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e NaFePO4 formed by aqueous
ion-exchange and its mechanism for advanced
sodium ion batteries†
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Bingbing Tian,ag Jiaxin Zheng,b Yuping Wu,e Feng Pan*b and Kian Ping Loh*ag

Room-temperature sodium ion batteries (SIBs) have attracted tremendous attention recently as cheaper

alternatives to lithium ion batteries (LIBs) for potential application in large-scale electrical energy storage

stations. Among the various classes of iron phosphate cathodes used in SIBs, olivine NaFePO4 is one of

the most attractive host materials for advanced sodium ion batteries owing to its electrochemical profile

and high theoretical capacity. As an alternative to the organic-based electrochemical ion-exchange

process which is disadvantaged by sluggish dynamics and co-intercalation of Li+, we investigated an

aqueous-based, electrochemical-driven ion-exchange process to transform olivine LiFePO4 into highly

pure olivine NaFePO4, which shows superior electrochemical performance. Using a combination of ab

initio calculations and experiments, we demonstrate that the mechanism is attributed to the much faster

Na+/Li+ ion-exchange kinetics of NaFePO4 at the aqueous electrolyte/cathode interface compared to

the organic electrolytes. Operando Fe K-edge XANES and XRD were also carried out to study the staged

evolution of phases during the sodiation/desodiation of NaFePO4 nanograins.
1 Introduction

Large scale electrical energy storage (EES) is increasingly
considered for integration with renewable systems like solar
and wind power to increase the availability and value of these
resources.1–11 The current generation of Li-ion batteries use
oxides (such as LiCoO2 and LiMn2O4) and olivine LiFePO4 as
cathodes, which creates a strong demand for Li worldwide,
driving its price increase and potential geopolitical tension. In
this regard, room temperature sodium-ion batteries are
ersity of Singapore, 3 Science Drive 3,

du.sg

University Shenzhen Graduate School,

pkusz.edu.cn

ces, A*STAR, 1 Pesek Road, Jurong Island,

ring, A*STAR, 2 Fusionopolis Way, #08-03

L), Department of Chemistry & Shanghai

Innovative Materials, Fudan University,

s and Engineering, 28 Medical Drive #05-

hene Research Centre, National University

17546

(ESI) available: Detailed ion-exchange
situ XANES and calculation method

a01111j

Chemistry 2016
seriously being considered as alternatives to lithium-ion
batteries due to the natural abundance and uniform geographic
distribution of sodium.12–25 Recently, several types of insertion
material have been implemented as cathode materials in
sodium- ion batteries. They can be classied as layered transi-
tion metal (TM) oxides,18,26–32 tunnel-type oxides,33–36 phos-
phates,37–48 uorides49,50 and organic components.51–55 Among
them, iron-based phosphates have attracted the most attention
because of the abundant and eco-friendly properties of Fe, as
well as its ability to form compounds with Na.56

Yamada et al., Nazar et al., Chio et al. and Kang et al.
have investigated the sodium electrochemistry of iron-based
phosphates independently, such as Na2FeP2O7,57 Na2FePO4F,42

Na4Fe3(PO4)2(P2O7)58 and NaFePO4.56 Among the reported iron-
based phosphates, olivine NaFePO4 possesses the highest
theoretical capacity (154 mA h g�1) because of its light frame-
work.56,59 However, olivine NaFePO4 is not the thermodynami-
cally stable phase and cannot be obtained using traditional
solid-state synthesis, whereas the thermodynamically favored
maricite phase has a close framework which disallows Na ion
diffusion.60,61 Using an ion exchange method, olivine phase
NaFePO4 was typically synthesized via organic-based electro-
chemical insertion of sodium ions into chemically or electro-
chemically delithiated FePO4.39,41,43,62–64 This process is usually
performed through a two-step procedure, involving rstly the
delithiation of LiFePO4 in an organic lithium cell by organic
chemical oxidation, and secondly the use of the delithiated
electrode (FePO4) in a new cell, where lithium was replaced by
J. Mater. Chem. A
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sodium metal as the anode. The phase evolution of electro-
chemically synthesized NaxFePO4 during sodiation/desodiation
has been studied by Yamada et al.,62 Casas-Cabanas et al.43,63

and Moreau et al.41,65 One observation is that the charge/
discharge behavior of NaFePO4 is asymmetric, which is man-
ifested by a two-plateau charging plot. It was inferred that the
desodiation process of NaFePO4 involved the sequential tran-
sition between a solid–solid reaction and a biphasic reaction,
through an intermediate Na2/3FePO4 phase. Casas-Cabanas
et al. found the simultaneous existence of three phases: FePO4,
Na2/3FePO4, and NaFePO4 during discharge.43,63 However,
previously reported olivine NaFePO4 only has a capacity less
than 100–120 mA h g�1 (theoretical value 154 mA h g�1), which
degrades aer 100 cycles.66 Despite the restricted performance,
the limited purity of NaFePO4 may hinder the further study of
its sodiation/desodiation behavior. To date, the reasons for this
remain unclear. Furthermore, for safe operation, it is necessary
to avoid the use of sodium metal in the ion-exchange process.60

Amorphous NaFePO4 was also prepared to avoid the direct
synthesis of olivine NaFePO4. With a sloping charge/discharge
plot, amorphous NaFePO4 exhibited exceptional performance
with ultrastable capacity up to 150 mA h g�1 in the potential
range of 1.5–4 V.67

Aqueous electrolytes have been considered as potential
alternatives to organic-based electrolytes regarding safety and
cost. Feasible lithium and sodium electrochemistry in
aqueous electrolytes has been previously reported.48,68–73

Despite the improved electrochemical performance obtained
compared to the organic-based systems in terms of rate
capability and cyclability, of particular signicance is the
theoretical understanding of different Na+/Li+-based electrode
process kinetics in aqueous and organic electrolytes and the
electrolyte/cathode interface during the process remains
unknown, which may hinder the further optimization of the
aqueous electrolyte-based energy storage systems of lithium
and sodium ions.

Herein, we investigate an aqueous-based electrochemically
driven ion-exchange process to transform olivine LiFePO4 into
highly pure olivine NaFePO4. Besides the advantage of not
generating dangerous byproducts, improved electrochemical
performance was obtained compared to the organic-based
exchange systems (142 mA h g�1 at 0.1C, up to 6000 cycles at
10C). This should be attributed to the complete substitution
of Li+ by Na+ in NaFePO4, which ensures unrestricted one-
dimensional (1D) channels for Na+ insertion/extraction.
Furthermore, a theoretical study of the Na+/Li+ migration
process in the aqueous and organic electrolytes and the
electrolyte/cathode interface was carried out to understand
the origins of the superior ion-exchange in aqueous electro-
lyte. To understand the staging phenomena when the host
material buffers mechanical strain, the sodium insertion/
extraction mechanism in olivine NaFePO4 synthesized by this
method was also investigated by operando Fe K-edge X-ray
absorption near edge structure (XANES) studies. Together
with XRD studies, biphasic separation of NaFePO4 and
Na2/3FePO4 during the equilibrium stage upon sodiation was
observed.
J. Mater. Chem. A
2 Experimental section

Details on the aqueous/organic ion exchange, calculation
method, electrochemical characterisation, XRD, TEM and in
situ XANES studies are provided in the ESI.†

The Fe K-edge XAFS experiment was performed at XAFCA
beamline (J. Synchrotron Radiat., 2015, 22, 839), Singapore
Synchrotron Light Source (SSLS). The electron storage ring of
SSLS is operated with an energy of 0.7 GeV with normally
a current of 200–300 mA. Transmission mode was applied. The
Na/NaFePO4 coin cells with holes (D ¼ 5 mm) at the centre were
assembled for the operando XAFS study. The holes were sealed
using Kapton tapes, which allowed the X-rays through but
prevented air from entering the cell. In particular, a 50 nm Al
thin lm was coated on the sealed Kapton tapes by a thermal
evaporator since sodium is much more sensitive to moisture/air
than lithium. The thickness of the Al lm was optimized to get
the best results (Caution! Without the Al coating layer, the in
situ cell will degrade quickly in testing). To avoid the signicant
absorption of X-rays by glass bers, a Waterman lter paper was
used as the separator in the Na/NaFePO4 cell. The operando
X-ray absorption near edge structure (XANES) study was per-
formed at the Fe K-edge to monitor the change of the valence
state of the Fe in the cathode material. XANES and extended
X-ray absorption ne structure (EXAFS) data reduction followed
standard methods using the ATHENA soware package
(J. Synchrotron Radiat., 2005, 12, 537).

3 Results and discussion

The electrochemically driven aqueous ion-exchanging of
commercial olivine LiFePO4 into NaFePO4 was carried out in
a three-electrode electrochemical system with a SCE (saturated
calomel electrode) and a platinum electrode as the reference
and counter electrode, respectively. Firstly, the LiFePO4 elec-
trode was galvanostatically delithiated to become FePO4 in
aqueous Li2SO4 electrolyte; then the same electrode (FePO4) was
galvanostatically sodiated to become NaFePO4 in aqueous
Na2SO4 electrolyte, and directly used as the cathode in SIBs aer
drying. Since anions are very crucial for temporary compensa-
tion of the excess positive electrode charge during the interca-
lation/deintercalation process, herein SO4

2� anions are selected
as the electrolyte anions which can provide the fastest interca-
lation/deintercalation kinetics.72 This open-air ion-exchange
unit is easy to operate and sustainable since there is no
requirement for an inert atmosphere and no consumption of
organic solvent or lithium metal, whereas all these are required
in the organic ion-exchange system. The lithium ions which
have accumulated in the electrolyte following the delithiation
process can be easily recycled for other applications (inductively
coupled plasma (ICP) results demonstrating the accumulation
of Li+ are shown in Fig. S1†).

Fig. 1a shows the voltage prole of delithiation of olivine
LiFePO4, evolving on the expected 0.45 V (vs. SHE) plateau and
delivering a capacity close to the theoretical value of 170 mA h
g�1 even at 2.5C (around 0.4 h). Subsequently, the capacity of
151 mA h g�1 (based on NaFePO4) was delivered upon sodiation
This journal is © The Royal Society of Chemistry 2016
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at 0.5C (around 2 h), which is also close to the theoretical
capacity of NaFePO4. Both results demonstrate that the ion-
exchange process, which occurs at 10 times higher rate than the
organic-based ion exchange process, was completed in aqueous
electrolyte.64

As shown in Fig. S2,† the morphology of NaFePO4 was
preserved very well aer the aqueous-based ion-exchange. EDX
mapping also indicates a uniform distribution of sodium in the
whole electrode. TEM (Fig. 1b) and STEM (Fig. 1c) show that
NaFePO4 preserves a “many-particle system” of 100–200 nm
particles, which is similar to the morphology of pristine
LiFePO4 as shown in Fig. S3.† As shown in the HRTEM of
NaFePO4 (Fig. 1d), the (101) and (210) planes were clearly
observed along the zone axis of (�121). Moreover the atomic
arrangement revealed in the HRTEM image (inset in Fig. 1d) is
identical to the simulated atomic conguration viewed along
the (�121) orientation. The retention of crystal structure during
the transformation from LiFePO4 to NaFePO4 can be explained
by the strong P–O bonds in the olivine structure which can
accommodate the change in ionic radius from Li+ to Na+.74,75 We
also noted that aer ion exchange, there was no obvious elec-
trochemical corrosion of aluminum foil within this operating
potential (SEM images of aluminum foil before and aer ion
exchange are shown in Fig. S4†). The low concentration of Al3+

in the electrolyte can effectively suppress the possible interca-
lation of Al3+ into the oxide framework, as previously reported.76

XRD was used to follow the changes in crystalline phases
during the ion-exchange process. Fig. 1e shows the XRD
patterns of LiFePO4, FePO4 and NaFePO4 in which no residual
peaks of LiFePO4 and FePO4 were identied in the synthesized
Fig. 1 (a) Delithiation and sodiation plot in aqueous electrolytes; (b) TEM
aqueous ion-exchange; (e) XRD patterns and (f) XANES spectra of pristine
carbon layer on NaFePO4 inherited from pristine LiFePO4; inset in (c) sh
configurations of NaFePO4 viewed from zone (�121) match well with th

This journal is © The Royal Society of Chemistry 2016
NaFePO4, indicating that LiFePO4 (olivine, JSPDS no. 83-2092)
had been delithiated completely to form pure olivine FePO4

(heterosite JCPDS card no. 42-0579); and FePO4 was further
sodiated to transform into pure olivine NaFePO4. The Fe K-edge
XANES of LiFePO4, FePO4 and NaFePO4 in Fig. 1f show that the
Fe valence in NaFePO4 and LiFePO4 is almost the same; we can
conclude that the olivine LiFePO4 has been completely trans-
formed into olivine NaFePO4 by the aqueous ion-exchange
process. The lattice parameters were determined by XRD Riet-
veld renement, as summarized in Fig. S5 and Table S1.†

For comparison, NaFePO4 was also prepared following the
conventional organic ion-exchange process under different
conditions. XRD and ICP were used to determine the phase
purity of as-prepared samples. In contrast to the aqueous ion-
exchange process, unsodiated FePO4 and LixFePO4 impurities
were detected in the as-prepared NaFePO4 by organic ion
exchange (Fig. S6†). ICP test was applied, and the data shown in
Table 1 demonstrate that there are residual Li ions adsorbed on
the FePO4 electrodes delithiated in both organic and aqueous
electrolytes. As shown in Table 1, the residual Li+ in FePO4

delithiated in organic electrolyte shown in ICP analysis could be
attributed to two sources: (1) un-delithiated LiFePO4 due to
reaction dynamics (see Fig. S6(i)† for the obvious residual
LiFePO4 peaks in XRD pattern when delithiated at 2.5C), (2) Li+

adsorbed on the surface of materials. By applying a slower deli-
thiation rate (1C and 0.1C) and constant voltage charge (0.1C,
voltage charge until 0.01C), the un-delithiated contribution
should be negligible, while the residual Li+ may mainly result
from surface adsorption. The surface Li+ residual indicated by
ICP is around 0.19/FePO4. Cathode electrolyte interphase (CEI)
, (c) inverted STEM and (d) HRTEM images of as-prepared NaFePO4 by
LiFePO4, as-prepared FePO4 and NaFePO4. Inset in (b) shows an intact
ows the original STEM image; inset in (d) shows the simulated atomic
e obtained TEM image.

J. Mater. Chem. A
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Table 1 ICP analysis of delithiated FePO4 electrodes and as-prepared NaFePO4 electrodes in different electrolytes

Organic electrolyte Aqueous electrolyte

2.5C delithiated FePO4 Li0.502FePO4 2.5C delithiated FePO4 Li0.191FePO4

1C delithiated FePO4 Li0.198FePO4 1C delithiated FePO4 Li0.185FePO4

0.1C delithiated FePO4 with equilibrium Li0.190FePO4 0.5C sodiation with 2.5C delithiated electrode Na0.937Li0.05FePO4

0.1C sodiation with 0.1C delithiated electrode Na0.610Li0.173FePO4

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
2 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 T
ow

n 
L

ib
ra

ry
 o

f 
Sh

en
zh

en
 o

n 
16

/0
3/

20
16

 0
7:

00
:4

5.
 

View Article Online
lms composed of organic byproducts such as Li2CO3, LiOH and
LiF may partially contribute to the detected residual Li+.77–79

However, taking the low operating potential/temperature applied
in this work and the existence of vinylene carbonate in the
electrolyte, the CEI formed at the electrode surface during
charging in the organic electrolyte system could be effectively
supressed.78,79 Upon sodiation, the adsorbed Li+ may co-inter-
calate into the FePO4 host, inducing the impurity NaFePO4 as
shown in the XRD pattern (Fig. S6(iv) and (v)†). The ICP deter-
mination is consistent with the XRD result while the composi-
tion of the electrode 0.1C sodiated with 0.1C delithiated
electrode was analysed to be Na0.610Li0.173FePO4. A similar
amount of Li+ (0.18–0.19/FePO4) was found to be adsorbed on
the surface of FePO4 electrodes delithiated in aqueous electrolyte
as shown in Table 1. However, the composition of electrode
sodiated at 0.5C with washed 2.5C delithiated electrode using
the aqueous ion-exchange process is determined to be Na0.937-
Li0.05FePO4 (Table 1). It is obvious that much less residual Li
remains and much more Na is sodiated in the aqueous ion-
exchange process compared to the organic ion-exchange process,
in good agreement with the previous XRD result where no
residual LixFePO4 and FePO4 was detected in the aqueous-
exchanged NaFePO4.

Given all the results above, the main reasons for the impurity
in NaFePO4 obtained in the organic electrolyte are attributed to
the sluggish sodium dynamics and co-insertion of residual
lithium during the organic ion-exchange process. The advan-
tage of high purity NaFePO4 prepared by the aqueous method as
compared to the organic method is signicant, which can be
assigned to the much less reintercalation of residual Li and
faster sodiation dynamics during the aqueous ion-exchange
process than the organic one. Further analysis is provided in the
following section.

To understand the different intercalation kinetics in organic
and aqueous electrolytes, an atomic level calculation and
comparison of Na+/Li+ energies involved in the migration process
in the electrolytes and the electrolyte/cathode interface is neces-
sary. It is well known that upon dissolution of alkali salts, cations
form “solvated ions” with solvent molecules.80,81 In the organic
case, we studied only EC (ethylene carbonate) despite the exis-
tence of DMC (dimethyl carbonate) in the practical electrolyte
mixture, due to the fact that the ion solvation is dominated by
EC.82 Previous theoretical studies show that the hydratedM ion in
aqueous solution and solvatedM ion in EC-based electrolyte both
have a two-shell structure (M ¼ Li, Na).81,83–85 The inner sphere is
composed of four EC molecules forming M+(EC)4 or four H2O
molecules forming M+(H2O)4 with coordination between the lone
J. Mater. Chem. A
pair electrons of oxygen atoms and M ions (M–O), as shown in
Fig. 2a and b. Note that, due to the larger radius of sodium, two
extra H2O molecules may coordinate with Na+ to form Na+(H2O)6
(Fig. S7†).84 In view of the fact that the desolvation energy of the
rst two H2O is quite small (see Table S2† for the desolvation
energies), only the Na+(H2O)4 complex is studied here. The outer
shell is composed of several organic molecules or H2Omolecules
weakly bonding with the inner sphere.81,84

The higher conductivity of ions in aqueous electrolytes
compared to organic electrolytes (see Fig. S8† for the impedance
study of LiFePO4 in aqueous and organic electrolytes) allows the
solvated ions to diffuse faster from the bulk electrolyte to the
desolvation region near the surface of the electrode in aqueous
electrolytes.68–71 The transport process (including the des-
olvation and adsorption processes) at the solid/electrolyte
interface was further studied to understand the fast dynamics of
sodium ions in aqueous electrolytes (see ESI section 1† for
a detailed description of the models and calculations). Fig. 2a
and b show the possible behavior for Na/Li ion diffusion in
close proximity to the solid/liquid (organic) interface (the des-
olvation layer and inner-Helmholtz layer). Our DFT study
demonstrates that only one EC molecule can be adsorbed on
a surface Na-site for NaFePO4 and a surface Fe-site on the (010)
surface of FePO4, due to the steric hindrance as shown in
Fig. 2b(iv) and (vi), while three H2O and one H2O molecules can
be adsorbed on the surfaces of NaFePO4 and FePO4, respectively
(Fig. 2a(iii) and (iv)), due to the smaller size of H2O molecule
(detailed ab initio calculated H2O/EC absorption structures can
be found in Fig. S9†). The surface adsorbed water can be easily
removed aer dried at 80 �C before battery fabrication. As
shown in Fig. S10,† the TGA plot of NaFePO4 aer drying at
80 �C demonstrates no obvious water adsorption in the elec-
trode. XPS also conrmed that there are no obvious changes in
the O 1s signal before and aer sodium exchange (Fig. S11†).76

These structures are quite similar to our previous observations
in LiFePO4 and FePO4.80 To allow the intercalation of one Na+

into FePO4 to form a NaxFePO4 complex, only two H2O mole-
cules need to be stripped away from its primary solvation
complex (Na+(H2O)4) (Fig. 2a(i) and (ii)), followed by the
approach of the resultant Na+(H2O)2 to the surface of FePO4 to
formNaFePO4 as shown in Fig. 2a(iv). However, in the case of an
organic electrolyte, three EC molecules have to be stripped away
from the primary solvation sphere (Na+(EC)4) before the resul-
tant Na+(EC) complex can approach the concavities at the
surface of FePO4 (as shown in Fig. 2b(i)–(iii)). Moreover, the EC
molecule adsorbed on the surface of FePO4 needs to be stripped
away before the adsorption of Na+(EC) due to the steric
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 The reaction profiles for Li/Na ion transport across the (a) FePO4/H2O and (b) FePO4/EC interfaces. The energies for each step during the
desolvation process and adsorption process are plotted as bars accordingly (blue bars for sodium-based, orange bars for Li-based). The des-
olvation process is endothermic, while the adsorption process is exothermic.
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hindrance (Fig. 2b(iv)–(vi)). Thus, although the initial des-
olvation energies of two electrolyte molecules for sodium ions
in aqueous and organic electrolytes are quite similar (DE(i) and
(ii) as indicated by blue bars), the additional desolvation
processes (indicated by the blue dashed box in Fig. 2b) required
in an organic electrolyte may increase the energy barriers for
sodium intercalation, which are specically calculated as DE(iii)
¼ 1.15 eV and DE(v) ¼ 0.5 eV (blue bars) in Fig. 2b, respectively.

It is also important to consider the ion-exchange process of
Na and Li ions upon intercalation, as we found that there are Li
ions adsorbed on the delithiated electrode in both electrolytes
even aer careful washing (Table 1). In the case of an aqueous
system (Fig. 2a), the desolvation energy for Na+(H2O)n is lower
than that for Li+(H2O)n in both steps (i) (DE(i)Na+ ¼ 0.46 eV,
DE(i)Li+ ¼ 0.51 eV) and step (ii) (DE(ii)Na+ ¼ 0.62 eV, DE(i)Li+ ¼
0.80 eV), indicating that the desolvation process of Na+-solvated
ion is easier than that of Li+-solvated ion. In addition, the
adsorption energy for Na+ (DE(iv) ¼ �0.35 eV) is much larger
than Li+ (DE(iv) ¼ �0.15 eV). This means that surface adsorbed
Li+ will be easily substituted by Na+ when delithiated FePO4 is
immersed into the sodium-based aqueous electrolyte, resulting
in a pure sodium intercalation compound subsequently (the
ICP results of the aqueous intercalated electrode in Table 1 only
present a negligible lithium ion content).
This journal is © The Royal Society of Chemistry 2016
In contrast, in the case of an organic-exchanged system
(Fig. 2b), the desolvation energy for Na+(EC)n is much higher
than that for Li+(EC)n in step (i) (DE(i)Na+ ¼ 0.41 eV, DE(i)Li+ ¼
0.01 eV) and step (ii) (DE(ii)Na+ ¼ 0.71 eV, DE(i)Li+ ¼ 0.42 eV),
meaning that Li+ desolvation is easier in the rst two steps. For
step (iii), the desolvation energy for Na+(EC)2 is only slightly
lower than Li+(EC)2. As a result, residual Li+ will compete with
Na+ desolvation. In addition, the adsorption energy of Li+

(DE(vi)Li+ ¼ �0.64 eV) is higher compared to that of Na+

(DE(vi)Na+ ¼ �0.46 eV), indicating that Li+ adsorption competes
with Na+. The competition between Li+ and Na+ upon des-
olvation and adsorption processes may induce the co-interca-
lation of Li+ originating from the residual Li+ of delithiated
electrodes in the organic-exchanged system.

Based on these calculations, the competitive intercalation of
Li+ can be effectively suppressed in the aqueous ion-exchange
process, while Li+ will co-intercalate into FePO4 in the organic
ion-exchange process. Indeed, additional intercalation of
lithium ions into as-prepared FePO4 was previously observed
without identication in an organic ion-exchange process,64

which affects the purity of the nal product and negatively
affects the ultimate cycling capability.

The sodium storage performance of the aqueous-exchanged
NaFePO4 in organic media was characterized with coin cells in
J. Mater. Chem. A
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Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
2 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 T
ow

n 
L

ib
ra

ry
 o

f 
Sh

en
zh

en
 o

n 
16

/0
3/

20
16

 0
7:

00
:4

5.
 

View Article Online
half-cell conguration with sodium as the anode in the poten-
tial range of 2–4 V (vs. Na/Na+). Fig. 3a shows reversible charge–
discharge proles of the Na/NaFePO4 cells at 0.1C (1C¼ 154 mA
h g�1). In the rst cycle, the specic charge and discharge
capacities of the NaFePO4 are 140 mA h g�1 and 142 mA h g�1,
respectively, corresponding to an initial coulombic efficiency
close to 100%; and 92% capacity is retained for more than 200
cycles (Fig. 3c). The proles for charge and discharge processes
appear to be asymmetric. While a unique plateau can be iden-
tied during discharge, two continuous plateaus can be
observed upon charge. This asymmetry is clearly observed in
dQ/dV curves as shown in Fig. 3b. Only one sharp peak can be
observed during sodiation whereas two oxidation peaks can be
distinguished upon desodiation. These observations are
consistent with previous reports on olivine NaFePO4 prepared
by organic ion exchange.39,64 XANES was carried out later to
provide insights into the sodiation/desodiation mechanism. We
note that the sodiation peak in dQ/dV curves (Fig. 3b) is very
sharp and delivers 85% capacity within a voltage window of
0.1 V upon discharge (Fig. 3a), which is comparable with
Na3V2(PO4)3.37,45 This feature should be attributed to the well
retained crystalline structure of NaFePO4 aer aqueous ion
exchange, which enables homogenous sodium insertion in
a narrow voltage window. As the BET surface area and tap
density of NaFePO4 were found to be 9.3013 m2 g�1 (Fig. S12†)
and 0.891 g cm�3 respectively, there may be slightly pseudo-
capacitance-type reaction during Na+ storage with the existence
of a carbon coating and pores on/between NaFePO4 nano-
particles.86 It is worth mentioning that maricite NaFePO4 was
recently reported to be activated at a very low rate (i.e. 0.05C)
through a crystalline-to-amorphous phase transition, even
though the loss of crystalline structure will result in a sloping
charge/discharge plot and relatively lower rate capability.56 As
Fig. 3 Electrochemical performance of aqueous ion-exchanged NaFePO
0.1C. (d) Charge and discharge plots and (e) capacities at different rates u
by the aqueous ion-exchanged NaFePO4 battery.

J. Mater. Chem. A
shown in Fig. 3d, when the current is increased, the capacity of
NaFePO4 decreases due to the increased polarization. However,
capacities of 100 mA h g�1, 60 mA h g�1 and 38 mA h g�1 can
still be delivered at 1C, 10C and 20C, respectively (Fig. 3e).
Although the performance is not comparable with the rate
capability of LiFePO4, it is acceptable for an energy storage
device. As shown in Fig. 3f, a coin cell with a mass loading of
NaFePO4 around 5 mg was used to light a white LED.

Considering the large lattice mismatch between NaFePO4

and FePO4 (17.58% in volume) which may give rise to phase
segregation,43 the cycle stability of aqueous ion-exchanged
NaFePO4 is quite impressive. As shown in Fig. 4a, the capacity
retention of NaFePO4 was 86%, 90% and 89% cycled at 0.5C, 1C
and 2C aer 500 cycles, respectively (82% capacity retention
aer 1000 cycles at 0.5C as shown in Fig. S13†). Even when
cycled at a very high rate of 10C (Fig. 4b), NaFePO4 possesses
70% of its initial capacity aer 6000 cycles. Such a good cycle
stability should be attributed to the complete substitution of Li+

by Na+ in NaFePO4, which ensures unrestricted one-dimen-
sional (1D) channels for Na+ insertion/extraction.39 Furthermore
the strong polyanion P–O bonds help to preserve the olivine
structure during multiple Na+ insertion/extraction processes in
the host structure along the [010] direction.61,64 For comparison,
the electrochemical performance of NaxFePO4 (0 < x < 1)
synthesized from organic ion exchange is shown in Fig. S14.†
Apart from a much lower capacity due to incomplete ion
exchange, the organic ion-exchanged NaFePO4 shows an infe-
rior cycle stability compared to the aqueous ion-exchanged
process. Fig. 4c, which compares the XRD patterns of the
aqueous-exchanged NaFePO4 observed aer different cycles,
conrms the reversibility of NaFePO4 as judged from the pres-
ervation of the pristine olivine structure aer multiple cycling,
with only minor broadening of the XRD peaks aer 5000 cycles
4. (a) Charge and discharge plots, (b) dQ/dV curves and (c) cyclability at
p to 20C. (f) Photograph shows the lighting of one white LED powered

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Long-term cycle stability of aqueous ion-exchange NaFePO4 at different rates: (a) 0.5C, 1C, 2C and (b) 10C. (c) XRD patterns of NaFePO4

electrodes after different cycles to demonstrate the stability of NaFePO4 during long-term cycling. (d) Charge and discharge plots at 0.1C and (e)
cyclability at 1C for NaFePO4//hard carbon full cells.
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(TEM images of NaFePO4 aer 5000 cycles are shown in
Fig. S15†).

To demonstrate the potential of aqueous ion-exchanged
NaFePO4 as a cathode in sodium ion batteries, a prototype full
cell (coin cell) was fabricated by utilizing NaFePO4 as a cathode
and commercial hard carbon as the anode. The electrochemical
performance of hard carbon is shown in Fig. S16.† Fig. 4d shows
the charge/discharge curves of the full cell measured at 0.1C.
The cell exhibits a voltage prole that mainly reects the
potential of NaFePO4 and a capacity of around 140 mA h g�1.
Both the cycle stability and efficiency of the full cell are good. As
shown in Fig. 4e, the full cell can deliver a capacity of 86 mA h
g�1 aer 60 cycles at 1C (84% capacity retention).

Synchrotron radiation based X-ray absorption spectroscopy
(XAS) is a well-established method to determine the local
atomic and electronic structure of the element of interest in
a complex system. Operando XANES probes the oxidation states
of the elements present in the battery system.33,87–94 In the case
of olivine NaxFePO4 (0 < x < 1), it has been reported by Lu and
Yamada that its phase diagram is different from that of Lix-
FePO4 due to the larger solubility limit of (sodium) vacancies,
This journal is © The Royal Society of Chemistry 2016
giving rise to a solid solution for x between 2/3 to 1, and a phase
separated FePO4 and NaxFePO4 at 0 < x < 2/3.62 XRD spectra
collected at different equilibrium stages at 0.1C are shown in
Fig. 5e and f (patterns 1–10), where the phase transition
behavior agrees well with that of organic-exchanged
olivine NaxFePO4 reported by Lu and Yamada. For example,
a solid solution exists between the transition of NaFePO4

(pattern 1) and Na2/3FePO4 (pattern 5). Above a critical phase of
Na2/3FePO4, we can see the mixture of two sets of XRD patterns
due to phase segregated Na2/3FePO4 and FePO4 (pattern 6).

To obtain further insights into the dynamics of the sodia-
tion/desodiation process, operando Fe K-edge XANES charac-
terization of the NaFePO4 during the initial galvanostatic
cycling was carried out. Stacked plots and two-dimensional (2D)
contour plots of operando XANES spectra for NaFePO4 are
shown in Fig. 5b and c, respectively. The voltage prole of the
initial cycle is indicated in Fig. 5a alongside the XANES spectra.
Upon desodiation, the Fe K-edge is rigidly shied toward the
higher binding energy, corresponding to increased Fe oxidation
state during the charging process. Upon insertion of sodium
ions, the oxidation state of Fe is reduced to its original state. To
J. Mater. Chem. A
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Fig. 5 In situ synchrotron Fe K-edge XANES and ex situ XRD studies of the aqueous ion-exchanged NaFePO4 during initial cycles. (a) Voltage
profile of the NaFePO4 at the first cycle; (b) stacking plots, (c) two-dimensional (2D) contour plots and (d) the evolution of the Fe-edge energy
(half weight) of operando XANES spectra of the NaFePO4 at the first cycle. (e) Voltage profile of the NaFePO4 at the second cycle. (f) XRD patterns
of NaFePO4 electrodes at different stages (equilibrium and non-equilibrium).
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semi-quantitatively determine the oxidation states of Fe, the
evolution of the edge energy (half weight) of the XANES spectra
is plotted in Fig. 5d by taking LiFePO4 as ref. 90. The energy
evolution consists of ve regions with different linear slopes
associated with the bonding strength of 1s electrons of iron in
different structures.95Well correlated with the charge–discharge
prole, the asymmetry of the charge and discharge processes is
obvious in the evolution of the Fe K-edge energy. Correlating
with the charge/discharge plot in Fig. 5a, regions (i) and (ii)
correspond to transformation of NaFePO4 to the Na2/3FePO4

intermediate phase through a solid solution process;62,63,94,96 the
intermediate phase is then further desodiated to FePO4
J. Mater. Chem. A
according to a nearly linear evolution of Fe edge energy in
region (iii).65 The two-stage charge mechanism should be
associated with an asymmetric volume change from NaFePO4 to
Na2/3FePO4 (3.62%) and from Na2/3FePO4 to FePO4 (13.48%).43

The evolution in the XRD peak proles upon equilibrium is well
correlated with the observations in the aforementioned in situ
XANES. During the charge process, NaFePO4 is completely
converted to the intermediate phase Na2/3FePO4 (pattern 5)
before it can be further desodiated to FePO4 (upon equilibrium;
pattern 7); during the discharge process, the FePO4 is partially
transformed to the intermediate phase Na2/3FePO4 (dominated
at the early stage of discharge; pattern 8) while NaFePO4 is
This journal is © The Royal Society of Chemistry 2016
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formed simultaneously until the end of discharge (dominated
at the later stage of discharge; pattern 9). At the end of
discharge, NaFePO4 is recovered as shown in pattern 10, thus
yielding the highly reversible capacity of NaFePO4. Interestingly,
different features are observed in the XRD patterns of electrodes
with/without equilibrium (with/without constant potential
charge process) at a state of charge (SOC) 20% (the slope region
linking two plateaus on the charge plot; patterns 3 and 4).
Without equilibrium at SOC 20% (pattern 3), the XRD pattern
can be explained by the solid-solution phase of Na1�yFePO4 (0 <
y < 1/3).62 Different from the non-equilibrium situation,
upon equilibrium, the relaxation between particles may be
completed; and biphasic separation due to NaFePO4 and
Na2/3FePO4 (pattern 4) is observed.97 This phenomenon
demonstrates that depending on the morphology of the Nax-
FePO4 particles, which includes for example the homogeneity of
the dispersion or the abilities of these particles tomake effective
electrical contacts in the “many-particle” system,97 the conver-
sion of NaFePO4 to Na2/3FePO4 at the rst charge stage may not
form a monotone solid solution and relaxation between parti-
cles may be required. A monotone solid solution will reduce the
hysteresis originating from the relaxation process (miscibility
gap between solid solution and biphasic reaction).98,99 A
possible strategy to obtain a monotone solid solution may
involve controlling the nanocrystallinity and facets of crystals,
which is work in progress.

4 Conclusions

In summary, highly pure olivine NaFePO4 was prepared by
a simple aqueous ion-exchange process. Our results show that
aqueous ion-exchanged NaFePO4 exhibits a high reversible
capacity of 142 mA h g�1 (0.1C) as well as an impressive cycle
stability (6000 cycles at 10C). A theoretical study of the ener-
getics of the Na+/Li+ migration process in the electrolyte and the
electrolyte/cathode interface reveals that the desolvation and
adsorption processes of sodium ions in aqueous electrolyte
enable a faster Na+ intercalating dynamics than Li+. At the same
time, the co-intercalation of Li+ in the delithiated FePO4 host is
suppressed, leading to a higher ion-exchange efficiency than the
organic ion-exchange process. Operando XANES of Fe K-edge,
accompanied by XRD studies, was used to monitor the asym-
metric but highly reversible phasic evolution of the highly pure
NaFePO4. The results indicate that the relaxation of NaxFePO4

particles occurs during the solid-solution stage during des-
odiation, resulting in biphasic separation due to NaFePO4 and
Na2/3FePO4 upon equilibrium. Although several issues need to
be addressed before the strategy can be implemented in large
scale application, the present study points out important
correlations between the interfacial phenomena and the elec-
trochemical prole, which provide useful clues for improving
sodium electrochemistry in aqueous and organic electrolytes.
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78 M. Holzapfel, A. Würsig, W. Scheifele, J. Vetter and P. Novák,

J. Power Sources, 2007, 174, 1156–1160.
79 J. Vetter, M. Holzapfel, A. Wuersig, W. Scheifele, J. Ueil and

P. Novák, J. Power Sources, 2006, 159, 277–281.
80 J. Zheng, Y. Hou, Y. Duan, X. Song, Y. Wei, T. Liu, J. Hu,

H. Guo, Z. Zhuo, L. Liu, Z. Chang, X. Wang,
D. Zherebetskyy, Y. Fang, Y. Lin, K. Xu, L.-W. Wang, Y. Wu
and F. Pan, Nano Lett., 2015, 15, 6102–6109.

81 X. Bogle, R. Vazquez, S. Greenbaum, A. V. W. Cresce and
K. Xu, J. Phys. Chem. Lett., 2013, 4, 1664–1668.

82 A. von Cresce and K. Xu, Electrochem. Solid-State Lett., 2011,
14, A154–A156.

83 C. C. Pye, W. Rudolph and R. A. Poirier, J. Phys. Chem., 1996,
100, 601–605.

84 J. Mähler and I. Persson, Inorg. Chem., 2012, 51, 425–438.
85 S. Yanase and T. Oi, J. Nucl. Sci. Technol., 2002, 39, 1060–

1064.
86 S. Y. Fu, Y. Z. Li, W. Chu, Y. M. Yang, D. G. Tong and Q. Le

Zeng, J. Mater. Chem. A, 2015, 3, 16716–16727.
87 Y. Cui, A. Abouimrane, J. Lu, T. Bolin, Y. Ren, W. Weng,

C. Sun, V. A. Maroni, S. M. Heald and K. Amine, J. Am.
Chem. Soc., 2013, 135, 8047–8056.
This journal is © The Royal Society of Chemistry 2016
88 N. Ohmer, B. Fenk, D. Samuelis, C.-C. Chen, J. Maier,
M. Weigand, E. Goering and G. Schütz, Nat. Commun.,
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