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ARTICLE INFO ABSTRACT

Keywords:

This report explores theoretical and experimental methods to characterize the ternary phases arising from the
NaCl + FeCl; system at both low (150 °C) and high temperatures (550 °C), through milling and evaporation
processing techniques. We found that NayFesClg is the only metastable ternary compound produced in either case

Na-Fe-Cl system
Phase diagram

mzzsl:;:ifs ectrosco and only at high temperatures, which is in good qualitative agreement with density functional theory calcula-
Density P Py tions performed with the recent r’SCAN metaGGA functional. The elementary, crystallographic, and grain

structure information on NasFesClg collected using a combination of x-ray diffraction, scanning electron mi-
croscopy, energy dispersive and Mossbauer spectroscopy is described and discussed in detail. NayFesClg is
determined to have a layered trigonal structure in the R3m space group. Other ternary stable or metastable
ternary phases such as NagFeClg and NayFeCl; were not observed, which is likely the result of decomposition
occurring beyond 400 °C. While the structure of NayFe3Clg makes it inadequate as a potential cathode in Na-ion
batteries, NasFe3Clg may operate as suitable coating layer to regulate the passage of ions from electrolytes to
active electrode materials without interfacial degradation.

Functional theory
Electrode coating

1. Introduction

The large-scale disruption in supply chains produced by the 2020
Covid pandemic, along with major geopolitical shifts in recent years,
have highlighted the urgency to develop alternative materials based on
inexpensive, abundant, and easily procurable elements for rechargeable
batteries [1-4]. Moreover, the growth of electric vehicles, renewable
power generation and the disruption of battery-powered sensors and
devices in everyday life is creating a shift from a fuel-intensive to a
material-intensive energy storage economy [5]. Thus, materials scien-
tists must explore alternatives to cut down on valuable metals in bat-
teries. This work contributes to this quest by evaluating the crystal
chemistry of ternary materials derived from the NaCl + FeCly system.
Elements such as iron and sodium are of great interest due to their high
abundance in the earth’s crust, low price, and availability. Sodium is the

* Corresponding authors.

6th most abundant element on earth’s crust with around 23,000 ppm
(2.3%), while iron is the 4th one with 63,000 ppm (6%) [6,7]. In
particular, cobalt-free sodium-based batteries may be an improved so-
lution for low-density applications, such as grid energy storage [8,9].
Perovskite-type compound NaFeF3 has shown great promise as a cath-
ode material for stationary energy storage applications, due to its
intrinsically high oxidative stability, and its high theoretical capacity of
197 mAh g [10,11]. In principle, replacing F anion by CI" in this
material may be beneficial because chlorine has a lower electronega-
tivity (3.16) than fluorine (3.98). However, NaFeCl3 cannot form a
stable perovskite due to the larger atomic radius of Cl" compared to that
of F™ (see Section 1 of the Supporting Information). On the other hand,
Na-Fe-Cl ternary compounds may produce suitable electrode coating
layers for Na-ion and Na-metal batteries.

Coating layers need to be mechanically robust, ion permeable and
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Table 1

Sample labels and their corresponding synthesis and treatment procedures.
Sample Treatment
MI Milling at 600 rpm for 6 h
MI550 Milling at 600 rpm for 6 h + annealing treatment at 550 °C
EV Evaporation + annealing treatment at 150 °C
EV550 Evaporation + annealing treatment at 550 °C

chemically compatible with the electrode. For instance, Zhao and co-
workers designed an artificial coatings for Na metal anodes by
applying an ultrathin layer of Al,O3, preventing dendrites and mossy Na
formation over a large number of cycles [12]. A higher mechanical
strength was achieved by in-situ production of Na-Al-O compounds,
markedly improving cell performance in Na -metal batteries [13]. For
Na-ion batteries, SnO; and OV (oxygen vacancies) have delivered
promising results [14,15]. Na-ion conducting Na-Fe-Cl based particles
may provide suitable alternatives for sodium batteries due to the wide
availability of the constituent elements and the fact that Na ions could
diffuse in the interparticle and intraparticle space. However, a thorough
structural and thermodynamic characterization of the compounds ob-
tained departing from the most common precursors (NaCl + FeCly) is
lacking.

The phase diagram reported for the Na-Fe-Cl system in the density
functional theory (DFT) based Materials Project (MP) database [16]
shows only three ternary compounds with a negative formation energy
(AHp), among which only NaFeCl, is stable at 0 K (i.e., it belongs to the
convex hull). However, this is part of an oxidated state of iron, with Fe3+
as opposed to the Fe?* jons that would be present in a system with NaCl
+ FeCl, as precursors. The two additional stable ternary compounds,
NayFeCly and NagFeClg, have AHf that are 0.035 and 0.018 eV/atom
above the convex hull, respectively. The second most cited DFT based
materials repository, the Open Quantum Material Database, OQMD
[17], [18], reports NaFeClg and NagFeClg as potential metastable
ternary materials, with formation energies 0.038 and 0.043 eV/atom
above the Convex Hull. It should be noted that OQMD uses the GGA
exchange-correlation functional, which requires empirical corrections to
the AH; for many transition metal — halide pairs [19]. In addition,
OQMD does not incorporate spin polarization. Recently, MP has recal-
culated many of its entries using the more accurate (and computation-
ally expensive) r2SCAN metaGGA functional, including spin polarization
for compounds containing Fe (among other transition metals). Thus, AHy
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reported in MP are generally more reliable.

From an experimental standpoint, NaFeCly was prepared by subli-
mation of FeCl, at 425 °C [20]. In addition, NayFeCl4 and NagFeClg have
been identified previously as intermediate compounds of Na/FeCl,
Zebra cells [21].

Robelin et. al. [22] found NasFeCl4 to be unstable below 374 °C and
to melt at around 400 °C. NaFeCls may not be possible to grow since no
stable form of NaMCls (M: Mn, Fe, Co, and Ni) has been detected at
present. In the case of NagFeClg, single crystals have been obtained by
the reaction of NaCl and FeCly at 340 °C [21]. Finally, NasFe3Clg has
been hypothesized as a potential iso-structure of Nay;MnsClg [23], but
never identified and isolated. Thus, crystallographic data for NayFe3Clg
has not been reported and the compound has not been identified directly
from the NaCl-FeCly system.

In the present work, we evaluate the structure and stability of the
products derived from the NaCl + FeCl, system by ball milling and
evaporation processing techniques at low and high temperature. To this
end, we employ first principles simulations (DFT with the r’SCAN
functional) and a range of experimental techniques, including x-ray
diffraction, scanning electron microscopy, and Mossbauer spectroscopy.
We report the formation of ternary material NasFesClg and describe its
structure, chemical stability, and the mobility of Na through its crystal
lattice. To the best of the author’s knowledge, the ternary compound
NayFesClg had not been previously detected and characterized despite
the wide availability of the precursors (NaCl + FeCly). Therefore, a
reformulation of the phase diagram for the Na — Fe — Cl system is
computationally derived, revealing that NagFesClg is part of the system
convex hull at 0 K (a good indication of room temperature thermody-
namic stability). Bearing this in mind and taking into consideration that
Na diffusion is likely controlled by strong activation barriers between Na
sites, we propose NayFesClg as a potential active coating layer to protect
the integrity of electrode interfaces.

Section 2 describes the experimental and theoretical methods. In
Section 3.1 we present a new perspective on the Na-Fe-Cl phase diagram
using the r2SCAN metaGGA functional, and demonstrate that trigonal
NayFe3Clg in the R3m space group is contained within the convex hull (i.
e., it is stable at 0 K). In Section 3.2, we show the XRD spectra of the
materials obtained through the different synthesis processes, and
combine this information with our DFT calculations to demonstrate the
formation of NayFesClg at high temperature. The crystal structure of
NayFe3Clg is described in Section 3.3 and the transport mechanism of the
Na™ ions is proposed in Section 3.4. Section 3.5 examines the chemical
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Fig. 1. Phase diagram for the Na-Fe-Cl system using r>SCAN meta-GGA potential. Dark and colored (yellow to red) circles represent stable (i.e., inside the convex

hull), and metastable compounds, respectively.
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Fig. 2. (a) XRD analysis of Na,Fe,Cl, compounds in MI550. (b) XRD analysis of
NayFe,Cl, compounds obtained by evaporation process at 550 °C (EV550), and
(c) Theoretical x ray difractogram of Na,Fe3Clg structure with R3m space group
obtained with DFT.
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stability of NayFe3Clg using Mossbauer spectroscopy and discusses the
potential use of NayFe3Clg as an electrode coating layer. Finally, Section
3.6 discusses the macrostructural morphology of the reaction products
of NaCl-FeCls.

2. Methods
2.1. Sample preparation

The synthesis of NayFeyCl, ternary compounds was performed by
starting from the NaCl-FeCl, system through evaporation and milling.
The evaporation process involved the mixing of NaCl and FeCl,-4 H,O
reagents in an equimolar ratio. Here, a solution of isopropyl alcohol and
distilled water was incorporated as a solvent. Then, slow evaporation
was carried out between 90 and 100 °C to guarantee a suitable mix of
reagents. After evaporation, the sample was annealed at both low and
high temperatures (150 °C, and 550 °C, respectively) in a tubular
furnace under an argon-controlled atmosphere for one hour. Hereafter,
these samples will be referred to as follows: EV for the sample annealed
at a low temperature and EV550 for the sample annealed at high tem-
perature. The milling process was carried out in a high-energy ball mill
EMAX departing from an equimolar mixture of NaCl and FeCly. The
FeCly was obtained by drying FeCls-4 HoO at 400 °C in a controlled
atmosphere. The sample was handled in an Ar-filled glovebox. Here,
grinding media of 3 mm and a holder of zirconium oxide were used. The
ratio used for the sample-grinding media was 1|9 per weight. The speed
of the grinding was 600 rpm for 6 h. Subsequently, an annealing process
at 550 °C was performed. The annealed and non-annealed samples will
be called MI550, and MI, respectively. Table 1 presents a summary of the
sample treatments and corresponding labels.

2.2. Material characterization

The structural analysis of the NayFe,Cl, compounds was performed
using a Panalytical diffractometer mainly in the range of 20
=11.6-52.8°, in a Bragg-Brentano geometry, with Co Kal radiation
(A =1.7890 A) and transformed to Cu Kal (A = 1.5408 A) for analysis
in the range of 26 = 10- 45°. The use of Co radiation was selected to
avoid the fluorescence of iron in the samples when these are irradiated
with copper X-ray radiation. The step size used was 0.013° and with a
speed of 3°/min. Sample EV550 was fitted to complete the analysis of
phases through a Rietveld refinement. The refinement was done with the
Full Prof suit open source software [24,25], as well as the quantification
of each phase present in the sample. The morphology of the samples was
characterized by scanning electron microscopy (SEM- JEOL JSM
6490LV) at a magnification of X3000 and X1000. EDS-SEM analyses
were also included to evaluate the atomic composition of each material.
Mossbauer spectroscopy (MS) measurements were performed as well on
the EV550 sample. This spectroscopic technique involves the nuclear
transitions of >’Fe isotope present in the samples, being a powerful tool
to characterize the oxidation state, spin state, local structure, bond
covalency, and the magnetic properties of solid-state materials [26]. For
comparison, pure FeCl, reagent was also evaluated by MS. These ana-
lyses were carried out between 1-2 weeks. >Fe Mossbauer spectra were
recorded at room temperature in transmission mode by using an
Ameteke-Wissel constant-acceleration spectrometer and a >’Co (Rh
matrix) (10 mCi) y source. The velocity scale was calibrated from the
magnetic sextet of a high-purity iron foil absorber. The spectral profiles
were fitted and deconvoluted into Lorentzian lines by using a
least-squares-based method. The quality of the fit was controlled by the
classical y? (chi-squared) test. All isomer shifts are given relative to the
center of the a-Fe spectrum [27,28].

2.3. Computational methods

Most density functional theory (DFT) calculations are carried out
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Fig. 3. The Rietveld refinement sample obtained of pristine material by evaporation process at 550 °C (EV550).

Table 2
Volume of crystal structures after Rietveld refinement.

Phase Rf- % Theoretical lattice Refined lattice
factor Vol. constants A/ ° constant -EV550 A/ ©
NayFe3Clg 8.74 45.38 a: 7.70; o: 57 a:7.74; 1:56.3
R3m b: 7.70; p:57 b:7.74; $:56.3
c: 7.70; y:57 c:7.74; y:56.3
FeCl, 7.24 38.09 a:3.60; a:90 a:3.58; a:90
R3m b:3.60; p:90 b:3.58; p:90
¢:17.50; y:120 c:17.54; v:120
FeCl,- 2 H,O 3.81 11.25 a:7.36; a:90 a: 7.36; a:90
Cl12/m1l b:8.55; p:98 b:8.56; p:98
c:3.64: y:90 c:3.63; v:90
NaCl 4.88 5.27 a:5.60; a:90 a:5.60; a:90
Fm3m b:5.60; p:90 b:5.60; p:90
¢:5.60; y:90 ¢:5.60; v:90

through the Perdew-Burke-Ernzerhof (PBE) [29] generalized gradient
approximation (GGA) functional, which offers a reasonable compromise
between accuracy and performance. However, the semi-local character
of the GGA functional produces systematic errors associated with elec-
tron self-interaction and often fails to capture medium- and long-range
dispersion [30,31]. Higher levels of theory such as metaGGA func-
tionals are better at capturing medium-range dispersion interactions
and, in principle, display lower self-interaction errors than GGA. One
such approach is the Strongly Constrained and Appropriately Normed
(SCAN) [32] metaGGA functional, which has been shown to be
considerably more accurate than PBE for predicting lattice constants and
ground-state structures of solids. However, SCAN is computationally
more expensive than PBE [33,34] and suffers from numerical instability.
To tackle these drawbacks, Furness and co-workers introduced r’SCAN
[35], a modification of the original SCAN functional with substantially
improved numerical stability, allowing calculations to converge more
reliably than with the original SCAN functional. r’SCAN was found to
predict AHy more accurately than PBE for strongly- and weakly-bound
materials without the need for empirical correction factors [35], and
has recently been deployed to estimate the AHy of several compounds in
the MP database.

We employed the Vienna ab initio Simulation Package (VASP) [36,

37], version 6.3.1 and the r’SCAN metaGGA functional, in conjunction
with projected augmented wave (PAW) pseudopotentials (POTCAR
symbols Na_pv, Fe_pv and Cl from 2015) [38] and a plane-wave energy
cutoff of 680 eV. k-point grids were generated automatically by VASP
using KSPACING values of 0.2A™!. The structures were initially
pre-converged using a PBE functional and the same KSPACING and
energy cutoff.

3. Results and Discussion
3.1. Theoretical Phase Diagram of the Na-Fe-Cl system

Fig. 1 depicts the phase diagram of the Na-Fe-Cl system. This dia-
gram includes ternary compounds not computed in the MP database
through the r?SCAN functional (NayFesClg, NaFeCls, NagFeClg), as well
as binary compounds FeCls and FeCl,. We found that previously unre-
ported trigonal NasFesClg (AHy= —1.332 eV/atom) is part of the convex
hull (i.e., it is stable at 0 K), which is often indicative of finite temper-
ature stability. We also found trigonal NaFeCl3 (AHy= —1.407 eV/atom)
and monoclinic NasFeCls (AH; = —1.407 eV/atom) to be metastable,
although none has been detected experimentally due, perhaps, to quick
decomposition into NayFe3Clg and NaCl (for NaFeCls) and NaFeCly and
NaCl (for NagFeClg). A thorough examination of NagMClg (M = transi-
tion metals) compounds was performed by Park et al. [39] using the PBE
GGA exchange correlation functional with van der Waals correction, and
found NagFeCl to be unstable. However, PBE tends to overestimate AHy
with respect to SCAN and r’SCAN [40] that may be the cause of such a
result.

In the next Section we compare experimental and theoretical X-ray
diffraction data to investigate the formation of NayFeyCl, ternary com-
pounds from NaCl-FeCl; precursors.

3.2. XRD analysis

X-Ray diffraction analyses were performed to evaluate the structures
and corresponding phases observed after the NaCl-FeCl, system is sub-
jected to evaporation or milling and annealed at low and high temper-
atures (Table 1). Fig. 2a presents XRD data for the MI550 sample. The
XRD pattern for the same processing conditions without annealing (MI)
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Fig. 4. Structure of NayFesClg optimized through DFT (boundaries of conventional cell are shown). Na,FesClg has a layered trigonal structure in the R3m space
group, through which Na* ions could potentially diffuse during intercalation. The inset depicts the shortest diffusion path for Na* between edge-sharing pentagonal

sites. Na: yellow, Fe: brown, and Cl: green.
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Fig. 6. . >’Fe Mossbauer spectra for the Na,Fe,Cl, sample obtained by evaporation at high temperature - EV550 (a) Week 0: initial exposure to air; (b) Week 1: after
one-week exposure. The numerical results of the spectra fitting are given in Table 3.

is reported in Figure 1Sa of the Supplementary Information. In the case
of samples EV and EV550, the XRD patterns are shown in Figure 1Sb and
Fig. 2b, respectively. As a reference, Fig. 2c depicts the XRD pattern for
NagFesClg, as predicted by our electronic calculations. The close coin-
cidence between the theoretical and experimental XRD data strongly
indicates the presence of NagFe3Clg with a trigonal crystal structure in
the R3m space group. FeCly-2 H;O with a monoclinic structure
(Rokuehnite) and C12/m1 space group; FeCl, with a trigonal structure

(Lawrencite) and R3m space group, and cubic NaCl eubie in the Fm3m
space group (Halite) were also detected. NasFe3Clg corresponded to the
only ternary compound of the type NayFe,Cl, identified from the NaCl-
FeCl, system, and it formed exclusively after high temperature anneal-
ing (550 °C) from both milling (MI550) and evaporation (EV550).
These findings agree with the predictions from the r>SCAN calcula-
tions discussed in Section 3.1 (see Fig. 1). An oxidation state of 3" for
iron in the other stable ternary compound, NaFeCly, makes it a less likely
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Fig. 7. 57Fe Mossbauer spectra for FeCly: (a) Week O with initial exposure to air; (b) Week 1 after one-week exposure, and (c) Week 2 after two-weeks exposure. The
numerical results of the spectra fitting are given in Table 3. The green curve was attributed to FeCl, while the pink curve to FeCl;2 H50.

reaction product between NaCl-FeCl, through the investigated synthesis
routes, as no oxidation state higher than 2" compounds were produced.
Moreover, given that relatively high annealing temperatures are
required for producing NayFesClg, the conditions required for the for-
mation of metastable compounds NaFeCls and NasFeClg are expectedly
more demanding and may not be practically feasible.

The remaining components were mainly unreacted reagents. In
particular, Rokuehnite was likely obtained from Lawrencite due to
manipulation in a wet environment. The EV and MI samples obtained at
low temperature only revealed the presence of raw materials: FeCl, and
NaCl (and Fe3O; for the EV sample) as shown in Figures 1Sa and 1Sb in
the Supporting Information.

The theoretical diffractogram of NasFe3Clg with R3m space group
structure is depicted in Fig. 2c. The highest peak appeared at 13.6° (20

over Cu source) corresponds to the [111] plane, which is the preferred
orientation of the structure. The two other most important peaks appear
at 29.5° and 37° apparently, which fit very well with the experimental
patterns shown previously for EV550 and MI550 samples.

The Rietveld refinement of the EV550 sample was performed with
Full Prof free suite software [25], and is shown in Fig. 3. The refinement
analysis was incorporated to confirm the phases present in the sample,
to fit the lattice parameters of each phase in the synthesized sample as
well as to identify the volume fraction of individual phases. The results
are presented in Table 2. The theoretical and experimental lattice con-
stants for each individual phase had very narrow variation, and the >
was around 5 units which means that most of the phases in the sample
were adequately fitted. The refinement also had small peaks without
identification that could correspond to the presence of small amounts of
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Table 3
The results of >’Fe-Mossbauer spectra fitting. IS: isomer shift, QS: quadrupole
splitting, LW: linewidth, RC: relative contribution, y* chi-squared test.

Sample IS/mm QS/mm LW/mm HF/ RC/ x2
st st st T %
Na,Fe,Cl, 1.158(6) 2.309(12) 0.271(14) 0.00 72 0.53
Week 0 1.109(12) 1.071(17) 0.222(25) 0.00 (10)
27
13)
Na,Fe,Cl, 1.162(5) 2.327(11) 0.308(12) 0.00 83 0.54
Week 1 1.106(16) 1.073(22) 0.218(33) 0.00 )
17
(15)
FeCl, 1.049(10) 0.77(15) 0.273(20) 0.00 100 0.49
Week 0
FeCl, 1.084(9) 0.769(13) 0.256(19) 0.00 43 0.59
Week 1 1.162(14) 2.182(22) 0.411(35) 0.00 (12)
57
17)
FeCl, 1.086(11) 0.781(15) 0.264(22) 0.00 37 0.58
Week 2 1.167(11) 2.225(17 0.392(26) 0.00 (12)
63
a4

iron oxides, FeClonH0 and even Na,FeyCl, as intermediate phases.
According to Table 2, NasFesClg had the highest volumetric percent in
the EV550 sample c.a. 45% followed by FeCl, (38%), then FeCly-2 H,O
(11%) and NacCl with 5%, approximately.

Below, we discuss in detail the structure of NasFe3Clg and the im-
plications for Na™ diffusion through its structure.

3.3. Crystal structure of NagFesClg

Following the DFT calculations in Section 3.1 and XRD analysis in
Section 3.2, we found that the stable NayFesClg phase has a layered
trigonal structure in the R3m space group. Na* is bonded to six equiva-
lent Cl- anions forming distorted NaCls pentagonal pyramids that share
corners with six equivalent FeCls octahedra, edges with three equivalent
FeCls octahedra, and edges with three equivalent NaCle pentagonal
pyramids. There are three shorter (2.83 [D\) and three longer (2.87 i\)
Na-Cl bond lengths. The resulting structures are shown in Fig. 4.

Interestingly, the MI550 sample has no detectable FeCl; and a rela-
tively low intensity peak for NayFesClg (Fig. 2a) but contains a
measurable amount of FeCly-2 HoO phase. Conversely, the EV550 sam-
ple displays a well-defined FeCl;, peak in its XRD pattern and a higher
intensity peak for NagFesClg (in Fig. 2b). Thus, a relationship exists
between the availability of the FeCly phase and the detection of
NayFe3Clg, suggesting that the formation of the latter is promoted by the
presence of FeCl; instead of hydrated phases such as FeCly-2 H20. This

Z»*.v'v (=
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could correspond to the structural similarities between NasFesClg
(Fig. 4) and FeCly, as shown in Fig. 5 Indeed, NayFesClg and FeCly are
layer-type structures with face sharing FeClg octahedra, and the result-
ing layers grow perpendicular to [001] plane. In contrast, FeCly-2 Hy0
comprises edge sharing FeO,Cly octahedra with two water molecules
attached to opposing vertices and differs drastically from FeCl,.

3.4. Na' diffusion mechanism

The structure in Fig. 4 suggests that two-dimensional diffusion of Na*
in the (001) plane of NayFe3Clg is allowed. However, the maximum in-
plane density of Na* is relatively poor (0.062 A2 compared to alter-
native layered Na-ion cathodes such as Os-type NaMnO (0.119 A
and NaFeO, (0.133 A’Z) [41]. The low density is due to the presence of
large hexagonal voids with a thickness between 3.76 - 3.79 A. In order to
diffuse between neighboring Na* sites, ions must transition through at
least 2 vacant pentagonal sites (see inset in Fig. 4) involving two tran-
sition states, significantly slowing Na* ion diffusion. Thus, it is unlikely
this material could operate as an adequate cathode material on
sodium-ion batteries at even moderate current densities without further
modifications. However, due to the large hexagonal voids in NayFe3Clg,
this material could be evaluated in the interface of solid electrolytes
serving as a reservoir to permit the passage of ions from electrolytes to
active electrode materials, extending the life of the solid-state batteries
[42]. Using the r?SCAN functional, we show that the estimated bandgap
of NapFe3Clg is only 0.54 eV, indicating that NayFesClg poses little
resistance to electronic conduction. Thus, NayFe3Clg may not constitute
a suitable material for anode - electrolyte interfaces (i.e., an artificial
SEI), as free electrons would lead to degradation of the electrolyte salts
[43]. However, NagFesClg may constitute an adequate interfacial
coating layer for cathode materials in, for example, fast-charging ap-
plications. Here, NajsFe3Clg will allow electronic transfer while
down-regulating the ionic flux, reducing the excessive polarization that
comes with the high voltages required in this scenarios. Yet, in order to
engineer such a coating layer is necessary to evaluate the chemical
stability of this material, and in particular the tendency of Fe?* to
oxidize to Fe®*. To this end, we analyzed the phases resulting from
NaCl-FeCl, using Mossbauer spectroscopy.

3.5. Mossbauer spectroscopy analysis

Mossbauer spectroscopy (MS) of the EV550 sample is shown in
Fig. 6. The measurement was done over the course of a week, so Fig. 6a
depicts the initial analysis and Fig. 6b shows the measurement a week
later. For comparison, MS analysis was performed for pure FeCl; for two
weeks. Fig. 7a shows the measurement at the beginning, while Figs. 7b
and 7c correspond to the end of the first and second week, respectively.

B = — "
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Fig. 8. Morphology of the samples synthesized at high temperature (550 °C). a) EV550; b) MI550.
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The MS data in Fig. 6, Fig. 7, and Table 3 reveal the presence of a
quadrupole split signal (QS), which could be fitted to two doublets. The
QS values differed notably, indicating that there are different environ-
ments around the iron ions, associated with the presence of different
compounds in the sample analyzed by MS spectroscopy [44]. Besides,
the presence of QS signals indicates that there are interactions between a
nuclear quadrupole moment and an electric field gradient. The Isomer
shift (IS) gives the chemical information correlated with the oxidation
state of iron [45]. When this value is close to or lower than 0.5 mm/s,
the oxidation state of iron could be associated with Fe3*. Also, in this
case, a significant quadrupole splitting is not expected. If IS lies around
1 mm/s, it is likely related to the presence of Fe?*. Therefore, the iron
content in the samples reported in Fig. 6 and Fig. 7 corresponds solely to
Fe?". Regarding the QS value, when this one is between 2-3.3 mm/s, the
Fe?" commonly has coordination 6. However, there are some cases in
which QS has values around 1 mm/s that still corresponds to coordi-
nation 6, which is associated with polyhedral site distortions corre-
sponding to each elemental bonding [46], [47]. For example, for Fe2t
coordinated with halides such as chlorine, the QS value is around
0.75 mm/s while in the case of coordination with oxygen atoms, the QS
value is around 1.75 mm/s [48], and when there is a sharing coordi-
nation with oxygen and halide such as in FeCl>2 H50, the QS increases
to around 2.4 mm/s [26]. The line width (LW), also known as the
resonance line, is associated with the interaction between the source and
the absorber, and thus it could present variation due to the limit of ve-
locity resolution of the motion drive, the presence of solid-state defects
and impurities, which increase the width of the resonance line.

At this point, it was observed the presence of two types of iron ions in
Fig. 6, and Table 3, probably associated with at least two compounds. As
it was discussed previously regarding Fig. 2, there were three types of
compounds containing iron atoms: FeCl»2 H0, FeCly, NagFesClg. All of
them correspond to Fe>" which fits well with the observed IS values
around 1 mm/s. The QS value of 2.309 mm/s could be associated with
FeCl32 Hy0, as reported by Nishida et. al [26]. However, it was not
possible to determine the origin of the second signal. For that reason, the
MS of FeCl, was carried out. The results, shown in Fig. 7, supported the
analysis of iron content from EV550 sample. Analysis of the data in
Fig. 7a indicates the clear presence of Fe?* in FeCl,, as previously re-
ported by Wang et. al. [48]. However, after one week (Fig. 7b), it was
evident the presence of two iron ions with different interactions, which
is associated with a hydrated form of FeCl; (e.g., FeCl»2 H30). In fact,
after the second week (Fig. 7c), it was possible to observe the presence of
the same iron ions as in the previous week, but with a variation in the
proportion of hydrated iron ions represented by the R.C% (relative
contribution). Based on this analysis, the doublet signal of QS
=2.309 mm/s in Fig. 6a was attributed to Fe?>' corresponding to
FeCl»2 H0, and the second doublet signal with QS = 1.071 mm/s was
associated with the Fe?* from NayFesClg. However, according to Fig. 6b
and the R.C% diminution from 27.54 to 17.15%, NayFe3Clg compound
may start to decompose if exposed to atmospheric conditions for over
one week, but is likely to preserve its chemical integrity within the
enclosure of a battery cell. Besides, only an oxidation state of Fe?" was
found in MS analysis, suggesting that NasFe3Clg may be an adequate
interfacial coating layer for cathode materials.

3.6. Macrostructure of NaCl-FeCl, products

SEM images depicting the morphology of EV550 and MI550 samples
processed at high temperature are seen in Fig. 8a and b, respectively.
SEM images of the samples obtained at a low temperature (EV and MI)
are shown in Fig. 2S.

The size of the samples is noticeably dependent on the method of
synthesis used, although the morphology at high temperature (Fig. 8)
was similar for both methods. The EV550 sample (Fig. 8a) has a particle
size between 5-20 pm, while MI550 (Fig. 8b) has a particle size c.a.
2-10 ym. The samples obtained at low temperature display a higher
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variability than those at high temperature (Fig. 2S in the Supporting
Information), with the MI sample having sizes below 5 ym and the EV
sample possessing a combination of shapes with average sizes above
10 pm (possibly a mixture of irregular FeClonH2O particles and cubic
NaCl crystals [49]). The SEM images suggest that evaporation yields a
more uniform mix of the material than milling, which could promote the
formation of NayFesClg phase. In that regard, the former method may be
more suitable to produce a uniform coating powder, but this should be
evaluated against the trade-off of a higher production cost compared to
ball milling.

4. Conclusion

The theoretical and experimental stability at low (150 °C) and high
temperature (550 °C) by evaporation and milling process of ternary
materials from system NaCl + FeCl, was evaluated. The crystallographic
information of the ternary material NasFe3Clg was reported and dis-
cussed for the first time in this work. NagFe3Clg has a layered trigonal
structure in the R3m space group, and it looks to be obtained at high
temperature (550 °C) as the main ternary compound of the system NaCl
+ FeCly. This corresponds well with the literature data considering that
other ternary phases such as NagFeClg and NagFeCly from the same
system could be unstable above 400 °C. The hydration chemistry of
NagFe3Clg and FeCly, show marked similarities, as revealed by
Mossbauer spectroscopy.

Although it is unlikely that the NasFe3Clg compound may operate as
cathode material in sodium-ion batteries, due to the lack of neighboring
vacancies for the diffusion of the sodium atom, its structural charac-
teristics may allow this compound to operate as a suitable interface
material for cathode materials, down-regulating the transport of ions
through the long channels formed by the hexagonal voids while allow-
ing electronic conduction through the structure.
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