
lable at ScienceDirect

Electrochimica Acta 342 (2020) 136024
Contents lists avai
Electrochimica Acta

journal homepage: www.elsevier .com/locate/electacta
Na2CoPO4F as a pseudocapacitive anode for high-performance and
ultrastable hybrid sodium-ion capacitors

Tyler Or a, 1, Karthikeyan Kaliyappan a, b, 1, Gaoran Li a, Salah Abureden a, Zhengyu Bai b,
Zhongwei Chen a, *

a Department of Chemical Engineering, University of Waterloo, 200 University Avenue West, Waterloo, Ontario, N2L 3G1, Canada
b School of Chemistry and Chemical Engineering, Key Laboratory of Green Chemical Media and Reactions, Ministry of Education, Henan Normal University,
Xinxiang, 453007, China
a r t i c l e i n f o

Article history:
Received 9 October 2019
Received in revised form
2 February 2020
Accepted 5 March 2020
Available online 10 March 2020

Keywords:
Na-ion capacitor
NIC
Organic electrolyte
NCPF
Activated carbon
Anode
* Corresponding author.
E-mail address: zhwchen@uwaterloo.ca (Z. Chen).

1 These authors contributed equally.

https://doi.org/10.1016/j.electacta.2020.136024
0013-4686/© 2020 Elsevier Ltd. All rights reserved.
a b s t r a c t

Sodium-ion capacitors (NICs) reported in the literature demonstrate relatively poor cycle retention (<90%
after 10,000 cycles) and rate performance, which is not ideal for proposed applications such as regen-
erative brake charging. In this work, a 3 V NIC was fabricated using Na2CoPO4F (NCPF) as a next-
generation anode and commercial activated carbon (AC) as the cathode in an organic electrolyte. The
constructed NCPF//AC NIC exhibited exceptional rate performance, retaining 78% of its energy density
(corresponding to 24 Wh kg�1) when the power density was ramped from 125 to 5000 W kg�1. In
addition, its long-term stability when cycled from 0 to 3 V is among the highest reported in the literature,
retaining 93% of its energy density (24 Wh kg�1) after 100,000 cycles at 1 kW kg�1. Furthermore, at an
elevated voltage range of 0e3.25 V, the NIC retained 80% of its energy density (26 Wh kg�1) after 30,000
cycles at 375 W kg�1. The performance is ascribed to the kinetic compatibility between the adsorptive
cathode and pseudocapacitive anode, where pseudocapacitance is enhanced by the nanosized
morphology on the surface of NCPF. The NIC system reported herein demonstrates supercapacitor-type
benchmarks while also possessing a higher energy density.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Hybrid-ion capacitors (HICs) are designed to bridge the features
of metal-ion batteries and electric double-layer capacitors (EDLCs)
[1]. Typically comprised of an insertion electrode and a carbona-
ceous capacitive electrode in an organic (carbonate-based) elec-
trolyte, HICs can deliver 3e4 times the energy density compared of
EDLCs albeit with lower rate performance and cycle stability [1].
HICs use either lithium or sodium-based salts as charge carriers,
with these devices termed lithium-ion capacitors (LICs) and
sodium-ion capacitors (NICs), respectively. The operating mecha-
nism of the device relies on the intercalation/deintercalation of
Naþ/Liþ with the insertion electrode while the energy storage on
the capacitive electrode relies on the formation of an electric
double layer through the adsorption/desorption of counter-ions
(e.g., ClO4

� and PF6�) at the electrode-electrolyte interface [2]. The
insertion electrode contributes to the HIC energy density as it can
store charge through redox pseudocapacitive (surface) and inter-
calation (bulk) processes, while non-Faradaic processes on the
carbonaceous electrode are responsible for delivering high power
density. However, the main disadvantage of this system is the
mismatched kinetics between the sluggish intercalation mecha-
nism and capacitive charge storage, resulting in poor rate perfor-
mance [2]. Thus, the design, preparation, and improvement of novel
insertion electrodes to match suitable capacitive electrodes is ur-
gently required in order for HICs to be competitive in the secondary
energy storage market.

A large variety of insertion electrodes for HICs have been
explored and developed in the literature, such as titania-based
compounds [3,4], carbonaceous electrodes [5], and transition
metal oxides used as intercalation cathodes in metal-ion batteries
[6e8]. Some HIC systems reported recently demonstrate an
impressive energy density (upper range of 60e80 Wh kg�1,
normalized by active material mass), narrowing the gap in energy
storage capabilities with batteries [1]. However, the vast majority of
HICs still display relatively poor cycle stability and rate capability.
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For instance, HICs containing titania-based insertion electrodes are
desired due to their structural stability and have been optimized
using nanostructuring, heteroatom doping, and carbon coating
approaches in order to improve their conductivity and rate per-
formance, but most reports demonstrate relatively poor long-term
cycle stability [1]. Cycle retention loss is therefore ascribed to solid-
electrolyte interphase (SEI) layer buildup and dissolution of active
materials on the anode due to voltage polarization [9]. Carbona-
ceous insertion electrodes (e.g., hard carbon [10]) are attractive due
to their ecofriendly and inexpensive composition; however, they
generally showcase poor cyclability and rate performance. Cycle
stability is a particularly important benchmark for HICs as their
proposed applications (e.g., regenerative breaking) are similar to
that of supercapacitors [1]. However, while commercial super-
capacitors are stable over 100,000 charge-discharge cycles, few
reports in the literature on HICs demonstrate a capacity retention
�90% over 10,000 cycles [11e15].

While LICs have been more extensively studied, NICs are an
emerging technology with its development motivated by the un-
even global distribution of lithium reserves, which may cause price
spikes for raw lithium materials as the demand for lithium-based
batteries increases [16]. However, limited high-performance Naþ

intercalation electrodes are available due to stability issues asso-
ciatedwith the larger ionic radius of Naþ compared to Liþ (0.102 nm
vs 0.076 nm). Intercalation/deintercalation of Naþ is kinetically
sluggish and causes irreversible structural deformation, especially
at high voltage windows. However, numerous NICs have been re-
ported which are competitive with and even exceed the perfor-
mance of most LICs in the literature [11,17,18]. This is because in
addition to bulk intercalation processes, some NIC insertion elec-
trodes possess a significant amount of pseudocapacitive charge
storage contributions, which are kinetically facile and stable
[19,20]. Hence, NIC technology has a promising outlook, but more
work must be devoted to developing high-performance electrode
materials for NICs that can deliver high energy and power density
without sacrificing its cycle life.

Future energy demands require an electrode that can deliver
high capacity, energy density, and high operating voltages. In this
regard, sodium fluorophosphate materials (Na2MPO4F, M ¼Mn, Ni,
Fe and Co) have been proposed as potential cathode materials for
NIBs [21e25]. These materials have a higher operating voltage than
layered cathodes, due to the higher ionicity of the M � F bond
compared to M-O [26]. Moreover, the highly electronegative F�

anion can charge compensate for the additional Naþ and provide
stability at high cut-off voltages [27]. They also have a high theo-
retical discharge capacity (>250 mA h g�1) assuming both Naþ are
extracted from the structure. Among the sodium fluorophosphates,
Na2CoPO4F (NCPF) has displayed a high energy density (525 Wh
kg�1) with a discharge plateau near 4.3 V (vs Na/Naþ) [21,22]. Few
reports are available on the performance of Na2MPO4F in half cell
configuration with sodium metal anodes in organic electrolyte
[21e25]. These materials showed poor cycle performance and
delivered low practical capacity, demonstrating that extensive
studies are required to utilize metal fluorophosphates in battery
applications. However, due to the exceptionally wide operating
voltage range of NCPF, we chose to assess its suitability as an
insertion electrode for NICs.

In this work, we demonstrate the use of NCPF as an insertion
electrode for NICs for the first time. We adopt a novel two-step
synthesis technique to develop NCPF for both NIB and NIC appli-
cations. Our synthesized NCPF demonstrates promising cycle
retention at the cathodic (2e5 V) and anodic (0e3 V) regions using
a sodium half-cell configuration, although the initial discharge ca-
pacities were only partially reversible. The charge storage mecha-
nism at the anodic region was primarily pseudocapacitive. Hence,
an NCPF//AC NIC was assembled for the first time using NCPF as the
anode and AC as the cathode. The resulting performance was
remarkable in terms of cyclic life (over 100,000 cycles) and power
output, which outperforms most LICs and NICs reported in the
literature.

2. Experimental

2.1. Synthesis of NCPF

Nano-sized NCPF powders were prepared by a two-step
method. Initially, NaCoPO4 (NCP) nanoparticles were synthesized
using a citric acid assisted sol-gel method. Stoichiometric amounts
of sodium acetate trihydrate (Sigma-Aldrich, Mississauga, Canada),
cobalt(II) acetate tetrahydrate (Sigma-Aldrich), and ammonium
phosphate dibasic (Sigma-Aldrich) were dissolved in deionized
water with citric acid (Sigma-Aldrich) and stirred at 110 �C. The
molar ratio of metal ions to citric acid was fixed at 1:3. After
evaporating excess water, the obtained gel precursor was decom-
posed at 400 �C for 4 h to remove organic and ammoniummoieties.
The final calcinationwas performed at 800 �C for 10 h in air to form
NCP. To obtain NCPF, the NCP powder was ground with sodium
fluoride (Sigma-Aldrich) using a mortar and pestle, then calcined at
750 �C for 1.5 h under Ar flow, and immediately quenched to room
temperature in air. The resultant NCPF was ground to a fine powder
and stored in a vacuum oven. AC with a surface area of 1700 m2 g�1

was purchased fromWako Chemicals (Japan) and used as received.

2.2. Physical and chemical characterization of NCPF

The phase purity of the pristine NCPF active material was
assessed using powder X-ray diffraction (XRD, XRDMiniflex 600,
Rigaku, Japan) with Cu Ka radiation (l¼ 1.5406 nm) at a scan rate of
0.1�/min. Rietveld refinement was conducted on MAUD software
[28] while the crystal lattice structure was generated using VESTA
[29]. The morphology of the particles was observed with scanning
electron microscopy (SEM, LEO Zeiss 1550, Switzerland) using a
20 kV acceleration voltage and a working distance between 8 and
9 mm coupled with energy-dispersive X-ray spectroscopy (EDX).
Prior to imaging, the particles were sputtered with ~5 nm of gold.
The valence state of the metal ions in NCPF were determined by X-
ray photoelectron spectroscopy (XPS, Thermo Scientific Theta
Probe, Waltham, MA, USA) using Al Ka radiation. The binding en-
ergies reported are referenced to graphitic carbon at 284.8 eV.
Thermogravimetric analysis (TGA, TA Instruments Q500, Grimsby,
Canada) was conducted from 0 to 800 �C at a ramp rate of 5 �C/min
to detect the presence of a carbon coating. Surface area measure-
ments were conducted by Brunauer-Emmett-Teller (BET) analysis
using N2 adsorption (Gemini VII, Micromeritics, Norcross, GA, USA).

2.3. Preparation of NCPF and AC electrodes

The electrode was prepared by grinding a slurry of 70wt% active
material (NCPF or AC), 20 wt% conductive carbon black (Ketjen-
black, Lion Specialty Chemical Co., Japan), and 10 wt% Teflonized
acetylene black binder in ethanol using a mortar and pestle. The
electrode film was pressed (~8000 kPa) onto a 15 mm diameter
stainless steel mesh and dried overnight at 80 �C in a vacuum oven.
The mass loading for the active material was 6 mg cm�2. In order to
assemble the NIC, a 1:1 wt ratio of NCPF:AC active material was
used.

2.4. Electrochemical characterization of NIC and electrode half cells

The electrochemical performance of the NCPF electrode was
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assessed by assembling CR2032 coin cells in an Ar-filled glove box
(O2 and H2O < 0.5 ppm, MBRAUN, Stratham, NH, USA) using a pure
sodium foil as the counter electrode, a polypropylene separator
(Celgard 2400, Charlotte, NC, USA), and an electrolyte comprised of
1 M NaClO4 dissolved in 1:1 ethylene carbonate:diethyl carbonate
(Sigma-Aldrich, 1:1 v/v). NIC cells were constructed as described
above using NCPF as the anode and commercial AC (Sigma-Aldrich)
as the cathode. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) curves were acquired using a Gamry
Instruments potentiostat (Warminster, PA, USA). EIS measurements
were conducted from 1 MHz to 100 mHz at discharged state. Long-
term galvanostatic charge-discharge studies and rate performance
tests were carried out at ambient temperature using a CT2001A
LAND battery testing system (Wuhan, China). After long-term
cycling, the coin cell was disassembled in a glove box, and the
NCPF electrode was washed in ethylene carbonate, dried in a vac-
uum oven, and subsequently characterized via XRD, XPS, and EDX.

The cell capacitance (Ccell) of the NIC was calculated from the
charge-discharge curves using Eq. (1):

Ccell ¼
it
DV

(1)

where i is the current (A), t is the discharge time (s), and DV is the
voltage range (V). The specific discharge capacitance (Cdc) was then
obtained using Eq. (2):

Cdc¼
4Ccell
m

(2)

where m is the total mass of the anode and cathode active mate-
rials. The energy (ED, Wh kg�1) and power density (PD, W kg�1)
were then obtained from Ccell using Eqs. (3) and (4) respectively:

ED ¼1
2
CcellDV

2

3:6
(3)
Fig. 1. Powder NCPF Characterization. A and B) SEM images of particles. C) XRD pattern w
excess sodium phosphate [40]. D) Unit cell of NCPF lattice.
PD ¼ ED � 3600
t

(4)
3. Results and discussion

NCPF was synthesized by a two-step process for the first time,
where NaCoPO4 (NCP) was first formed through a citric-acid
assisted sol-gel method. The XRD pattern of NCP indicates that
the structure matches the a-polymorph indexed to the Pnma space
group with lattice parameters a ¼ 8.880, b ¼ 6.799, c ¼ 5.035
(Fig. S1A), which comprises octahedrally coordinated Na and Co
atoms, and P tetrahedra (Fig. S1B) [30]. NCP was then reacted with
NaF through a conventional solid-state method to generate NCPF.

SEM images of the synthesized NCPF powder show large pri-
mary particles with an average size of 10 mm (Fig. 1A) and at higher
magnifications (Fig. 1B), nanometer-scale secondary particles are
evident. This morphology is expected to increase the surface area of
contact with the electrolyte, thus reducing the diffusion path of Naþ

and enhancing electrochemical performance [31]. Indeed, the BET
surface area was measured as 6.3 m2 g�1, which is higher than
typical transition metal oxide electrode powders [32]. The high
surface area can also be explained by the decomposition of citric
acid among the NCP particles during calcination, which evolves CO
and CO2 gases and thus forms void spaces within the particles [33].
Although citric acid and acetate precursor was used, no carbon
coating was present on the final NCPF particles following calcina-
tion, according to TGA measurements (Fig. S2A). The powder XRD
pattern (Fig. 1C) indicates that the NCPF has an orthorhombic
structure indexed to the Pbcn space group with the lattice param-
eters a¼ 5.2415 Å, b¼ 13.7823 Å, and c¼ 11.6814 Å calculated from
a Rietveld refinement, corresponding with previous reports
[21e23]. As seen in Fig.1D, the structure is comprised of layers built
from PO4 tetrahedral and Co2O7F2 bi-octahedral units, and Naþ

located in the interlayer space [23].
The high-resolution XPS spectra of the Na 1s, Co 2p, P 2p, O 1s,
ith Rietveld Refinement (Rwp ¼ 13.2%). D marks location of impurity peak likely from
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and F 1s subshells of pristine NCPF is shown in Fig. S2. The Na 1s
photoemission spectra (Fig. S2B) shows a peak centered at
1070.81 eV, which is in good agreement with tabulated values for
Na-phosphate compounds (e.g., Na4P2O7 at 1070.8 eV [34]). The
broad and slightly asymmetric appearance of the spectra is likely
due to the fact that NCPF contains two energetically inequivalent
Na sites (denoted Na1 and Na2) that are difficult to distinguish as
the binding energy difference is small [35]. This was similarly
observed in Na2FePO4F[36] and Li2CoPO4F [37]. The Co 2p region
(Fig. S2C) shows binding energies of 780.76 and 796.92 eV for the
2p3/2 and 2p1/2 multiplets respectively (orbital splitting of 16.2 eV)
that each possess satellite peaks at 785.83 and 803.07 eV, which is
characteristic of aþ2 valence state [38]. It is worthmentioning that
the NCPF Co 2p3/2 binding energy is upshifted compared to our
synthesized NaCoPO4 (780.32 eV). This is likely due to the presence
of CoeF bonds, which possess a higher bond ionicity compared to
CoeO [39]. The P 2p binding energy at 132.97 eV (Fig. S2D) corre-
sponds to a þ5 valence state, while O 1s at 530.57 eV (Fig. S2E) is
similar to the values of Na3PO4 (530.4 eV) and CoO (530.1 eV). Like
Na, F is located in two energetically inequivalent sites. The F 1s
spectra (Fig. S2F) displays a broad and asymmetric appearance that
is deconvoluted to reveal two peaks at 684.30 and 686.36 eV, which
can be indexed to NaeF and CoeF bonds respectively [34]. The
elemental composition of the synthesized NCPF was confirmed
using EDX, revealing a Na:Co:P:O:F atomic ratio of
1.92:0.98:1.02:4.24:1 (Fig. S3). These characterizations confirm the
successful synthesis of carbon-free NCPF.

3.1. Electrochemical characterization of NCPF

The electrochemical performance of NCPF was first assessed by
assembling half cells using sodium foil as the counter electrode
(Fig. 2). Due to the lack of published reports on NCPF, our half-cell
performance at the anodic (0e3 V vs Na/Naþ) and cathodic (2e5 V
vs Na/Naþ) region is shown in detail in Fig. 2 and Fig. S4, respec-
tively. At the anodic region (0e3 V vs Na/Naþ), galvanostatic
charge-discharge data show that the Naþ/NCPF cell has an initial
discharge capacity of 130 mA h g�1 at 17 mA g�1 (0.13 C), with
significant irreversible capacity loss in subsequent cycles, likely due
to lattice structural changes and formation of a passivating SEI
layer. Fig. S5 displays the ex-situ XRD pattern, which reveals sig-
nificant peak broadening associated with structural defects over
the first 20 cycles. The initial discharge curves (Fig. 2A) show a
plateau at ~1.1 V, likely associated with Naþ insertion, which
resulted in capacity decay and structural evolution that was
observed over the preliminary cycles. However, reasonable capacity
retention was maintained after 40 cycles, stabilizing at ~50 mA h
g�1 (Fig. 2B). Following the irreversible capacity loss, CV curves
Fig. 2. Half-cell characterization of NCPF anode cycled from 0 to 3 V vs Na/Naþ at 22 mA g�1

120 cycles. C) CV curves measured with various sweep rates (n) from 0.1 to 0.7 mV s�1.
(Fig. 2C) show no defined peaks in the 0e3 V region. The featureless
appearance of the CV curves resembles reports on amorphous
pseudocapacitive materials such as MoO3[40] and Nb2O5 [19]. As
the electric double-layer charge storage contribution from NCPF is
considered to be negligible due to its low specific surface area, this
suggests that the charge-storage mechanism is primarily based on
redox pseudocapacitance on the surface of the active material. To
examine this further, CV was conducted at various potential sweep
rates (n) and the current response (i) was analyzed. At the anodic
peak potential (~0.75 V), the b-parameter (based on the relation-
ship i ¼ anb) was calculated as 1 (Fig. 2C inset), which is charac-
teristic of a capacitive behaviour. Taken together, this suggests that
the charge storage occurs within a single phase material and is not
primarily based on diffusion-limited intercalation [40,41].

At the cathodic region (2e5 V vs Na/Naþ), an initial discharge
capacity of 120 mA h g�1 at 22 mA g�1 (0.18 C) was obtained with
subsequent irreversible capacity loss until it stabilized at ~50 mA h
g�1 after 50 cycles (Fig. S4A). A discharge capacity of 42 mA h g�1

was retained after 200 cycles. It should be noted this cycle stability
is remarkable for such a high voltage cut-off compared to other
NCPF reports [21,22]. For instance, NCPF synthesized by Zou et al.
displayed an initial discharge capacity of 107mA h g�1 at 61mA g�1

and decayed rapidly to 40 mA h g�1 after 20 cycles [22]. CV curves
(Fig. S4C) show a small anodic peak at ~3.9 V and a broad cathodic
peak at ~3.6 V during the first cycle associated with the Co2þ/Co3þ

redox. Subsequent cycles display a broad anodic peak at ~3.4 V and
two cathodic peaks at ~2.8 V and ~3.8 V. This implies significant
structural changes during the initial cycling, where the two
cathodic peaks represent Naþ insertion sites of different local en-
vironments [42]. It should be noted that the discharge curves
appear different compared to previous reports on NCPF due to the
lack of a distinct discharge plateau at ~4.3 V for the Co2þ/Co3þ redox
reaction [21,22]. This difference can be ascribed to the unique
synthesis approach in this work. As mentioned, we used a two-step
method where NaCoPO4 was first synthesized by a conventional
sol-gel method, followed by a solid-state reaction with NaF. The
sloping appearance of the discharge curve resembles that of
NaCoPO4, suggesting that the difference is associated with the
distribution of F atoms in the structure [42]. This helps explain the
lower onset potential of the Co2þ/Co3þ redox reaction. However,
this was not distinguished in the powder characterization so the
exact mechanisms are a subject for future exploration. The
coulombic efficiency was low (�80%) throughout cycling, which is
commonly observed due to accelerated decomposition of the
carbonate-based electrolyte at high cut-off potentials [32]. Based
on the half-cell electrochemical data, NCPF was chosen as an
insertion anode to construct the NIC system along with an AC
cathode.
current. A) First five charge-discharge curves. B) Discharge capacity retention through



Fig. 3. Rate performance of NCPF//AC NIC cycled from 0 to 3 V. A) Ragone plot comparison of our NCPF//AC system with notable HICs in the literature[20,44e48] and commercial
supercapacitors.[49] Energy and power density are normalized by the total mass of the active materials. Data for commercial supercapacitors was converted from device to active
material normalized energy density by multiplying the values by four.[50] B) Initial charge-discharge curves at various currents. The dashed curve was measured from 0 to 3.25 V at
83 mA g�1.

T. Or et al. / Electrochimica Acta 342 (2020) 136024 5
The assembled NCPF//AC NIC was tested at two potential ranges
(0e3 V and 0e3.25 V) at various current densities using 1MNaClO4
electrolyte. Although a 3 V window is a typical benchmark for HICs,
3.25 V was also explored to expand the energy density of the de-
vice. CV curves of the NIC at different scan rates (Fig. S6) show
characteristic rectangular-like plots that retain their shape from 3
to 50 mV s�1, indicating good charge propagation within the elec-
trodes and no noticeable polarization. As seen in Fig. 3B, the charge-
discharge profiles at various currents deviate slightly from trian-
gular curves observed in ideal supercapacitors, due to the combi-
nation of Faradaic and non-Faradaic charge-storage processes.

The expected reactionmechanism in the cell is shown in Eqs. (5)
and (6) below:

Anode : Na2CoPO4F ðSurfaceÞ # Na2�xCoPO4Fþ xe� þ xNaþ

(5)

Cathode : AC þxe�

þ = =xClO4
�#AC ðxe�Þ ð== stands for double layerÞ

(6)

During charging, Na-ions adsorb on the surface of NCPF where
they are reduced. To relieve the charge imbalance, ClO4

� ions
simultaneously adsorb onto the surface of AC to form an electric
double-layer. During discharge, the reverse occurs where Naþ is
released into the electrolyte and ClO4

� quickly desorbs from AC.
The assembled NICs were initially cycled at 83 mA g�1 (pre-

cycling) until the cell capacitance stabilized after ~200 cycles with a
~60% loss of the initial capacitance. Following pre-cycling, the rate
performance was assessed from 0 to 3 V at current densities of 83,
167, 333, 833, 1667, and 3333 mA g�1. A Ragone plot (Fig. 3A) was
generated by averaging the energy density calculated at each cur-
rent over 125 cycles. The NCPF//AC system retained 78% of its en-
ergy density from 125 to 5000 W kg�1. At low currents, the energy
density of the NCPF//AC device is higher than commercial super-
capacitors but lower than HICs recently reported in the literature.
However, the energy density surpasses most HICs at high currents
(24 Wh kg�1 at 5 kW kg�1). Fig. 3B displays the initial charge-
discharge curves at these currents, where it is clear that the
voltage (IR) drop at the charge-discharge transition is unpro-
nounced even at high currents, indicating a low device internal
resistance. As long-term cycle retention is critical for the com-
mercial development of HICs, this was then assessed from 0 to
3 V at 250 mA g�1, displaying an initial specific capacitance at
90 F g�1 (28 Wh kg�1) with a retention of 94% over 10,000 cycles.
The cycle performance was extended at higher current with little
comprise in energy density due to the excellent rate performance.
At 667 mA g�1, the NCPF//AC NIC retained ~93% of its initial
capacitance (corresponding to 24 Wh kg�1) after 100,000 cycles
(Fig. 4A). This stability is among the highest ever reported for HICs
(i.e., both LICs and NICs) as compared in Table 1. Fig. 4B displays the
charge-discharge curves during the initial (following pre-cycling)
and final cycles of this sample. The shapes of the curves appear
were well retained, and the voltage drop at the charge-discharge
transition appeared consistent, suggesting minimal changes in in-
ternal resistance of the device throughout cycling. In the interest of
expanding the energy density, the cyclability from 0 to 3.25 V was
assessed. The cell displayed an initial capacitance of 96 F g�1

(35 Wh kg�1) and remarkably, 88% of the capacitance was retained
after 10,000 cycles at 250 mA g�1, eventually decaying to 80% after
30,000 cycles (Fig. 4D). This is among the highest stability ever
reported for a voltage window >3 V (Table 1). It should be noted
that despite the poorer stability at a 3.25 V window, the energy
density after 10,000 cycles (29 Wh kg�1) still exceeded that of the
3 V window sample (26 Wh kg�1) at 250 mA g�1.

It is typically observed in HICs that at higher charge-discharge
rates, ion diffusion into the pores of active materials is reduced,
and thus the charge storage mechanism is primarily dictated by
surface phenomena as opposed to bulk processes [12]. Thus,
cyclability is improved at higher current, as bulk processes can
cause lattice strain in the insertion anode, resulting in irreversible
capacity loss. This was clearly observed in our long-term cycling
results when comparing the samples cycled from 0 to 3 V at
250mA g�1 vs 667mA g�1. However, due to the loss of bulk charge-
storage contributions, the energy density should decrease at high
rates. The fact that our NIC system displays an excellent rate per-
formance supports our earlier observations that the charge storage
mechanism in NCPF when functioning as an anode is mostly
pseudocapacitive, and thus its kinetics can match the high-rate
adsorption cathode. However, it should be noted that the energy
density retention and cyclability at high current was poor when
tested from 0 to 3.25 V (data not shown). A similar trend was
observed in other reports when the voltage windowwas expanded
[4,43]. This is likely caused by voltage polarization effects that
become more prevalent at high currents, resulting in accelerated
SEI layer formation at the anode and capacity throttling at the
cathode [9]. As discussed, the excellent long-term cyclability and
rate performance of the NIC device (Table 1) is ascribed to the
pseudocapacitive charge-storage mechanism of the NCPF anode.
Charge storage is aided by the nanometer-scale features of the
particles that increase the active surface area for redox reactions.
Due to the structural evolution and peak broadening of the NCPF



Fig. 4. Electrochemical performance of NCPF//AC NIC. Long-term cycle stability (A and D), initial (black solid) and final (red dotted) charge-discharge curves (B and E), and EIS
spectra (C and F) of samples cycled from: A-C) 0e3 V at 667 mA g�1 and D-F) 0e3.25 V at 250 mA g�1. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)

Table 1
Comparison of cycle stability of NCPF//AC with notable NICs and LICs in the literature.

HIC System (Anode//Cathode) Voltage Range Tested Cycle Stability

Our work e NCPF//AC NIC 0e3 V 93% after 100,000 cycles at 0.67 A g�1

Our work e NCPF//AC NIC 0e3.25 V 80% after 30,000 cycles at 0.25 A g�1

Nb2O5@C/rGO-50//MSP-20 NIC [46] 1e4.3 V 66% after 3000 cycles at 1 A g�1

Nb2O5 nanosheets//Peanut shell AC NIC[56] 1e3 V 80% after 3000 cycles at 1.28 A g�1

PSNC3-800//PSOC-A NIC [10] (carbonaceous electrodes derived from peanut shells) 1.5e4.2 V 72% after 10,000 cycles at 6.4 A g�1

LiNi0$5Mn1$5O4//AC LIC [6] 1.5e3.25 V 81% after 3000 cycles at 1 A g�1

NaTi2(PO4)3//AC NIC [17] 0.01e2.5 V ~100% after 20,000 cycles at 5 A g�1

Mo0$1Ti0$9O2//AC LIC [4] 1e3 V 75% after 5250 cycles at 5 mA cm�2 or 3.7 mA g�1

Na3V2(PO4)3//AC NIC [12] 0e3 V 95% after 10,000 cycles at 1.1 mA cm�2

NaTi2(PO4)3@GNs//GNs NIC [11] 0e3 V 90% after 75,000 cycles at 4 A g�1

V2O5@CNT//AC LIC[57] 0e2.7 V 78% after 10,000 cycles at 30 C or 820 W kg�1

TiC//N-doped carbon LIC[58] 0e4.5 V 82% after 5000 cycles at 2 A g�1

TiO2@Carbon//Nanoporous carbon NIC [15] 1e4 V 90% after 10,000 cycles at 1 A g�1

Zn0$25V2O5@rGO//Mesoporous carbon NIC[59] 1e3.8 V 87% after 2000 cycles at 1 A g�1

MoSe2@Graphene//AC NIC[60] 0.5e3 V 81% after 5000 cycles at 5 A g�1

Disodium rhodizonate//Cardamom shell-derived porous carbon NIC[61] 0e3 V 85% after 10,000 cycles at 4 A g�1

Na0$66Mn0$54Ni0$13Co0$13O2eAl2O3//AC NIC [13] 0e3 V 98% after 10,000 cycles at 0.35 A g�1

PPy@V2O5//AC aqueous hybrid capacitor [14] 0e1.8 V 95% after 10,000 cycles at 10 C
CoxNi1-x(OH)2@rGO//PPD-rGO aqueous hybrid capacitor[62] 0e1.6 V ~100% after 20,000 cycles at 20 A g�1
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lattice structure displayed in the half-cell ex-situ XRD pattern in
Fig. S5, it is inferred that pseudocapacitance accounts for most of
the charge-storage mechanism of NCPF in the NIC device after the
irreversible capacity losses that occur during the pre-cycling stage.
As pseudocapacitance is mostly a surface-controlled reaction, the
reversible energy density (at lowcurrent) of our NCPF//AC system is
relatively low compared to other HICs in the literature [1]. Thus, our
future work aims to expand the capacitive contribution of NCPF by
generating carbon-composite structures possessing unique hierar-
chical architectures [44].

Fig. 4C and F shows the EIS spectra of the NIC throughout long-
term cycling. The spectra possess a semicircle at the high-medium
frequency region followed by a straight incline at low frequency,
which correspond to the electrode/electrolyte charge-transfer
impedance (Rct) and Warburg impedance (W) respectively [45].
The high-frequency intercept at Z’real is denoted the bulk imped-
ance (Re) and is a sum of contributions related to the conductivity
throughout the electrolyte, electrode, and current collector. When
cycling at 3 and 3.25 V windows, both samples show an increase in
Rct and Re after 10,000 cycles, likely due to irreversible phase
changes that impede charge transfer kinetics and the initial for-
mation of an electrically insulating SEI layer. Cycling at a 3 V win-
dow, the Re and Rct impedances show minor increases after
30e100,000 cycles, suggesting good stability of the SEI layer and
NCPF structure. However, after 30,000 cycles at 3.25 V, a second
overlapped semicircle is clearly observed at the high-frequency
region (Fig. 4F), which is associated with an Naþ diffusion imped-
ance through the SEI layer [45]. This indicates that the carbonate-
based liquid electrolyte was not as stable at this voltage window,
and excessive electrolyte decomposition over long-term cycling
leading to formation of a thick SEI layer was a factor for cycle
retention loss.

After 30,000 cycles between 0 and 3 V at 250 mA g�1, the NIC
was discharged to 0 V and an ex-situ XRD (Fig. S7), XPS (Fig. 5), and



Fig. 5. High-resolution XPS spectra of pristine (black curve) and cycled (red curve) NCPF elements. Peak deconvolution for Co 2p (pristine and cycled) and F 1s (pristine) is shown.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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EDX (Fig. S8) spectra of the NCPF anode was obtained. The XRD
pattern evidently displays low-intensity peaks, but most pristine
lattice peaks are observed and crystallinity is remarkably retained
compared to the half-cell ex-situ pattern shown in Fig. S5. As the
half-cell characterization was conducted over a wide voltage range
(0e3 V vs Na/Naþ), structural degradation can be ascribed to irre-
versible bulk intercalation processes. However, in NIC configura-
tion, NCPF likely operates in a narrower voltage range that
primarily involves pseudocapacitance (i.e., limited Naþ insertion in
the interlayer spacing), which explains the structural preservation
over long-term cycling. After cycling, the Na 1s (1072.3 eV, Fig. 5A)
and O 1s (532.52 eV, Fig. 5D) XPS spectra appear in dispropor-
tionately high intensity and thus are likely associated with SEI layer
and electrolyte species deposited on the surface of the electrode
(e.g., NaCl, NaClO4, and Na2O) [46]. The high-energy F 1s peak
(689.8 eV, Fig. 5E) is ascribed to the p-CF2]CF2 bonds from the
Teflon-based binder while the lower energy peak (685.29 eV) may
arise from fluoride salts generated from defluorination side re-
actions with the binder [39]. On the other hand, the Co 2p (Fig. 5B)
and P 2p (Fig. 5C) spectra appear in low intensity (Fig. 5F) due to the
limited sampling depth of the spectrometer and thus likely corre-
spond to the active material. The Co 2p displays binding energies of
782.25 and 798.55 eV for the 2p3/2 and 2p1/2 multiplets respectively
(16.05 eV orbital splitting), with respective shoulder peaks at
786.42 and 804.28 eV. The valence state is difficult to ascertain due
to the poor resolution of the satellite region e the position and
relative intensity of the 2p3/2 shoulder peak indicates a Co2þ state,
while the broad appearance suggests a mixed Co2þ/Co3þ state [47].
The upshift in binding energies compared to pristine NCPF can be
ascribed to structural changes (Fig. S7) as well as an increased CoeF
bond character due to charge balance and potential Naþ rear-
rangement during the oxidation of Co2þ [39]. The atomic percent
ratio of the active metals Co:P calculated after cycles from the XPS
intensities is 1:0.986, indicating stability throughout cycling. In
addition, elemental mapping of Co and P (1:0.994 intensity ratio)
from EDX (Fig. S8) shows that the elements are distributed similarly
throughout the electrode. These characterizations confirm the
electrochemical and mechanical stability of the NCPF anode over
extended cycling, thus showcasing its promise toward next-
generation NIC devices.

4. Conclusions

In this work, NCPF was synthesized using a two-step technique
and tested as an NIC anode for the first time. When functioning as
an anode, NCPF demonstrated a pseudocapacitive charge-storage
mechanism, allowing it to match the facile adsorption-based ki-
netics of the AC cathode. This resulted in an excellent cycle stability
and rate performance when cycled between 0 and 3 V, achieving a
93% capacitance retention over 100,000 cycles and a 78% retention
from a 125 to 5000W kg�1 power output. The energy density of the
device was expanded at a voltage range of 0e3.25 V and demon-
strated good cycle retention at a moderate current density
(250 mA g�1 or 375 W kg�1). At this voltage range, extensive
electrolyte decomposition was a notable factor for cycle retention
loss. X-ray spectroscopy characterization of the NCPF anode after
long-term cycling confirm its electrochemical and mechanical
stability. The performance benchmarks with respect to cyclability
and power output of our NCPF//AC device are comparable to
supercapacitors, while also demonstrating a considerably higher
energy density.
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