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Multifunctional CeO, incorporated Fe,O5
anchored on a rich porous structured carbon
backbone for supercapacitors and adsorption of
acid orange Il
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Cerium dioxide—hematite/carbon porous microspheres (CeO,-Fe,O3/C, CFC) with a rough surface and
a particle size of approximately 1 pm were manufactured through a simple solvothermal and then pyro-
lytic process using 1,1'-dipentadecadienoic acid (DDA) as both a ligand and a metal core. Cerium ions
are first coordinated with carboxylic acid at room temperature to produce Ce-DDA coordination poly-
mers (CPs) with a rich pore structure, and then calcined in a protective gas atmosphere to produce a
carbon skeleton that retains the porous states, while the Ce/Fe ions in the complex remained bonded
to oxygen. Due to the massive electron gain/loss valence of cerium ions (Ce®*/Ce**) and the strong
conductivity of iron ions, the prepared CFC can indeed perform ion-proton exchange rapidly and more-
over show high stability. The CFC has a specific capacitance of 803 F g~* at a scan rate of 1 mV s~* for
supercapacitor electrode materials. Moreover, it displays an excellent capacitance retention of 95% after
10 000 cycles, indicating that the material has outstanding cycling stability and potential applications in the
electrode materials of supercapacitors. Furthermore, CFC has a strong adsorption effect for degrading acid
orange Il dye (AO7), with a high degradation rate of over 96% after 25 min at various pH (pH = 2, 4, 6, 8,
10, 12), showing that the sample has an excellent adsorption effect throughout a wide pH range. This
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newly designed CFC has excellent adsorption activity and exceptional supercapacitive cycling stability,
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1. Introduction

Researchers are investigating sustainable energy storage solutions
with higher power and energy density as a result of growing
energy demand and dwindling fossil fuel supply. As a sustainable
energy storage technology, supercapacitors have a long cycle life,
good low temperature resistance, and fast charging and dischar-
ging rates."” They may be augmented or replaced in a short
period of time when a large amount of power is required.>*
Pseudo-capacitors (PCs) are also known as Faraday quasi-
capacitors because they may conduct highly reversible electro-
chemical adsorption, desorption, or oxidation and reduction
processes and create capacitors proportionate to the electrode
charging potential, resulting in increased performance.”® Metal
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making it ideal for wastewater treatment and energy storage applications.

oxide semiconductors have been widely used in superconductors,
ceramics, oxygen sensors, catalysts, and solid oxide fuel cell
electrolytes in recent years.””® Cerium oxide (CeQ,), a promising
material for photocatalysts, fuel cells, tripartite catalysts, sensors,
water treatment, solar cells and electrochemical redox processes,
has aroused research curiosity among environmentally friendly
rare earth metal oxides due to its special band gap structure.”'®
Ce, which has a valence of 4f'5d'6s?, can lose one 5d and two 6s
electrons to form stable Ce®*, similar to other lanthanide metals,
or an additional 4f electron to form the 4f empty state, resulting in
stable Ce*".! So, CeO, is one of the most attractive candidates for
metal oxide anode materials in supercapacitors, which has the
ability to transition between Ce® and Ce*" as an outstanding
redox material.'* Despite this, due to its poor conductivity and
structural stability, as well as the lattice broadening when Ce*'
was reduced to Ce™, there are few reports on the employment of
CeO, alone as an anode materials.’?

To overcome this bottleneck, it has been claimed that
integrating high electrical conductivity carbon materials and
additional active sites transitionmetal oxides with CeO,.**
CeO,-Based composites with other transitionmetal oxides, such

© 2022 The Author(s). Published by the Royal Society of Chemistry
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as Ce0,@C050,,"” Ce0,-Fe,0;,'® Ce0,-Cu0,'” Ce0,-MnO,,"®
and others,"® have recently been created and used as counter
electrodes. Hematite (a-Fe,O3), a direct bandgap (2.1 eV) semi-
conductor material, can be applied in supercapacitors due to its
high theoretical capacity (>600 mA h g™ '), low cost, environ-
mental friendliness, natural abundance, and good capacitance
retention.”*>* In addition, combining highly conductive
carbon compounds can increase electrochemical activity.*®
Porous carbon structures have been shown in multiple studies
to increase performance not only by dispersing functional sites
and providing a broad accessible area due to the huge surface
area of such pores, but also by permitting efficient material
movement across the pores.”*?

Coordination polymers (CPs) consist of ligand polymers
with a regular pore structure and organic ligands containing
carboxylic acids, phosphoric acids or nitrogen that are linked to
metal ions or metal clusters by coordination bonds, with the
organic ligands acting as conduits and the alloy ions or metal
clusters acting as junctions.>®*” The carbon skeleton materials
obtained by pyrolysis of CPs can still maintain the original
porous and stable structure, with the advantages of adjustable
pore size, adjustable pore surface, and selective adsorption of gas
molecules, vs inorganic porous molecular sieves and activated
carbon materials.?®*® Roncaroli et al. developed a linear coordina-
tion polymer as a sacrificial material for the preparation of Co-N
doped mesoporous carbon, which was subsequently heat treated
at high temperature and acid dipped as a supercapacitor electrode
with high active sites.*® Therefore, CPs-derived carbon porous
structures as carbon skeletons for CeO,/Fe,O; composites are
predicted to simultaneously improve supercapacitor performance.

Here, we have prepared porous structured Ce-DDA CPs by
solvothermal method, where high-temperature pyrolysis trans-
formed the ligand into a porous carbon skeleton, while CeO,
and Fe,O; were retained and anchored to the carbon skeleton
as synergistic composites. The specific synthesis process is
shown in Scheme 1. In contrast to other experiments in which
coordination competition causes uneven coordination between
metal ions and ligands, using DDA as an iron source and
providing carboxylate to coordinate with cerium ions allows

N,
800°C,4h

Solvothermal

140°C, 12 h

Ce/Fe precursor

air
800°C,4h

Ce0,-Fe,05

Scheme 1 The preparation of CFC and CF are depicted in the flow chart.
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for uniform coordination of cerium ions and iron ions, and the
final form is uniformly anchored on the carbon skeleton and
behaves as a uniform active site in electrocatalysis. The multi-
functional material CFC was used to improve the electrode
performance of supercapacitors. To assess the adsorption
activity of CFC, the AO7 was chosen as the organic pollutant.

2. Experimental section
2.1 Materials

Chemicals and reagents of analytical quality were utilized
throughout the work and were used exactly as they were
supplied. Alfa Aesar provided cerium(m) nitrate (Ce(NO;)s-
6H,0) and 1,1’-dipentadecadienoic acid (C;,H;0FeO,).

2.2 Synthesis of CFC and CF

0.1 mmol Ce(NO;); 6H,0 and 0.2 mmol C;,H;,FeO, were
dissolved in 15 mL and 10 mL anhydrous ethanol, respectively,
stirring for 10 min at room temperature, and poured into a
beaker a 40 mL polytetrafluoroethylene reactor at 140 °C for
12 h. After the reaction was finished, it was washed three times
with anhydrous ethanol and distilled water alternately, then
dried overnight at 80 °C. The synthesized products were poured
into crucibles and calcined in a muffle furnace and tube
furnace at 800 °C, respectively, and cooled to room temperature
to obtain CF and CFC. The corresponding product yields and
production rates are attached to Table S1 in ESL.¥

2.3 Structural and morphology characterization

The Rigaku D/max-3B diffractometer with a copper target and K1
radiation (/ = 1.54056 A) was used to analyze the X-ray powder
diffraction (XRD) pattern. The sample was scanned in 0.01°
increments from 5° to 80°. Images of the morphology were taken
using an FEI QUANTA200 scanning electron microscope (SEM)
running at 30 kV. The microstructure was examined in further
detail using transmission electron microscopy (TEM) (JEOL JEM-
2100) at a 200 kV acceleration voltage. High-resolution transmis-
sion electron microscopy (HRTEM) and energy-dispersive X-ray
spectroscopy were utilized to create elemental maps (EDS). X-ray
photoelectron spectroscopy (XPS) measurements (ESCALAB 250)
were used to investigate the surface species and their chemical
states. The light absorption properties of the catalysts were
determined using ultraviolet-visible (UV-VIS) spectroscopy.
UV-vis spectra were collected using a Shimadzu UV-visible
spectrophotometer-3600. The Brunauer-Emmett-Teller (BET)
technique was used to compute the specific surface area, and
the Barrett-Joyner-Halenda (BJH) model was utilized to quantify
pore volume and pore size distribution based on the adsorption
branches of N, sorption isotherms. Fourier transform infrared
(FTIR) spectra were taken on a Bruker Tensor 27 spectrometer
from 4000 to 400 cm ™" using KBr as the dispersion.

2.4 Adsorption activity test

Adsorption tests were conducted at 25 °C with magnetic stirring
in a beaker containing 30 mL of 10 mg L~ AO7 dye solution.
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A weighed amount of adsorbent (15 mg) was added to the dye
solution. These solutions had a pH of approximately 7.31 and
were first equilibrated for dark adsorption, followed by taking
1 ml of sample from the solution at intervals under magnetic
stirring and centrifuging it in a high-speed centrifuge for
10 min. The supernatant was then collected, and the concen-
tration was determined by measuring the absorbance at
485 nm. Subsequently, tests were performed in different pH
ranges.

2.5 Electrochemical measurements

The active ingredient (CFC and CF), acetylene black, and
polytetrafluoroethylene solution (PTFE: mucilage) were com-
bined in a mass ratio of 8:1:1, dispersed well with ethanol and
rolled out on flat glass to a sheet of 5 mm thickness. After
drying in an oven at 60 °C, 100 mg of sample was placed on a Ni
mesh current collector and pressed under the pressure of a
10 Mpa roller press to form a working electrode (thickness of
approx. 50 pm).

For electrochemical experiments, a three-electrode setup
with 6 M KOH as the electrolyte solution was utilized at room
temperature with an electrochemical analyzer (CHI760E
workstation, Shanghai Chenhua), whose data was represented
by cyclic voltammetry (CV) with potentials ranging from 0.1 to
0.4 V and at various scan rates, galvanostatic discharge/charge
(GDC) tests, and electrochemical impedance spectroscopy (EIS)
tests. The specific capacity of the electrode material may be
computed using the cyclic voltammetry curve in the three-
electrode system test, and the formula for determining the
specific capacity of mass is presented in Formula (1):*'

[1dU
Cm =
vmAU

1)

where I is current (A); [IdU is the integrated area of the CV
curve; v is the scan rate (V s~'); m is the mass of the active
material (g); and AU is the voltage range (V).

3. Results and discussion
3.1 Morphological and structural analysis

To examine the impact on the structure of the produced
Ce-DDA, a series of reaction parameters, such as duration,
temperature, and raw material ratio, were adjusted, and the
corresponding exploratory reaction conditions are listed in
Table S2 (ESIT). The influence of varying reaction periods at
140 °C on product morphology was first assessed. As shown in
Fig. S1 (ESIt), only a few spheres are created due to the short
reaction period of 8 h (Fig. S1a, ESIt), the majority of which are
impurities, and the reaction was inadequate; when the reaction
time is increased to 16 h, the reaction is sufficient (Fig. Sib,
ESIY), it can be seen that there are still impurities in the product,
and the spheres formed are not uniform in size. The time was
increased to 20 h (Fig. Sid, ESIf), however, the product was
broken due to the long reaction time and still contained a large
amount of impurities as a result. Therefore, we chose a more
moderate reaction time of 12 h as the optimal reaction time.
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The remaining variables remained unchanged, and the reaction
time was set as 12 h. The impact of different reaction tempera-
tures on the final products was investigated, and SEM pictures of
the samples are shown in Fig. S2 (ESIt). The spheres formed by
the synthesized Ce-DDA at 120 °C were not homogeneous
(Fig. S2a, ESIf) and when the temperature was increased to
180 °C (Fig. S2c, ESIt), the resulting homogeneous spheres had
many small particles on their surface. A large number of spheres
broke due to the high temperature at 200 °C (Fig. S2c, ESIt). The
results of the study indicate that neither too low nor too high
temperatures promote the establishment of spheres. Therefore,
considering the economic cost, the ideal reaction temperature is
140 °C. The influence of the stoichiometric ratio of Ce(NO;);-
6H,0 to C;,H;oFeO, on the morphology was next investigated
using the reaction temperature and time (140 °C and 12 h)
determined before. The produced spherical shapes had non-
uniform particle sizes when the feedstock component ratio was
1:1 in Fig. S3 (ESIt). When the raw material ratio was 1:3, the
result contained a lot of contaminants. The spherical form
exhibited a significant increase in particle size and was not
homogenous when the ratio was 1:4 or 1:5. When evaluating
common samples, it was discovered that a feedstock ratio of 1:2
provided the best molar ratio of reaction concentration.

The SEM of Ce-DDA produced by reacting at a 1:2 raw
material ratio at 140 °C for 12 h is shown in Fig. S4 (ESIt). The
sample is made up of spheres with a rough surface, consistent
shape, and particle sizes of 600-700 nm. The XRD of the Ce-
DDA precursor in Fig. S5 (ESIT) and the lack of diffraction peaks
in the image indicated that the produced precursor is amor-
phous. Bending and C-O stretching vibrations within the O-H
face of the dimer create the absorption peaks at 1403 and
1300 cm™* for the DDA ligand in Fig. S6 (ESIT), whereas oscillat-
ing vibrations outside the O-H face cause the strong broad peak
of about 919 cm™'. 794 and 1695 cm ' are the cyclic olefin
absorption peaks, showing the retention of cyclopentadiene,*
whereas the locations of the aforementioned C—0, C-O, and O-H
peaks are altered,®® EDS spectra (Fig. S7, ESIt) also reveal the
presence of Ce elements in the precursor, suggesting effective
coordination of the carboxylate to Ce ion. The thermal analysis
test was carried out to determine an appropriate pyrolysis tem-
perature for the conversion of precursors to oxides. The thermal
gravity-derivative thermogravimetry (TG-DTG) curves obtained
from the thermal examination of the Ce-DDA are shown in Fig.
S8 (ESIT). The first stage is weight loss in the range of room
temperature to 220 °C, with a slow weight loss of roughly 15%,
largely owing to physical and structural water loss; The weight loss
in the second stage is between 220 °C and 800 °C, after which it
stops losing weight and maintains a stable structure with a 58%
weight reduction.** Weight loss is more noticeable at this stage,
owing to the breakdown of the carboxylic acid in the ligand.

The precursors were then calcined at 800 °C for 4 h in a N,
atmosphere to obtain CFC composites that retain the Ce-DDA
carbon skeleton, and we used carbon-free CF obtained by
calcination in the air as the comparison material. SEM images
of CF are shown in Fig. S9a and b (ESIf). Due to the collapse of
the initial skeleton induced by the interaction of carbon with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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oxygen to form carbon oxides escaping during calcination, the
calcined products are hollow and porous microspheres with a
particle size of around 500 nm, which is smaller than the
precursor. The solid precursor was calcined in the air into
hollow spheres created by the aggregation of nanoparticles,
according to the TEM images in Fig. S9c and d (ESI{). The CFC
spheres have a rougher surface than the precursors, with an
almost identical particle size of approximately 1 um (Fig. S10a
and b, ESIt), and consist of porous microspheres that retain the
carbon of the CPs in an oxygen-deprived nitrogen environment
(Fig. S10c and d, ESIf).

In Fig. S11 (ESIt), the diffraction peaks (black) in the (111),
(200), (220) and (311) planes correspond to the cubic crystalline
phase CeO, standard card (JCPDS card 34-0394), indicating that
it is CeO, with a cubic fluorite structure. Several other diffraction
peaks (red lines) are correspond to the hexagonal phase o-Fe,O53
(JCPDS card 33-0664). Furthermore, the lack of impurity peaks
suggests that the calcined product is of great purity and that all
of it has been converted to CF.>* No diffraction peaks of carbon
were found in CFC except for the above diffraction peaks, but
EDS (Fig. S12, ESIt) showed that CF contains about 0.1 wt% of
carbon, which is negligible due to carbon from the environment,
while CFC contains about 30.09 wt% of carbon, which is known
that the carbon in the sample is mainly amorphous,*® and in
addition, the XRD diffraction peaks corresponding to CFC are
significantly broadened, also as a result of the weakened crystal-
linity due to the high carbon content. The CFC was calculated to
contain 40.01 wt% CeO, and 24.87 wt% Fe,O;.

TEM testing was done to have a better understanding of the
detailed structure of CFC. Nanoparticles are visible in the
porous microsphere structure in Fig. 1a and b. A clear lattice
fringe on the core with an interplanar spacing of 0.27 nm,
corresponding to the (104) planes of Fe,O;>” and another
lattice fringe on the shell with an interplanar spacing of
0.32 nm, corresponding to the (111) planes of CeO, in
Fig. 1c.*® The coexistence of CeO, and Fe,O; in the microsphere
structure of CFC is confirmed by HRTEM imaging. Furthermore,
the amorphous carbon skeleton is represented by the lattice-free
areas at the borders. The element mapping characterized in
Fig. 1e-k strongly reflected the uniform distribution of CeO, and
Fe,O; on the carbon skeleton, forming a porous microsphere
structure, and the presence of Ce, Fe, O, and C elements are
proved and dispersed uniformly, as shown in Fig. 1d.

Fig. S13 (ESI{) shows a TEM study of CF to further under-
stand its hollow spheres composed of nanoparticles. The
HRTEM image of the selected region (Fig. S13c, ESIT) reveals
a pretty obvious lattice stripe upon that center without an
amorphous region with a planar distance of 0.27 nm, where
it corresponds to the (104) plane of Fe,Os, and another lattice
edge on the shell with a planar layout of 0.32 nm, which
matches up to the (111) plane of CeO,, confirming that CeO,
and Fe,0; coexist in CF. A typical HAADF-STEM image is shown
in Fig. S13d (ESIt), and the elemental profiles in Fig. S13e-j
(ESIY) strongly reflect the uniform distribution of Ce, O, and Fe.

The chemical state and surface composition of elements in a
material are measured using XPS. In Fig. 2a, the binding energy

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TEM and element mapping of CFC. (a and b) TEM image; (c) HRTEM
of the selective area; (d): HAADF-STEM image; (e—k) element mapping of
C, O, Fe and Ce.

maxima for C 1s, O 1s, Fe 2p, and Ce 3d are 284.4, 529, 716.2,
and 882.3 eV, respectively. The core energy spectra of Ce 3d
suggest Ce®* and Ce' oxidation states due to spin double
splitting (3ds,, and 3ds, orbitals) (Fig. 2b). Ce*" 3d,, has a
peak at 885.6 eV, with satellite peaks at around 904.2 eV, Ce**
3ds), at 913.31 eV, and satellite peaks at 881.84 and 885.72 eV,
respectively.’® The adsorption strengths of 878.7, 711.2 and
724.7 eV indicate Fe 2p;,, and Fe 2p;,,* respectively, as shown
in Fig. 2¢, which are compatible with the prior data. Likewise,
the satellite peak can be seen between 719.6 eV. Due to the peak
position and energy imbalance between Fe 2p;,, with Fe 2p,,
iron is Fe’'/Fe*" in the typical Fe,O; phase that arises in CF
(13.5 eV). The signal at 283.5 eV corresponds to M-C-O in
Fig. 2d,"" indicating that carbon in CFC is bonded to and
interacts with Fe,03/CeO,. The peak in the spectra of the O
1s core level at the binding energy (530.2 eV, O 1s) shows lattice
oxygen in Fig. 2e.*> The shift in the characteristic peak in CFC is
due to the interaction of carbon on oxygen atoms. Fe,O;
nanoparticles are successfully mixed into CeO, nanoparticles,
according to XPS data, which agrees with XRD and EDX results.

Special structural traits or distinctive groupings can be
identified using Raman analysis. Raman spectra of composites
are shown in Fig. 2f. Several CF and CFC peaks may be detected
in the range of 200-1800 cm™". The band detected at 466 cm ™"
is due to the F,, vibrational mode of the cubic CeO, structure.
Compared with pure CeO,, the characteristic peaks appearing
at 462 cm ™' and 464 cm™ ' in CF and CFC are weakened, which
may be due to the formation of composites with Fe,O; and
carbon. Instead, the blue shift occurred because Fe, which has
a smaller ionic radius, replaced Ce, thus suggesting that CF and
CFC are composites. The a-Fe,O; phase is represented by these
additional peaks at 216, 286, 398, 658 and 1095 cm™'. Raman
peaks in the A;, mode appear at 216 cm ™', while Raman peaks
in the E, mode appear at 286 and 398 cm™.* The peak
at 658 cm ™' was ascribed to the disordered effect of Fe,Os.

Mater. Adv., 2022, 3, 6818-6825 | 6821
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Fig. 2 The XPS (a—e) and Raman (f) patterns of CF and CFC. (XPS: (a)
survey; (b) Ce 3d; (c) Fe 2p; (d) C 1s; (e) O 1s).

Additionally, the peaks of 1321 and 1581 ¢m™ ' in the CFC
diagram are the E, vibration modes corresponding to the sp’
electronic structure of D and G modes.** The carbon in CFC
composites is mostly deposited in amorphous form, according
to XRD and element analyses.

The relative pressure ranges from 0-1.0, as can be observed
in Fig. S14 (ESIt). The isotherms can be classified as type IV
with type H3 hysteresis loops with a slit-like uneven
mesopore,*® which is mostly formed by the accumulation of
flaky particles, according to the International Union of Pure
and Applied Chemistry (IUPAC) and Brunauer-Deming-
Demin-Teller classification, and CFC has a specific surface
area of 71.2 m> g~ .

3.2 Electrochemical properties

To prove the potential application of CFC as supercapacitor
electrodes, the electrochemical properties and charge storage
machines in a 6 M KOH electrolyte were studied with a three-
electrode system. Fig. 3a depicts the CV of the CFC electrode at
various scan rates (1-100 mV s~ ') and window voltages ranging
from 0.1 to 0.4 V. The CV curve of the CFC electrode clearly
shows a couple of reversible redox, which is primarily due to
the reversible transformation between Fe**/Fe’" and Ce®'/
Ce*",*® indicating that the CFC electrode has pseudocapaci-
tance properties. The redox peaks for CeO, are not obvious,
which is due to the coverage of the Fe,O; redox peak.

6822 | Mater. Adv, 2022, 3, 6818-6825

View Article Online

Pa per
40 {(a .
i(a) 1 mv/s 8004® a 1 mvss
—2mvis |
30 ——Smvis ] |
— 10mvss & 700
< ——20mvss ® = 2mvis
] -
g0 ——d0mv/s £ 600 \
; 80 mv/s E aSmv/s
E 0 —— 100 mv/s ESUU w 10 mvis
S g
N o
-10 < 100 J-U mv/s
) - I
20 E B0 100 mus
300 "
30
010 015 020 025 030 035 040 0 20 40 6 80 100
Potential/V vs. Ag/AgCl Scan rate (mv/s)
50
0.40-(¢) d)
| — 18 Alg
=] —19 A/
S 0354 d 40
<
2 — 3o
< 030 0 Al
& E
= 2
<025 :
= N20
E
'-E 0.20
A-c 0.15 10
0.10 0
S0 100 150 200 250 300 350 400 0 10 20 30 40 50

Time /sec Z' /Ohm

Fig. 3 (a) Cyclic voltammetry curves; (b) comparison of specific capaci-

tance at various scan rates of CFC electrode; (c) galvanostatic charge/
discharge curves of CFC at different current densities; (d) Nyquist plots.

The current rose as the scanning rate increased from 1 to
100 mV s~ ' It should be proportional to the reaction ability
of the electrode-electrolyte interface and the height of the OH™
concentration. The high-energy storage process of CFC in
aquatic KOH electrolytes is primarily composed of two pro-
cesses: surface adsorption-desorption and CFC surface inser-
tion/extraction. The reaction eqn (2) and (3) is as follows:*”

CeO, + e~ + H,0 < Ce**O0OH + OH™ *® (2)

Fe,0; + OH™ < Fe,0;0H + e~ (3)

The Cs of the CFC electrode at 1 mV s~ * scan rate is 803 F g
in Fig. 3b, which is significantly better than the Cs recorded
above the identical CF with 144 F g~' in Fig. S15b (ESIf).
Combined with the analysis of the surface data, the pore
structure provides a higher specific surface and more active
sites, which increased the electron conduction of energy
storage. This tremendous potential performance could be
attributed to the presence of carbon, which maintains the rapid
transmission of electrolyte electrochemical reactions on the
electrode, improved the conductivity and increased the overall
charge storage capacity. Cs is recognized when the scan rate
increases and the Cs value decreases. The drop in value is
owing to ions having restricted access to the mesoporous
network inside the electrode material at high scan rates, as
well as ions having limited movement due to sluggish diffu-
sion. The GCD curves of CFC composites at varied current
densities are shown in Fig. 3c, and the stationary curves fit the
redox peaks in CV curves well. All discharge branches are
almost symmetrical with their charging platform, demonstrat-
ing the optimum capacitance behavior. The use of carbon as a
conductive carrier increased the activity of the electrode, which
is consistent with previous studies.’>*® The discharge time
decreases with the increase of the current density, and the
corresponding Cs value decreases. The OH™ ion may be com-
pletely used from the electrolyte to the internal electrode at low

© 2022 The Author(s). Published by the Royal Society of Chemistry
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current densities, resulting in a high surface efficiency and
hence a greater specific capacitance. The decrease in capacitance
at high current density is since some active surfaces of active
materials can not be exploited for charge storage. However, CF
exhibits poorer charge and discharge performance than CFC.

EIS is being utilized to further investigate the electro-
chemical features of these electrodes to better explain the
aforementioned experimental results. Fig. 3d shows the Nyquist
impedance diagram in the frequency range from 10 MHz to
100 kHz. The solution resistance and charge transfer resistance
are reflected by the intercept between the real axis and the tiny
semicircle in the high-frequency zone (R.).”" At high frequency,
the R, value of CFC can be seen from the intercept of the curve
and the transverse axis as 0.28 €, indicating that the resistance
of the solution is also very small. The almost vertical line shows
that the supercapacitor electrode exhibits typical capacitance
behavior in the low-frequency region, The quick mass transfer
mechanism enabled by the activated carbon backbone enables
high and low-frequency impedance of CFC superior to CF in
general. Fig. 516 (ESIt) shows the stability over 10000 cycles,
with a slight increase in coulombic efficiency after material
activation and Cs remaining at around 20 mA h g™,

3.3 Adsorption performance test for AO7

In the food industry, the structure of AO7 is a non-food coloring
and is not allowed to be added in foods. In the experiments, it
was found that CeO,, Fe,O; and CF did not show significant
degradation of AO7 (Fig. S17b-d, ESIt), while CFC showed
significant adsorption performance on AO7 (Fig. S17a, ESIY),
and the porous activated carbon structure in the composite
material provided catalytic substrates for CeO, and Fe,O;,
which was ascribed to the porous structure of activated carbon
in the composite material.>

The magnetic separation and regeneration test was carried
out under the influence of an applied magnetic field, and four
cycles were conducted to assess the reuse potential of the
employed CFC. In this test, CFC was recovered after the
equilibrium conditions were reached, and the sample dried
in an oven was desorbed by adding 50 mL of absolute ethanol.
After adsorption equilibrium, the solution was filtered, and the
residual dye concentration of the filtrate was analyzed at the
maximum absorption wavelength (485 nm) using an ultraviolet/
visible spectrophotometer. The dye removal percentage was
calculated using the following eqn (4):*®
C—Ce
Tj x 100 (4)

AO7 removal efficiency (%) =

where C; and C. are the AO7 concentrations (mg L") of the
initial solution and the final solution, respectively.

The absorption spectra of the free AO7 solution is depicted
in Fig. 4a. To illustrate how to dye absorbance decreases with
exposure time, samples were obtained at regular intervals. No
formation of new compounds was detected by UV spectral
analysis. The distinctive absorption edge of AO7 in solution
at 485 nm rapidly declines, and after 90 min, the characteristic
peak practically vanishes, suggesting that the degradation
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Fig. 4 (a) The absorbance spectra and color changes (inset) (Cq =

10 mg L™; (b) removal rate of the CFC at different time intervals;
(c and d) adsorption stability of the CFC; (e): effect of pH on AO7
adsorption using CFC.

equilibrium has been achieved. According to the Lambert-Beer
equation, the concentration of AO7 solution for the relevant
time interval from the absorbance of the distinctive peak in
Fig. 4b, and then the dye removal rate for a certain time was
calculated. It can be found that the removal rate of dye is
getting slower after 65 min, and the maximum removal rate is
97.0% after 90 min.

In Fig. 4c, the cycle stability is demonstrated. Four cycles
of degradation tests were performed and a certain degree of
degradation performance was found, which may be due to the
lack of catalyst washing allowing the interior of the material to
be occupied by dye molecules. Fig. 4d shows the corresponding
removal rates for each cycle. After repeating the experiment
four times, the removal rate of AO7 dye could reach 83.3%. The
results indicate that the material has good cycle stability. In the
degradation process, especially in aqueous solutions, the pH of
the solution is considered a significant parameter. The beha-
vior of the process may change if the pH is changed. The impact
of pH on dye removal is seen in Fig. 4e. The adsorption capacity
declined as the pH climbed from 2 to 12, and dye removal fell
from 99.9% to 96.0%, with the greatest adsorption being
recorded at pH = 2. In conclusion, the material showed good
degradation of the AO7 dye over a wide pH range.

4. Conclusions

The solvothermal approach was used to efficiently create
Ce-DDA CPs with a porous microsphere morphology and to
produce composite CFC anchored on organic ligand-derived
carbon skeletons in an N, atmosphere. The supercapacitor
performance was investigated in a 6 M KOH electrolyte. The
capacitance of CFC was significantly better than that of CF at a
scan rate of 1 mV s~ ', and its specific capacitance could reach
803 F g~ ', owing to the porous carbon skeleton as a conductive
active substrate that provided an extremely rich porous channel
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mass transfer pathway for the electrolyte and catalyst. After
10000 cycles, the coulombic efficiency remained basically
unchanged, indicating that it has high cycling stability as a
supercapacitor electrode material and has broad application
prospects. As a multifunctional material, the hazardous dye
acid orange was efficiently degraded by the active composite
catalyst anchored on the carbon skeleton, and the high degra-
dation rate is still maintained in the full pH range after 4 cycles.
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