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10 ABSTRACT: The properties, insertion mechanisms, and electrochemical
11 performances of the Na, ;Fe, Ti, s(PO,);/C composite as electrode material
12 for Na-ion batteries are reported. The composite was obtained by solid-state
13 reaction and consists of porous secondary particles of submicron-sized
14  particles coated by carbon. Detailed characterizations were performed by
15 combining theoretical and experimental tools. This includes the determination
16 of the crystal structure of Na, ;FeysTi;s(PO,); from both first-principles
17 calculations and X-ray diffraction providing Na distribution over M1 and M2
18 interstitial sites, which is of importance for ionic conductivity.
19 Na; FeyTi; s(PO,);/C was used as an electrode material at 2.2 V versus
20 Na*/Na’, exhibiting good Na-storage ability with a specific capacity of 125
21 mAh g7, close to the theoretical value, for the first discharge at C/10, good
22 capacity retention, and Coulombic efficiency of 95% and 99.5% at the 60th
23 cycle, respectively, and high power rate with a decrease of the specific capacity
24 of only 14% from C/10 to 2C. These good performances have been related to the morphology of the composite and the
25 substitution of Fe for Ti, leading to an insertion mechanism that differs from that of NaTi,(PO,);. This mechanism was
26 quantitatively analyzed from operando *’Fe Mdssbauer spectroscopy used for the first time in both galvanostatic and GITT
27 modes.

1. INTRODUCTION

28 Electrochemical rechargeable batteries are considered one of
29 the leading technologies for electrical energy storage, especially
30 for the development of sustainable and renewable energy
31 sources, electric vehicles, and portable electronic devices.' Li-
32 ion Dbatteries provide high energy density,” but lithium
33 resources are unevenly distributed worldwide and might not
34 meet the increasing demand for energy.3 In addition, cost and

specific capacity, low irreversible loss, high Coulombic 49
efficiency, and long cycle life are needed for the development so
of Na-ion batteries.®™® Moreover, the electrode materials s
should be stable, abundant, inexpensive, and environmentally s2
benign. Even though, the Na* ionic radius is larger than that of s3
Li’, a lot of structures can accommodate Na', allowing fast s4
diffusion at room temperature. As a result, Na-ion batteries can ss
be competitive with Li-ion batteries in terms of charge— s¢

35 safety are major drawbacks, particularly for large-scale
36 applications such as stationary energy storage systems.4 In
37 this light, rechargeable Na-ion batteries can be considered a
38 serious alternative because of the natural abundance and low
39 cost of sodium, but also for the safety of the electrochemical
40 systems that use, for example, aqueous electrolytes.5 The main
41 disadvantage of these batteries is the lower energy density
4 compared to Li-ion batteries due to lower operation voltage
43 and higher atomic mass of Na compared to Li. However, Na-
44 ion batteries could be the best option for applications when
45 cycle life and low cost are more essential factors than energy
46 density.

47 Research on electrode materials has been mainly focused on
48 Li-ion batteries and new cathode and anode materials with high
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discharge rates. Positive electrodes, similar to those developed s7
for Li-ion batteries, have been considered for a long time.” sg
Layered oxides of the type Na,MO,, where M represents one sy
or more than one transition metals (M = V, Cr, Mn, Fe, Co, 6o
and Ni) have been widely investigated since Na* can be easily 61
intercalated between layers.'”"" Transition metal oxides with ¢
open structures can also be used to reversibly insert Na, but 63
polyanionic compounds form a particularly interesting family of ¢4
positive electrode materials.'* In this family, phosphate-based 6s
materials have attracted considerable attention for several 66
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decades because of the diversity of both their structures and
properties, including, for example, high ionic conductivity and
the possibility of tuning the operation voltage as a function of
the type of transition metal. NASICON (Na Super Ionic
Conductors) type materials with the formula unit A,M,(PO,);,
where A and M are alkali and metal atoms, respectively, can be
described as three-dimensional framework of corner sharing
MOy octahedra and PO, tetrahedra with interconnected
channels for the diffusion of alkali ions. These materials exhibit
high ionic conductivity associated with low activation energy."’
The NASICON phosphate structure is often thombohedral and
can be viewed as a framework of corner sharing M,(PO,); units
stacked parallel to the ¢ hexagonal axis and connected to six
other units with large interstitial voids where the crystallo-
graphic sites M1 and M2 are located. There are one M1 and
three M2 sites per formula unit (fu.) that can be occupied by
Na. The initial occupation of these sites in the pristine material
determines the charge—discharge mechanism. The strongly
covalent PO, units that are responsible for inductive effects, the
flexibility of the framework formed by corner sharing octahedral
and tetrahedral units as well as the large open channels, provide
structural stability and intrinsic safety even at high charge
states."*

Charge—discharge capabilities of the NASICON-type
materials NaTi,(PO,); were first demonstrated by Delmas et
al."> The reversible insertion mechanism is based on the two-
phase reaction NaTi,(PO,); < Na;Ti,(PO,);. The potential
curve is formed by a plateau at about 2.1 V versus Na*/Na°
fixed by the redox potential of Ti**/Ti’*, and the theoretical
specific capacity is 132.8 mA h g~'. Na,Ti,(PO,); has a
monoclinic PT structure which is close to the rhombohedral
R3¢ structure of NaTi(PO,); making the two-phase reaction
easier.””~"” NaTi,(PO,), is an interesting electrode material for
Na-ion batteries. As an anode, the potential of 2.1 V versus
Nat/Na° is high enough to avoid the formation of a surface
electrolyte interphase (SEI), and as a cathode it can be used
with a low potential anode. More interestingly, the composition
Na;Ti,(PO,); can be used in a symmetrical electrochemical cell
involving the reversible reactions NaTi,(PO,); <
Na;Ti,(PO,); at the cathode and Na;Ti,(PO,); <
Na,Ti,(PO,); at the anode since the latter transformation
gives a potential plateau at 0.6 V versus Na*/Na® due to the
Ti**/Ti** redox couple.'® As for most oxide insertion materials,
the electronic conductivity of NaTi,(PO,); is too low for
practical applications, especially in terms of cyclability, power
performances at high rates, and polarization between charge
and discharge potentials. Electronic percolation can be
improved by conductive additives or by carbon coating of the
particles that both enhance interparticle conduction properties.
In addition, decreasing the particle size or increasing porosity
reduces the ionic and electronic pathways, which improves the
electrochemical kinetics and increases the surface area in
contact with electrolyte. Both carbon coating and nano-
structuration can be made during synthesis with a carbon
source in order to obtain a NaTi,(PO,);/C composite.
Different methods were previously proposed to obtain
NaTi,(PO,); or NaTi,(PO,);/C with different morphologies
and sizes: solid-state reaction'® eventually followed by pyrolysis
with a carbon source like glucose,'” high temperature reaction
including citrate,”® solvothermal method combined with
calcinations,”""** sol—gel method,” hydrothermal technique,24
or microwave preparation.”®

The electrochemical properties of Na,FeTi(PO,); obtained
by solid state reaction were first reported by Tillement et al.*®
The potential curve of the first discharge obtained by these
authors in the galvanostatic mode at C/50 (1 Na/fu. in 50 h)
shows a two-phase plateau at 2.3 V versus Na*/Na’ until 0.5
inserted Na/f.u. followed by a continuous decrease until 1.5 V
versus Na*/Na’ for about 2 inserted Na/fu. The incremental
capacity curve shows peaks at 1 and 1.5 inserted Na/fu. that
were attributed to local orderings. A material with the same
composition was also synthesized by solid state reaction, but
with a somewhat different procedure, by Patoux et al.”” The
structure was accurately determined by neutron diffraction. The
same rthombohedral space group (R3c) as that of Na;Ti,(PO,);
was obtained with slightly different lattice parameters. The
potential curve obtained in the galvanostatic regime at C/10 for
the first cycle shows neither a well-defined plateau as in the case
of NaTiy(PO,); nor a two-step mechanism as observed by
Tillement et al.”® but a single-phase reaction. This result was
also confirmed by potential intermittent titration technique
(PITT) and by in situ X-ray diffraction (XRD). Recently,
Aragon et al.”® used sol—gel method and citric acid as carbon
source to obtain Na,, Fe Ti,_,(PO,);/C composites with x =
0, 0.2, 0.4, and 0.6. For all the compositions, the structure is
rhombohedral and the composites were formed by aggregation
of carbon-coated nanoparticles. The potential curves measured
in the galvanostatic mode at C/10 show a two-step reaction
mechanism which differs from those described by Tillement et
al’® and by Patoux et al.”’ Along the discharge, there is a
continuous decrease of the potential followed by a well-defined
plateau at about 2.1 V versus Na*/Na’. The first domain is
limited to about 0.1, 0.25, and 0.3 inserted Na/fu. for x = 0.2,
0.4, 0.6, respectively, although the PITT curve for x = 0.6 shows
a more extended domain until 0.6 inserted Na/f.u. In the latter
case, the PITT curve exhibits a series of successive small
plateaus characteristic of local Na orderings over the M2
interstitial sites. This first domain was attributed to change in
Fe oxidation state from Fe®* for the pristine material to Fe**
based on ex situ *’Fe Mossbauer experiments carried out for x
= 0.4. For 1 inserted Na/fu., the Fe?* Mdssbauer component
represents only 80% of the total spectrum area, which indicates
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that although most of the Fe** were reduced in the first half of 169

the discharge, there is no clear evidence that this change took
place only in the first domain (<0.4 inserted Na/fu.). The
authors pointed out that substitution of Fe for Ti improves
electrochemical performances compared to NayTi,(PO,);. The
specific capacities of the first discharge were found to be 120,
130, 119, and 117 mAh g_l, and the Coulombic efficiency were
79%, 91%, 87%, and 85% for x = 0, 0.2, 0.4, 0.6, respectively.
The observed decrease of the capacity with increasing x > 0.2
was attributed to the increase of Na amount in the pristine
material. Improved capacity retention and power rate were also
observed with a Coulombic efficiency in the range of 85—92%
and a decrease of the capacity lower than 10% from C/10 to C/
2 that have been related to low internal impedance. Thus, the
comparison of the results obtained by these authors suggests
that different insertion mechanisms operate in Fe—Ti-based
NASICON electrode material for Na-ion batteries that not only
depend on the composition but also on other aspects of the
pristine material like crystallinity, particle size, carbon coating,
etc. This also depends on the experimental conditions used for
electrochemical tests as observed, for example, from the
differences between galvanostatic and PITT results that could
be due to kinetic effects.”®
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192 The present work concerns the electrochemical perform-
193 ances of Nay¢FeyTi; s(PO,);/C composite as electrode
194 material for Na-ion batteries with operating voltage of 2.2 V
195 versus Na'/Na’. The composite was obtained by solid state
196 reaction and sucrose pyrolysis and was characterized by
197 different experimental and theoretical tools. First, the results
198 of first-principles structural optimization of NaTi,(PO,)s,
199 considered as reference material, and Na, ;Fe,Ti, {(PO,); are
200 presented. They give a validation of the experimental structure
201 obtained by XRD and provide additional information to help
202 the experimental characterization. Then, an atomic-scale
203 experimental study of Na; (Fe,Ti; (PO,); and
204 Na, ;Fey s Ti; s(PO,);/C based on Fe Mdssbauer spectrosco-
205 py, magnetic measurements, and Raman spectroscopy is
206 reported as well as the characterization of the material
207 morphology from electron microscopy and surface area
208 measurements. This highlights the effect of sucrose pyrolysis.
209 It also seems important to propose an analysis of the effect of
210 the Fe substitution for Ti on Na® insertion mechanism based
211 on electrochemistry techniques and *’Fe Mdssbauer spectros-
212 copy in operando mode, which is a very efficient tool to follow
213 such reaction mechanisms.””** Finally, the electrochemical
214 performances of Na, (FeyTi; (PO,);/C are detailed and
215 compared to previously published works on similar systems.

p=
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2. EXPERIMENTAL AND THEORETICAL METHODS

216 2.1. Synthesis. Na, Fe, Ti, {(PO,); was prepared by a
217 solid-state reaction. Stoichiometric amounts of Na,CO; (99.5%
218 Sigma-Aldrich), (NH,),HPO, (99.9% Sigma-Aldrich), Fe,04
219 (99.9% Sigma-Aldrich), and TiO, (99.5% Fischer) were ball-
220 milled in order to obtain a finely ground and homogeneous
221 mixed powder. Subsequently, the powder was heated at 400 °C
222 under air for 12 h in an open alumina crucible and cooled to
223 room temperature. The product was then hand-ground and
224 heated at 600 °C for 12 h and, after cooling at room
225 temperature, reground and calcined at 1000 °C for 12 h to
226 obtain pure powder of Na,Fey Ti;s(PO,);. For carbon
227 coating, the Na, ;Fe,sTi; (PO,); powder was mixed with 15
228 wt % of sucrose powder in acetone. The solution was then
229 dried for the evaporation of acetone and heated at 500 °C for 6
230 h in flowing argon. The final product was a black powder of
231 Na; (FeysTi; s(PO,);/C composite. For comparison, iron-free
232 NaTi,(PO,);/C was prepared with the same method except
233 that Fe,O; was not used in the process.

234 2.2. X-ray Diffraction. The X-ray diffraction (XRD)
235 patterns were collected under Bragg—Brentano geometry at
236 26 in the range of 12—120° with a step of 0.02° and 30 s for
237 each step. The XRD experiments were performed at room
238 temperature with PHILIPS X'Pert MPD equipped with the
239 X'celerator detector using Ni filter and Cu K radiation (4 =
240 1.5418 A). The structural parameters were obtained from the
21 diffraction patterns with the Rietveld method’' using the
242 FULLPROF program.”” The refinement of the structure was
243 performed using a pseudo-Voigt profile function to describe the
244 shape of the diffraction lines. The microstructure was analyzed
245 with a scanning electron microscope (SEM) and a transmission
246 electron microscope (TEM) for high-resolution images. The
247 specific surface areas of the powdered samples were evaluated
248 with the Brunauer—Emmett—Teller (BET) method from
249 nitrogen physisorption measurements at 77 K with a Micro-
250 metric ASAP 2020. The residual carbon content was
251 determined from thermogravimetric analysis (TGA) with a
252 heating rate of 10 °C min™" using a thermal analyzer Labsys.
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2.3. Raman Spectroscopy. The Raman scattering spectra 253
were recorded in the 100—2000 cm™! range, at room 254
temperature using a LabRAM ARAMIS IR’ spectrometer 255
equipped with a 632 nm laser diode, a 1200 gr mm™" grating 2s6
with X50 long work distance objective. Each spectrum was 257
recorded with an acquisition time of 30 min. 258

2.4. Magnetic Measurements. The magnetic suscepti- 259
bility was measured with a Superconducting Quantum 260
Interference Design (SQUID) magnetometer MPMS XL7. 261
The samples were first cooled to 2 K under a zero magnetic 262
field (ZFC). Then, a magnetic field of 100 mT was applied, and 263
the susceptibility was recorded from 2 to 300 K. Finally, the 264
susceptibility was also measured by cooling the samples to 2 K 265
with the same field (FC). 266

2.5. Méssbauer Spectroscopy. The 'Fe Mossbauer 267
spectra were recorded in transmission geometry and a constant 268
acceleration mode at room temperature with *’Co (Rh) as the y 269
source. The velocity scale was calibrated using the magnetic six- 270
line spectrum of a high-purity iron foil absorber as a standard. 271
The values of isomer shift (5), quadrupole splitting (A), full 272
line width at half-maximum ("), and relative area (RA) were 273
determined by fitting Loretzian lines to experimental data with 274
a nonlinear least-square method. The values of the isomer shift 275
(6) are given with respect to a-Fe, and the goodness of the fits 276
was controlled by a classical y* test. 277

2.6. Electrochemical Measurements. The electrochem- 278
ical tests were performed in coin cells. The working electrodes 279
were prepared by mixing 75 wt % active material, 15 wt % 280
Super P carbon powder, and 10 wt % PVDF (polyvinylidene 2s1
fluoride) binder in NMP (1-methyl-2-pyrrolidinone). The 252
mixture was spread on Al foil substrate and dried at 120 °C 283
for 12 h under vacuum to remove solvent and water. Coin cells 284
were assembled inside filled drybox under controlled argon 285
atmosphere by using a sodium foil as the counter electrode, a 286
borosilicate glass microfiber sheet (Whattman) as the separator, 287
and an organic electrolyte with 1 M NaClO, dissolved in a 288
solution of propylene carbonate (PC) and S vol % of 289
fluoroethylene carbonate (FEC) as the additive. The cells 290
were cycled in a voltage range between 1.6 and 3.0 V, under 291
galvanostatic conditions with C/n current rate (1 Na/fu. in n 202
hours), where n = 10, 5, 2, 1, and 0.2. 293

A specific electrochemical cell was used for in situ “"Fe 294
Méssbauer spectroscopy in the transmission mode.”> Two 295
methods were considered to study changes in the Fe oxidation 296
state during charge—discharge cycles. In the first one, the 297
operando Mdssbauer data were collected along the first cycle 298
performed in the galvanostatic mode at C/2S during time steps 299
of 5 h. Thus, each spectrum corresponded to the insertion 300
(discharge) or extraction (charge) of 0.2 Na/f.u. However, the 301
evaluation of the hyperfine parameters was made difficult by the 302
rather poor signal-to-noise ratio due to the small amount of 303
S"Fe (natural abundance: 2.12%) in the electrode material, and 304
only the relative contributions of the two oxidation states to the 30s
whole spectra were evaluated. The other method was based on 306
GITT mode in order to record in situ Mossbauer spectra at 307
equilibrium potentials. This allowed for the reduction of the 308
influence of the kinetic effects and an increase in the recording 309
time without increasing the number of inserted Na as in 310
galvanostatic mode. In that case, one full discharge—charge 311
cycle and the second discharge were conducted at C/10, 312
interrupted every 4 h for the first cycle and every 1 h for the 313
second discharge by relaxation periods of 12 h to collect the in 314
situ Mossbauer data. 315
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316 2.7. Theoretical Method. The theoretical structural
317 optimizations of NaTi,(PO,); and Na, ;Fe,Ti, {(PO,); were
318 performed with the pseudopotential method as implemented in
319 CASTEP code’ based on the density functional theory
320 (DFT)*>*® and the generalized-gradient approximation
321 (GGA) using an exchange-correlation potential by Perdew,
322 Burke, and Ernzerhof for solids (PBESOL).>” Ultrasoft
323 pseudopotentials®® and the reciprocal space representation
324 were used. For Na, ;Fe,Ti; s(PO,),, a supercell of 37 atoms
325 was used with the P1 space group in order to fully relax all the
326 atomic positions. All the different configurations of Na atoms
327 within the interstitial sites M1 and M2 were considered. The
328 plane-wave kinetic-energy cutoff was set to 400 eV, and the k-
329 space sampling was performed on a Monkhorst—Pack grid with
330 14 k points in the irreducible wedge of the Brillouin zone. Both
331 the lattice parameters and the atom positions were relaxed until
332 the mechanical equilibrium was achieved through conjugate-
333 gradient minimization of the total energy to a tolerance of 10~
334 eV/atom, the forces to a tolerance of 0.03 eV A7}, the stress to
335 a tolerance of S X 107> GPa, and the atomic positions to a
336 tolerance of 107> A. For the two most stable configurations of
337 Na atoms, the convergence of the structural parameters was
338 checked by increasing the energy cutoff (800 eV) and the
339 number of k points (32 k), while the convergence parameters
340 were changed to 107 eV/atom, 5 X 1072 eV A7}, 1072 GPa,
341 and 2 X 107" A. A density-mixing scheme with a conjugate-
342 gradient Pulay solver was used for the energy minimization and
343 a BFGS algorithm for the internal-coordinate optimization. The
344 *’Fe Mbssbauer parameters of Na, (FeysTi, (PO,); were
345 evaluated with the linearized augmented plane-wave method
346 (LAPW) as implemented in the WIEN2k code™ by
347 considering the structural parameters of the most stable
348 phase obtained from pseudopotential calculations. With this
349 method, the unit cell is partitioned into atomic spheres
350 centered at the atomic positions and an interstitial region. The
351 muffin-tin radii of the atomic spheres were R ((Na) = 2.2 au,
352 R, (Fe) = 2.0 au, R, (Ti) = 2.0 au, R (P) = 1.4 ay, and
353 Ry(O) = 1.4 au. To improve the energy linearization, the basis
354 set was extended with local orbitals. In the interstitial region,
3ss the wave functions were expanded in plane waves with
356 wavenumbers k such as min(R,,)-max(k) = 8, and the char§e
357 density was expanded in a Fourier series with G,,,, = 16 Ry™"/%

3. RESULTS AND DISCUSSION

38 3.1. Theoretical Structure of the Pristine Material. It
350 has been reported previously that Na,, Fe,Ti, .(PO,);
360 compounds with 0 < x < 1 are isostructural to
361 NaTiy(PO,); 2" The structure of NaTi,(PO,); can be
362 described in the rhombohedral system (space group R3
363 n°167). The rhombohedral primitive cell contains 36 atoms (Z
364 = 2). In the most commonly used hexagonal description, Ti and
365 P are in 12c and 18e Wickoff positions, respectively, and there
366 are two different crystallographic sites for the oxygen atoms,
367 O(1) and O(2), both in 36f Wyckoff positions. The structure
368 consists of a three-dimensional framework of corner sharing
369 PO, tetrahedra and TiOg4 octahedra, which are both slightly
370 distorted. There are two possible types of interstitial sites that
371 can be occupied by Na: M1 in 6b and M2 in 18e Wickoft
372 positions, respectively. The M1 site is surrounded by 6 O first-
373 nearest neighbors forming a distorted octahedron. These O
374 atoms belong to the triangular faces of two adjacent TiOg
375 octahedra along the hexagonal ¢ axis. The M2 sites are located
376 between the PO, tetrahedra and have 8 O first-nearest

neighbors that form a strongly distorted polyhedron. The 377
published experimental lattice parameters are found in the 378
ranges dy, = 848 + 001 A and ¢, = 21.80 + 0.02 A, 37
depending on the synthesis method and the experimental 380
conditions of measurements.'®*>*' This gives a rhombohedral 381
unit cell volume V= 452.5 + 1.5 A%, The Rietveld refinement 3s2
of the XRD pattern of NaTi,(PO,); synthesized in this work 383
with the same method as Na, FeyTi; s(PO,); has provided 3s4
similar values of the lattice parameters and a cell volume of 385
452.5 A in agreement with published results (Table 1). 386 t1

Table 1. Theoretical (DFT) and Experimental (XRD) Values
of the Structural Parameters of NaTi,(PO,);: Lattice
Parameters (a, c) and Atomic Coordinates (x, y, z) Given in
the Hexagonal System, Rhombohebral Unit Cell Volume
(V40), and Interatomic Distances (d)

DFT XRD
a (A), c (A) 8.521, 21.748 8.482(9), 21.794(3)

Vo (A) 455.9 452.5

Ti (x,,2) 0, 0, 0.1442 0, 0, 0.1447

P (xy2) 0.2870, 0, 0.25 0.2857, 0.0000, 0.25
0o(1) (xy,2) 0.1754, 0.9803, 0.1928 0.1740, 0.9755, 0.1926
0(2) (x,2) 0.1925, 0.1652, 0.0878 0.1910, 0.1661, 0.0884
d(Na-0) (A) 2451 X 6 2457 X 6
d(Ti—0) (A) 1.906 X 3 + 1.967 X 3 1.902 X 3 + 1.958 X 3
d(P-0) (A) 1.523 X 2 + 1.524 X 2 1.520 X 2 + 1.528 X 2

DFT calculations were first performed for NaTi,(PO,); in 387
order to test the accuracy of the theoretical method to 3ss
determine the most stable configuration of the Na atoms in the 389
MI1 and M2 interstitial sites and to evaluate the structural 390
parameters. There are 28 possibilities to place the 2 Na atoms 391
over the 8 interstitial sites of the rhombohedral cell of 392
NaTi,(PO,);. However, only several starting configurations 393
have been considered because of the symmetries of the initial 394
rhombohedral primitive cell. Previously published experimental 395
lattice parameters and atomic positions obtained for 396
NaTi,(PO,);*" were used as starting values of the structural 397
optimizations except for Na in M2, where the coordinates 398
(0.65, 0, 0.25) close to those obtained for Na,FeTi(PO,);>” 399
were considered. On the basis of the total energy values 400
obtained for the optimized structures, three types of Na 401
configurations were distinguished: 2 Na in M1, and 1 Na in M1 402
and 1 Na in M2, and 2 Na in M2. The total energy obtained for 403
Na in M1 was about 0.3 eV/fu. lower than that obtained for Na 404
in both M1 and M2 and about 0.5 eV/fu. lower than that 405
obtained for Na in only M2. This clearly indicates that the most 406
stable NaTi,(PO,); phase predicted by DFT is obtained with 407
the full occupation of the M1 sites by Na in agreement with 408
previously published experimental data. In addition, the 409
theoretical volumes of the rhombohedral primitive cells are 410
4562, 461.7, and 466.7 A> for M1, MI1+M2, and M2 411
occupations, respectively. The comparison with the averaged 412
experimental value (452.5 A®) indicates that the best agreement 413
is also obtained for Na in M1. This agreement is slightly better 414
by considering improved computational parameters (see 415
Section 2) since, in this case, the rhombohedral cell volume 416
is Vo = 4559 A3 which overestimates the experimental 417
volume by less than 1%. The theoretical atomic positions and 418
the main interatomic distances of the most stable phase are 419
similar to the experimental data obtained in this work (Table 420
1). It is worth noting that such an excellent agreement was 421
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422 obtained with the PBESOL functional. Moreover, GGA and
423 LDA calculations were also performed with the functionals of
424 Perdew, Burke, and Ernzerhof (PBE)** and Perdew and Zunger
025 (PZ)," respectively. In the two cases, the most stable Na
426 configuration is the same as that obtained with the PBESOL
427 functional. However, the rhombohedral cell volumes were
428 found to be 465.6 A (PBE) and 438.8 A® (PZ), which
429 overestimates and underestimates the experimental volume by
430 about 3%, respectively. Finally, the effect of Ti 3d electron
431 correlation was checked by a GGA (PBESOL) + U spin
432 polarized calculation, with U = 4 eV. The calculated
433 thombohedral cell volume (459.1 A®) is slightly higher than
434 that obtained with U = 0 eV, which does not improve the
435 agreement with the experimental value. These results show the
436 high accuracy of the DFT-PBESOL method for the geometry
437 optimization of NaTi,(PO,);, which justifies its use for the
438 structural analysis of the substitution of Fe for Ti in this
439 compound.

440 A supercell of 37 atoms with the composition
441 NayFeTi;(PO,)s was considered for the structural optimization
442 of Na, ;Fe, Ti; (PO,);. The lattice parameters and the atomic
443 positions of the rhombohedral cell of NaTi,(PO,); were used
444 to initialize the calculations, but one Ti atom was replaced by
445 Fe in the supercell and relaxation of all the atoms was allowed
446 by considering the P1 space group. There are 56 possible
447 distributions of the 3 Na atoms over the 2 M1 and 6 M2 sites
448 (3 sites close to Fe: M2/Fe and 3 sites close to Ti: M2/Ti),
449 among them some are equivalent due to the symmetry of the
450 starting supercells. All the calculations provided high-spin Fe®*,
451 whatever the Na distribution. The most stable configuration
452 was obtained with 3 Na atoms in the 2 M1 sites and in 1 M2
453 site close to Fe (M2/Fe). However, the total energy is only
454 0.06S eV/fu. lower than that obtained with Na in the 2 M1
4ss sites and in the 1 M2/Ti site. The values of the total energy for
4s6 the different configurations of Na in M1 + 2 M2 sites are about
457 0.2—0.4 eV/fu. higher than those with Na in 2 M1+M2/Fe,
458 while the values for the configurations of Na in 3 M2 sites are
459 about 0.3—0.6 eV/f.u. higher than those with Na in 2 M1+M2/
460 Fe. The supercell volumes are about 462 A* (461 A® with
461 improved computational parameters) for Na in 2 M1+M2,
462 466—470 A® for Na in M1 + 2 M2, and 473—480 A’ for Na in 3
463 M2. Thus, the most stable Na configuration was obtained with
464 fully occupied M1 sites and Na in a M2 site close to the FeOg
465 octahedra. For a comparison with NaTi,(PO,); and the
466 experimental data, the theoretical structural parameters of an
467 equivalent R3c crystal were evaluated from the P1 optimized
468 supercell with improved computational parameters by averag-
469 ing the lattice parameters and atomic coordinates (Table 2).
470 The theoretical rhombohedral cell volume of the most stable
471 configuration obtained for Na, sFe,Ti, s(PO,); is 5 A higher
472 than the theoretical volume of NaTi,(PO,);. This increase of
473 1% is due to the increase of a;., (and by,,) from 8.521 A for
474 NaTiy(PO,); to 8.582 A since ¢, decreases from 21.748 A for
475 NaTi,(PO,); to 21.685 A. These changes are rather small but
476 reflect a significant trend in the lattice parameters that was
477 experimentally observed for other Fe contents.”””® The
478 decrease of ¢, is mainly due to the decrease of the ionic
479 charge from Ti*" to Fe’', which lowers the repulsive
480 interactions between the transition metal cations that are
481 located along the ¢, axis. As a result, the Fe—Ti and Fe—
422 Na(M1) interatomic distances along cy., in
483 Na, JFe,Ti; (PO,); are smaller than those of Ti—Ti and
484 Ti—Na(M1) in NaTi,(PO,),, respectively (Figure 1a). Due to

—

st

Y

-

—

—

Table 2. Averaged Theoretical Values of the Structural
Parameters of the Most Stable Na, (Fe,Ti, ;(PO,); Phase
Obtained by DFT Calculations: Lattice Parameters (a, c),
Atomic Positions (x, y, z) Given in Hexagonal System,
Rhombohedral Unit Cell Volume (V)

DFT expected crystallographic site
a(A),c(Ad) 8582, 21.685
Vo (A) 461.0
Na(M1) —0.0103, —0.0079, —0.0013 0,0, 0 (6b)
Na(M2) 0.6347, 0.0006, 0.2470 %, 0, 1/4 (18e)
M —0.0012, —0.0002, 0.1458 0,0, x (12¢)
P 0.2884, —0.0004, 0.2508 %, 0, 1/4 (18e)
0o(1) 0.1775, 0.9810, 0.1926 %, y, z (36f)
0(2) 0.1921, 0.1663, 0.0874 %, ¥, z (36f)

“The expected corresponding general coordinates of the crystallo-
graphic sites in R3¢ are given for comparison.

()

Na(M1)

Figure 1. (a) Theoretical optimized rhombohedral unit cell of
Na, sFeysTi; s(PO,); with Na(M1) (light green), Na(M2) (green), Fe
(red), P(pink), Ti (blue), and O (yellow). The dots indicate the
interatomic distances (in A) between the cations located along the
hexagonal axis ¢, Local structure of Fe bonded to 6 O first-nearest
neighbors forming a distorted octahedron and the two closest Na in
MI and M2. (b) The interatomic distances (in A) and the bond angles
(in degree) are also shown.

local relaxations, all the bond lengths and bond angles in 4ss
Na, sFeysTi; s(PO,); are distributed leading to local distortions 4s6
(Table 3). As an illustrative example, the FeOg local 48763
environment shows significant variations from perfect octahe- 488
dron (Figure 1b). The average values of Ti—O and Fe—O as9
interatomic distances in TiO4z and FeOg octahedra are 1.94 and 490
2.00 A, respectively. This increase is in line with that of the 401
ionic radius from 0.605 A for Ti*" to 0.645 A for Fe3*. The 492
average P—O and Na(M1)—O interatomic distances are close 493
to those in NaTi,(PO,);, but there are local distortions around 494
Na(M1) and Na(M2) (Table 3). These local changes induced 495
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Table 3. Theoretical Interatomic Distances d; (i = 1,n where n is the Number of Nearest Neighbors), Average Distances d,, and
Polyhedron Distance Distortions A, Obtained from DFT Calculations for MO4 Octahedra with M = Ti or Fe (n = 6),
Na(M1)Og4 (n = 6), and Na(M2)Og (n = 8) Polyhedra of Na, ;Fe,Ti, s(PO,);"

interatomic distances (A)

Til-0O 1.871 1.872 1.948 1.957
Ti2—0O 1.891 1.906 1914 1.953
Ti3—O 1.905 1.936 1.938 1951
Fe—O 1914 1915 1.993 2.012
Nal-O 2.374 2.388 2414 2.458
Na2—-0 2.343 2410 2414 2427
Na3-0 2.294 2.343 2374 2.400 2.409

“The polyhedron distance distortion A,

2.025
1.959
1.966
2.088
2.555
2.475
2.532 2.741

is defined by A = (1/n)Y," 1 [(d; — d,,)/d,, ]V

2.027
1.961
1.974
2.089
2.600
2.583

2913

dy (A)
1.950
1.931
1.945
2.002
2.465
2442
2.501

Ao
1.05 x 1073
2.08 x 107*
1.36 x 107*
127 x 1073
120 X 1073
9.10 x 107*
6.63 X 1073

496 by the substitution of Fe for Ti and the occupation of M2 by
497 Na increase the interatomic distances between the O atoms
498 with close ¢, coordinates. This explains the increase of the
499 lattice parameters gy, and by,

soo  3.2. Experimental Characterization of the Pristine
so1 Material. The X-ray diffraction pattern of Na, ;Fe, s Ti; s(PO,);
s02 was indexed in the rhombohedral system with the space group
s03 R3¢ (Figure 2a). There are no additional peaks that could be
so4 assigned to impurities or to long-range ordering involving Ti
sos and Fe. The Rietveld refinement of the structure was initialized

(a) Nal<5Fe0A5Til<5(PO4)3

Experimental data
— Fitted curve

Expected positions
—— Difference

Intensity (arb. u.)

|
\L_HW g

v b b b b B Beriiiie s

10 20 30 40 50 60 70 80
20,09

(b) Na, Fe, Ti (PO,),/C

0.5 1.5

Experimental data
— Fitted curve

Expected positions
—— Difference

1] (] oot e D PR G vmew W v

W@WM

v b b b b by b

10 20 30 40 50 60 70 80
26,

Intensity (arb. u.)

Figure 2. XRD patterns of (a) Na,Fey;Ti;s(PO,); and (b)
Na, sFe,Ti; s(PO,);/C: experimental data (red @), Rietveld refine-
ment (black line), Bragg positions (green bars), and difference
between experimental data and fitted curve (blue line).

with the experimental lattice parameters and the atomic sos
positions obtained in this work for NaTi,(PO,); and the so7
same M2 coordinates (0.65, 0, 0.25) used for DFT calculations. sos
In addition, the relative occupations of the 12¢ sites with 25 at% so9
Fe and 75 at% Ti, the M1 sites with 100 at% Na and the M2 s1o0
sites with 17 at% Na were considered for the initialization. An s11
overall correct agreement is obtained between the experimental s12
(Table 4) and theoretical (Table 2) values of the lattice 5134
constants and atomic coordinates. For example, the exper- 514
imental volume of the rhombohedral cell (456.8 A%) is only 1% s1s
lower than the theoretical one (461.0 A%). In addition, the si6
theoretical increase of 1.05% of the unit cell volume from s17
NaTi,(PO,); to Na, FeyTi;s(PO,); matches the present sis
experimental value of 0.95%. Finally, the experimental 519
occupation rates of Ti, Fe, and Na are close to the predicted s20
values. This is a clear indication of the accuracy of the s
theoretical model and confirms the validity of our structural s22
analysis given above, including the random substitution of Fe 523
for Ti and the Na occupation of the M1 and M2 sites. The s24
XRD pattern of the composite Na, FeyTi;s(PO,);/C is s2s
similar to that of the crystalline phase Na, (FeysTi;s(PO,); 526
(Figure 2b). There are no additional peaks due to the sucrose s27
pyrolysis that could be assigned to crystalline impurities. The 528
structural parameters obtained from Rietveld refinement are 529
close to those of the pure crystalline phase and are not reported s30

here.

The *'Fe Mossbauer spectrum of Na, sFeysTi;(PO,); 532
measured at room temperature was fitted with a symmetrical 533
doublet (Figure 3a). The small line width indicates that Fe local 5343
environments are similar within the overall crystalline phase s3s
(Table 5). The values of the isomer shift, 0.437(1) mm s™", and s36ts
the quadrupole splitting, 0.326(2) mm s™!, are close to 537
previously published values for iron-based NASICON com- 538
pounds and can be assigned to high spin Fe** ions in slightly s39
distorted FeOy octahedra.**~*® Higher values of the quadrupole s40
splitting (~0.8 mm s~') were recently reported for s4
Na,,Fe,Ti,_(PO,); with x < 0.6.°® To confirm the present s4
value, LAPW calculations of the electric field gradients at the Fe 543
nucleus were performed for the theoretically optimized P1 544
supercell obtained for the most stable Na configuration with the s4s
pseudopotential method. The theoretical approach is described s4s
in section 2 and was previously used for different Mdssbauer s47

. —51
1sotopes.47 3

1 2 1/2
n

The quadrupole splitting is given by 548

(1) s49

where e is the electron charge, Q is the *"Fe nuclear quadrupole sso
moment of the first excited state (I = 3/2), V,; is the main ss1

DOI: 10.1021/acs.jpcc.5b07931

J. Phys. Chem. C XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.jpcc.5b07931

The Journal of Physical Chemistry C

Table 4. Structural Parameters of Na, ;Fe, ;Ti; ;(PO,); Obtained from Rietveld Refinement”

space group R3c
a =8.520(8) A
c=21794(2) A
vol = 456.8(1) A®

atom site symmetry x y
Na(1) 6b 0.0 0.0
Na(2) 18e 0.6376(9) 0.0
Ti(1) 12¢ 0.0 0.0
Fe(1) 12¢ 0.0 0.0
P(1) 18e 0.2875(9) 0.0
o(1) 36f 0.1747(8)

0(2) 36f 0.1979(1)

0.9759(1)
0.1668(6)

z occupation rate B, (A?)
0.0 0.9799(1) 4627 (1)
1/4 0.5200(9) 2.374(1)
0.1439(4) 1.500(1) 2375(1)
0.1439(4) 0.500(1) 2375(1)
1/4 3.000(1) 1.909(1)
0.1926(2) 6.000(1) 0.207(1)
0.0883(4) 6.000(1) 0.281(1)

“The lattice parameters (a, c¢) and the atomic positions (x, y, z) are given in the hexagonal system, while the volume (vol.) is that of the
rhombohedral unit cell. Profile parameters: X = 0.0029 (1), U = 0.04189 (3), V = —0.02081(1), and W = 0.01871(6). Conventional Rietveld R-
factors for points with Bragg contribution. R;: 20.1%; R, = 19.3%; Ry = 8.35%

Relative transmission

Relative transmission

096 (b)Na, Fe, Ti (PO,)/C

05715

Velocity (mm s'l)

Figure 3. *’Fe Mdssbauer spectra of (a) Na, ;FeysTi; s(PO,); and (b)
Na, ;FeyTi, s(PO,);/C at room temperature. In the later case, the
Fe®* and Fe* subspectra are plotted in red and green, respectively.

ss2 component of the diagonalized EFG tensor, and # is the
553 asymmetry parameter defined by
Vix = Wy

554 Viz ()

sss where Vyx and Vyy are the other two components of the
ss6 diagonalized EFG tensor with Vyy < Vyy < V. We obtained
557 V; = 0.9 Vm™2 and 57 = 0.63, which gives A = 0.16 mm s™* by

considering Q = 0.16 b.>* To take into account the Fe 3d sss
electron correlation, we also performed a GGA+U calculation ss9
which gave V; = 1.9 Vm™ and 7 = 0.62, leading to A = 0.32 s60
mm s~ in better agreement with the present experimental se1
value. In the two cases, the rather small value of A originates s62
from the weak asymmetry of the electronic density around Fe. s63
This is due to the weak distortion of the FeOg4 octahedral se4
environment (Figure 1b) and the high spin Fe®* electronic ses
configuration. This result confirms the present interpretation of ses
the Mossbauer spectrum. The recently published higher values s67
of A could be due to the small size of the particles obtained by ses
the sol—gel method, which provides higher surface-to-bulk ratio seo
and more asymmetrical Fe local environments, or to structural s70
disorder.* The ¥"Fe Missbauer spectrum of the composite s71
Na, ;Fe,Ti; s(PO,);/C shows an additional small peak at s72
about 2.4 mm s™' and was fitted with two doublets (Figure 3b). 573
The Méssbauer parameters of the main doublet (91% relative s74
area), § = 0.420(7) mm s~ and A = 0.275(5) mm s/, are close 575
to those of Na, jFe, ;Ti; (PO,),, while the isomer shift of the s76
small doublet (9% relative area): § = 1.178(7) mm s~ is typical 577
of high spin Fe** (Table 5). The high value of the quadrupole s7s
splitting obtained for the latter doublet, A = 2.368(2) mm s~', 579
indicates a strong anisotropy of the electron density around Fe. sso
This is mainly due to the partial occupation of the Fe 3d spin ss1
down states but could also be related to the more distorted Fe ss2
local environment. This additional component arose from ss3
sucrose pyrolysis and could be related to intrinsic defects or ss4
external impurities such as olivine Na FePO,, the Mdssbauer sss
parameters of which are close to the present values for Fe?*.>” sss
The absence of additional XRD peaks is in favor of intrinsic ss7
defects or impurities with small size and/or amorphous. sss
Whatever its exact nature, this defect will be called “Fe** sso
impurity” later in this paper, and its influence upon the s90
reaction mechanism and electrochemical performances will be so1
analyzed in the section 4. 592

The inverse magnetic susceptibility of Na, ;Fe,Ti; s(PO,); s93
progressively increases with temperature from the origin and so4
follows a Curie—Weiss law above about 30 K (Figure 4). This sos 4
curve differs from that of Na,Fe,(PO,);, which shows a typical so6
antiferromagnetic order at low temperature below the Néel 597
temperature of 47 K.*** The present Curie temperature: Oyprp 598
= —8 K is close to 0 K and strongly differs from that of s99
Na,Fe,(PO,); at —85 K.* This clearly indicates that the 600
antiferromagnetic order is negligible in our samples and 601
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Table 5. "Fe Mossbauer Parameters of Na, jFe, sTi; s(PO,); and Na, (Fe, ;Ti; s(PO,);/C at Room Temperature: Isomer Shift
Relative to a-Fe (§), Quadrupole Splitting (A), Line Width at Half Maximum (I'), Relative Area of the Subspectra (RA), and

Assigned Fe Sites

& (mm/s) A (mm/s) I' (mm/s) RA (%) site
Na, sFesTi; s(PO,)s 0.437(1) 0.326(2) 0.414(4) 100 FeX*[Oh]
Na, sFe,sTi, s(PO,);/C 0.420(7) 0.275(5) 0.400(3)“ 91 Fe**[Oh]
1.178(7) 2.368(2) 0.400(3)* 9 Fe?*[Oh]
“Constrained to be equal.
200
180
b ® NaLsFeosTil.s(Poit)J/C
160~ e Na Fe Ti (PO),
140 |
120
= i
5 100
= ]
£ 80+
= 60 Figure S. SEM images of (a) Na,Fe,sTi;s(PO,); and (b)
40 Na, sFesTiy 5(PO,)3/C.
20
] aggregation of smaller particles of several hundred nanometers 633
0 L S S U SR (Figure Sb). This indicates that sucrose pyrolysis produced 634
0 50 100 150 200 250 300

T (K)

Figure 4. Temperature dependence of the inverse magnetic
susceptibility of Na, ;Fe,Ti, s(PO,); (®) and Na, ;Fe, Ti, s(PO,);/
C (red @).

confirms that Fe atoms are randomly distributed over the 12¢
sites and do not form inhomogeneous regions of high Fe
concentration. The value of the Curie constant, Cyprp = 3.67
emu K mol™), gives a magnetic moment u.s = 5.4 up per Fe
atom, which is in the range of the published values from 5.2 to
5.7 pp.**** This value is typical of high spin Fe*" in the
octahedral FeOg4 environment and is lower than the spin-only
value of the Fe* free ion (5.9 yi). The variations of the inverse
magnetic susceptibility of the Na, ;Fe, Ti, {(PO,);/C compo-
site are similar to those of Na, (FeyTi;(PO,); except for a
small decrease of the Curie constant: C = 3.57 emu K mol™},
leading to a magnetic moment ¢ = 5.345 per Fe atom. If we
consider, for simplicity, that the magnetization of the composite
originates only from those of Na, ;Fe,sTi,s(PO,); and Fe?*

impurity, the Curie—Weiss law in the paramagnetic regime can
be written:
C C Cp2+
= = 091— TP 4 009—F
T-90 — Uxere T = Op+ 3)

where Cp* and @ denote the Curie constant and the Curie
temperature of the Fe** impurity, respectively. Since the Curie
temperatures of Na; (Fey,  Ti; (PO,); and
Na, ;Fe, Ti; s(PO,);/C are very close, we have considered,
for simplicity, that all the Curie temperatures are identical in eq
3 and obtained Cp+ = 2.56 emu K mol™". The resulting
magnetic moment, p.¢ = 4.545 per Fe atom, is lower than the
spin-only magnetic moment of Fe*" (4.9 ug). This result
confirms the existence of high spin Fe®* in the composite as
observed from MGdssbauer spectroscopy.

The SEM images show that Na, ;Fe,sTi, s(PO,); particles
have an average size of several micrometers and rather smooth
surfaces (Figure Sa), while Na,Fey;Ti;s(PO,);/C is com-
posed by micrometer-sized secondary particles formed by the

porosity and reduced the particle size, improving the Na* 635
diffusion length. The TEM image of Na,sFe,;Ti; s(PO,);/C 636
shows light-gray zones at the surface of the particles (Figure 637 f
6b) that were not observed for Na, ;Fe, Ti, s(PO,); (Figure 638 fs

Figure 6. TEM images of (a) Na,sFeyTi,s(PO,); and (b)
Na, sFeysTi; 5(PO,);/C.

6a) and can be assigned to carbon. The amount of carbon was 639
estimated from TGA to 1.5 wt %. Thus, the sucrose pyrolysis 640
produced carbon coating, which improved the electrical 641
conductivity of the composite and decreased the polarization. 642
The BET specific area of Na, Fe,Ti; (PO,); and 643
Na, ;FeysTi; s(PO,);/C are 0.17 and 20 m* g/, respectively. 644
This strong increase of the specific area by 2 orders of 64s
magnitude confirms the high porosity of the secondary particles 646
of the composite that is expected to improve electrolyte 647
impregnation and diffusion of Na* ions. 648

The Raman spectrum of Na, sFe,Ti; s(PO,); (Figure 7) is 649 7
similar to those of LiTi,(PO,); and NaTi,(PO,); with rather 6so
close frequencies.”>*>™>” On the basis of previously published 651
analyses, all the structures of the present Raman spectrum can 652
be attributed to the NASICON material. The broad band ss3
around 1000 cm™ and the small peak at 1093 cm™ can be 654
assigned to intramolecular stretching modes of PO,: the 6ss
symmetric modes (1) can be assigned to the 962 and 985 cm™" 636
frequencies and the antisymmetric modes (v;) to the 1005 and 657
1093 cm™! frequencies. The small structures in the 500—700 6ss
cm™' range and the sharp peak at 436 cm™' arise from 6so
antisymmetric (v,) and symmetric (,) bending modes of PO,, 660
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Figure 7. Raman spectra of Na;sFeysTi;s(PO,); (black line) and
Na, ;FeysTi, s(PO,);/C (red line). Inset: curve fitting of D and G
bands.

661 respectively. The structures below 400 cm™ are due to external
662 modes and reflect mixtures of different atomic motions.
663 However, it is possible to attribute the main contributions
664 that are due to translational and rotational modes of PO, at
665 336, 310, 225, 195, and 157 cm™ and to translational modes of
666 Ti*"/Fe’* at 272 and 225 cm™". It is worth noting that
667 frequencies in the range of 300—400 cm ™" are sensitive to metal
668 substitution such as the Fe substitution for Ti in the octahedral
669 environment.”’ Compared to NaTiy(PO,);, some small shifts
670 (<10 cm™") were observed that can be explained by the
671 difference between the atomic masses of Fe and Ti. In addition,
672 the peaks are overall broadened as expected from the chemical
673 disorder on the 12c¢ crystallographic site that is responsible of
674 bond length and bond angle distributions in both MOg (M =
675 Fe, Ti) and PO, units as discussed above from DFT
676 calculations (Table 3). Similar effects were observed previously
677 for other cation-substituted NASICON compounds.”®" The
678 spectrum of Na, FeyTi;s(PO,);/C is similar except for a
679 broad band at ~1350 cm™' and a narrower band at ~1580
680 cm ™', with notably higher intensities than the vibrational modes
681 of the NASICON phase (Figure 7). There are also some small
682 changes for frequencies higher than about 700 cm™, mainly
683 due to overlapping with the main broad band at 1350 cm™.
684 The two bands at 1350 and 1580 cm™ can be assigned to the D
68s and G bands of residual carbon arising from pyrolysis,
636 respectively. Following the approach of Sadezki et al,” these
687 two bands were fitted to 5 peaks attributed to the vibrational
688 modes of crystalline graphite (G), disordered graphite (D1, D2,
689 D4), and amorphous carbon (D3) (Figure 7). The frequencies
690 of the peaks D4, D1, D3, G, and D2 are 1231, 1346, 1464,
691 1575, and 1604 cm™’, respectively, in line with the values
692 reported for different types of disordered carbons with the same
693 fitting procedure. The relative integrated intensities with
694 respect to G are 0.63 (D4), 2.47 (D1), 0.84 (D3) and 0.43
695 (D2), respectively. There is no clear correlation between these
96 values and structural information,®> but the intensity ratio
697 between D1 + D4 and G + D2 (~2.2) is similar to the values
698 obtained for different carbon blacks® and carbon coating onto
699 LiFePO,,°* revealing the existence of small crystalline
700 domains. The rather large D1 line width (150 cm™) suggests
701 a lower degree of graphitization than highly graphitic carbon
702 blacks”®® but is comparable to that found for carbon coating
703 on electrode materials.”**® Thus, TEM and Raman spectros-
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copy confirmed the existence of graphitic carbon at the surface 704
of the Na, FeyTi, (PO,); particles, which is crucial to 70s
improve the electronic conductivity of the composite material. 706

3.3. Insertion Mechanisms and Electrochemical 707
Performances. The potential curve of the first cycle of 708
Na, ;Fe,Ti; s(PO,);/C-based electrode obtained in galvano- 709
static mode (C/10) in the range of 1.6—3 V versus Na*/Na’ is 710
displayed in Figure 8a. The first discharge shows a continuous 7118
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Figure 8. Galvanostatic voltage curve (C/10, 1.6—3.0 V vs Na*/Na°)
for the first cycle of (a) Na, Fe,Ti, (PO,);/C and (b) derivative
curves for different numbers of cycles. R1 and R2 denote the regions
of the two-step insertion mechanism.

decrease of the potential from 2.6 to 2.2 V in the range of 0— 712
0.5 inserted Na/fu. (region Rl1), followed by a “pseudo- 713
plateau” slightly decreasing from 2.2 to 2.1 V in the range of 714
0.5—2 inserted Na/fu. (region R2). The specific capacity for 715
the first discharge is 125 mA h g_l, which is close to the 716
theoretical value of 128 mA h g~". This small difference can be 717
related to the capacity loss due to the 9 at % electrochemically 718
inactive Fe?*. A similar potential curve was obtained for the first 719
charge, except for an irreversible capacity loss of about S mA h 720
g~". The incremental capacity curve of the first discharge 721
exhibits a rather broad band at about 2.3 V (labeled A) and a 722
more intense peak at 2.18 V (labeled B) that can be related to 723
the potential variations in R1 and R2, respectively (Figure 8b). 724
The first charge shows two structures A" and B’ similar to A 725
and B, respectively, except for a broadening of the peak A’ 726
compared to A that is also observed in the following cycles. 727
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728 There is a voltage shift between B’ and B of about 20 mV,
729 which indicates a small potential polarization of the electrode
730 material due to low internal impedance and reflects the
731 efficiency of the carbon coating,

732 The GITT curve of the first cycle was recorded in the 1.6—
733 2.3 V range. At each insertion stage, a current of C/10 was
734 applied for 1 h and followed by an 8 h relaxation period in
735 order to approach the equilibrium potential (Figure 9). This

areas (RA) of the two components that can be assimilated to
the relative amounts of Fe’* and Fe’* by assuming they have
the same Lamb-Mossbauer factor at room temperature. The
variations of these relative amounts versus number of inserted
Na/fu. show a strong increase of the Fe*" contribution until
80% for 0.5 inserted Na/fu. followed by some erratic changes
in the range of 80—95% until the end of the discharge (Figure

24+
2.3 I
22
2.1 I
2.0 I

1.9
1.8

Potential (V vs. Na’ ao)

1.7

GITT

1.6

15 I T R B T B
0 20 40 60 80 100 120 140

Time (h)

Figure 9. GITT potential curve of the first discharge of
Na, ;Fey;Ti; s(PO,);/C. Rl and R2 denote the regions of the two-
step insertion mechanism.

736 curve confirms the two-step mechanism with a change of the
737 slope around 0.5 inserted Na/fu. and also indicates that
738 potential in R2 does not strictly form a plateau even at
739 equilibrium. Such a two-step potential shape differs from the
740 voltage profile of NaTi,(PO,); formed by a well-defined
741 plateau due to a two-phase reaction between the pristine
742 material NaTi,(PO,); (R3c) and NayTi,(PO,); (PI) that
743 reflects the Ti**/Ti®* redox couple.ls’m Previous studies on
744 LiTi,(PO,); and LisFe,(PO,); NASICON-based electrode
745 materials for Li-ion batteries show that Ti*/Ti**'*'® and
746 Fe>*/Fe?*% redox couples operate at about 2.5 and 2.8 V versus
747 Li*/Li’, respectively. From the difference between the redox
748 potentials of Li*/Li® and Na*/Na® (0.33 V), we can expect that
749 Ti** /Ti** and Fe®*/Fe®* redox couples operate at 2.2 and 2.5V
750 versus Na*/Na’, respectively. For Ti*'/Ti*, the former value is
751 in line with that of the potential plateau observed for
752 NaTi,(PO,);. The present study suggests that potential
753 variations for Na, ;Fe,Ti; {(PO,);/C in R1 and R2 could be
754 related to Fe**/Fe?* and Ti*"/Ti’>" redox couples, respectively.
755 To understand more deeply the effect of the substitution of
756 Fe for Ti on the electrochemical process, we made use of *’'Fe
757 Mdssbauer spectroscopy during charge—discharge cycles in two
758 different modes. Na insertion was performed in galvanostatic
759 (C/25) and GITT (C/10 and 12 h open-circuit relaxation
760 every 4 h) regimes, respectively, in order to investigate possible
761 kinetic effects and improve the signal-to-noise ratio of the
762 Mdssbauer spectra. In the galvanostatic regime, the Mdssbauer
763 spectra were recorded every 0.08 Na/fu. during the first cycle
764 in the range of 1.6—3 V. All the spectra were fitted with two
765 doublets assigned to Fe*" and Fe®, respectively. Due to the
766 poor signal-to-noise ratio of the spectra, unexpected randomly
767 large variations of the isomer shift and quadrupole splitting
768 were observed. This is mainly due to the small amount of >'Fe
769 in the sample and the short recording time for each spectrum
770 (4 h). However, it was possible to extract values of the relative
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Figure 10. Variations of the relative areas of the subspectrum of Fe®*
(red) and of the sum of the two subspectra assigned to Fe** in
Na, ;FeysTi; s(PO,);/C and to Fe* impurity (blue). The results are
given for operando galvanostatic (circles) and GITT (squares) modes.
The solid lines are guides for the eye.

contribution. This mechanism is reversible since the Fe*
amount shows a rather constant trend from the beginning of
the charge up to about 0.6 inserted Na/fu. and then strongly
decreases until the end of the charge. In the GITT experiment,
the spectra were recorded every 0.4 Na/fu. for the first cycle
and 0.14 Na/fu. for half the second discharge. The recording
time of 12 h (open—circuit relaxation) was sufficient to extract
reliable values of the Mossbauer parameters and subspectrum
areas. As indicated in the previous section, the Mdssbauer
spectrum of the pristine Na, ;FeyTi; s(PO,);/C is formed by
two components assigned to Fe** (§ = 0.42 mm s™', A = 0.28
mm s, RA=91%) and Fe** (§=12mms™, A=24mms},
RA = 9%), originating from high spin Fe® in crystalline
Na, sFeysTi; s(PO,); and Fe** impurity, respectively. At the
beginning of the first discharge, there is a strong increase of the
intensity of a peak at 2.2 mm s~ until the insertion of about 0.8
Na/fu. (Figure 1la). More spectra were recorded at the
beginning of the second discharge, and this peak grows more
progressively (Figure 11c). Through the charge, the spectra
change significantly after the extraction of about 1 Na/fu,
showing a decrease of the peak at 2.2 mm s™" until the end of
the charge (Figure 11b). All the spectra were fitted with three
doublets. One doublet was assigned to Fe®" in
Na, ;Fe,Ti; s(PO,); and the Mdssbauer parameters, § = 0.42
mm s~ and A = 0.28 mm s/, were kept fixed during the fitting
procedure of all the spectra. The second doublet was attributed
to an Fe** impurity with the following values, § = 1.2 mm s/,
A =24 mm s™', RA = 9%, that were also kept fixed. The last
doublet was associated with Fe*" arising from the reduction of
Fe** due to Na insertion, and its Mossbauer parameters were
allowed to vary. In the latter case, only small and insignificant
variations of the Mdssbauer isomer shift with inserted Na
amount were observed that could be assigned to uncertainties
arising from the quality of the spectra (Table 6). The average
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Figure 11. Operando *’Fe Mossbauer spectra of Na, sFey sTi; s(PO,);/C recorded during the first cycle and at the beginning of the second discharge

in GITT mode.

value is § = 1.23 + 0.04 mm s '. The quadrupole splitting
exhibits stronger variations that could be related to changes in
the local environments of the Fe atoms due to the continuous
filling (emptying) of the M2 sites by Na along the discharge
(charge). However, these variations do not exhibit a significant
trend, which suggests a random occupation of the M2 sites.
The average value is A = 2.05 + 0.12 mm s™". The value of the
isomer shift is close to that found for the Fe*" impurity, while
the quadrupole splitting is significantly lower. However, these
two parameters are both typical of high spin Fe?*. Almost all
the Fe® are transformed into Fe’* at the beginning of the
discharge for less than 0.8 Na/fu and only several percent of
Fe®* remained in the second part of the discharge (Figure 10).
This mechanism is reversible, since the amount of Fe®*
increases only after the extraction of 1 Na/fu. At the end of
the charge, about 10 at % Fe®" remained in addition to the Fe**
impurity, which proves that sodium extraction was not
complete. However, such a value could be due to the specific
preparation of the electrode material for Mossbauer measure-
ments as described in the Experimental and Theoretical
Methods section (powdered sample with only carbon black
additive) and the geometry of the in situ cell. This explains, for
example, the observed maximum amount of 1.6 Na/f.u. inserted
Na at the end of the first discharge. During the charge, 1.55
Na/f.u. were extracted and this difference of 0.05 Na/fu. could
affect 10% of the Fe** atoms within the composite in line with
the remaining amount observed by Mossbauer spectroscopy.
Finally, the second discharge shows the decrease of the amount
of Fe** for Fe®, as along the first discharge, but more accurately
since more spectra were recorded (Figure 10). Compared to
the galvanostatic mode, it is worth noting that the GITT mode
provided more reliable experimental values of the Mdssbauer
subspectrum areas, as a result of a better signal-to-noise ratio,
and larger amounts of Fe’* formed during the discharge
probably due to kinetic effects.

For both galvanostatic and GITT regimes, the operando
Mbssbauer spectra clearly show the progressive reduction from
Fe®* to Fe’" at the beginning of discharge. In the GITT mode,
about 95% of Fe** was transformed along the discharge until

0.8 inserted Na/f.u., which suggests that the remaining of the
discharge is mainly concerned with the Ti*" for Ti** change.
This two-step mechanism, involving first the Fe**/Fe*" change
followed by the Ti*"/Ti** reduction, is in line with the
electrochemical results and can be related to the peaks A and B
of the derivative curve (Figure 8b). In the same way, the
beginning of the charge corresponds to the Ti**/Ti*" oxidation,
indicating that the mechanism is reversible. The variations of
the relative amounts of Fe** and Fe** obtained in galvanostatic
and GITT regimes at the beginning of first or second discharge
are quasi-linear and match the expected linear variations for the
reaction

(4)

Thus, Mossbauer operando experiments provide quantitative
evidence that reaction 4 proceeds at the beginning of discharge
in all the particles of the composite. This unambiguously proves
the one-phase reaction suggested by the shape of the
galvanostatic and GITT potential curves. However, it is
worth noticing that reaction 4 should be fully completed in
Na, (FeyTi; s(PO,);/C for 0.5 inserted Na/fu. which is not
exactly the case here since it remains about 10% Fe®" at this
step. This amount decreases to 4% for 0.8 inserted Na/fu. and
is then stable until the end of discharge. This suggests the
existence of an intermediate mechanism around 0.5 inserted
Na/fu., where both Fe** and Ti*" are simultaneously reduced.

Electrochemical tests were performed in the galvanostatic
regime at different current rates. At C/10, the specific capacity
after 50 cycles is 119 mAh g™, which gives a capacity loss from
the first discharge of about 5%, while the Coulombic efficiency
is 99.8% (Figure 12). It is worth noting that Coulombic
efficiency rapidly increases from 95.6% to 99% at the first cycle
and then slightly increases up to 99.8%. This good capacity
retention can be related to the good reversibility of the charge—
discharge cycles as shown by the stability of both the position
and the shape of the peaks A and B of the derivative curves
during cycling (Figure 8b). The rate capability test was
performed by S cycles at each rate C/10, C/S, C/2, 1C, 2C,
and SC, to return to the same rates 2C, 1C, C/2, C/S, and C/

Fe3' + Na —» Fe*' + Nat
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Table 6. ¥’Fe Mossbauer Parameters of

Na, ;Fe, ;Ti; s(PO,);/C-Based Electrode at Different Stages
of the Electrochemical Discharge—Charge Process in
Operando GITT Mode (See Text for Details): Isomer Shift
Relative to a-Fe (6), Quadrupole Splitting (A), Line Width
at Half Maximum (T'), Relative Area of the Subspectra (RA),
and Assigned Fe Sites

first discharge:

number of RA

inserted Na/fu. & (mm/s) A (mm/s) T (mm/s) (%) site

0 0411(4)  0341(9)  0.440(3) 91  Fe**[Oh]
1242(8)  2.663(4) 0440(3)° 9  impurity

0.4 1233(6)  1.972(7) 0463(2) 78  Fe**[Oh]
12427 2.663" 0463(2)" 9 impurity
0.411° 0.341° 0463(2)" 13 Fe**[Oh]

0.8 1259(3)  2.009(3)  0.487(2) 87  Fe™[Oh]
1242° 2.663° 0487(2)® 9 impurity
0.411¢ 0.341° 0487(2)" 4  Fe*[Oh]

12 1.245(4)  2.001(5)  0.474(6) 86  Fe**[Oh]
1.242° 2.663° 0.544(5)" impurity
0.411° 0.341° 0.474(6)" Fe*[Oh]

1.6 end of 1.258(1)  2.036(5)  0.474(6) 88  Fe*’[Oh]

discharge
1.242° 2.663° 0.474(6)" impurity
04117 0.341° 0474(6)” 3 Fe*[Oh]
first charge:
number of
extracted Na/
fau.

0.4 1234(6)  1.984(4)  0.544(5) 87  Fe**[Oh]
1.242¢ 2.663° 0.544(5)® 9 impurity
0.411¢ 0.341¢ 0474(6)" 4  Fe*[Oh]

0.8 1241(6)  2.063(1)  0.479(1) 86  Fe*[Oh]
1.242° 2.663° 0.479(1)" impurity
0.411° 0.341° 0.479(1)" Fe*[Oh]

12 1211(4)  2.025(4)  0.444(1) 62 Fe**[Oh]
1.242° 2.663° 0444(1)® 9 impurity
04117 0.341° 0444(1)" 29  Fe*[Oh]

1.56 end of 1216(1)  2.179(5)  0.479(8) 14 Fe™[Oh]

charge
1242° 2.663° 0479(8)® 9 impurity
0.411° 0.341° 0479(8)" 77 Fe**[Oh]
second

discharge:

number of

inserted Na/

fu.

0.14 1210(1)  1.989(5)  0498(1) 49 Fe*'[Oh]
1.242° 2.663° 0498(1)" 9 impurity
0.411° 0.341° 0498(1)" 42 Fe*[Oh]

0.28 1215(6)  2.053(2)  0.428(1) 67 Fe**[Oh]
1.242° 2.663° 0428(1)> 9 impurity
04117 0.341° 0428(1)" 24 Fe*[Oh]

0.42 1224(9)  2079(1)  0.501(9) 76 Fe**[Oh]
1.242° 2.663° 0.501(9)* 9 impurity
0.411¢ 0.341¢ 0.501(9)* 15 Fe**[Oh]

0.56 1233(1)  2.057(2)  0.425(3) 80 Fe**[Oh]
1.242° 2.663" 0425(3)> 9 impurity
04117 0.341° 04253)" 11 Fe*[Oh]

0.7 1246(2)  2.041(7)  0.460(1) 90.5  Fe**[Oh]
1.242¢ 2.663° 0460(1)> 9 impurity
04117 0.341° 0460(1)° 0.5 Fe*[Oh]

“Fixed. ”Constrained to be equal.
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10 (Figure 13). The material delivers specific capacities of 123,
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Figure 13. Rate and cycling performances of Na, ;Fe,sTi; s(PO,);/C.

2C, and 5C, respectively, and returns to the initial capacity.
Thus, the reversible capacity decreases slightly with the
increasing discharge rate, the specific capacity at SC is only
24% lower than that at C/10, and a good recovery of the initial
capacity was obtained. These performances are better than
those of NaTi,(PO,);/C obtained in the present work with the
same synthesis procedure, especially in terms of capacity
retention and power rate. Such improvements were also
observed for Na,, Fe Ti, ,(PO,);/C nanoparticles obtained
by the sol—gel method.”® The positive effect of carbon coating
on the electrochemical performances was observed in the
present work from the comparison with Na, ;Fe,Ti; (PO,),
and NaTi,(PO,);, which both show capacity fade and poor
power rate. This is due to the low electronic conductivity of the
NASICON uncoated materials as previously reported for
NaTiy(PO,);.'*'**" Finally, it is worth noting that high
capacity retention and power rate were previously reported
for aqueous Na-ion batteries with NaTi,(PO,);/C as the
anode,””*"** and it would be interesting to test the present
composition Na, ;FeyTi; s(PO,);/C in such electrochemical
systems.
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The present results show that electrochemical insertion of
Na in Na, (Fe,(Ti, {(PO,);/C follows a two-step mechanism
involving successively the Fe’*/Fe** and Ti**/Ti>" trans-
formations in the regions R1 and R2 of the potential curves,
respectively. These transformations are reversible during the
charge and were observed in both galvanostatic and GITT
regimes. This mechanism is in line with the recent results of
Aragdn et al.,”® but neither local orderings in R1 nor a clear
two-phase reaction in R2 were observed. In addition, these
authors observed from ex situ Mossbauer spectroscopy that
about 20 at % of Fe®* still occur for 1 inserted Na/fu. at C/20
and disappear at the end of discharge. They proposed that such
progressive Fe**/Fe* transformation along the discharge could
be due to kinetic limitations. However, this effect was not
observed from our in situ Mdssbauer experiment in GITT
mode conducted at C/10, since only 4% of Fe?* was detected
for 0.8 inserted Na/fu. These observed discrepancies could be
related to differences in the morphology and particle size of the
samples obtained by solid-state reaction in the present work
and by sol—gel method by Aragén et al.”® The present two-step
mechanism also differs from the one-phase reaction previously
observed for Na,FeTi(PO,),.”” This suggests that increasing x
from 0 to 1 in Na,,Fe,Ti,_ . (PO,); modifies the insertion
mechanism from a two-phase reaction for x = 0 to a one-phase
reaction for x = 1, involving a more complex mechanism for
intermediate compositions as shown in the present work. This
could be related to changes with x of the electronic structure at
the bottom of the conduction band arising from variations in
the relative amounts of Fe and Ti. But this could also be
attributed to the increasing occupation of the M2 interstitial
sites by Na with increasing x that is expected to modify the
ionic conductivity.

4. CONCLUSION

A NASICON based composite with composition
Na, ;Fe, Ti, s(PO,);/C was synthesized by a solid-state route
and sucrose pyrolysis. The structural and electrochemical
properties of this material were analyzed by combining
theoretical and experimental methods. The present study has
addressed the effect of the substitution of Fe for Ti in
NaTi,(PO,);/C on the electrochemical performances and
insertion mechanisms. The most stable phase predicted by
DFT calculations shows that the 3 Na of the rhombohedral
primitive cell are located on the two M1 sites and on one M2
site close to Fe. The PBESOL functional provides an excellent
agreement between theoretical and experimental structural
parameters with accuracy better than 1% on cell volume. This
made it possible to describe the different local environments of
the two metals that cannot be obtained from XRD and to
explain the observed differences with NaTi,(PO,);. Both
Mossbauer spectroscopy and magnetic measurements showed
the existence of high spin Fe®* in Na, ;Fe,Ti, (PO,);. This is
in agreement with DFT calculations, which have additionally
confirmed the present experimental value of the Fe quadrupole
splitting. The sucrose pyrolysis gave rise to porosity, increasing
the BET surface area by 2 orders of magnitude, and carbon
coating. This improved electrolyte impregnation and electronic
conductivity and decreases ionic diffusion length. As a
consequence, good electrochemical performances were ob-
served for the material used as the electrode at 2.2 V versus
Na*/Na® with a stable specific capacity of 120 mA h g™' at C/
10, a Coulombic efficiency better than 99.5%, and a rather high
power rate since the capacity loss is 14% at 2C and 24% at 5C.

The performances can also be related to the low internal
impedance leading to a low potential polarization for the
charge—discharge cycles. The substitution of Fe for Ti produces
more complex insertion mechanisms than the two-phase and
one-phase mechanisms observed for NaTi,(PO,); and
Na,Fe,(PO,);, respectively. ’Fe Mossbauer spectroscopy
used in operando mode quantitatively shows linear variations
of the Fe®* and Fe®* amounts in Na, ;Fe,Ti; s(PO,),/C at the
beginning of discharge and at the end of charge for less than
about 0.5 inserted Na/fu. in line with one-phase mechanism
suggested by the potential profiles.
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