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The trade-off between mass-loading and cycling stability is always a big challenge for iron oxide-based
electrodes. Herein, «-Fe, 03 nanoparticles uniformly anchored on nitrogen-doped wood carbons with high
mass-loading have been synthesized via a facile electrodeposition method accompanied by post-heating
treatment. The resultant composite delivers a high specific capacitance of 603 F/g at 0.1 A/g and supe-
rior capacitance retention of 85.5% after 10,000 cycles at 10 A/g, indicating excellent long-term cycling
stability. Such excellent electrochemical performance can be attributed to the synergistic effects of «-
Fe,03 nanoparticles and the conductive matrix as well as the formation of interfacial Fe-O-C bonding,
which enables the composite electrode to provide plenty of accessible redox active sites, sufficient elec-
tron transport and electrolyte ions diffusion, and robust interfacial interaction. Consequently, the asym-
metrical supercapacitor exhibits a high energy density of 30.3 Wh/kg at 125W/kg, suggesting its great
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potential for practical applications.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Supercapacitors have been recognized as promising and high-
efficiency power sources for electric vehicles, portable electronics,
and renewable energy systems owing to their desirable character-
istics of high-power density, superior rate capability, and long cy-
cle stability [1-7]. Unfortunately, their practical applications are
hampered by unsatisfactory energy density. Because these supe-
rior properties of supercapacitors are princely based on the sur-
face charge adsorption and desorption on carbon-based electrode
materials of the electrical double-layer capacitors [8,9]. However,
carbon-based materials usually suffer from low specific capaci-
tance and low energy density due to their limited surface storage-
energy mechanism [10]. As an alternative candidate, electrochem-
ically active materials of iron oxides have attracted extensive at-
tention to replacing carbon materials. Among them, hematite o-
Fe,03, as the most stable iron oxide, has become promising due
to its abundance, high theoretical specific capacitance, low manu-
facturing cost, and low toxicity [11]. Especially, iron element owns
various oxidation states, which can generate reversible redox reac-
tions within the cathode voltage regions [12]. However, «-Fe,053-
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based electrodes usually suffer from low electrical conductivity and
structural stability resulting from their large crystal size and vol-
ume change during long-term charge/discharge processes, thereby
leading to poor rate capability and low cycling stability [13-16].
Therefore, to improve the electrochemical performance of «-Fe,03-
based electrodes, two effective approaches have been explored in-
cluding (1) reducing the particle size to the nanoscale, which can
increase the effective surface area and shorten the diffusion paths
of ions; (2) combining with conductive carbon materials such as
graphene, carbon nanotubes (CNTs), and carbon nanofibers, which
can enhance the electrochemical performance [17].

In this aspect, the most effective strategy is to directly fab-
ricate nanosized «-Fe,03 supported on carbon-based substrates,
which can not only offer enough redox active sites but also fast
ions/electrons transportation, thus providing enhanced rate capa-
bility and cycling performance. Although remark progresses have
been achieved, it is still a big challenge to realize high mass-
loading active materials. Also, the interfacial interaction between
the nanosized «-Fe,03 and the conductive substrate is rarely ex-
plored, which plays a crucial role in determining the rate capability
and cycling stability of the electrode and the resultant device.

Herein, in this study we demonstrate a facile and cost-
effective strategy to synthesize «-Fe,03 nanoparticles decorated on
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Fig. 1. Characterization of the obtained composites. SEM images of (a, a’) the NCW@FeOOH synthesized at 100 °C, (b, b’) the NCW@Fe, 05 synthesized at 300 °C, and (c,
¢') NCW@Fe;0,4 synthesized at 500 °C. (d, d’) TEM images of the NCW@Fe,05; composite. (e) XRD patterns, (f) Fe 2p XPS spectra, and (g) O 1s XPS spectra of the obtained

composites.

nitrogen-doped wood carbons (denoted as NCWs@Fe,03) through
a simple electrodeposition process, followed by post-heating treat-
ment at low temperatures. We chose NCWs as the conductive
matrix mainly because of their intrinsic three-dimensional porous
structure originating from camellia oleifera branches, which is ex-
pected to provide sufficient space to support high mass-loading
active materials [18-22]. At the same time, their surface oxygen-
containing groups and defective sites function as the initial nucle-
ation sites for the growth of iron oxide hydroxides. Subsequently,
the post-heating treatment results in the formation of «-Fe,05
nanoparticles, which can provide sufficient redox active sites on
the NCW surface. The combination of conductive NCWs and o«-
Fe,03 nanoparticles can facilitate the rapid electron transporta-
tion and the migration of electrolyte ions into the electroactive
sites, which significantly enhances the electrochemical reaction ki-
netics. Furthermore, the formation of the interfacial Fe-O-C bonds
not only enhances the electrically conductive contact but also fur-
ther strengthens the binding energy between «-Fe,03 nanoparti-
cles and NCWs. As a result, the optimal NCW@Fe, 03 composite
delivers extraordinary electrochemical performance including high
specific capacitance, superior rate capability, as well as excellent
long-term cycling stability.

As expected, iron oxide hydroxide synthesized at 100 °C was
firmly anchored on NCWs surface (Figs. 1a and a’), which was
proven to be transferred into iron oxides after post-heating treat-
ment. Due to the existence of various structural forms of iron ox-
ides, the effect of different sintering temperatures on the morphol-
ogy and phase structure of iron oxides was first investigated. As
shown in Figs. 1b and b’, a uniform and smooth coating consist-
ing of iron oxide nanoparticles was observed and closely attached
to the NCW surface after being sintered at 300 °C. Further in-
creasing the sintering temperature to 500 °C results in the remark-
able aggregation of iron oxide nanoparticles (Figs. 1c and c’). X-ray
diffraction (XRD) analysis indicates that the iron oxide hydroxide
synthesized at 100 °C was in B-FeOOH configuration, which was

then transferred to the hematite structure of the «-Fe,03 phase
at 300 °C and the spinel structure of the Fe30,4 phase at 500 °C
(Fig. 1e) [23]. The products obtained at various temperatures were
denoted as NCW@FeOOH, NCW@Fe, 03, and NCW@Fe30,4, respec-
tively. High-resolution TEM image of NCW@Fe,05 displays clear
lattice fringes with a lattice spacing of 0.25 and 0.27 nm (Figs. 1d
and d’), corresponding to the (110) and (104) crystal planes of «-
Fe, 03, respectively [24]. Raman spectra of the NCW@Fe, 03 in Fig.
S1 (Supporting information) NCW@Fe, 03 shows three character-
istic peaks of the hematite structure at 226, 293 and 496 cm™!,
which can be assigned to the typical A;; and Eg modes of Fe;03,
respectively, further confirming the formation of «-Fe,03 phase
[25].

X-ray photoelectron spectrometer (XPS) was further employed
to characterize the surface composition and chemical bonding
states of the NCW®@Fe,03 composite. As shown in Fig. S2a (Sup-
porting information), the peaks of Fe 2p, C 1s, N 1s and O 1s
are distinctly observed in all composites, which indicates that iron
species were successfully anchored on the NCW surface. The C 1s
spectra in Fig. S2b (Supporting information) display a strong C=C
peak at 284.6eV along with a low C-O shoulder at 286.2eV and a
small C=0 tail at 288.9eV, respectively, implying that conductive
sp? carbon dominates the resultant composite [24]. Two charac-
teristic peaks at 711.8 and 724.9eV in the Fe 2p spectra are at-
tributed to Fe 2pq;; and Fe 2p3j, spin-orbit coupling (Fig. 1f), re-
spectively [26]. Notably, the presence of a satellite peak at 718.8 eV
indicates the existence of Fe(Ill) species [27]. The O 1s spectra (Fig.
1g) of the NCW and iron oxide composites could be fitted to four
subpeaks that are situated at 530.2, 531.4, 531.8 and 533.3 eV cor-
responding to Fe-O, C-O-Fe, Fe-O-H and O-C=C bond, respectively
[28,29]. The existence of C-O-Fe demonstrates that the iron oxide
species are linked with the NCW substrate by the C-O-Fe chemi-
cal bonding, which is beneficial for enhancing the interfacial con-
tact between the active materials and the conductive matrix [30].
N, adsorption/desorption curve of the NCW@Fe,03 composite in
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Fig. S3 (Supporting information) presents a type I isotherm, indi-
cating the presence of micro- and mesoporous structures. As a re-
sult, the NCW@Fe,03 composite exhibits a lower specific surface
area (642.3 m2/g) than that of the NCW (981.8 m?2/g). These results
demonstrate that a relatively high specific surface and abundant
pore structure can be maintained after loading «-Fe; O3 nanoparti-
cles on the NCW surface. Therefore, the hybridization of high sur-
face area NCW and uniformly anchored «-Fe,03 nanoparticles will
significantly shorten the electron and ion diffusion paths and pro-
vide sufficient space for active sites to participate in the Faradaic
redox reactions, thereby improving the electrochemical properties
of the NCW@Fe, 05 composite.

It is worth noting that the mass-loading of «-Fe,03 nanopar-
ticles in the composite has an important effect on the voltage
drop and the rate capability. Thus, the electrodeposition time
is also a critical factor that should be considered. As a result,
the NCW@Fe, 03 sample with an electrodeposition time of 10 min
emerged as having the best electrochemical performance (Figs.
S4 and S5 in Supporting information). The mass loading of «-
Fe,03 nanoparticles in the composite achieves as high as 24.3 wt%
(Fig. S6 in Supporting information). The electrochemical proper-
ties of as-obtained composites were first investigated in a three-
electrode cell (Fig. S7 in Supporting information). As expected, the
NCW@Fe,03 composite exhibits the best electrochemical perfor-
mance. At a current density of 0.1 A/g, the NCW@Fe,03 compos-
ite electrode possesses the highest specific capacitance of 603 F/g,
which outperforms most of reported Fe,03-based composite elec-
trodes [31]. By contrast, the NCW@FeOOH and NCW®@Fe,03 elec-
trodes exhibit low specific capacitances of 380 and 340 F/g, respec-
tively.

To further investigate the electrochemical properties of the
NCW®@Fe, 05 composite electrode, cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) tests were carried out. As
shown in Fig. 2a, CV curves of the NCW@Fe,03 composite elec-
trode at different scan rates ranging from 10mV/s to 100mV/s
present a quasi-rectangular shape in a negative window from
-1V and 0V vs. Hg/HgO, implying an ideal capacitive response.
At the same time, no obvious shape change can be observed
among the CV curves at different scan rates, indicating that the
NCW@Fe, 03 electrode possesses good reversibility. Also, the GCD
curves in Fig. 2b have no obvious voltage drop at various current
densities, suggesting the low resistance and fast charge-discharge
ability of the composite electrode. Besides, the specific capacitance
of the NCW@Fe,03 electrode is greatly higher than that of the
NCW@FeOOH and NCW@Fe304 at each current density (Fig. 2c),
which indicates the stable contribution of «-Fe,05 nanoparticles in
capacitance. Even at 50 A/g, the NCW@Fe, 03 electrode can deliver
a specific capacitance of 405 F/g, corresponding to a capacitance
retention of 67.2%. Furthermore, the NCW@Fe,03 electrode also
exhibits superior long-term cycling stability at 10 A/g. As shown
in Fig. 2d, the specific capacitance of the NCW@Fe,03 electrode
still remained at 85.5% of the initial one after 10,000 cycles. The
outstanding performance of the NCW@Fe,05 electrode could be
attributed to the synergistic effects of «-Fe,03; nanoparticles and
the conductive NCW matrix, which not only increases the number
of active sites but also facilitates ion/electron transport during
electrochemical reactions by decreasing the sluggish ion diffusion
in the bulk phase of Fe,03. Simultaneously, the formation of inter-
facial Fe-O-C bonding is responsible for excellent cycling stability,
resulting in a more stable structure and little loss of capacitance
during the charge-discharge processes. To confirm this, electro-
chemical impendence spectroscopy (EIS) of was carried out (Fig.
S8 in Supporting information). In the low-frequency region, the
NCW@Fe,05 electrode shows a near-vertical line, showing ideal
charge-transport efficiency. Simultaneously, the NCW@Fe,03 also
displays a lower charge transfer resistance than that of the NCW
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Fig. 2. Electrochemical performance of the NCW@Fe,0; composite. (a) CV curves
at various scan rates, (b) GCD curves at various current densities, (c) specific capac-
itance in various current densities, (d) cycling performance at 10 A/g, (e) functional
relationship between current and scanning rate, and (f) capacity contribution at var-
ious scan rates.

electrode, which indicates a faster electrochemical reaction on the
electrode/electrolyte interface.

To shed insight into the excellent electrochemical performance,
the diffusion kinetics of the NCW@Fe,03 electrode was further
evaluated by analyzing the current response of CV curves at var-
ious scan rates. The peak current (i) and scan rate (v) have the
following power-layer relationship [32]:

i=a (1)

where both a and b are the adjustment constants. If the param-
eter b is close to 0.5, the diffusion-controlled process dominates
in the electrochemical process; if b is close to 1.0, it will be the
surface-redox-controlled process. The b value of the NCW@Fe,03
electrode is calculated to be 0.67 (Fig. 2e), suggesting that the
ionic-diffusion-controlled process contributes the major of the ca-
pacitance. As shown in Fig. 2f, the contribution from ionic diffu-
sion reaches 84.3% at 10mV/s, which can still achieve 49.4% at
100 mV/s.

To further evaluate the possibility of the practical applica-
tion of the NCW@Fe,05 electrode, an asymmetric supercapaci-
tor (NCW//NCW®@Fe,03) was assembled by using the NCW as the
anode and the NCW@Fe,05 as the cathode. CV curves of the
NCW//NCW@Fe, 03 device exhibits that with widening the elec-
trochemical window, the polarization of the electrode arising from
the evolution of oxygen becomes more and more obvious (Fig. 3a).
Therefore, the maximum stable potential window of the asym-
metric supercapacitor was chosen to be 1.0V. At the same time,
CV curves of the NCW//[NCW@Fe,03 device keep a similar rect-
angular shape at various scan rates (Fig. 3b). The GCD curves in
Fig. 3¢ present a typical approximate symmetrical shape, suggest-
ing that the device can deliver fast discharge at different current
densities. Fig. 3d demonstrates that the NCW//INCW@Fe,03 de-
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tween current and scanning rate. (e) Cycling performance at 5 A/g, and (f) Ragone
plots.

vice has an ionic diffusion-dominated capacity contribution. Cy-
cling stability is of critical concern for asymmetric supercapaci-
tors. As shown in Fig. 3e, the NCW//NCW@Fe,05 device achieves
a high capacitance retention of 83.3% after 15,000 cycles at 5 A/g,
indicating outstanding long-term cycling stability. The Ragone plot
of the NCW//INCW@Fe,03 device (Fig. 3f) displays high energy
and power densities in comparison with previously reported iron
oxide-based supercapacitors [33-37]. Consequently, the asymmet-
ric device achieves a maximum energy density of 30.3Wh/kg at
125W/kg, which is comparable to that of lead-acid batteries (30-
50 Wh/kg). Moreover, the tandems of the symmetrical device can
successfully light up a commercial LED (inset in Fig. 3e) after
charging, demonstrating its promising potential for future practi-
cal applications.

In conclusion, we have fabricated the NCW@q-Fe,03 compos-
ite as the electrode material for high-performance supercapacitors.
The obtained «-Fe,03; nanoparticles with a high mass-loading of
24.3 wt% are uniformly distributed on the NCW surface. The re-
sultant NCW@Fe,03 electrode exhibits excellent electrochemical
performance including a high specific capacitance of 603 F/g at
0.1 A/g, superior rate capability, and high capacitance retention
of 85.5% after 10,000 cycles at 10 A/g, which can be attributed

Chinese Chemical Letters 34 (2023) 108283

to the synergistic effects of a-Fe,O3; nanoparticles and the NCW
conductive matrix as well as the formation of interfacial Fe-O-C
bonds. Moreover, the corresponding asymmetrical device displays
outstanding cycling stability and delivers a high energy density of
30.3Wh/kg at 125W/kg. This work paves a new way to develop
low-cost and high-mass-loading iron oxide composites as high-
performance electrode materials for supercapacitors.
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