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We report a phosphine (PH3) plasma activation strategy for signiﬁcantly boosting the electrochemical performance of supercapacitor electrodes. Using Fe2O3 as a demonstration, we show that the plasma activation simultaneously improves the conductivity, creates atomic-scale vacancies (defects), as well as increases active
surface area, and thus leading to a greatly enhanced performance with a high areal capacitance of 340 mF cm−2
at 1 mA cm−2, compared to 66 mF cm−2 of pristine Fe2O3. Moreover, the asymmetric supercapacitor devices
based on plasma-activated Fe2O3 anodes and electrodeposited MnO2 cathodes can achieve a high stack energy
density of 0.42 mW h cm−3 at a stack power density of 10.3 mW cm−3 along with good stability (88% capacitance retention after 9000 cycles at 10 mA cm−2). Our work provides a simple yet eﬀective strategy to greatly
enhance the electrochemical performance of Fe2O3 anodes and to further promote their application in asymmetric supercapacitors.

1. Introduction
Supercapacitors (SCs), also known as electrochemical capacitors or
ultracapacitors, have attracted signiﬁcant research interest due to their
high power density, long cycle lifetime, and fast charge-discharge rate
[1,2]. However, to meet the demands of emerging markets including
hybrid electric vehicles and next-generation electronic devices, the
energy density of SCs needs to be further improved, without sacriﬁcing
their power density. According to the equation E = ½CV2, where E is
the energy density, C the capacitance, and V the operation voltage
window [3,4], the energy density of SCs can be enhanced by increasing
the device capacitance and/or broadening the cell voltage. The latter
approach can be achieved by using ionic liquids or organic electrolytes,
which normally possess much wider voltage windows (more than 2 V)
compared to aqueous electrolytes (limited to 1.23 V due to the water
splitting reaction) [5]. However, ionic liquids are costly whereas organic electrolytes are generally poor ionic conductors and not environmentally friendly, making both electrolytes not ideal for SCs. Alternatively, fabrication of asymmetric supercapacitors (ASCs) with
aqueous electrolytes provides an eﬀective way to improve the energy
density [6]. ASCs typically consist of a cathode and an anode that work
in diﬀerent potential windows, leading to a broadened cell voltage and
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thus a higher energy density compared to symmetric SCs. It is noted
that the overall performance of ASCs essentially relies on the properties
of electrode materials. Enormous eﬀorts have therefore been devoted to
exploring new electrode materials and to optimizing their performance
[7,8]. Compared to the great achievements that have been made on
cathode materials, anode materials however, have long been the bottleneck limiting the practical application of ASCs. Carbon materials are
commonly used anodes, which possess excellent cycling performance
and good power density, but suﬀer from low energy density resulting
from their low capacitances [9,10]. Alternative electrodes with high
capacitance such as Fe2O3, VN, MoO3-x have thus been investigated,
aiming to improve the energy density of ASCs [11–14].
Among these anode materials, Fe2O3 has received growing attention
in recent years owing to its earth abundance, high theoretical speciﬁc
capacitance, and suitable negative potential window [14–21]. Many
strategies have been proposed to enhance the performance of Fe2O3
anodes, e.g., by delicate nanostructuring to increase the eﬀective surface area [14], by hybridizing with carbon materials or doping to enhance the electric conductivity [15,17,19], or by defect engineering to
improve the reactivity [21]. Unfortunately, despite the great progress
that has been achieved, the performance of Fe2O3 anodes is still unsatisfactory and further improvement is needed. Combining these
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spectrometer. The morphology and structure were characterized using a
FEI Nova Nano 630 scanning electron microscopy (SEM) and a FEI
Titan 80-300ST (300 kV) transmission electron microscopy (TEM).
Energy-ﬁltered TEM (EFTEM) mode of TEM was utilized to generate the
elemental maps. These experiments were completed by using a postcolumn energy-ﬁlter of model GIF Quantum 966 from Gatan, Inc. We
selected energy-loss edges P-L23 (132 eV), O-K (532 eV), and Fe-L23
(708 eV) for generating the maps of P, O, and Fe, respectively. Moreover, the so-called 3-window method was employed during the mapping experiments. Electron paramagnetic resonance (EPR) spectra were
recorded using continuous wave Bruker EMX PLUS spectrometer
equipped with standard resonator at room temperature employing
25 dB microwave attenuation with 5G modulation amplitude and
100 kHz modulation frequency. The UV–vis spectra were recorded
using a Perkin Elmer Lambda 45 spectrophotometer and Teﬂon-stopped
quartz cells with a path length of 1 cm.

strategies might further enhance the performance but has rarely been
achieved mainly due to the complexity of putting reaction schemes
involved in diﬀerent synthetic methods together.
In this work, we present an “all-in-one” phosphine (PH3) plasma
activation strategy that could simultaneously tune the active surface
area, conductivity, and vacancy (defect) concentration and thus signiﬁcantly boost the performance of Fe2O3 anodes. Plasma has been
employed as an eﬀective surface modiﬁcation technique since 1966
[22], which provides a possibility to selectively modify the surface
without changing the bulk properties [23,24]. The changes of surface
highly depend on the gas type and typical gases used are O2, H2, N2, and
Ar [25–29]. The N2 plasma has recently also been used for the synthesis
of metal nitrides [30–34]. While these gases are normal, the use of PH3
plasma is much less common, which has been so far mostly used for
passivation of (In)GaAs semiconductors [35]. We previously demonstrated that PH3 plasma can be used to convert various precursors into
phosphides (e.g. NiCoP, NiFeP, Ni2P) at low temperatures in a short
reaction time [36–39]. Such unique plasma conversion is a powerful
and versatile tool that should also work for the synthesis of FeP. It
should be pointed out, however, that FeP is a good hydrogen evolution
reaction (HER) electrocatalyst with a small onset potential [40],
meaning that when it serves as a supercapacitor electrode, the working
potential window would likely narrow as compared to Fe2O3, which is
undesirable as the narrow potential would lower the energy and power
density. Herein, we suggest that PH3 plasma could be also used to activate the Fe2O3 but without changing the bulk phase. We show that the
PH3 plasma activation eﬀectively tunes the active surface area, electric
conductivity, as well as defect concentrations, and thus leading to a
greatly enhanced performance. Speciﬁcally, the PH3 plasma activated
Fe2O3 (Fe2O3-P) can deliver a high areal capacitance of 340 mF cm−2 at
1 mA cm−2 in 1 M Na2SO4, compared to 66 mF cm−2 of pristine Fe2O3.
Encouragingly, the ASCs based on Fe2O3-P and MnO2 achieved a high
stack energy density of 0.42 mW h cm−3 at a stack power density of
10.3 mW cm−3 along with good stability.

2.4. Electrochemical measurements
The electrochemical studies of individual electrodes were carried
out in 1 M Na2SO4 electrolyte using a three-electrode conﬁguration,
where a Pt wire and a Ag/AgCl electrode served as counter electrode
and reference electrode, respectively. Whereas for full cell measurements, 1 M Na2SO4 was used as electrolyte; Fe2O3-P and MnO2 on
carbon cloth were used as the negative electrode and positive electrode
to assemble an asymmetric supercapacitor (ASC), respectively. The area
of two electrodes was optimized prior to the fabrication of ASC according to the following equation:

C+A+ V+ = C−A− V−

(1)

2. Experimental section

where A is the area, C the areal capacitance and V the voltage window
for the positive (+) and negative (-) electrodes, respectively. For a
typical device, the stack thickness was ~ 0.8 mm. Cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) tests, and electrochemical
impedance spectroscopy (EIS) measurements were conducted on a BioLogic VMP3 potentiostat.

2.1. Preparation of plasma treated Fe2O3 nanorods

2.5. Calculations

FeOOH nanorods were ﬁrst synthesized by hydrothermal reacting
0.4 g FeCl3·H2O with 0.24 g Na2SO4 at 120 °C for 6 h using carbon cloth
as substrate. The Fe2O3 nanorods on carbon cloth were obtained by
thermal annealing the FeOOH precursor at 450 °C in air for 3 h. The
resulted porous Fe2O3 nanorods were then subjected to PH3 plasma
activation at 300 °C for 1 h to get PH3 activated Fe2O3 (Fe2O3-P) nanorods. The conditions used for plasma activation were a PH3/He (1:9
in volume) ﬂux of 50 sccm, a power of 200 W and a base pressure of
800 mTorr.

The energy density was calculated from the GCD curves as following:

E=

I ∫ V (t ) dt
Vol

(2)

where I is the constant current for charge-discharge, V the voltage
window, t the discharge time, Vol the total volume of the entire
asymmetric supercapacitors. The power density was calculated according to

P = E /t

2.2. Preparation of MnO2 nanosheets

(3)

The capacitance can be calculated as
The MnO2 nanosheets were prepared on a carbon cloth by electrodeposition at 1.0 V for 2 min using 0.1 M manganese acetate and 0.1 M
sodium sulfate as electrolyte. The electrodeposition was performed
using a three-electrode conﬁguration, where a Pt plate was used as the
counter electrode, an Ag/AgCl electrode as the reference electrode and
a carbon cloth as the working electrode.

C = 2E / V 2

(4)

3. Results and discussion
The Fe2O3 nanorod arrays on carbon cloth were ﬁrst synthesized by
thermally annealing FeOOH precursor (see Fig. S1 and Experimental
section in Supporting information) at 450 °C for 2.5 h. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
observation reveal that the as-obtained Fe2O3 inherits the morphology
of FeOOH with dense nanorods around 65 nm in diameter vertically
aligned on the skeleton of carbon cloth (Fig. 1a and b). High-resolution
TEM (HRTEM) image further conﬁrms the phase as the lattice spacing
of 0.27 nm matches well with the d-spacing of (10–14) planes of Fe2O3
(Fig. 1c). The selected area electron diﬀraction (SAED) pattern further

2.3. Material characterization
X-ray diﬀraction (XRD) measurements were performed using a
Bruker D8 Advanced X-ray diﬀractometer using Cu Kα radiation.
Rietveld XRD reﬁnement was performed using the MAUD program
(Materials Analysis Using Diﬀraction) [41]. Raman spectra were recorded on a Horiba LabRAM HR spectrometer. X-ray photoelectron
spectroscopy (XPS) data were collected using an Amicus ECSA 3400
156
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Fig. 1. Morphological characterization of Fe2O3 and Fe2O3-P nanorods. (a) SEM image and digital photograph, (b) TEM, and (c) HRTEM images of Fe2O3 nanorods.
(d) SEM image and digital photograph, (e,f) TEM images, (g) EELS elemental maps, (h) HRTEM image, (i) SAED pattern of Fe2O3-P nanorods, and (j) Inverse Fourierﬁltered image of the square marked area in h. The inset of e shows the EDS line scan of elemental signal proﬁles.

(Fig. 1j), which would provide more active sites for electrochemical
reactions [42].
We further carried out structural characterizations of Fe2O3 and
Fe2O3-P nanorods. The X-ray diﬀraction (XRD) patterns of these two
samples can be indexed into the hexagonal hematite phase (Fig. 2a),
again conﬁrming no phase transformation during the plasma process.
We noted that there are two small diﬀraction peaks around 31 and 55°
are observed in both samples, which should be from the γ-Fe2O3 (#251402) formed during the thermal annealing. Though the XRD patterns
are identical, the cell parameters obtained from Rietveld XRD reﬁnements are sensibly diﬀerent from each other (Fig. S5, Supporting information). This result suggests that the plasma treatment has aﬀected
the crystal structure of Fe2O3. The EDS spectra show that P is introduced to the Fe2O3 after plasma activation (Fig. 2b), which might
mainly exist on the surface as iron phosphates and phosphides as revealed by X-ray photoelectron spectroscopy (XPS) analysis. For pristine
Fe2O3, the Fe 2p spectrum shows two distinguished peaks (2p3/2 at
711.0 eV and 2p1/2 at 724.6 eV, Δ = 13.6 eV) along with their associated satellite peaks (Fig. 2c), which match well with those reported
for hematite [43,44]. Whereas for Fe2O3-P, peak ﬁtting analysis suggests two new distinct iron species, which can be identiﬁed as Fe3+ in
phosphates (Fe-PO4, 2p3/2 peak at 713.6 eV) and Feδ+ (δ is likely very
close to 0) in phosphides (Fe-P, 2p3/2 peak at 707.7 eV), respectively

conﬁrms the phase of the as-obtained nanorods (Fig. S2, Supporting
information). The Fe2O3 nanorods were then subjected to a PH3 plasma
activation for 1 h to get the Fe2O3-P nanorods. As shown in Fig. 1d, the
nanorod morphology is well retained after the plasma process while the
carbon cloth turns black (bottom of Fig. 1d), indicating the bandgap of
the material has changed. This is further conﬁrmed by the UV–vis
measurement, which shows that the bandgap of the pristine Fe2O3
decreases from 2.25 to 1.80 eV after plasma treatment (Fig. S3,
Supporting information). TEM image further reveals the porous nanorod morphology (Fig. 1e). A close observation shows that there is a ~
1.8 nm thick amorphous layer on the surface (the crystalline-amorphous interface is indicated by a dash line, see Fig. 1f), which consists of
Fe phosphide/phosphate as will be discussed later. The energy dispersive X-ray spectroscopy (EDS) line scan proﬁles (inset of Fig. 1e)
further conﬁrm the existence of Fe, O, and P in the nanorods. The
electron energy loss spectroscopy (EELS) elemental maps (Fig. 1g)
clearly indicates a P-rich surface layer that could be metal phosphide/
phosphate. However, the lattice spacing of 0.27 nm (Fig. 1h) for Fe2O3P as well as the SAED pattern (Fig. 1i, see Fig. S4, Supporting information for the selected area that was used for the diﬀraction imaging) reveal that the phase remains Fe2O3, which suggests that the
plasma activation does not change the bulk material. The plasma activation also introduces abundant of defects such as line dislocations
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Fig. 2. Structural characterization of Fe2O3 and Fe2O3-P nanorods. (a) XRD patterns, (b) EDS spectra, and (c) Fe 2p XPS spectra of Fe2O3 and Fe2O3-P. (d) P 2p XPS
spectrum of Fe2O3-P nanorods. (e) EPR spectra and (f) Raman spectra of Fe2O3 and Fe2O3-P. The inset of f shows the zoom-in Raman spectra of the marked area.

cycles with a rapid faradaic reaction between alkaline cations (e.g.,
Na+, Li+) [48,49]. Such phenomenon is likely due to improved conductivity and the fast diﬀusion of ions during charge-discharge process
[50]. The CV for Fe2O3-P retains the rectangular shape even at
200 mV s−1 (Fig. S6, Supporting information), implying an ideal capacitive performance. Fig. 3b displays the galvanostatic charge-discharge (GCD) proﬁles of Fe2O3, and Fe2O3-P electrodes collected at
2 mA cm−2 (see Fig. S6, Supporting information for GCD proﬁles at
diﬀerent current densities). Larger covered area can be identiﬁed for
Fe2O3-P, suggesting a higher capacitance. Indeed, the Fe2O3-P can deliver a much higher areal capacitance of 340 mF cm−2 (369 F g−1) at
1 mA cm−2, compared to 66 mF cm−2 (86 F g−1) of pristine Fe2O3
(Fig. 3c). Note that this capacitance is considerably higher than that
reported for most Fe2O3-based anodes, such as Fe2O3 nanotubes
(180 mF cm−2 at 1 mA cm−2) [14], oxygen-deﬁcient Fe2O3 nanorods
(277 mF cm−2 at 10 mV s−1) [21], Fe2O3 @PANI nanowires (~
52 mF cm−2 at 1 mA cm−2) [16], Fe2O3 @PPy nanotubes
(207 mF cm−2 at 1 mA cm−2) [20], and Fe3O4 @Fe2O3 nanorods
(232 F g−1 at 5 mV s−1)[18] (Table S1, Supporting information). The
Fe2O3-P anodes also possess a good cycling stability with 83% capacitance retention after 5000 cycles at a high current density of
20 mA cm−2 (Fig. 3d). The SEM characterization after cycling shows
that the overall nanorod morphology remains (Fig. S7, Supporting information). The EDS spectrum and the EELS elemental mapping further
reveal the existence of Fe, O, and P, suggesting the surface phosphide/
phosphate layer is stable for at least 5000 cycles of electrochemical test.
These results conﬁrm the eﬃcacy of our strategy for greatly enhancing
the performance of Fe2O3 anodes through surface plasma activation.
In an eﬀort to understand the origin of the greatly enhanced performance, we ﬁrst carried out the electrochemical impedance spectroscopy (EIS) analysis. The result reveals that the charge transfer resistance of Fe2O3-P is much smaller than that of Fe2O3 (Fig. 3e),
indicating the improved conductivity of Fe2O3 after plasma activation.
The abundant O vacancies (see Fig. 1e) not only improve the conductivity but also provide additional active sites for redox reactions
[21]. Further, the plasma treatment has introduced phosphates/phosphides to the surface. The partial replacement of O with P on the

[37]. Further, the P 2p spectrum of Fe2O3-P (Fig. 2d) also suggests the
existence of P5+ (Fe-PO4) and Pδ- (Fe-P) [45], in agreement with our
TEM observation (see Fig. 1f and h). To probe the eﬀects of plasma
activation on the properties of Fe2O3-P, we then performed electron
paramagnetic resonance (EPR) analysis, a technique that is sensitive to
unpaired electrons and has been used to reveal the concentration of O
vacancies in Fe2O3 [21]. As shown in Fig. 2e, the EPR spectra of both
Fe2O3 and Fe2O3-P show a main signal at g = 2.0, which can be assigned to Fe3+ ions coupled by exchange interactions [46,47]. Compared to Fe2O3, the EPR spectrum of Fe2O3-P is much broader, suggesting that there are interactions between Fe3+ and other low valance
Fe species (e.g., Feδ+). The peak intensity is also much higher, which
indicates more O vacancies (defects) present in Fe2O3-P [21]. Raman
spectra were also collected and all the Raman peaks can be indexed to
α-Fe2O3 (Fig. 2f). Note that a negative shift in peaks for Fe2O3-P is
observed, suggesting an increased concentration of O vacancies. Similar
phenomenon has also been reported for N2-annealed Fe2O3 [21]. Further, an induced strain between surface longer Fe–P bonds and Fe–O is
expected (an average length of 2.369 Å for Fe–P bonds compared to
2.009 Å for Fe–O bonds). The lengthening of the interionic distance is
correlated to a decrease of the force constants between pairs of ions,
also results in a negative shift. These results further demonstrate that
the plasma activation doesn’t change the main phase of bulk Fe2O3, but
creates more O vacancies (defects), which would improve the intrinsic
conductivity and promote the reactivity of Fe2O3. Moreover, the in situ
generated surface phosphates and phosphides could also increase the
eﬀective surface area and participates in the surface faradaic reactions
as will be demonstrated later.
We thus studied the electrochemical performance of Fe2O3 and
Fe2O3-P using a three-electrode conﬁguration in 1 M Na2SO4 electrolyte. Fig. 3a compares the cyclic voltammograms (CVs) of carbon cloth,
Fe2O3, and Fe2O3-P recorded at 100 mV s−1. As expected, the Fe2O3-P
electrode exhibits a substantially higher current density than that of
pristine Fe2O3 electrode, indicating a great enhancement in pseudocapacitive performance due to the plasma activation. The quasi-rectangular shape further suggests that the Fe2O3-P electrode is charged/
discharged at a pseudo-constant rate over the entire voltammetric
158
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Fig. 3. Comparison of electrochemical performance of Fe2O3 and Fe2O3-P nanorods in 1 M Na2SO4. (a) CV curves at a scan rate of 100 mV s−1. (b) CD proﬁles at a
current density of 2 mA cm−2. (c) Capacitance plotted against current density. (d) Cycling performance at 20 mA cm−2. (e) Nyquist plots. (f) Diﬀerence in current
density plotted against scan rate showing the extraction of the double-layer capacitance.

should be due to the synergy between Fe and P as we discussed earlier.
These results suggest that the plasma activation could serve as an effective and eﬃcient strategy for enhancing the pseudocapacitive performance of Fe2O3 anodes.
Encouraged by the high performance achieved on Fe2O3-P anodes,
we further assembled ASC devices using Fe2O3-P and MnO2 nanosheets
as negative and positive electrodes, respectively. The MnO2 nanosheet
arrays were synthesized by electrodeposition and can deliver a capacitance of 221 mF cm−2 at 1 mA cm−2 in 1 M Na2SO4. The detailed
characterization of MnO2 nanosheets can be found in Fig. S11,
Supporting information. Prior to assembling the ASCs, the charges of
Fe2O3-P and MnO2 electrodes are balanced and the optimized areal
ratio is about 1:1.5 (see Fig. 4a and details in experimental section,
Supporting information). Fig. 4b displays the CV curves of Fe2O3-P//
MnO2 ASC device recorded at diﬀerent scan rates from 10 to
200 mV s−1 within the voltage window of 0–1.6 V. All the CV curves
present a quasi-rectangular shape and are highly symmetric, reﬂecting
a good reversibility and typical capacitive behavior. The symmetric
GCD proﬁles with triangular shapes further conﬁrm the superior capacitive performance of our assembled ASC devices (Fig. 4c). We further calculated the energy density and power density of our devices and
the results are summarized as Ragone plots in Fig. 4d and e. Impressively, our Fe2O3-P//MnO2 ASC device can achieve a high stack
energy density (based on the volume of entire device) of
0.42 mW h cm−3 at a stack power density of 10.3 mW cm−3, corresponding to a gravimetric energy density of 57.3 W h kg−1 at
1404 W kg−1, and can still maintain 0.14 mW h cm−3 (19.5 W h kg−1)
at 258.1 W cm−3 (35,097 W kg−1). Though the device performance
may vary with the electrode material preparation methods and the
electrochemical testing conditions, the activity of our devices outperforms most of the recently reported iron oxides-based ASCs under similar testing conditions (see comparison in Fig. 4d and e). Besides the
high energy and power densities, our Fe2O3-P//MnO2 ASC also shows
good cycling performance with 88% capacitance retention after 9000
cycles at a high current density of 10 mA cm−2 (Fig. 4f).

surface would result in a system with less number of electrons, hence
shifting the fermi level to valence bands, which leads to a narrower
bandgap, i.e., an improved conductivity (also see the UV–vis spectra in
Fig. S3). We also measured the double layer capacitances (Cdl) and
estimated the electrochemically active surface areas (ECSAs) of the
electrodes (CV curves used for the estimation of Cdl can be found in Fig.
S8, Supporting information) [51,52]. The result shows that the ECSA of
Fe2O3-P is 8 times larger than that of Fe2O3 (Fig. 3f). Such dramatic
increase in eﬀective surface area would promote the ion diﬀusion and
provide more active sites. Further, it is noted that the reactivity of
electrode materials is associated with the chemical bonds and electronic
environments [53]. The covalent-ionic bond character can be evaluated
according to following equation:

Covalent character (%) = exp [−0.25(Xa − Xc )2]

(5)

where Xa and Xc represent electronegativity value of anion and cation,
respectively. Therefore, the covalent characters of Fe-O and Fe-P can be
calculated as 52.3% and 96.7%, respectively (XFe = 1.83, XP = 2.19,
and XO = 3.44). The high covalency degree of Fe2O3-P suggests the
electrons in 3d orbitals of Fe have higher energies. Further, as we discussed earlier, the Fe–P bonds are generally longer than that of Fe–O
bonds, together with the high covalency degree, the activation energy
barrier for the redox reactions would be much smaller than that for
pristine Fe2O3, leading to an enhanced surface reactivity. It is also
worth mentioning that Ni/Co phosphates and phosphides have already
shown good electrochemical performance as SC electrodes [38,54–56].
It is expected that Fe phosphates/phosphides are also involved in the
surface faradaic reactions and contribute to the performance. Moreover,
the Fe phosphates/phosphides layer is ultrathin (~ 1.8 nm, see Fig. 1f)
and is thus expected not to have signiﬁcant activity for HER. Indeed, an
increase in surface Fe phosphates/phosphides amount, e.g., by
prolonging the plasma activation time, leads to worse capacitive performance as the operational potential window is narrowed due to the
strong hydrogen evolution catalyzed by Fe phosphides (Fig. S9,
Supporting information) [57,58]. Interestingly, the plasma treated
carbon cloth (under the same plasma conditions) shows almost the
same performance as the pristine one (Fig. S10, Supporting information), further conﬁrming the enhancement we observed in Fe2O3-P
159
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Fig. 4. Electrochemical performance of Fe2O3-P//MnO2 ASCs. (a) CV curves of Fe2O3-P, MnO2 and carbon cloth electrodes collected at 100 mV s−1. (b) CV curves at
various scan rates. (c) CD curves at various current densities. (d,e) Ragone plots of the optimized Fe2O3-P//MnO2 ASCs along with other recently reported highperformance ASCs for comparison. (f) Cycling performance at 10 mA cm−2. Reference cited in d and e: NF/rGO/H-Fe2O3//ZNs/ADM [59], ZnFe2O4//Ni(OH)2 [60],
RGO/Fe2O3//CuCoO2/CuO [61], F-doped Fe2O3//AC [15], C//MnO2@Fe2O3 [62], Fe3O4/Fe/C//NPC [63], Fe2O3-GA [64], FeOOH//MnO2 [65], Fe3O4-G [66], and
Fe3O4//MnO2 [67].

4. Conclusion
[4]

In summary, we have presented a new PH3 plasma activation
strategy to signiﬁcantly boost the capacitive performance of Fe2O3
anodes for high-performance ASCs. The plasma treatment doesn’t
change the bulk phase of Fe2O3, however, it eﬀectively tunes the conductivity, active surface area, and defects concentration. As a result, a
ﬁvefold enhancement in areal capacitance is achieved for the plasma
functionalized Fe2O3 (340 mF cm−2 at 1 mA cm−2) when compared
with the pristine Fe2O3 (66 mF cm−2). The capacitance of Fe2O3-P is
among the highest numbers reported for Fe2O3 electrodes.
Furthermore, the ASC devices consist of Fe2O3-P and MnO2 electrodes
achieve a high stack energy density of 0.42 mW h cm−3 (57.3 W h kg−1)
at a stack power density of 10.3 mW cm−3 (1404 W kg−1) along with
good stability, outperforming most of the iron oxides-based ASCs. The
new plasma activation may serve as a general strategy for enhancing
the electrochemical performance of oxides in supercapacitors and many
other applications.

[5]
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