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Abstract

Wadsley-Roth oxide FeNb;;0,9 powder samples are successfully prepared using a simple, cost-effective,
and ultrafast microwave-assisted solid-state synthesis for the first time. While conventional solid-state
route in furnace requires hours of high-temperature treatment, both monoclinic and orthorhombic
polymorphs of FeNb;,0,5 were obtained in minutes under microwave heating. Combining such short
heat treatment with submicrometric oxide precursors enables to limit particle growth during the
synthesis. The electrochemical benchmark clearly shows that FeNb;0,5 powder samples obtained

rapidly from submicrometric oxide precursors exhibit enhanced cycling performance. For example, the



monoclinic polymorph prepared in only 5 minutes offers a high capacity of 179 mAh g™ (90 % retention)
after 500 cycles at 2 Ag"', approximately 20% more than with conventional synthesis protocol.
Electrochemical analysis demonstrates that the extra capacity is gained at low voltage and is probably
induced by an easier ionic diffusion occurring in smaller particles. This work confirms the interest of

solid-state microwave heating to design of electrode materials with limited particles growth and better

cycling performance.
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1. Introduction

Next generation of electrode materials for Li-ion batteries requires not only high capacity and durable
cyclability but also high performance (capacity, cyclability) at elevated currents, especially for power-
intensive applications. The intercalation-type graphite and LisTisO1, are commonly used in commercial
lithium-ion batteries yet certain limitations remain. While graphite offers high electronic conductivity
and theoretical capacity of 372 mAh g via the formation of LiCg, there are concerns about its limited
rate capability due to the formation of a passivating solid-electrolyte interphase (SEI) with slow Li*
diffusion kinetics. Besides, graphite also poses the risks of lithium electroplating at high currents because
of its low lithiation potential (around 0.1V vs. Li*/Li) [1]. Spinel Li,TisO;,, with moderate lithiation
potential (plateau at 1.5 V), exhibits better rate performance with no SEI but still unsatisfactory capacity
of 175 mAh g™ [2]. In this context, niobium-based oxides with Wadsley-Roth crystallographic shear
structure are a well-known family of compounds [3—6] and have sparked considerable interest as
alternative negative electrode materials with high capacities especially at elevated current rate [7-12].
These compounds bring about the advantage of minimizing the risk of side reactions with conventional
organic carbonate-based electrolytes and mitigating the formation of lithium dendrites thanks to their
operating voltage above 1 V. Notably, Nb;,0,9 possesses robust structure of n x m octahedron-blocks and
large insertion channels along b direction for facile Li* diffusion. Partial substitution of niobium gives the
analogous compounds such as FeNb;;0,9, CrNb;;0,5 with improved electronic conduction [13-17].
However, their electronic and ionic conductivities are still insufficient for the full exploitation of their

capacity, and extensive improvement space for electrochemical kinetics is therefore still available [7].

In this work, we focus our effort on the Wadsley-Roth oxide FeNb;;,0,5, which exists in two polymorphs.
According to the literature, the monoclinic form of FeNb,0,4 is formed at temperature of 900-1100 °C,
while the orthorhombic polymorph is obtained at 1250 °C through an irreversible phase transition [18-
21]. Both phases are constructed from blocks of 4 x 3 Nb(Fe)Og octahedra which are corner-connected
within one individual block. The interblock connection is made by edge-sharing of octahedra, creating
crystallographic shear planes to accommodate the oxygen deficiencies. The subtle structural change
between the two polymorphs lies on the linkage of blocks at the same level, sharing cis or trans corners
in orthorhombic and monoclinic forms, respectively [18-21]. Neutron powder diffraction, Md&ssbauer
spectroscopy and X-ray absorption spectroscopy have confirmed the fully disordered distribution of Fe

and Nb within six crystallographic sites [17,22].



Both polymorphs of FeNb4,0,9 can theoretically exchange up to 23 electrons per formula unit, thanks to
the three redox couples of Fe*'/Fe*, Nb>*/Nb*, and Nb*/Nb*", which correspond to a high theoretical
capacity of 400 mAh g™ [18-21]. This value is higher than that of Li,TisO;, and graphite, making
FeNb,;0,9 a promising anode material. However, their practical capacity significantly differs in the
literature. For example, the orthorhombic polymorph obtained by conventional furnace treatment was
reported to deliver up to 400 mAh g at 0.1 A g [23], whereas all other research showed lower capacity
in the range of 250-300 mAhg”, depending on the synthesis protocol [23]. The electrochemical
difference between the two polymorph was investigated only by Spada et al., where monoclinic one
mainly has the charge storage on the surface with higher pseudocapacitive contribution determined by
cyclic voltammetry, leading to its lower specific capacity than orthorhombic one [23]. Different research
directions have been followed to enhance the electrochemical performance of FeNb,,;0,4, including
partial substitution of iron with other transition metals such as Ti, V or Mn [19,24,25], creation of oxygen
defects by annealing under vacuum or inert atmosphere [26], nitridation surface formation by treatment

in Ar/NH; atmosphere [23], or nanostructuration by electrospinning [27].

As stated before, FeNb,,0,4 is usually obtained at high temperature, which could induce large particles
and consequently prevent an efficient ionic diffusion and alter the electrochemical performance. Herein,
we investigate microwave-assisted solid-state protocol with the objective of downsizing the particle size
of FeNb;;0,9. This synthesis method is based on the interaction between samples and the
electromagnetic field to directly convert microwave into thermal energy, resulting in uniform heating in
the sample volume and rapidly rising temperature for the reaction to occur. The ultrafast heating is
known to offer the possibility of decreasing the particle size and has been adapted for a wide range of
inorganic compounds [28], especially for battery electrode and electrolyte materials such as Chevrel
phase Cu,MogSs, disordered rocksalt Li; 3sMngsNbgy3:016Fg1 and thiophosphate solid electrolyte NazPS,,
with comparable performance as those obtained by conventional method [29-32]. Concerning Wadsley-
Roth phases, only microwave-assisted solvothermal method was used to prepare TiNb,0; [26], whereas
microwave-assisted solid-state synthesis has not been applied to the best of our knowledge. For the first
time, we show here that it is possible to prepare FeNb;0,4 in a few minutes of heating, and we take
advantage of this fast process to obtain the product of smaller particles, which can facilitate lithium

diffusion and enhance electrochemical performance.



2. Experimental

Stoichiometric amounts of oxide precursors Fe,0; (299 %, <5 um, Honeywell) and Nb,Os (obtained by
heating Nb powder (99.8 %, ~ 325 mesh, Alfa Aesar) at 900 °C for 24 h), weighed around 2 g, were mixed
in SPEX 8000M high-energy ball mill for 20 minutes. The mixture was recovered and then pelletized
under 2t in a hydraulic press. In conventional solid-state synthesis, the pellets were heated in air in
Nabertherm muffle furnace for 4 h at 1100 or 1300 °C (with a heating rate of 2 °C min™) to obtain either
the monoclinic or orthorhombic polymorphs, respectively. A second series of synthesis have been
carried out similarly with submicrometric oxide precursors Fe,0; (99.9 %, 80 nm, Nanoshel) and Nb,O;
(99.9 %, 80-100 nm, Nanoshel). In a typical microwave-assisted solid-state synthesis, the pellet of mixed
oxide precursors, weighed around 0.5 g, was put inside a graphitized quartz tube placed in a porcelain
crucible filled with thermally conductive carbon powder (C-NERGY Super C45) and covered by mineral
wool (5-30 um, Sodipro). The heat treatment was conducted in a classic kitchen microwave oven at
1200 W during one or subsequent steps of 5 minutes, with intermediate resting time to avoid
overheating and possible irreversible damage of the quartz tube. At the end, the tube was kept inside
the oven to cool down gradually. The as-obtained pellets were manually ground in an agate mortar into
fine powder for further characterization and electrochemical evaluation. Overall, eight powder samples
were obtained and were labeled according to the series of oxide precursors (micrometric -u- or
submicrometric -su-), the thermal treatment (furnace -f- or microwave -w-), and finally the polymorph

(monoclinic -M- or orthorhombic -O-).

X-ray powder diffraction (XRPD) patterns were collected by using a 26/6 diffractometer (Empyrean,
PANAIlytical) with Co Ka radiation source. Scanning Electron Microscopy (SEM) images were obtained by
using a JEOL microscope (JSM 6510 LV) at 20 kV. All samples were coated with gold before analysis. The

mean particle size was deduced by statistical evaluation of about 100 particles using ImageJ software.

Regarding electrode preparation, the active materials (FeNb,;0,, powders) were manually ground with
carbon additive (Super P) and polymeric binder (polyvinylidene fluoride, Solef 5130) in the weight
proportions of 70:20:10. Then, N-methyl-pyrrolidone (99.5 %, Sigma-Aldrich) solvent was added and the
resulting mixture was subsequently placed inside a planetary centrifugal mixer (SK-300SlI, Kakuhunter).
The obtained slurry was coated onto Cu foil (Goodfellow, thickness of 0.02 mm) and dried under vacuum
at 80 °C for 12 h. Finally, 12.7 mm disc electrodes were cut from the foil. The electrode thickness was
measured around 50 um (excluding the Cu foil), corresponding to a mass loading of active material

between 1.8 and 2.2 mg cm™. Coin cells were assembled inside Ar-filled glovebox with metallic lithium as



anode, glass fiber separator (Whatman grade D) and 1M LiPFg in EC:DMC (3:7 vol.%) (Solvionic) as

electrolyte.

Electrochemical measurements have been performed at room temperature using potentiostats (MPG-2
and VMP, Bio-Logic). With the capacity C set at 208.6 mAh g (corresponding to the insertion if 12
lithium ions per formula unit), galvanostatic cycling with potential limitation (GCPL) was carried out at
10 C between 1.0 V and 3.0 V vs. Li*/Li, while rate capability tests were conducted from C/2 to 100 C and
back to C/2. Galvanostatic Intermittent Titration Technique (GITT) was done for the monoclinic
polymorphs of FeNb;0,5 obtained from submicrometric precursors either with conventional or
microwave heat treatment, with C/20 current pulses of 10 minutes followed by relaxation of 20 minutes.
These two samples were also investigated by Electrochemical Impedance Spectroscopy (EIS) at room
temperature, in the frequency range between 10° Hz and 102 Hz, with the amplitude of perturbative
sinusoidal wave as 10 mV, during open circuit voltage, at the end of discharge and end of charge. The
first cycle at C/2 was scrutinized by operando X-ray diffraction for electrodes containing powder samples
obtained by microwave heating, using the above-mentioned diffractometer and a home-made

electrochemical cell.
3. Results and discussion

At first, conventional solid-state synthesis in muffle furnace was used to prepare FeNb;;0,4 reference
samples. Whatever the particle size of the oxide precursors, Fe,0; and Nb,Os, (micrometric or
submicrometric), the heat treatments performed at 1100 °C lead to the monoclinic form of FeNb,;0,,
with XRPD pattern indexed in the space group A2/m, while going up to 1300 °C induces the formation of
the orthorhombic polymorph (space group Amma), as shown in Figure S1. In both cases, cell parameters
obtained from profile matching refinement of XRPD data (Table S1) are in good agreement with the

literature [19,20,23].

In parallel, microwave-assisted thermal treatment has been applied on both micrometric and
submicrometric oxide precursors. The mixture was heated during four steps of five minutes each, at
1200 W, and XRPD was performed after each step to monitor the chemical reaction (Figure S2). With the
micrometric precursors, after only 5 minutes the main peak of monoclinic FeNb4;,0,¢ at 28 ° is observed.
However, another peak at 36 ° is present and assigned to FeNbQO,, which has been evidenced as an
intermediate phase during in situ high temperature X-ray diffraction (Figure S3). After a third heating

step, FeNbO, is no longer present and pure monoclinic form of FeNb,,0,5 is observed. An additional step



is necessary to obtain the orthorhombic polymorph. The use of submicrometric oxide precursors Fe,0;
and Nb,Os enables to shorten the synthesis duration. Indeed, pure and highly crystalline monoclinic form
of FeNb;,0,4 is obtained after one heating step of 5 minutes, and the orthorhombic polymorph only

need an additional step to be observed (Figure 1).
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Figure 1. XRPD patterns and crystallographic structures of (a) monoclinic and (b) orthorhombic FeNb ;0,4
samples, obtained by microwave heat treatment of submicrometric precursors in 5 or 10 minutes,
respectively (observed, Le Bail-fitted and difference profile are represented respectively on black crosses,
red and blue lines, and Bragg position on green vertical bars). The dark and light shades of blue are used

to distinguish different layers stacked along the b direction.
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SEM is used to study the influence of three synthesis parameters on the particle size of FeNb;;0,9
powder, and images of all samples of FeNb,;0,4 are compared in Figures 2, S4 and S5 for different
magnifications. First, it is important to mention that Energy Dispersive X-ray spectroscopy (EDX) coupled
SEM confirms the Nb/Fe ratio and the homogeneous elemental distribution in the samples, shown in
Figure S6. Comparing between the two polymorphs of FeNb;,0,, it is reasonable to claim that the four
orthorhombic samples — synthesized either at higher temperature or during a longer treatment time
under microwave — have significant particle growth with respect to the monoclinic ones. Focusing on the
heating process, the four samples obtained from microwave method show the aggregation of small
primary particles (diameter = 0.5 um) into larger secondary assembly, while powder samples heated
hours in furnace are characterized by larger particles (diameter = 2 um) and smooth surface. Finally, for a
similar heating process, using submicrometric oxide precursors allows to limit the grain growth. Logically,
the combination of these precursors with the rapid microwave-assisted synthesis remarkably limits
particle growth and yields the product with a limited particle size. This is particularly evidenced with the
monoclinic form of FeNb;;0,9 obtained in only 5 minutes and exhibiting particle size of 0.3-0.5 um,

slightly larger than its oxide precursors.

Ol 4h @ 1100°C

Figure 2. SEM images showing how FeNb,;0,9 particles could be downsized from a conventional heat
treatment with micrometric Fe,0; and Nb,Os precursors (a) to an ultrafast microwave heating with
submicrometric precursors (b). In both cases, left and right images correspond to monoclinic and
orthorhombic polymorphs of FeNb;0,s, respectively. Additional SEM images for other FeNb ;0,4 batches

and with different magnifications are provided in the Sl section.



The electrochemical behavior of the eight FeNb,,0,5 samples has been evaluated in the same conditions,
from the electrode formulation to the cycling conditions. The first galvanostatic cycles at C/2 are
compared in Figure 3. For the monoclinic polymorphs, the discharge/charge curves are very similar and
start by short pseudoplateau at 2.4V, followed by a more apparent yet sloping plateau around 1.6 V. A
total of 14 Li* ions per formula unit could be inserted, corresponding to a capacity of 243 mAh g*, and
with an excellent reversibility observed during the subsequent charge. The corresponding differential
capacity plots distinguish three redox reactions. Following previous works [19,20,23,27], the first faint
broad cathodic/anodic peak around 2.4V is assigned to Fe**/Fe®* redox couple. The important peaks
around 1.6-1.7 V correspond to Nb>*/Nb* redox couple, whereas the broad features below 1.5V are
attributed to further redox activity of Nb*/Nb*". Interestingly, a significant extra capacity is observed
with the sample prepared by microwave heating from the submicrometric oxide precursors (su-w-M)
and this gain is occurring below 1.25 V. These observations slightly differ for the orthorhombic samples
of FeNb;;,0,9. A stronger polarization is observed below 1.5V and induces a lower discharge capacity as
only 12 Li* could be inserted. This decrease of capacity is however not noticed for the sample prepared
by microwave heating from the submicrometric oxide precursors (su-w-0), and here as well this extra

capacity seems to be explained by a stronger activity at low voltage.

As stated in the introduction, Wadsley-Roth phases recently focused the spotlight thanks to their good
electrochemical activity especially at high current rates. Consequently, rate-capability tests have been
applied to the FeNb,,0,5 electrodes (Figure 3). Clearly, samples prepared from micrometric oxide
precursors offer weaker capability retention whatever the polymorph considered. The extra capacity
gained at C/2 for the samples prepared by microwave heating from submicrometric oxide precursors
(su-w-M and su-w-0) is still observed and interestingly even more pronounced at higher current rates.
Finally, long-term cycling tests have been carried out at 10 C (Figure 3). The better electrochemical
behavior of the two microwave-heated samples with submicrometric oxide precursors is unambiguously
highlighted. The monoclinic form of FeNb;;0,5 exhibits the best cycling performance, delivering
198 mAh g™ initially and retaining a capacity of 90.4 % after 500 cycles (179 mAh g"*) and 77 % after 1300
cycles (153 mAh g). This highest initial capacity at 10 C in the present work is even superior to the
values previously reported for the best FeNb,,;0,o-based materials enhanced by different strategies, e.g.
170 mAh g'1 for the monoclinic doped sample Fegg;Tig.s7Nb1g 67029 or 150 mAh g'ldelivered by monoclinic
FeNb;;0,5 nanotubes. However, more effort is still needed to improve the long-term cycling and capacity
retention of our materials. Comparing between two polymorphs in this work, monoclinic samples with

smaller particle size show higher long-term capacity and better rate capability with respect to
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orthorhombic ones. This result, however, is contrary to the study by Spada et al. [23], as mentioned in
the introduction part, with 200 mAh g and 130 mAh g delivered at 10 C by the orthorhombic and

monoclinic sample, respectively.

The overall superior performance of microwave-heated samples can be explained by a smaller particle
size, allowing effective electrolyte impregnation, faster Li* diffusion and better material utilization during
electrochemical cycling. To grasp further into the details of the electrochemical lithiation of FeNb,0,9
and possibly confirm this initial assumption, GITT technique was implemented to study dynamic aspect
of the material, i.e. diffusion behavior of lithium-ions, as well as EIS analysis and finally operando XRPD
has been carried out to scrutinize the evolution of the cell parameters. This part of the investigation only

focuses on the monoclinic polymorphs as they offer the best electrochemical performance.

At a first glance, a unique GITT profile is observed whatever the heating protocol (Figure 4).
Consequently, the calculated diffusion coefficients of Li* ions are also close, remaining steadily high
during the early stage of the discharge, followed by a sharp decrease from 1.8 to 1.5V and then an
increase till 1.2 V. However, the enhancement of the diffusion coefficient during the end of discharge
(below 1.5 V) is unambiguously more pronounced for the electrode with active material prepared by
microwave-assisted heating (su-w-M) and the situation remains in the subsequent charge until the
voltage reaches 1.6 V. After that both electrodes exhibit a similar evolution. The higher lithium-ion
diffusivity of the microwave-heated sample at low voltage echoes with its more intense differential
capacity (dQ/dV) peak observed in Figure 3 in the same voltage range. Nyquist plots obtained from EIS
experiments reveal lower values of electron transfer resistance for microwave-heated material compared
with furnace-heated sample, which is in line with its smaller particles. This lower resistance is

consistently observed at open circuit and all along the electrochemical cycle (Figure S7 and Table S2).
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Figure 3. Galvanostatic discharge-charge curves and differential capacity curves of eight FeNb;;059

samples in their first cycle at C/2 = 0.1 A g™ (a-b), their rate capability tests from C/2 to 100 C (c-d), the

comparison of their 500 galvanostatic cycles at 10 C (e-f), and long-term cycling of su-w-M sample at

10 Cin 1300 cycles.
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the evolution of GITT-extracted Li* diffusion coefficient vs. voltage during discharge and charge (b).

The evolution of the diffusion coefficient was compared with those of the cell parameters during the
electrochemical process. Firstly, from the 2-dimensional contour plot of the XRD patterns, all the
diffraction peaks evolve continuously and return to their initial positions without any newly appeared
features during the whole discharge-charge process (Figure 5). The overall electrochemical process
follows reversible lattice changes without any phase transformation or biphasic reaction as previously
reported [23,27]. Secondly, the evolution of the cell parameter is scrutinized. Along the lithium insertion,
the b parameter increases steadily and significantly, indicating that lithium ions diffuse along the
channels perpendicularly to the block planes. Meanwhile, a and ¢ parameters evolve in a more complex
way, with an initial expansion of the (a,c) plane until around 1.4V vs. Li*/Li (region R1), which can be

explained by Li*-ion insertion in the structure. Afterwards, the (a,c) plane contracts until 1.2 V (region

12



R2) due to the enhanced electrostatic attraction between intercalated Li* and 0% ions [23]. At the third
stage of discharge, both parameters increase again (region R3), probably because of the reduction of
niobium, from Nb* (68 pm) to Nb*" (72 pm) [23]. This three-stage feature somehow mimics the
evolution of lithium-ion diffusivity in similar ranges of lithiation degree as shown in Figure 4. This
indicates the close relationship between the size of the diffusion channels and the diffusive behavior,

where the expanded (a,c) plane results in faster diffusion of lithium-ions and vice versa.

Over the charge process, these lattice parameters undergo reverse evolutions and return to their original
values, which further confirms the reversibility of the reactions. Overall, unit-cell volume expansion after
full lithiation is 5.4 %. This low value appears in line with the literature [27] and also contributes to the

long-term cycling stability.
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Figure 5. The charge-discharge curve (a) and corresponding 2-dimensional contour plot of operando
XRPD patterns for monoclinic FeNb;;0,4 (b), magnified view of (800) and (011) reflections (c), and the

evolution of lattice parameters, (a,c) block area and unit cell volume during cycling (d).
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4. Conclusions

The Wadsley-Roth polymorphs of FeNb;;0,5 were successful and rapidly synthesized by microwave-
assisted solid-state synthesis. This method presents significant benefits, including remarkably shorter
time and limited particle growth, which turns to facilitate lithium-ion diffusion as evidenced by GITT
coupled with differential capacity curves and operando XRPD. This easier ionic diffusion in turn induces
enhanced rate capability and long-term cycling, with a high capacity of 179 mAh g™ (90 % retention) after
500 cycles at 2 A g™ delivered by microwave-heated monoclinic sample obtained from submicrometric
precursors. The effect of smaller particle size is also seen when comparing between the two polymorphs,
where the monoclinic samples exhibit higher capacity than the larger-sized orthorhombic ones. These
results open the possibility for more efficient and upscalable protocols for other Wadsley-Roth phases as

well as other battery materials.
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