li et al.
reported that the specific capacitance decreased 9% of PANI/
GO electrode materials after 1,000 cycles compared with
initial capacitance [19]. Alternatively, some researchers pre-
pared various structures of PANI/GO composites such as
three-dimensional porous structure [20], sandwiched struc-
ture [21], hollow spheres [22], and sheet-like morphology [9]
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to improve their electrochemical properties. The electro-
chemical properties of PANI/GO electrode materials were
remarkably improved in those ways. However, their electrical
properties could not be real-time adjusted.

Therefore, the design of electrode materials with excellent
and real-time controllable electrical properties has considerable
prospects. As a kind of clean energy, light can be easily and
quickly controlled remotely [23]. Using light to regulate the
properties of composites has become a research hotspot in the
field of science [24-28]. Azobenzene (Azo) compound is the
well-known light-induced material owing to its unique char-
acteristics, including widely applicable performance, photo-
chemical stability, and fast response [29, 30]. It can undergo
trans-cis isomerization by performing ultraviolet/visible light
irradiation [31] or heating [32, 33]. Due to the unique property,
Azo is often used as a photoswitchable molecule [26, 33-37].
Meanwhile, there have been some researchers who studied
surfactant-modified graphene hybrids containing azobenzene
groups and regulated their electrochemical performance
[1, 26, 38-40]. However, to the best of our knowledge, there is
no report in the literature about obtaining adjustable composite
electrode materials by modification of the PANI/GO composite
with azobenzene. As a result, combining Azo with the PANI/
GO composite to prepare adjustable ternary hybrid electrode
materials is promising.

In this article, a new photosensitive azobenzene deriv-
ative was prepared by the diazotization method as additive.
With GO/PANI as the matrix, the one-step method is used
to fabricate the adjustable composite electrode materi-
als—PANI/GO/Azo composite. PANI/GO/Azo composite
has a higher capacitance of 478.3Fg™" than that of PANI/
GO (359.9Fg™") at a current density of 1Ag". Both
composites were carefully studied and analyzed.

2. Materials and Methods

2.1. Chemicals. The chemicals were used without further
purification. Aniline (C4HgN, 99.5%), graphene oxide
aqueous solution (GO), ammonium persulfate ((NH,4),S,Os,
98%), acetone (CH;COCHj;, 99.5%), hydrochloric acid
(HCL, 35%), p-toluidine (C;HoN, 99%), sodium hydroxide
(NaOH, 96%), ethyl alcohol absolute (C,HgO, 99.7%), po-
tassium iodide (KI, 99%), 6-chloro-1-hexanol (C¢H,5ClO,
98.5%), potassium carbonate (K,COs;, 99%), thiourea
(CH4N,S, 99%), etrahydrofuran (THF, 99%), phenol
(C¢H50H, 99%), sodium nitrite (NaNO,, 99%), and 1,2-
dibromoethane (BrCH,CH,Br, 99%) were purchased from
Sinopharm Chemical Reagent Co. All water used in this
experiment is deionized water.

2.2. Synthesis of Azobenzene.
2-((6-(4-(p-Tolyldiazenyl)phenoxy)hexyl)oxy)ethane-1-thiol

(CH;3-C4H4-N=N-CcH,-O-CgH;,-O-C,H,-SH) was synthe-
sized according to the literature of Weis et al. [41] and Haiying
and Zhongfan [42]. '"H NMR (400 MHz, chloroform-d) &
7.93-7.84 (m, 2H, Ar-H), 7.82-7.74 (m, 2H, Ar-H), 7.33-7.25
(m, 2H, Ar-H), 7.03-6.94 (m, 2H, Ar-H), 4.04 (t, J=6.5 Hz,
2H, Ar-O-CH,), 3.67 (t, ] = 6.5 Hz, 2H, SH-CH,CH,-0), 4.39-
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4.35 (t, J=6.5Hz, 2H, SH-CH,) 2.42 (s, 3H,-CHj3), 1.84 (dq,
J=7.9, 6.5Hz, 2H, -O-CH,-CH,), 1.68-1.39 (m, 8H, -CH,-
CH,-CH,-CH,) (Figure 1).

2.3. Synthesis of the PANI/GO/Azo Composite. 1.2 mmol of
Azo was dissolved in 50 mL ethanol and kept ultrasonic for
15 minutes. 3.8 mL GO solution, which had been dispersed,
was added to 140 mL deionized water and kept ultrasonic for
15 min. The above two solutions were poured into a three-
necked flask. Then, the mix solution was stirred quickly at
0°C. After 10min, aniline (1.85mL) and concentrated
hydrochloric acid (5mL) were added slowly to the three-
necked flask in turn, and the mixture solution was freed
from oxygen by bubbling with high purified nitrogen for
30 min. Next, the ammonium persulfate solution was added
slowly to the mixture solution. The whole reaction process
was kept another 7 h accompanying vigorous stirring at 0°C.
Finally, the precipitate was filtered, and the filtered cake was
washed with deionized water and ethyl alcohol absolute
several times and dried under vacuum overnight at 60°C.
Additionally, the PANI/GO composite without Azo was
prepared under the same condition as the control group.

2.4. Material Characterization. Proton nuclear magnetic
resonance ("HNMR) spectrum of Azo was recorded on a
BRUKER ARX400 MHz spectrometer using chloroform-d as
a solvent with tetramethylsilane (TMS) as the internal
standard at room temperature. FT-IR was recorded using a
NICOLET380 FT-IR spectrometer (Thermo Scientific, US).
The photochemical behavior of Azo was characterized by
UV-Vis absorption spectroscopy (UV-2600, Yuanxi Ltd,
Shanghai). The apparent morphology of the hybrids was
examined by SEM (S-3400N, Hitachi Ltd, JP). TGA was
carried out using a thermogravimetric analyzer (S-3000N,
Hitachi Ltd, JP) at the heating rate of 10°C/min in the N,
atmosphere.

2.5. Electrochemical Measurements. Cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) were performed on
a CHI660E (Shanghai Chen Hua, China) workstation using a
standard three-electrode cell setup. The electrode which is
coated with the sample, platinum wire, and saturated silver
chloride electrode (Ag/AgCl) was used as a working elec-
trode, opposite electrode, and reference electrode, respec-
tively. 1M H,SO, aqueous solution was used as the
electrolyte. The preparation process of the working electrode
is shown in Figure 2. A stainless steel mesh sheet of
7 cm x 1.5 cm was soaked in ethanol for 2h and then soaked
in deionized water with ultrasonic for 0.5 h. After that, it was
put into an oven for drying at 60°C for 5h. After that, it
marked the mass of stainless steel mesh as m,. N-Methyl
pyrrolidone and polyvinylidene fluoride were proportionally
configured into dispersion solution with ultrasonic for
10 min, and then the sample was proportionally configured
into uniform solution required for testing. The prepared
solution was spread on the electrode plates evenly, and then
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Ficure 1: '"H NMR spectra of Azo in chloroform-d (CDCl;).
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FIGURE 2: Illustration of the process for the preparation of the PANI/GO/Azo electrode.

dried them at 60°C for 24 h. Finally, it was weighed again
(marked as m,), pressed, and tested.

3. Results and Discussion
3.1. Identification and Characterization

3.1.1. UV-Vis Absorption Spectra Analysis. As shown in
Figure 3, the UV-Vis spectra of Azo at different times upon
irradiation with light at 365nm have been investigated.
When irradiated by the UV lamp, the azobenzene group was
isomerized from trans to cis conformer (Figure 3(b)). The
absorbance band corresponding to the m — 7* transition at
348 nm decreases remarkably, and at the same time, for the
absorbance band corresponding to the n — 7* transition at
450 nm increases lightly in Figure 3(a) [27, 37]. After UV
irradiation for 30 min, the UV-Vis spectra of Azo do not
change anymore, indicating azobenzene groups have

changed to a cis saturated state. This photoisomerization is
reversible; after UV irradiation, Azo slowly recovers to its
initial absorption feature when it is kept in the dark for five
days. The result indicates that Azo has remarkable photo-
sensitive properties.

3.1.2. FT-IR Analysis. The FT-IR spectra of Azo, PANI/GO,
and PANI/GO/Azo are shown in Figure 4. The spectrum of
Azo showing peaks at 1592cm™" was assigned to N=N
stretching. In the case of the FT-IR spectrum of PANI/GO,
the vibrations at 3436, 1744, 1571, 1481, and 1119cm™"
were consistent with N-H stretching vibration, C=0,
quinoid ring stretching vibration, benzene ring stretching
vibration, and C-N peak [43]. These results indicate that the
PANI/GO composite was synthesized successfully. Besides,
the spectrum of PANI/GO/Azo is essentially the same as
that of PANI/GO except for the peak centered at 1600 cm ™,
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FIGURE 4: FT-IR spectra of Azo, PANI/GO, and PANI/GO/Azo.

which can be attributed to the superposition of N=N
stretching vibrations and benzene ring stretching vibration,
while compared with Azo IR spectra, the peaks of the
PANI/GO/Azo composite were smaller and redshifted,
which indicated that Azo had been successfully attached to
PANI/GO.

3.1.3. SEM Analysis. SEM observes the morphologies of
PANI/GO and PANI/GO/Azo hybrid. PANI/GO presents a
deep layer with a pore structure, and there are many fold
structures and agglomerations on the surface of the layer
(Figure 5(a)). Compared with the SEM structure diagram of
PANI/GO/Azo, the latter structure lamella is relatively thin
and structured, with smaller particles attached to the surface
of the layer. Besides, the whole structure is more compact,
and the degree of agglomeration is improved. As shown in

Figure 5(b), the addition of Azo can change the structure of
PANI/GO to a certain extent.

3.1.4. TGA Analysis. The thermogravimetric analyses of
PANI/GO and PANI/GO/Azo are shown in Figure 6. Three
significant stages of weight loss have been observed for the
PANI/GO composite. The first stage, located in the range
20~100°C, was attributed to the loss of moisture; the second
stage was related to decomposition of branched chains of the
polymer framework in the temperature range 200~400°C;
and the last stage, in the temperature 500~600°C, the
polymer backbone starts to break. Compared to PANI/GO,
it can be seen that there are four stages of weight loss which
have been observed for the PANI/GO/Azo composite.
Similar to the former, at 20~120°C, thermal weight loss is
about 10% due to the loss of moisture. The decomposition
rate of branched chains is significantly accelerated at
200~300°C, and the decomposition rate reaches the maxi-
mum value at about 250°C. Around 360°C, it was attributed
to the decomposition of the Azo backbone. In the tem-
perature 480~600°C, polymer backbone chain breakage
occurs. The final residue of PANI/GO and PANI/GO/Azo
was 50% and 30% at 800°C, respectively. PANI/GO/Azo has
a more intensely decomposition degree and worse thermal
stability than GO/PANI. These results indicate that Azo has
been successfully attached to PANI/GO, and the addition of
Azo can change the structure of materials.

3.2. Electrochemical Properties

3.2.1. CV Analysis. The electrochemical performances of
PANI/GO and PANI/GO/Azo composites were measured in
a standard three-electrode cell setup in the potential range of
0.12-0.8 V in 1.0 M H,SO, solution. Figure 7(a) presents CV
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curves of PANI/GO and PANI/GO/Azo composites, which
are measured at a scan rate of 0.02 V/s. The CV curves of the
PANI/GO electrode show two oxidation peaks and one
reduction peak. At the same time, the CV curves of the
PANI/GO/Azo electrode show two pairs of redox peaks.
Both electrodes exhibit redox peaks indicating the pseu-
docapacitor behavior of PANI. Besides, we further examined
the electrochemical behavior of the photoresponsive PANI/
GO/Azo hybrid using the CV test, which is displayed in
Figure 7(b). With the increase of UV irradiation time, the
oxidation peak gradually becomes weaker, and the area of
the CV curve decreases gradually. These phenomena suggest
that the specific capacitance can be adjusted by the pho-
toresponsive behavior of PANI/GO/Azo due to the re-
versible conformational change of the Azo between trans
and cis forms upon UV irradiation.

3.2.2. GCD Analysis. Figure 8(a) presents GCD curves of
PANI/GO and PANI/GO/Azo composites, and Figure 8(b)
presents GCD curves of the PANI/GO/Azo composite at
different UV irradiation times, which within range of 0V to
0.8V at a current density of 1 Ag". It can be seen that the
GCD curves of electrodes have good symmetry. Besides,
according to the discharge time, we can find that the specific
capacitance of the PANI/GO/Azo electrode reduces grad-
ually with the increase of UV irradiation time, which is in
good agreement with the CV results.
Besides, the specific capacitances (Cs, Fg™') of the
samples were calculated according to the following equation:
Ix At
Cs = mx AV’ W
where I (A), At (s), m (g), and AV (V) are discharge current,
time, the mass of active material (m,-m,) [43], and the
potential window in the charge-discharge curve; the

TaBLE 1: The calculation results of Cs values of different
composites.

Sample types Cs (Fgh
PANI/GO 359.9
PANI/GO/Azo 478.3

TaBLE 2: The calculation results of Cs values of PANI/GO/Azo at
different UV irradiation times.

UV irradiation time (min) Cs (F g_l)
0 478.3
10 354.6
20 261.7
30 226.86

calculation results of the Cs values of samples are shown in
Tables 1 and 2.

According to Tables 1 and 2, it is evident that the ad-
dition of Azo can improve the specific capacitances of the
PANI/GO composite, and the sample of PANI/GO/Azo
without irradiation possessed the largest Cs. Moreover, the
specific capacitances of PANI/GO/Azo can be changed by
UV irradiation, and the rate of capacitance change achieved
about 52.57%. These results of Tables 1 and 2 may be
explained as follows: along with the increase of light time,
trans-PANI/GO/Azo changed into cis-PANI/GO/Azo,
which bears a relatively small surface area [44]. This re-
duction of the accessible surface area of PANI/GO/Azo upon
UV irradiation makes the electrocatalytic activity lower.
Thus, as the UV irradiation time increasing, the capacitance
of the PANI/GO/Azo composite decreased gradually. These
results indicated that the capacitance of the PANI/GO/Azo
composite could be controlled by UV light.

The cycling stability is an essential factor for a well-
established electroactive material. The cycling stability of the
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PANI/GO/Azo (UV irradiation 0 min) electrode was tested
by repeatedly measuring the GCD plots at the current
density of 4 Ag™" for 500 cycles. Figure 9 shows the GCD
curves measured at the first two and last three cycles in the
500 times charge/discharge process. The GCD curves at the
first three cycles show similar symmetry to the last three
cycles, while the discharge time was reduced. According to
equation (1), the specific capacitance of the first cycle about
PANI/GO/Azo reaches a value of 103F g~ under a current
density of 4 Ag™". After 500 cycles, the specific capacitance
reaches a value of around 94 F g~'. This corresponds to about
92% of the initial capacitance, and these results are shown in
Figure 10. The capacitance retention remained higher than
90% during the 500 cycles charge-discharge process. These
results suggest that the PANI/GO/Azo composite has high
reversibility and excellent cycling stability.

3.2.3. EIS Analysis. EIS of PANI/GO and PANI/GO/Azo
composites were measured in the frequency range
5x107~10° Hz. As shown in Figure 9, the semicircle is
related to the impedance of the electrochemical reaction,
while the oblique line in the low-frequency region is related
to the solid phase diffusion of the ions in the electrode [45].
The charge transfer resistance (Rct) which occurs at the
electrode/electrolyte interfaces during the electrochemical
reaction and the Rct values of PANI/GO and PANI/GO/Azo
were 1.312 Q) and 1.407 Q, respectively. This result indicates
that the PANI/GO/Azo composite has higher charge transfer
efficiency. Also, the slope of the impedance curve of PANI/
GO/Azo is higher than the PANI/GO composite, which
indicates that the PANI/GO/Azo composite has high ionic
conductivity.

The Nyquist plots of the PANI/GO/Azo composite upon
UV irradiation for different times are displayed in
Figure 11(b). As irradiation time increasing, the Rct values of
PANI/GO/Azo are all around 1.3, and the slope of the
impedance curve of PANI/GO/Azo reduces gradually in the
low-frequency region. This phenomenon shows that trans-
PANI/GO/Azo has higher ionic conductivity than the cis-

h T T T T
108 { e, - 96
‘-7-‘.7.7.‘I—I—l‘.7.\-
iy
) g
S 104 L 88 -3
s o 5
.g ‘é
£°100 | - 80 3
o =}
& Ty s
ks) \._-\l—l\ g
2 96 - e . 72 &
w ~n Q
92 - L 64
T T T T
0 100 200 300 400 500

Cycle number

FiGure 10: The capacitance and the capacitance retention in the
relation of the cycling number for the PANI/GO/Azo composite
(no UV irradiation) electrode.

PANI/GO/Azo composite. As Figure 11(b) shows, without
UV irradiation, the PANI/GO/Azo composite has the
highest slope of the Nyquist plots in the low-frequency
region, which indicated it has the best capacitance. Mean-
while, the result was corroborated by the charge-discharge
curves of the samples obtained at a current density of 1 A g ™"
All the results showed that the capacitance performance of
the PANI/GO/Azo composite could be adjusted by UV
irradiation.

4. Conclusions

In summary, a new photosensitive hybrid material —PANI/
GO/Azo composite—was prepared, and its electrochemical
performance was investigated. It was found that the elec-
trochemical properties of the PANI/GO/Azo composite
(without UV irradiation) were superior to the PANI/GO
composite, such as significantly higher capacitance, charge,
and discharge time prolonging, and the material impedance
changes. Moreover, the PANI/GO/Azo composite has ex-
cellent photosensitive electrochemical properties, and its
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electrochemical performance can be significantly adjusted
by UV irradiation. Therefore, the PANI/GO/Azo composite
has a great potential to be used as an adjustable electrode
material for practical application in supercapacitors.
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