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enhancing surface carbon functionality for Na-ion
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Metal phosphate compounds are considered promising candidates as positive electrode materials for Na-

ion batteries because they offer higher cation-insertion potentials than analogous metal oxides. One such

example is sodium iron fluorophosphate (Na2FePO4F), a compound that is typically synthesized by high-

temperature solid-state routes. In this study, we prepare phase-pure Na2FePO4F using the polyol route,

a low-temperature process that allows for the synthesis of nanoparticles (15–25 nm), a form that

enhances Na-ion insertion kinetics and cycling stability. We then apply two methods to enhance the

electronic conductivity of Na2FePO4F: (i) converting residual organic byproducts of the polyol synthesis

to conductive carbon coatings; and (ii) preparing a nanocomposite with reduced graphene oxide. The

resulting electrode materials are characterized in nonaqueous Na-ion electrolytes, assessing such

metrics as specific capacity, rate capability, and cycling stability. A thorough electrochemical kinetics

analysis is performed to deconvolve surface-vs.-bulk Na-ion insertion as a function of composite

structure. Specific capacities between 60–110 mA h g�1 were achieved in galvanostatic charge–

discharge tests when cycling in the range from 10C to C/10, respectively.
1. Introduction

Sodium-ion batteries (Na-ion, NIBs) are emerging as an alterna-
tive energy-storage technology to lithium-ion due to cost-effective
advantages pertaining to the higher abundance and lower cost of
sodium,1–7 along with the opportunity to eliminate the need for
copper current collectors (sodium does not alloy with
aluminum).4,5,8–10 A key remaining challenge is to develop a new
generation of Na-ion cathode materials (positive electrode) that
exhibit high capacity, very positive insertion potentials, and high-
rate capability.1–3,11 The most commonly studied materials for
Na-ion cathodes comprise layered oxides such as O3 and P2 type
compounds where O and P represent octahedral or trigonal
prismatic coordination of Na-ions and 3 or 2 represent the
number of distinguishable sodium layers.11,12 Between these two
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structures, P2 type compounds are known to exhibit higher
specic capacities (�150–200 mA h g�1) and improved cycle life
compared to O3 type compounds (�90–125 mA h g�1).11–14

However, a new class of materials, in the form of phosphates and
uorophosphates, is emerging as high capacity, high potential
(�120–150 mA h g�1, 2.5–4.5 V vs. Na/Na+) electrode materials
and represents a promising direction for NIBs with enhanced
rate performance over O3 and P2 type layered oxides (2–4 V vs.
Na/Na+).4,6,7,14,15

The increased potential for metal (uoro)phosphates vs.
Na/Na+ arises from the inductive effect of the phosphate or
uorophosphate polyanion.15,16 The main obstacle for using
these compounds is their highly insulating nature, where
conductive coatings and nanostructured morphologies are
essential for improving their electrochemical performance,
specically, their rate capability.17 Whereas most electrode
materials networked through the phosphate or uorophosphate
polyanion develop into tunneled structures (e.g., olivine
NaFePO4 and NASICON Na3Fe2(PO4)3), sodium iron uo-
rophosphate (Na2FePO4F) is one of the few layered uo-
rophosphate compounds.1–7,11,18 Based on a one-electron
process, 1 mol of Na+ can be reversibly de-inserted from
Na2FePO4F19 by utilizing the Fe2+/Fe3+ couple, leading to a high
theoretical capacity of 124 mA h g�1. In addition, the unit cell of
the oxidized compound is only 3.7% smaller than the fully
reduced compound, making it attractive as a low-strain material
with improvement for long-term cycling.19
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The rst report on reversible Li-ion insertion into Na2FePO4F
nanoparticles ranging from 75–100 nm in size was identied by
Ellis et al.,19 where liquid-phase syntheses such as sol–gel and
hydrothermal reactions were used to prepare this material.19,20

The use of ionothermal synthesis in expressing Na2FePO4F at
even smaller sizes (�25 nm) resulted in enhanced cycling
stability for Na-ion systems; however, there has yet to be a report
on how smaller particle sizes affect rate capability.21 Although
liquid-phase syntheses19–21 and even a “green” synthesis of
Na2FePO4F22 are promising approaches, solid-state methods
have been the most widely used, typically combined with post-
synthesis carbon coating and high-energy ball milling to ach-
ieve optimized Na-ion insertion properties.23–29 Fundamental
studies on the mobility of Na-ions and its diffusion throughout
the layered Na2FePO4F structure have also been reported and
revealed the nature of this material's electrochemical Na-ion
insertion mechanism.30,31

In the research reported here, we combine the benets of
expressing Na2FePO4F at the nanoscale (15–20 nm) and
carbonizing organic residuals from the polyol process to ach-
ieve high-rate capabilities coupled with high specic capacities
in nonaqueous Na-ion electrolytes. The polyol route is a versa-
tile synthetic route to prepare nanoparticles ranging from
metals to metal oxides to even metal chalcogenides.32 This
method has several advantageous features32 such as: (i) water-
compatible solubility of metal-salt precursors; (ii) synthesis of
phase-pure nanocrystalline materials at low temperatures
(<320 �C; highest boiling point of polyols); and (iii) mild
reducing conditions to prepare metals/oxides/phosphates in
their reduced state, such as for the synthesis of LiFePO4.32,33 To
further enhance charge-storage properties, several forms of
carbon additives such as carbon nanotubes, carbon nanobers,
mesoporous carbon, and graphene have been used to prepare
nanocomposites with ion-intercalation materials.34–36 In the
present paper, we report the fabrication of nanocomposites
comprised of Na2FePO4F and reduced graphene oxide (rGO), as
this conductive carbon additive36,37 ensures high-rate capability.
Electroanalytical methods are used to identify how both nano-
scale Na2FePO4F and surface carbon improve rate capability for
reversible Na-ion insertion.
2. Experimental
2.1. Synthesis of Na2FePO4F

Bulk (>100 nm) Na2FePO4F was synthesized using a solid-state
reaction (NFPF-SSR) by grinding stoichiometric molar amounts
of sodium bicarbonate (NaHCO3, Sigma-Aldrich, $99.5%), iron
oxalate dihydrate (FeC2O4$2H2O, Sigma-Aldrich, $99.99%),
ammonium phosphate dibasic ((NH4)2HPO4, Sigma-Aldrich,
$98%), and sodium uoride (NaF, Alfa Aesar, 99.99%) with an
agate mortar and pestle and subsequently heating at 200 �C for
2 h, then ramping up to 400 �C at a rate of 10 �C min�1 for an
additional 4 h under forming gas (N2/H2; 95 : 5, v/v). Aer this
initial heat-treatment, the powders were re-ground to ensure
intimate contact and then sealed in a quartz ampule under argon
and heated at 500 �C for 6 h.
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For the polyol synthesis of Na2FePO4F nanoparticles, a stoi-
chiometric molar ratio (1 : 1 : 1 : 1; 2 mmol product) of iron
acetate (Fe(C2H3O2)2, Sigma-Aldrich, $99.99%), ammonium
dihydrogen phosphate (NH4H2PO4, Sigma-Aldrich, 99.999%),
sodiumacetate (CH3COONa, Sigma-Aldrich,$99.0%), and sodium
uoride (NaF, Alfa Aesar, 99.99%) were suspended in 50 mL of
tetraethylene glycol (TTEG; HO(CH2CH2O)3CH2CH2OH, Sigma-
Aldrich, 99%) in a 100 mL round bottom ask attached to
a reux condenser. The temperature of this solution was ram-
ped at a rate of 2.5 �Cmin�1 up to 335 �C and held for 16 h while
stirring constantly. The resultant solution underwent a series of
wash and centrifugation steps using several aliquots of acetone
to remove the TTEG and organic residuals to yield Na2FePO4F
nanoparticles (NFPF-P). The NFPF-P nanoparticles were then
dried under vacuum at 120 �C for 24 h to remove residual
moisture. To carbonize the residual organics le on the surface,
NFPF-P was heat-treated at 450 �C under an inert atmosphere
(owing argon) at a ramping rate of 10 �C min�1 and held for
5 min which led to volatilization of nearly all the organics while
carbonizing the remaining 1–2 wt% to form a carbon-coating
(NFPF-450/Ar).

Nanocomposites of NFPF-450/Ar with reduced graphene
oxide (rGO) were prepared by mixing NFPF-450/Ar powder with
graphene oxide (80/20 by weight). The graphene oxide solution
was prepared using a modied hummers method (3.9 g L�1).38

The mixture of NFPF-450/Ar and graphene oxide was sonicated
for 1 h and then dried on a hot plate at 120 �C while stirring.
This powdered mixture was then reduced under an inert
atmosphere (argon) at 350 �C at a ramping rate of 5 �C min�1

and held for 2 h to obtain the nanocomposite, NFPF–rGO, by
converting graphene oxide to rGO.37,39,40
2.2. Materials characterization

Transmission electron microscopy (TEM) images were taken
with an FEI Technai T12 TEM (120 keV) using a carbon-coated
copper grid as a substrate in which Na2FePO4F (suspended in
ethanol, �0.2 g L�1) was drop-cast. X-ray analysis of the
vacuum-dried powders were characterized with a Rigaku
Miniex II diffractometer using a CuKa radiation source (l ¼
1.5406 Å) and corresponding crystallite sizes calculated by
Scherrer's analysis. X-ray diffraction was also performed using
a synchrotron radiation source (l ¼ 0.2112 Å) with a Perkin-
Elmer amorphous Si-based 2D detector for rapid acquisition
and was performed at the Advanced Photon Source 11-ID-B at
Argonne National Laboratory.41 NIST-traceable CeO2 standard
powder was used to calibrate the experimental geometry of the
measurements. The sample-to-detector distance for synchro-
tron XRD was calibrated to 952.276 mm. Thermogravimetric
analysis/differential scanning calorimetry (TGA/DSC) was
performed using an SDT Q600 from TA Instruments to
measure the amount of organics and to characterize thermal
properties of the synthesized materials. Samples were heated
to 900 �C at a rate of 10 �C min�1 in owing air (ow rate:
100 mL min�1). For argon heat-treatments, the samples
were heated to 450 �C at a rate of 5 �C min�1 (ow rate of
200 mL min�1).
This journal is © The Royal Society of Chemistry 2017
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2.3. Electrochemical characterization

Electrochemical measurements were carried out in a two-
electrode Swagelok® cell using a BioLogic VMP-3 Potentiostat
with experiments conducted in an inert atmosphere (ultra-high
purity argon) glovebox with oxygen and moisture levels <1 ppm.
Sodium metal foil was used as the counter electrode and the
electrolyte solution was 1 M sodium perchlorate (NaClO4, Alfa-
Aesar, 99.8% anhydrous) in propylene carbonate : uoro-
ethylene carbonate (PC : FEC; 95 : 5, v/v) (FEC, Alfa-Aesar, 98%).
The working electrodes were prepared by making a carbon slurry
in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, 99.5% anhy-
drous) consisting of 70% active material, 20% Super P carbon
black and 10% polyvinylidene uoride binder (PVDF, Kynar HSV
900). Aer grinding this mixture with an agate mortar and pestle,
the slurry was doctor-bladed (10 mm-thick lm) onto 3

8
00 diameter

stainless steel foils and the assembly was air-dried overnight,
followed by vacuum drying at 120 �C overnight. The material
loading on the electrode ranged from 1–2 mg cm�2. Cyclic vol-
tammetry and galvanostatic cycling were performed using cutoff
voltages of 4.0 and 2.0 V vs. Na/Na+. Cyclic voltammograms were
obtained at sweep rates of 0.1–100 mV s�1; for galvanostatic
cycling, the C-rates used ranged from C/10 to 20C, where current
rates were normalized to the theoretical capacity of Na2FePO4F
(124 mA h g�1). For NFPF-P, specic capacity was normalized to
the combined active mass of Na2FePO4F and the 10% organic
residuals. In the case for NFPF-450/Ar and NFPF–rGO, specic
Fig. 1 (a) Transmission electron micrograph and (b) thermogravimetric
diffraction patterns of NFPF-P and NFPF-SSR using an X-ray source of (c
and (d) 0.2112 Å.

This journal is © The Royal Society of Chemistry 2017
capacities were normalized to the active mass of Na2FePO4F
while also taking into account the 1–2 wt% conductive coating.
Electrochemical impedance spectroscopy (EIS) was recorded
before every experiment with an applied AC amplitude of 10 mV
scanned over 100 mHz to 900 kHz.
3. Results and discussion

To the best of our knowledge, this is the rst report to describe
using the polyol synthesis route to prepare nanoparticulate
sodium iron uorophosphate, Na2FePO4F (NFPF-P). Fluo-
rophosphates are typically made using solid-state reaction that
require high synthesis temperatures (>700 �C) under inert/
reducing atmospheres.23–28,30 Unlike traditional solid-state
routes, the polyol route is carried out at a markedly lower
temperature (<320 �C) with an added benet of the polyol
medium serving as a mild reducing agent, which favors the
preparation of metal uorophosphates in their reduced state.32

Transmission electron microscopy reveals particle sizes of
NFPF-P ranging between 15–20 nm (Fig. 1a) whereas NFPF
prepared by solid-state reaction (NFPF-SSR; Fig. S1†) is
composed of larger agglomerates (up to 400 nm). Aer the
polyol synthesis, NFPF-P is thoroughly washed with several
aliquots of acetone, with the nal product containing �10 wt%
of residual organics (veried by TGA; Fig. 1b). Differential
scanning calorimetry of the NFPF-P nanoparticles shows
analysis/differential scanning calorimetry of NFPF-P in air. The X-ray
) 1.5406 Å (inset shows a representation of the NFPF layered structure)

J. Mater. Chem. A, 2017, 5, 18707–18715 | 18709
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a sharp endothermic peak positioned around 200 �C, which
corresponds to volatilization of the organic residuals. Ramping
to higher temperatures in air ($700 �C) oxidizes Fe(II) to Fe(III),
as evidenced by the exothermic peak at �700 �C.

Phase purity and crystallinity of NFPF-P and NFPF-SSR were
veried using XRD (Fig. 1c). Although most reported syntheses
of NFPF use high temperatures (>800 �C) to crystallize
Na2FePO4F into its (orthorhombic) crystal habit, such condi-
tions inevitably lead to large particles (mm-sized).23,24,26 The
lower temperature (335 �C) of the polyol process confers both
phase pure crystallization and nanometric sizes (�10 nm) in
accordance with broad XRD peaks (the crystal structure of
Na2FePO4F is shown as an inset in Fig. 1c). Solid-state reaction
of the precursors also yields phase purity, although accompa-
nied by sharper diffraction peaks that arise from larger crys-
tallite sizes (�45 nm). The calculated crystallite sizes of NFPF-P
are in good agreement with the particle sizes measured from
TEM analysis. In order to achieve a lower background-to-noise
ratio, a synchrotron light source (l ¼ 0.2112 Å) was utilized to
obtain high-resolution diffraction spectra (Fig. 1d), along with
Rietveld renement to verify phase purity of both NFPF-P and
NFPF-SSR. The performed Rietveld renement also led to the
classication of the following lattice parameters for both
materials showing consistent crystal parameters (Table 1).

Expressing charge-storing materials in nanoscale forms
alleviates solid-state ion-diffusion limitations of phosphate and
uorophosphates, which are known to be highly insulating
materials.42 However, another key step in improving charge-
storage properties is to apply thin carbon coatings (�1–3 wt%)
to nanoscale materials that suffer from low electronic conduc-
tivity.17 For example, the rate capability of LiFePO4 is drastically
improved by carbothermally reducing organics at high
temperatures to form conductive iron phosphocarbides/
phosphides on the surface of the particles (1–3 wt%), that
enhances surface electron transport.43 For Na2FePO4F, a similar
strategy was performed by adding sucrose or ascorbic acid
during hydrothermal reaction to produce an organic coating on
the surface, which was later carburized at high temperature
(600–650 �C) under an inert atmosphere, leaving behind
a conductive carbon coating (�2 wt%). In a similar fashion,
a heat-treatment condition under Ar at 450 �C was used to
remove a majority of the organics residuals from the polyol
process (�10%, conrmed by TGA; Fig. S2†), while also carbu-
rizing the remaining organics (�2 wt%) into amildly conductive
carbon coating for NFPF-P; this material will now be denoted as
NFPF-450/Ar. Although the XRD pattern of NFPF-450/Ar
(Fig. S3a†) does not show any evidence of a second phase
(e.g. Fe2O3, NaFePO4), higher temperatures or longer dwell
times induce carbothermal decomposition of Na2FePO4F,
Table 1 Rietveld refined lattice parameters of NFPF-P and NFPF-SSR

Material a, Å b, Å c, Å

NFPF-P 5.10(2) 13.35(5) 11.61(9)
NFPF-SSR 5.10(7) 13.51(1) 11.48(6)

18710 | J. Mater. Chem. A, 2017, 5, 18707–18715
which leads to impurity phases such as Fe2O3 and elemental Fe,
even under an inert atmosphere (Fig. S3b†). To circumvent the
elevated temperatures (>600 �C under inert atmosphere)
commonly used for high quality carbon coatings,44 a nano-
composite comprising NFPF-450/Ar and reduced graphene
oxide (rGO) is prepared in order to further enhance local elec-
tronic conductivity of the electrode without excessive heat-
treatment temperatures.

In keeping with our previous work on incorporating metal
oxides onto rGO,40,45 we posit that during graphene oxide to rGO
conversion (350 �C under Ar),37,39 the carbon-coated NFPF-450/
Ar particles adhere more strongly to the rGO, thus improving
particle-to-particle wiring.36,45 The X-ray analysis of NFPF–rGO
reveals that phase purity is maintained (albeit higher back-
ground noise from 15–25� due to additional carbon content;
Fig. S3a†), but average Na2FePO4F particle size increases to
�25 nm (Fig. 2) as a consequence of the additional heat-
treatment step.

The electrochemical properties of the series of NFPF samples
were studied using cyclic voltammetry, a technique that
provides information on rate capability and electrochemical
reversibility. The voltammetric signature of all NFPF samples
(NFPF-P, NFPF-450/Ar, and NFPF–rGO) consists of two coupled
redox peaks (Fig. 3a), one at 2.9 V vs. Na/Na+ (denoted as A1–C1)
and another at 3.1 V vs. Na/Na+ (denoted as A2–C2). The rst
redox peak at 2.9 V leads to the formation of Na1.5FePO4F
whereas the second redox peak at 3.1 V corresponds to full
oxidation of the Fe2+/Fe3+ redox couple to NaFePO4F.29 The two
different redox couples are dictated by the different Na+-
migration activation energies along the a [100] and c [001] axis
(see inset in Fig. 1c).31 On the basis of these voltammetric
measurements, the rate capability can be assessed by inte-
grating the voltammograms to measure specic capacity as
a function of increasing sweep rates. As shown in Fig. 3b, NFPF-
P achieves a high capacity of �90 mA h g�1 at 0.1 mV s�1

(charging time of 5.5 h) whereas at the same rate, NFPF-450/Ar
and NFPF–rGO yields �110 mA h g�1, which is 89% of theo-
retical capacity. For both NFPF-P and NFPF-450/Ar, there is
a dramatic drop-off in specic capacity at rates higher than
Fig. 2 Transmission electron micrograph of the nanocomposite
comprising NFPF-450/Ar nanoparticles and reduced graphene oxide.

This journal is © The Royal Society of Chemistry 2017



Fig. 3 (a) Cyclic voltammograms cycled between 2.0–4.0 V vs.Na/Na+ at 0.1 mV s�1 and (b) corresponding rate capability of NFPF-P, NFPF-450/
Ar, and NFPF–rGO.

Table 2 Summary of peak separation (DV ¼ (Vp,anodic � Vp,cathodic)) at
0.1 mV s�1 of NFPF-P, NFPF-450/Ar, and NFPF–rGO for both pairs of
anodic and cathodic peaks (A1–C1 and A2–C2)

Material DV (Vp,A1 � Vp,C1) DV (Vp,A2 � Vp,C2)

NFPF-P 0.35 0.20
NFPF-450/Ar 0.26 0.19
NFPF–rGO 0.21 0.17

Paper Journal of Materials Chemistry A
2 mV s�1 whereas NFPF–rGO retains much of its capacity
(�64%; 70 mA h g�1) at 10 mV s�1 (charging time of 3.3 min).

The peak separation of a coupled redox reaction (DV ¼
Vp,anodic � Vp,cathodic) relates to electrochemical kinetics revers-
ibility that, in turn, broadly correlates to rate capability for
charge storage—large peak separation leads to low-rate capa-
bility for insertion whereas small peak separation leads to high-
rate capability.46 The DV for both coupled redox peaks consis-
tently decreases (Table 2) with the incorporation of a carbon
coating (NFPF-450/Ar) and subsequent rGO incorporation (NFPF–
rGO).Within the electrochemically reversible regime (0.1mV s�1),
NFPF–rGO yields the smallest DV of Vp,A1 � Vp,C1 ¼ 0.21
Fig. 4 Plot of log peak current vs. log sweep rate cycled between 0.1–5
(b) C2 redox peaks.

This journal is © The Royal Society of Chemistry 2017
and Vp,A2 � Vp,C2 ¼ 0.17 for their accompanying redox peaks. Of
note is the fact that systems reliant on solid-state ion diffusion
show higher peak separations (Fig. S4†) at progressively higher
sweep rates.

An analytical approach using cyclic voltammetry was applied
to provide deeper insight into the charge storagemechanism for
the series of materials investigated in this report (NFPF-P,
NFPF-450/Ar, and NFPF–rGO). By cycling these materials from
0.1–5 mV s�1, a kinetic analysis (b-value analysis-dependence of
current on the sweep rate) allows one to determine the domi-
nating charge storage mechanism (surface-limited or diffusion-
controlled). The following equation assumes that the current (i)
obeys a power-law relationship with the sweep rate (n):47

i ¼ anb (1)

where a and b are constants. The dominating charge-storage
mechanism can be identied by extracting the b-value for
a given redox potential from plots of log(i) vs. log(n). A b-value of
0.5 indicates charge storage that is controlled by solid-state
diffusion of ions whereas a value of 1 is indicative of
a surface-limited process. Although nanoparticles oen
circumvent solid-state diffusion limitations, the dominating
mV s�1 to yield b-values of NFPF–rGO corresponding to the (a) C1 and

J. Mater. Chem. A, 2017, 5, 18707–18715 | 18711
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charge-storage mechanism of NFPF-P and NFPF-450/Ar is
diffusion-controlled in this range of sweep rates, where b-values
were found to be �0.55 for both cathodic C1 and C2 peaks
(Fig. 4a and b, respectively). The incorporation of conductive
rGO directly leads to an improvement in diffusion limitations:
b-value increases to 0.81 and 0.75 for C1 and C2 redox peaks,
respectively. This increase in b-value suggests that the charge
storage mechanism becomes more surface-limited, or for
conditions that involve nite diffusion.48 The b-values for all
C1–A1 and C2–A2 paired redox peaks for the entire series of
NFPF materials are shown in Fig. S5.†
Fig. 5 Cyclic voltammograms of (a) NFPF-P, (b) NFPF-450/Ar, and (c)
NFPF–rGO cycled at 1 mV s�1 with representative shaded portions
indicative of surface-limited current contribution.

18712 | J. Mater. Chem. A, 2017, 5, 18707–18715
The b-value analysis can be further extended to a more
detailed version of the current power-law relationship:49

i(V) ¼ k1n
1/2 + k2n (2)

where k1 and k2 are constants at a specic potential. The constants
k1 and k2 are determined from a plot of i(V)n�1/2 vs. n1/2 and thus
the surface-limited (shaded portion) and diffusion-limited
contribution to the overall specic capacity can be determined.
NFPF-P exhibits charge storage that shows a mixed surface- and
diffusion-controlled mechanism (Fig. 5a) where the surface-
limited contribution amounts to �66%; for comparison,
NFPF-SSR is predominately diffusion-controlled with only 20%
surface-limited contribution (Fig. S6†). There is a monotonic
increase in the surface-limited contribution where, aer
carbon-coating (NFPF-450/Ar), this contribution increases to
80% (Fig. 5b), and the nanocomposite (NFPF–rGO) exhibits
a surface-limited contribution of 90% (Fig. 5c). The enhance-
ment in charge-storage kinetics is mainly attributed to the
improved local electronic conductivity within the composite
electrode, achieved by incorporating rGO with NFPF-450/Ar.

Electrochemical impedance spectroscopy (EIS) was also
applied to further our understanding of charge-storage char-
acteristics. Measurements were recorded at open-circuit
potential for cells containing NFPF-P, NFPF-450/Ar, or NFPF–
rGO electrodes. Nyquist plots of the experimental data were
tted using an equivalent-circuit model composed of a series
resistance (Rs) at high frequencies, a charge-transfer resistance
(RCT) in parallel with a constant-phase element (CPE), a War-
burg impedance (Zw), and an innite capacitance (Cint); see
Fig. 6.50–52 The high-frequency semicircle corresponds to charge-
transfer resistance for electrons and Na-ions across the elec-
trode–electrolyte interface, carbon-particle interfaces and
particle–particle contact; values for RCT are summarized in
Table 3.50–52 The trend in RCT values shows that carbon-coating
alone does not signicantly reduce charge-transfer resistance,
whereas the additional step of combining carbon-coated NFPF
Fig. 6 Nyquist plot of NFPF-P, NFPF-450/Ar, and NFPF–rGO fitted by
the equivalent circuit model shown in the inset.

This journal is © The Royal Society of Chemistry 2017



Table 3 Impedance parameters obtained from the equivalent-circuit
model

Electrode material RCT, U s, U s�1/2 DNa+, cm
2 s�1

NFPF-P 130 361 3.70 � 10�14

NFPF-450/Ar 113 280 6.16 � 10�14

NFPF–rGO 92 166 1.74 � 10�13

Paper Journal of Materials Chemistry A
with rGO in a nanocomposite enhances charge-transfer
properties.

The slope observed in the low-frequency range, which we
assign to Warburg impedance, Zw, was used to calculate the Na+

diffusion coefficient (DNa+) in the composite,29,53,54 following the
general equation:55

DNaþ ¼ R2T2

2A2n4F 4C2s2
(3)

where R is the ideal gas constant (8.314 J mol�1 K�1), T is the
ambient temperature (298.15 K), A is the cross-sectional
surface area of the electrode (0.713 cm2), n is the number of
electrons per molecule during intercalation, F is the Faraday
constant (96 485 C mol�1), C is the concentration of Na+

(3.80 � 10�3 mol cm�1),29 and s is the Warburg coefficient
(U s�1/2). The Warburg coefficient is determined from the
following relationship:

Re(Z) ¼ Rs + RCT + su�1/2 (4)
Fig. 7 (a) Galvanostatic charge–discharge curves with imposed C-rates
and coulombic efficiencies of NFPF–rGO. (c) Long-term cycling of NFP

This journal is © The Royal Society of Chemistry 2017
where u is the angular frequency; therefore, the slope from
a plot of Re(Z) vs. u�1/2 (Fig. S7†) provides s values, which can be
used to calculate DNa+ for the series of NFPF electrodes (Table 3).
We observe that with lower RCT, the calculated DNa+ increases;
for example, NFPF–rGO exhibits much higher DNa+ accompa-
nied by a smaller charge-transfer resistance. Combining NFPF
and rGO results in a 5� improvement in DNa+ values, which
implies that ion transport is signicantly enhanced within this
composite electrode structure.

To assess the electrochemical performance of the NFPF–rGO
samples, galvanostatic cycling was performed within cut-off
voltages of 2.0 and 4.0 V vs. Na/Na+; galvanostatic discharge
curves and corresponding capacity-rate trends for NFPF-P and
NFPF-450/Ar are shown in Fig. S8 and S9,† respectively. The
electrochemical performance of NFPF–rGO was determined at
varying C-rates (C/10–20C) and the charge–discharge curves are
shown in Fig. 7a. This material exhibits two voltage plateaus
situated at 2.8 and 3.0 V vs. Na/Na+ (phase transition from
Na2FePO4F to Na1.5FePO4F to NaFePO4F), consistent with the
coupled redox peaks observed in the CVs earlier. A high capacity
of 110 mA h g�1 is achieved at C/10; at rates of 1C and 10C,
NFPF–rGO provides a capacity of 90 and 60 mA h g�1, respec-
tively (Fig. 7b). Along with the high capacities, coulombic effi-
ciencies greater than 95% are achieved throughout the entire
range of C-rates. Moreover, long-term cycling at 10C shows 70%
capacity retention aer 5000 cycles (Fig. 7c).

Prior investigations of Na2FePO4F synthesized as several
hundred nanometers to micron-sized particles showed high
specic capacity at low C-rates (�C/10, �110–120 mA h g�1),
ranging between C/10–20C and (b) corresponding specific capacities
F-rGO at 10C for 5000 cycles.
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with moderate rate capability (�10C, �20–25 mA h g�1) ach-
ieved by utilizing additional processing protocols such as high-
energy ball milling,29 carbon-coating,23,24 and preparing carbon-
coated hollow particles.25 As described herein, combining
nanoscale carbon-coated Na2FePO4F with rGO yields a material
that exhibits high-rate capability for Na-ion insertion (specic
capacities of �60 mA h g�1 achieved at 10C). These results
further demonstrate the advantages of incorporating nanoscale
charge-storing materials with rGO, analogous to trends we
previously reported for pseudocapacitive charge-storage with
MoO2–rGO nanocomposites cycled in a Li-ion electrolyte and
NaTi2(PO4)3 in a Na-ion electrolyte.40,45
4. Conclusions

In this present work, we show that intimately integrating
nanometeric Na2FePO4F with conductive carbon components
(carbon coatings produced by pyrolysis of organic byproducts
and/or rGO) yields previously unrealized rate capability for Na-
ion charge storage with this active material. Kinetics analysis of
the cyclic voltammetric data shows that although diffusion-
limitations are inherent for nanosized NFPF-P, charge-storage
becomes more surface-limited with the combination of
carbon coating and integration of rGO. Impedance spectroscopy
conrms that RCT is lower for nanocomposite NFPF–rGO and
DNa+ increases �5� compared to NFPF-P. In galvanostatic tests,
the NFPF–rGO composite achieved a capacity of 110 mA h g�1 at
C/10 and exhibited high-rate capability, where 60 mA h g�1 was
retained even at a challenging rate of 10C with stable cycling.
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