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Fe,0s/hemp straw-based porous carbon composite
for supercapacitor electrode materials
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Abstract

The porous activated carbon material was prepared using hemp straw as the biomass carbon source, which was used as the
substrate material to synthesize Fe,Os/porous carbon nanocomposites (Fe,O3/HAC) by simple and effective hydrothermal
method. The results show that the porous activated carbon based on hemp straw is an ideal substrate for Fe,O3, which can
effectively avoid the agglomeration of metal oxides, increase the contact area with electrolyte, and shorten the ion diffusion path,
so as to improve the electrochemical performance of the material. In three-electrode system, the electrochemical performance of
Fe,O3/HAC is much higher than that of HAC and Fe,Os alone. At the current density of 1 A g™, its specific capacitance is
256 F g ', and it has the best capacity retention. The symmetrical device composed of the material has a good capacitance value

and excellent cycle stability.

Keywords Iron oxide - Activated carbon - Composite material - Supercapacitor

1.Introduction

Supercapacitor is a new type of energy storage device, due to
its high-power density, fast charge-discharge rate, and long
cycle life, which is widely used in various fields [1, 2].
Electrode material is an important part of supercapacitor.
Therefore, the high-efficiency electrode material is very nec-
essary for the construction of supercapacitor. According to
different storage mechanisms, supercapacitors can be divided
into two types: double-layer capacitors and pseudocapacitors.
In double-layer capacitors, the electrode materials are mainly
carbon materials such as activated carbon [3], graphene [4],
and carbon nanotubes [5, 6]. Biomass carbon materials are
widely used as electrode materials for double-layer capacitors
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due to their wide sources, low cost, and low environmental
pollution. Carbon materials have stable electrochemical prop-
erties and good electrical conductivity but have low capacity
and low-energy density [7—10]. Metal oxides [11-13] and
conducting polymers [14-16] are used as pseudocapacitor
materials. Metal oxides in electrode materials have a large
specific capacitance and energy density [17-20]. Among all
kinds of metal oxide electrode materials, iron-based com-
pounds have broad application prospects in energy storage
equipment due to their large theoretical capacity
(3625 F g "), natural abundance, easy to obtain, and environ-
ment friendly [21-23]. However, the crystal structure defects
of iron-based materials affect the electrical conductivity and
structural stability in practical applications, which severely
limit its capacitance performance and cycle life. Therefore,
carbon-based materials are used as carbon framework to load
metal oxides uniformly. In this way, the carbon framework
provides stable loading site for metal oxides, while its porous
structure channels are conducive to the ion transport in the
electrolyte and provide part of the double electric layer capac-
itance. Metal oxides are also well dispersed and play a greater
role in pseudocapacitance. Finally, through the synergistic
effect of the double-layer capacitor and the pseudocapacitor,
the quality, capacity, and cycle stability of the electrode can be
effectively improved. It has been reported that this kind of
hybrid material supercapacitor has achieved good results.
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For example, K. K. Lee [24] fabricated a nanocomposite com-
prising «-Fe,O5; nanotubes (NTs) anchored on reduced
graphene oxide for electrochemical capacitors. The hollow
tubular structure of the «-Fe,O3 NTs presents a high surface
area for reaction; the nanocomposite materials exhibit a spe-
cific capacitance which is remarkably higher than - Fe,04
alone. Low Q X [25] prepared the composite material of
Fe,O3 and graphene oxide by a hydrothermal method, using
as electrode material. The nanocomposite exhibits pseudo ca-
pacitive properties of high specific capacitance similar to
504 F g ' at 2 mA cm’. Balasubramanian Sethuraman [26]
utilized a simple and template-free green route for the produc-
tion of biocompatible reticulated Fe,Os/C nanocomposites
based on natural polysaccharides for supercapacitors. At the
current density of 2 mV s ', its specific capacitance is
256 F g ', indicating that the Fe,O4/C composite can be used
as a promising electroactive material for supercapacitors.

Hemp is a vigorous crop, which has a large planting area in
the western part of Gansu Province [27]. However, the hemp
straw has not been effectively developed and utilized; most of
them has been discarded or burned, which not only causes the
waste of biomass resources but also pollutes the environment,
so the hemp straw has not been used with high value.
Therefore, in this work, we used hemp straw as a source of
biomass carbon and composited with Fe,O5 to produce high-
value, high-performance supercapacitor electrode materials,
which are of great significance. Firstly, hemp straw was used
as carbon source and KOH was used as pore-expanding agent,
the porous activated carbon material was prepared, and this
material was used as the carbon framework for iron-based
compound. The Fe,O3 nanostructure composite was synthe-
sized by hydrothermal method. Because of the porous activat-
ed carbon based on hemp straw, it has interconnected pore
structures with different sizes, and the formed ferrite is evenly
and stably embedded in the cavity of the activated carbon to
effectively avoid the agglomeration of metal oxides. At the
same time, the material is more favorable for increasing the
contact area with the electrolyte and shortening the ion diffu-
sion path. Therefore, hemp straw-based porous activated car-
bon is an ideal substrate for active substances, which greatly
improves the internal resistance and poor cycle performance
of Fe,05 and exhibits excellent capacitance performance.

2.Experimental section
2.1.Chemicals and reagents
All chemicals used in this work were of analytical reagent
(AR) grade. Hemp straw was obtained from Tianshui City,
Gansu Province, China. The potassium hydroxide (KOH),

ferrous sulfate (FeSO4-7H,0), hydrogen peroxide (H,O,),
ammonia (NH3-H,O), polyethylene glycol, carbon black,
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and polytetrafluoroethylene (PTFE) were purchased from
Chemical Reagent Co., Ltd. Deionized water (purified by
Millipore-Q system) was used throughout the experiment.

2.2.Experimental details

(1) Hemp straw was dried in the oven at 80 °C after pretreat-
ment of washing. The dried hemp straw was crushed for
100 mesh. Through the optimization of the conditions,
hemp straw powder and KOH were mixed uniformly
according to a mass ratio of 1:2 and fully ground.
Then, the mixed powder is transferred to the tubular fur-
nace, carbonized at 800 °C for 2 h under the N, with the
heating rate of 2 °C min_!. After that, the carbonized
samples were washed with 15 wt% HCI solution and
deionized water, dried at 60 °C for 12 h to obtain hemp
straw-based activated carbon, which was named as
HAC.

(2) A 0.5 gof HAC was dispersed in 30 ml deionized water
and sonicated for 30 min to make the HAC evenly dis-
persed. A 1.0 g of FeSO47H,0 and 6 ml of polyethylene
glycol were added to the above solution, and the ultra-
sonic treatment was continued for 30 min, and then
2.5 wt% NH;'H,0 solution and 0.2 ml H,O, were added
with sufficient stirring. With full stirring, it was trans-
ferred to a 100 ml autoclave and reacted at 160 °C for
9 h. After the reaction, the mixture was centrifuged,
washed with deionized water, and dried at 60 °C for
12 h to obtain the iron-based porous activated carbon
product, which was named as Fe,O3/HAC.

(3) For performance comparison, Fe,O5 nanoparticles were
prepared using the same method and conditions, named
as Fe,0s3, which means that the preparation process was
the same as Fe,O3;/HAC, but HAC was not added.

2.3.Structure characterization

The morphology and microstructure were characterized
by scanning electron microscope (SEM, JSM-6701F,
Japan Electronics Co., Ltd.), transmission electron micro-
scope (TEM, TECNAI G2 TF20, American FEI
Corporation) units, X-ray photoelectron spectroscopy
(XPS, PHI5702, USA), X-ray electron diffraction (XRD,
D/Max-2400 Rigaku Corporation), Raman spectroscopy
(Raman, Renishaw in via, Renishaw, UK), and Fourier
infrared spectroscopy (FTIR, Nexus 670, Thermo
Nicolet, USA) and were used for structural analysis. The
specific surface area was measured by using N,
adsorption-desorption test (BET, type ASAP2020,
American Micromeritics Company) at 77.3 K.
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2.4.Test of electrochemical properties

In three-electrode system, electrochemical measurements
were carried out on a CHI660E electrochemical workstation
(Shanghai Chenhua Instrument Co., Ltd.). The three-electrode
system included platinum foil as the counter electrode, Hg/
HgO electrode as the reference electrode, and 6 mol 1! KOH
solution as the electrolyte.

The working electrodes were fabricated by mixing as-
prepared carbon material (0.0040 g), acetylene black and
polyvinylidene fluoride (PTFE) with a mass ratio of 85:10:5
in ethanol. The slurry was loaded onto nickel foam, dried at
60 °C for 12 h, and then pressurized at 8§ MPa to obtain the
working electrode.

For the three electrode configuration, specific capacitance
of the electrode materials was calculated by Eq. (1):

1At
where [ refers discharge current (A), At refers discharge time
(s), m refers the mass of electrode (g), and AV refers voltage
window (V) [28].

In two electrode system, a symmetrical supercapacitor de-
vice is assembled using the prepared material as an electrode
material. The membrane (PP/PE composite membrane),
6 mol I"' KOH electrolyte, and the prepared materials material
on the nickel sheet are symmetrically assembled into an elec-
trode/membrane/electrode structure. Cyclic voltammetry
(CV), constant current charge-discharge (GCD), and imped-
ance (EIS) were tested on a chi660E electrochemical worksta-
tion. Cyclic stability was tested with a computer-controlled
supercapacitor test system (Neware 5v0.la, Shenzhen,
China).

Calculating the mass ratio of the supercapacitor for the two-
electrode condition by Eq. (2):

IAt

f— 2
¢ 2mAu ( )

where At refers the discharge time, / refers the discharge cur-
rent, m refers the mass of the working electrode, and Au refers
the voltage variation range [29].

3.Results and discussion
3.1.Formation of Fe,0;/HAC

As shown in Fig. 1, the pretreated hemp straw powder and
KOH were mixed uniformly at a ratio of 1:2 and then carbon-
ized at 800 °C under the N, to form porous activated carbon
HAC with rich pore structure, which is used as the carrier of
ferrite. As can be seen from the infrared spectrum of the HAC

in Fig. 2, there are obvious peaks at 1228 cm™', 1594 cm ',

and 3450 cm ', which correspond to —CO, —C=C, and —OH,
respectively [30]. The results show that there are abundant of
oxygen-containing groups and unsaturated groups on the sur-
face of the HAC material, and these functional groups as the
active sites in the carrier combine with Fe** of FeSO, in the
reaction solution. According to the literature, under the weak
alkaline condition provided by NH;-H,O, Fe** is oxidized to
Fe** by H,0,. The reaction formula is as follows [31]:

Fe’™ + 2NH;-H,0—Fe(OH), + 2NH*" (3)
FG(OH)2 + H202—>F6203 + 4H20 (4)

Through the above reaction process, Fe,O5 is uniformly
loaded on the HAC material, and part of the Fe,O5 nanopar-
ticles occupy the pores of the porous activated carbon HAC,
so that Fe,O5 is more firmly embedded in the HAC carrier.
Therefore, while Fe,0O; metal ions exert the performance of
pseudocapacitance, the high conductivity and high porosity of
the HAC are the key factors to improving electrochemical
performance.

3.2.Material morphology and structure
characterization

Firstly, the morphology of the HAC and the Fe,O3;/HAC was
performed by SEM and TEM, as shown in Fig. 3. According
to literature reports, KOH has etching effect on carbon mate-
rials, forming a rich pore structure on the surface and inside of
the materials [32]. Figure 3a shows the SEM image of the
HAC. We can see that after the action of KOH etching, a large
number of micropores and mesopores are formed on the car-
bon material, and these holes are evenly distributed through-
out the HAC. These pore structures greatly increase the spe-
cific surface area of the activated carbon material, thereby
increasing the contact area between the material and the elec-
trolyte solution. As can be seen in Fig. 3b, Fe,O3 nanoparti-
cles synthesized by hydrothermal method are firmly attached
to the HAC substrate, with uniform particle size and good
dispersion. In Fig. 3¢, the TEM image shows that the surface
of the HAC is uneven and there are obvious holes, which can
prove the existence of a large number of micropores and
mesopores. In Fig. 3d, it can be seen that Fe,O3 nanoparticles
are uniformly dispersed in a carbon matrix with rich pore
structure. Although we still see some larger particle clusters,
which are composed of smaller nanoparticles, the surface of
these Fe,O3 nanoparticle clusters are porous and penetrable by
the electrolyte. Overall, Fe,O3 has good dispersibility.
Therefore, through the SEM and TEM images of the HAC
and Fe,O3/HAC, the abundant pore structure of the HAC
and the homogeneous dispersion of Fe,O3 nanoparticles in
the Fe,O3/HAC are proved.
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Fig. 1 The formation mechanism
of the Fe,O3/HAC
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The HRTEM image of the Fe,O3/HAC is shown in Fig. 4a,
it can be clearly seen that the pore structure shows bright
interphases, and there are ordered stripes along the crystal
plane direction, which has a higher degree of order, and shows
a lattice spacing of 0.36 nm, corresponds to the (012) plane of
a-Fe,05 [33]. The high crystallization characteristics of a-
Fe, 05 nanoparticles are confirmed by the selected regional
electron diffraction (SAED) mode as shown in Fig. 4b. It
shows a set of concentric rings, which can be indexed as
(104), (113), (116), and (300) diffraction of diamond a-
F6203 [34]

Figure 5(a—d) shows the EDX mapping of C, O, and Fe
elements in the Fe,03/HAC, respectively. Obviously, C, O,
and Fe elements are uniformly distributed in the Fe,Os/HAC
composite, which further confirms the uniformity of Fe,O;
nanoparticle dispersion. From the above SEM, TEM, and
HRTEM image analysis, it can be seen that the Fe,O3 nano-
particles formed by hydrothermal synthesis are uniformly em-
bedded in the HAC prepared from hemp straw. Therefore, due
to the rich pore structure of HAC in the Fe,03/HAC materials,
it can provide fast channel for ion transport and effectively
improve the electrochemical performance of the materials.

The nitrogen adsorption-desorption isotherms and the pore
size distribution for the HAC and Fe,O3;/HAC were measured
at 77 K, as shown in Fig. 6. According to the classification of
the International Federation of Pure and Applied Chemistry

——HAC

% transmittance
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Wavenumber(cm')
Fig. 2 Infrared spectrum of the HAC

@ Springer

Hydrothermal @

treatment
_——

HAC Fe,0,/HAC

(IUPAC) [35], the adsorption-desorption curves of the HAC
and Fe,O3/HAC belong to the mixed curves of I and 1V,
indicating that the HAC and Fe,O3/HAC have uniform mi-
croporous and mesoporous structures. As shown in Fig. 6a, in
the low pressure region (P/Py = 0-0.02), the curve of the HAC
adsorption of N, is relatively steep, which indicates that there
are a lot of micropores in the structure of HAC. In the medium
pressure region (P/Po=0.4-0.7), the isothermal curves of the
HAC and Fe,O3;/HAC have obvious desorption hysteresis,
and the Fe,O3/HAC is more significant, which indicates that
there are mesopores in the structure of the HAC and Fe,05/
HAC [36]. Therefore, we can confirm that there are micropo-
rous and mesoporous structures in the HAC and Fe,O3/HAC.
The pore size distribution curves of the HAC and Fe,Os/HAC
calculated by the Barrett-Joyner-Halenda (BJH) method are
shown in Fig. 6b. We can see that both the HAC and Fe, 05/
HAC have continuous pore size distributions. The calculated
pore size distribution data of the HAC and Fe,O3;/HAC are
shown in Table 1. We can see that compared with Fe,O5/
HAC, HAC has a larger BET-specific surface area and pore
volume, so we can further prove that the Fe,O5 nanoparticles
formed by hydrothermal are firmly embedded in the pores of
the HAC, and they still have pores of 366.82 m? g ', which
provide favorable channels for electrolyte storage and ion
transmission, further improving the electrochemical perfor-
mance of the composite.

In the XRD analysis of Fig. 7a, the diffraction peaks of the
HAC at 25° and 43° at 20 correspond to (002) and (100)
lattice planes of graphite carbon, respectively, indicating the
presence of disordered carbon structure [37]. Except for the
obvious carbon peaks of the Fe,O3/HAC, most of the diffrac-
tion peaks correspond to the diffraction peaks of x-Fe,0;
(JCPDS No. 33-0664). The lattice parameters of a-Fe,O5 ar-
ea=5.037, B=2.490, C=13.7 [38, 39]. This result is very
close to previous literature values [40]. Moreover, a small
amount of Fe;C phase (JCPDS No. 75-910) emerged, which
is easily formed at interfaces between iron/carbon and iron
oxide/carbon during the hydrothermal process [41]. This re-
sult analysis can prove that the sample is a complex of HAC
and Fe,05. At the same time, we can see that the diffraction
peaks of Fe,O3 are consistent with a-Fe,O5, which better il-
lustrates the hydrothermal synthesis of x-Fe,O3 nanoparticles.

In order to further confirm the formation of the Fe,Os/HAC
composites, we performed Raman characterization, as shown
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Fig. 3 SEM images of (a) HAC
and (b) Fe,O3/HAC. TEM
images of (¢) HAC and (d) Fe,O5/
HAC

in Fig. 7b. HAC and Fe,O3/HAC have two characteristic
peaks around 1335 cm ! and 1593 cmﬁl, respectively, corre-
sponding to the G and D peaks of the carbon material, respec-
tively. It is well known that the D band is closely related to the
disordered carbon structure, and the G band is related to the
SP? hybridization in the graphite structure [42, 43]. The inten-
sity ratio (Ip/Ig) between D band and G band is used to deter-
mine the degree of graphitization [44]. The Ip/Ig values of
HAC and Fe,03/HAC are calculated 1.19 and 1.18, indicating
that the material has a certain degree of graphitization. In the
Fe,O3/HAC, except for the obvious G and D peaks, charac-
teristic Raman peaks of a-Fe,O5 are shown at 221, 293, 411,
607, and 1300 ¢cm ' [45, 46], where the peaks of 1300 cm !
coincide with those of 1335 cm™! of carbon, and the narrow
bands located at 221 and 411 cm ™" can be assigned to the A o
modes, while the bands located at 293 and 607 cm ' are due to
the E;, modes of a-Fe;O3. The Raman spectrum confirms the

Fig. 4 HRTEM image (a) and SAED pattern (b) of the Fe,O3/HAC

existence of a-Fe,O3. Similarly, the characteristic peaks of
Fe,05 nanomaterial are exactly the same as the peak positions
of Fe;O3/HAC. The results of Raman and XRD also proved
that Fe,O; nanoparticles were firmly grown on the HAC
through hydrothermal reaction.

In order to analyze the chemical bonding states of the C, O,
and Fe elements of the Fe,O3/HAC composite, we performed
XPS characterization on the Fe,O3/HAC. As shown in
Fig. 8a, the XPS spectrum of Fe,0O;/HAC shows three differ-
ent peaks, which are attributed to the C, O, and Fe elements,
respectively. The C 1s spectrum mainly shows three peaks, as
shown in Fig. 8b, located at 284.3, 285.1, and 286.4 eV, cor-
responding to the C-C sp®, C-C sp°, and C-O bonds, respec-
tively [47]. For the O 1s spectrum, as shown in Fig. 8c, the
peaks at 530.2, 531.1, and 533.7 eV correspond to the oxygen
bonds of Fe-O, Fe-O-H, and H-O-H, respectively [48]. For
the Fe 2p spectrum, it should be pointed out that Fe has more

@ Springer
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A d

Fig. 5 (a—d) EDX mapping of (b) C, (¢) O, and (d) Fe elements in the
F6203/HAC

valence states and fewer differences in Fe 2p peaks. The pho-
toelectric effect of Fe 3s electron can show different final
states, it exhibits a unique bimodal structure behavior, and
the spacing of this bimodal structure of Fe will change with
the degree of Fe oxidation state, so it can be used to judge the
oxidation state of Fe. From the Fe 2p spectrum shown in
Fig. 8d, the electron binding energies of the two emission
peaks are located at 711.7 and 725.3 eV corresponding to
the spin orbits Fe 2p;/, and Fe 2p;», respectively. The binding
energy interval is 13.6 eV, which is in consistent with the o-
Fe,05 reported in the literature [49, 50].

3.3.Characterization of electrochemical properties
of materials

In three-clectrode system, we used the HAC, Fe,03, and
Fe,O3/HAC as electrode materials to prepare working
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electrodes and characterized their electrochemical perfor-
mance. Figure 9a shows the cyclic voltammetry (CV) curves
of the HAC, Fe,03, and Fe,O3/HAC, which were tested be-
tween —1.2 and —0.4 V at 10 mV s~'. We can see that the
HAC shows a symmetrical rectangular shape, revealing its
double electric layer capacitance performance, so the HAC
can be used as a stable charge current collector to provide an
effective ion transmission channel. Both the Fe,O5 and Fe,O5/
HAC clearly show a pair of redox peaks, with oxidation peaks
at —0.652 and — 0.641 V and reduction peaks at —0.996 and
—1.038 V, respectively. Corresponding to the electrochemical
reaction between Fe** and Fe** on the surface of the active
material, the probable transformation reaction and charge stor-
age mechanism is proposed as follows [51, 52]:

The activation process : Fe,0O3; + HO—2FeOOH (5)
Discharge process : FeOOH + H,O + ¢ —Fe(OH),
+OH™ (6)
Charge process : Fe(OH), + OH —FeOOH + H,0
+e (7)

The integrated area of the Fe,O3/HAC curve is much larger
than the integrated area of the Fe,O3, which is sufficient to
show that the electrochemical behavior of the Fe,O3/HAC is
the result of the synergistic effect of the two components HAC
and Fe,03. The HAC with porous structure provides more
reactive sites for electrochemical reactions, enables more ef-
fective contact between the Fe,O3 and the electrolyte, and
provides more flow channels for the electrolyte, and it is ben-
eficial to the electrolyte diffusion from the outside to the inside
of the electrode material. Therefore, electrode materials made
of composite materials include two processes: charging-
discharging double-layer of porous carbon and charge transfer
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—— Fe203/HAC
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Fig. 6 a N, adsorption-desorption isotherms. b Pore size distributions of the HAC and Fe,O3/HAC
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Table 1 Surface area and pore

volume of the HAC and Fe, 05/ Samples SBZET{ . Vts/ » D/ Vr3ne/ 3 Vr3ni/ .

HAC m-g m g nm m- g m g
HAC 1205.96 0.68 2.26 0.42 0.17
Fe,Os/HAC 366.82 0.34 3.79 0.30 0.09

process upon pseudocapacitance of Fe,Os-based. It is clear
show that porous carbon materials have played a positive role
in the electrochemical performance of pseudocapacitance.
Figure 9b shows the CV curves of the Fe,O3/HAC at different
scan rates from 5 to 50 mV s ' between — 1.2 and —0.4 V. It
can be seen from that the shape of the CV curves of the Fe,O3/
HAC is maintained, with obvious pseudocapacitors proper-
ties, and the integral area increases with the increase of the
scanning rate.

Figure 9¢ shows the galvanostatic charge-discharge (GCD)
curves for the HAC, Fe,O3, and Fe,O3/HAC at the same cur-
rent density of 1 A g~'. The Fe,O3/HAC shows longer dis-
charge time. According to Eq. (1), the specific capacitances of
the HAC, Fe, 03, and Fe,O3/HAC are 145, 90, and 256 F gfl,
respectively. Obviously, the composite of HAC and Fe,O3
increased the capacitance of Fe,O; by 2.8 times, showing a
significant synergistic effect of 1+ 1 > 2. It is consistent with
CV conclusion, which is sufficient to show that the electro-
chemical behavior of the Fe,O3/HAC is the result of the syn-
ergistic effect of the HAC and Fe,Os. Figure 9d shows the
GCD curves of the Fe;,O3/HAC at different current densities.
We can see that the shape of the charge-discharge curve is
maintained even at a high current density of 20 A g '. In
Fig. 9e, it shows the variation rate performances of the three
samples. The specific capacitance of Fe,O3/HAC is much
higher than that of the two separate electrode materials, which
further shows that the composite materials have better electro-
chemical performance than the two separate materials.
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In order to deep insight the effect of porous carbon-based
materials on the electrochemical performance of composite
materials, EIS measurements were performed; the results are
shown in Fig. 9f. The corresponding equivalent circuit for
impedance analysis is shown in the inset of Fig. 9f, which
consists of a series and parallel combination of resistances,
Rs (contribution of ionic resistance of electrolyte, intrinsic
resistance of substrate, and contact resistance between active
material and current collector), Ret (charge transfer resis-
tance), CPE (constant phase element), and W (Warburg im-
pedance) [53]. In the high-frequency region, from the embed-
ded figure of 4.9 (f), we can calculate that the internal resis-
tances of HAC, Fe,05, and Fe,O3/HAC are 1.04, 0.94, and
0.80 €2, respectively. It can be seen that the Fe;O3/HAC has
the smallest internal resistance due to the porosity and good
dispersibility. The oblique line in the low-frequency region is
related to the ion diffusion and capacitance characteristics.
The closer the straight line in the low-frequency region is to
the vertical axis, the better the capacitance performance of the
electrode material is. From the BET analysis, it can be con-
cluded that the HAC has the largest pore distribution, so its ion
diffusion performance is the best, and its straight line slope in
the low-frequency region is the largest. However, the Fe,O3/
HAC also has good ion diffusivity. In general, the electro-
chemical impedance performance of the Fe,O3/HAC has al-
most the same characteristics of an ideal capacitor material.

In addition, the linear relationship between the anode and
cathode peak currents (i,) and scan rate (v) is a meaningful
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Fig. 7 a XRD patterns. b Raman spectra of the HAC, Fe,03, and Fe,O3/HAC
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parameter that can better understand the dynamic effects of
electrode materials, as shown in Fig. 9g. Mathematically, the
peak current can be expressed as i, =a v?, where a and b are
constants and v is the scan rate. The calculated b value is used
to identify the type of kinetic mechanism involved in the ca-
pacitor unit [54]. By fitting Fe;O3/HAC to the scanning rate
range of 5-50 mV s !, the correlation coefficient (R?) of b is
0.9944 for anode peak and 0.9951 for cathode peak. The re-
sults show that the peak current has a good linear relationship
with the scanning rate. The log (anode current)-log (scan rate)
curve was plotted according to i, =a v’ (Fig. 9h). It can be
seen that the coefficient b =0.543 is calculated, which means
the redox process of the redox medium is limited by the sur-
face reaction of the electrode with Fe,O5 and also demonstrat-
ed the fast kinetics of the Fe,O5 [55].

Figure 9i shows the contrast of long-cycle stability of the
Fe,05 and Fe,O3/HAC. With the increase of charge and dis-
charge time, the capacitance decreased continuously. For the
electrode with Fe,0s3, the capacitance retention rate was

@ Springer

52.2% after 1000 cycles, while for the electrode with Fe,Os/
HAC, the capacitance retention rate was 72.6% after 1000
cycles. The excellent cycling stability of the Fe,O;/HAC elec-
trode can be attributed to the favorable function of hemp
straw-based porous carbon for anchoring nanosized Fe,0;
particles, which effectively prevent the aggregation of these

Fig.9 Electrochemical evaluation of the HAC, Fe,O5 and Fe,O5/HAC in P>
three-electrode system. a CV curves for the HAC, Fe,0Os, and Fe,Os/
HAC at a scan rate of 10 mV s . b CV curves for the Fe,05/HAC at
scan rates ranging from 5 to 50 mV s '. ¢ GCD curves of the HAC,
Fe,03, and Fe,05/HAC at the current density of 1 A g”'. d GCD curves
of the Fe,O3/HAC at different current densities. e Specific capacitance of
the HAC, Fe,05, and Fe,O3/HAC at densities from 1 to 20 A gfl. fEIS of
the HAC, Fe,03, and Fe,O3/HAC. g Liner relationship of anodic and
cathodic peak current with square root of scan rate for the Fe,O3/HAC.
h The b value determination of peak current of anode over a wide scan
rate range from 5 to 50 mV s ' for the Fe;O5/HAC. i Cyclic stability
performance of the Fe,O; and Fe,O3/HAC at the current density of
2 A g ! after 1000 cycles
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nanoparticles. Furthermore, because of the poor mechanical
properties of iron oxides, Fe,O3 particles may suffer structural
collapse during the long-time charge-discharge process,
resulting in a rapid decrease in capacitance. Therefore, the
cycle stability and cycle life of the Fe,O3/HAC electrode
could be improved by the addition of hemp straw-based po-
rous carbon. In a word, the effective recombination of mate-
rials provides more structural advantages, which is necessary
for the long-term charge storage.

To further explore the possibility of the Fe;O3/HAC in
practical application, the symmetrical supercapacitor device
was assembled with two identical Fe,O3/HAC electrodes
(Fe,O3/HAC//Fe,0O5/HAC). Figure 10a shows the CV curves
of the device at scan rates from 5 to 100 mV s ' It can be
observed that the rectangle of the curves remain the same at all
scan rates, which indicates the ideal capacitor performance.
Figure 10b shows that during the measurement of current
density from 1 to 20 A gfl, the GCD curves of the device
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Fig. 10 Electrochemical performance of the symmetrical supercapacitor
device. a CV curves at scan rates ranging from 5 to 100 mV's '. b GCD
curves at different current densities. ¢ Specific capacitance of the device at
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densities from 1 to 20 A g'. d EIS of the device. e Cycling stability
performance at the current density of 2 A g~ after 5000 cycles
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show good symmetry, high coulomb efficiency, and electro-
chemical reversibility. According to Eq. (2), the device has
specific capacitance of 98.7 F g ' of 1 A g '. It can still be
maintained at 83.6 F g ' and 20 A g'. The specific capaci-
tance of different electrodes calculated from the discharge
curves at different current densities is given in Fig. 10c. It
can be seen that when changing from 1 to 20 A g ', the
specific capacitance retention rate is 82.1%, which means that
excellent stability is maintained throughout the charge and
discharge process.

The EIS curve of the symmetrical supercapacitor device is
shown in Fig. 10d. It can be seen that the cross point of the real
axis reflects the small internal resistance of the electrode ma-
terial, which is 0.49 Q. The semicircle corresponds to the
charge transfer resistance. The small radius of the curve in
the high-frequency region means that it has a smaller charge
transfer resistance. In the low-frequency region, the straight
line which tends to be almost vertical represents the diffusion
resistance and mass transfer rate of electrolyte in the electrode
hole. Therefore, the device has excellent capacitance charac-
teristics in impedance performance.

Figure 10e shows the cyclic stability of the supercapacitor
device at constant current density of 2 A g~'. After the initial
cycling, the specific capacitance of the capacitor remains ba-
sically stable. During 5000 consecutive cycles, the capaci-
tance value remained at 77.71% of its initial capacitance val-
ue, which indicates that the device has excellent cycle stability
performance. The initial quick drop in the specific capacitance
is presumably a result of structural changes in the electrode
material. After the first charge-discharge process, the invalid
pore structure in the composite was collapsed. After entering
the second cycle, the specific capacitance of the capacitor
remains basically stable.

4.Conclusion

In this study, we used the porous carbon prepared from bio-
mass hemp straw as the carbon-based material to load Fe,O3
evenly. In this way, the carbon-based material provides stable
loading site for metal oxides, while its porous structure chan-
nels are conducive to the ion transport in the electrolyte and
provide part of the double-layer electric capacity. The Fe,05 is
well dispersed and produce larger pseudocapacitors.
Therefore, the specific capacitance and cycle stability of the
electrode can be effectively improved by the cooperation be-
tween the double-layer capacitor and the pseudocapacitor, so
that the electrode material can be greatly improved to obtain
better electrochemical performance. This low-cost, simple,
and effective method for the production of electrode materials
is expected to be used for the preparation of other metal oxide
composites.
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