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The present study aims at developing FeF; conversion layer on cheap mild steel substrates for use as cathode
materials in Li-ion batteries. The coatings, grown in an ethylene glycol based electrolyte are characterised by SEM, FIB
and EDX techniques that show the formation of similar porous structures but thicker for the mild steel substrate than for
the iron substrate. The porous structure is characterised by EIS using a transmission line model that allows obtaining
relevant parameters of the layer as the conductivity or the reactivity at pore walls. The conductivity of the FeF; layer is
higher for the mild steel substrate than for the iron substrate. The FeF5 layers react to some extent in LiBOB electrolyte
which is interpreted as iron corrosion and Fe** reduction with Li* insertion in the FeF; structure.
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INTRODUCTION

The Li-ion batteries sector is a major actor in the
field of energy conversion and storage, mainly
dealing with portable devices. The reaction
mechanism in these batteries involves insertion
reactions at both electrodes, the anode and the
cathode. The cathode material and the electrical
contact between active material and current
collector continue to be the main limitations to
increasing the capacity of Li-ion cells. An
alternative strategy aimed at overcoming (at least
partially) these drawbacks involves increasing the
available charge and decreasing the internal ohmic
resistance through the use of electrode materials
directly grown on the current collector. Directly
grown layers guarantee good electrical contact
between the current collector and the active
material. Moreover, if the electrode material is able
to undergo conversion reactions, the nominal
capacitance increases with respect to that of
insertion reactions. Thus, the electrode material will
reach all its entire range of oxidation states. Due to
their high nominal capacity, transition metal
fluorides, such as FeF; are good candidates for the
conversion reactions with lithium ions [1,2].

Direct formation of a fluoride-based layer has
been achieved by anodizing of iron strips in
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ethylene glycol and NH,4F as the electrolyte. Highly
nanoporous layers of iron hydroxifluorides were
obtained [3]. Nevertheless, those fluoride layers
were of poor electronic conductivity, which limits
their performance as electroactive materials.

One possible strategy to improve fluorides’
conductivity is the incorporation of foreign
conducting materials, such as carbon or conducting
polymers[4]. The present work focuses on a
different approach, according to which electronic
conductivity improvements can be reached through
the incorporation of conducting elements from
inner sources. The idea is to synthesize active
material as in [3], but using carbon steel as the
substrate instead of pure iron. It is expected that the
carbon dissolved in the alloy will accompany
dissolving iron and will remain trapped in the
matrix of fluorides, thus increasing its electronic
conductivity. Electrochemical impedance
spectroscopy (EIS) has been chosen as the tool to
quantify the electronic conductivity of the porous
layers formed, by modelling the electrochemical
response obtained as a transmission line type
distribution of the electric field.

EXPERIMENTAL

Preparation of the conversion coatings

The development of the conversion coatings was
carried out by anodizing the substrate material in a
two-electrodes cell as in [3]. The substrate material
ran as a working electrode and a platinum mesh as
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the counter electrode. The potential applied was
50V for 15 min and the electrolyte solution used
was 0.1 M NH4F in ethylene glycol containing

water (3%). An Ivium® potentiostat
(IviumStat.XRe) was employed for the anodizing
procedure.

Two different materials were used as the
substrate, iron strips as those employed in [3], and
low carbon steel strips. The mild, with low carbon
content steel, is expected to produce a conversion
layer structurally close to that found for iron,
although of higher electronic conductivity due to
trapped carbon. Table 1 summarises the chemical
composition of the main alloying elements.

Table 1. Main elements in the composition of the
samples tested

C Fe
) Atomic% 4.87 94.06
Mild steel .
Weight% 1.09 97.53
Iron 0.0 99.99

Morphological characterization of the conversion
coatings

The morphological characterization of the films
was done using Focused lon Beam Scanning
Electron Microscopy (FIB-SEM). The microscope
was a Dual-Beam FEI Helios NanoLab. The SEM
technique allowed us to gather information on the
nanoporous morphology of the thin film, and the
FIB technique was used to measure its thickness
and to investigate the cross-section morphology.

Electrochemical characterization

The electrochemical characterization of the
coatings obtained was performed through
electrochemical impedance spectroscopy (EIS) and
charge and discharge cycles. EIS measurements
were performed using a Methrom-Autolab®
potentiostat (PGSTAT 30). The EIS
characterization was performed in two experiments:

a) Just after anodizing, with fresh electrolyte. In
this case a three-electrode cell arrangement
was employed, using a Pt mesh as a counter
electrode, and a Pt wire as a pseudo-reference
electrode.

b) Ageing in the typical electrolyte for Li-ion
batteries. Lithium bis-oxalate-borate (LiBOB,
1IM) + 2% fluoroethylene carbonate (FEC)
dissolved in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1 [v/v]) was
chosen as electrolyte. Symmetrical cells were
assembled in a pouch cell case inside a glove
box with a dry atmosphere. We employed two

nominally identical electrodes, one acting as a
working electrode and the other as a counter
electrode. A film of glass fibre was used as a
separator.

Cycling of the conversion coatings was also
performed on pouch cell case arrangements, using
the electrolyte described above. This electrolyte
was chosen due to its good properties in the cycling
of lithium ion batteries [5-7]. A lithium foil was
employed as a counter electrode and a film of glass
fibre as a separator. The cell was galvanostatically
cycled applying 15 pA-cm™ of current density in a
potential window of 1V -4 V.

RESULTS AND DISCUSSION
Preparation of the conversion coatings

Figure 1 compares the chronoamperograms
obtained for the Fe and steel anodizations. The
general appearance is similar for both substrates.
The three domains reported in [3] can be
differentiated: germination, growth, and a pseudo
steady can be differentiated. However, the higher
current density values reached during the coating
synthesis on the mild steel reveal some structural
differences. The coating thickness can be higher for
the carbon steel, or the porosity reached can be
different. The structure and the geometry of both
layers are analysed in next section.
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Fig. 1. Chronoamperograms obtained during the
anodizing of carbon steel and Fe substrates in ethylene
glycol containing water (3%) and 0.1M NH,F.

Morphological characterization of the conversion
coatings

The morphology of the formed FeF; layers was
analysed by SEM. The general appearance clearly
shows a difference between both coatings. The
conversion coating generated on the iron is
continuous (Fig. 2a) while the conversion coating
synthesized on the mild steel strips reveals the grain
boundaries (Fig. 2d), which is because of the
reduced growth at grain boundaries.
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The SEM images presented in Fig. 2 are
arranged in increasing magnification (from left to
right). The upper row (Fig. 2a-c) corresponds to the
iron substrate and the lower row (Fig. 2d-f) to the
steel substrate. A well-developed porous nano-
structure can be observed for both substrates. The
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average pore diameter is similar in both samples;
around 75 nm and the density of pores can be
estimated at about 10" pores cm™. Based on these
parameters and assuming cylindrical geometry, the
open porosity can be estimated at around 44% for
both coatings.

Fig. 2. SEM iages of the FeF3 conversion Iyers sntesized. The upper row correspods to the iron substrate, and
the lower row to the steel substrate. Magnification increases from left to right. a) 7500x; d) 6500x; b), €) 25000x; c), f)

100000x.

Fig. 3. FIB-SEM images of cross sections of the synthesized FeF; coatings. Te uper row corresponds to the iron

substrate, and the lower row to the steel substrate. (a and d) general view of the section created by Ga* bombardment. (b
and e) detail of the layer cross sections with, on top, the Pt layer deposited for conductivity purposes. (c and f) detail of

the layer’s cross section showing the estimated thickness
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Figure 3 summarizes the FIB-SEM observations
aimed at obtaining information about the thickness
and morphology of the coatings. Figures 3a and 3d
clearly show the difference in grain boundaries
specific to the steel substrate. The coating is thinner
at those regions. The general view presented in
Figures 3b and 3e shows that the coating is thinner
for the iron substrate than for the steel substrate.
The detailed view given in Figures 3c and 3f
reveals that the FeF; layer generated on the iron
strips is thinner than that generated on the mild
steel. The layer for the iron substrate is about 1.5
um thick, while on the mild steel this reaches 2.0
um. This result is in concordance with the higher
current density recorded during the anodizing
process for the steel substrate.

The images of Figure 3 also show clearly a
homogeneous high porosity from the top to the
bottom of the layer that guarantees the access of the
electrolyte to the substrate. Nevertheless, the
geometry of the pores shown in Figures 3c and 3f
deviate somehow from the cylindrical shape. The
diameter of the pores bottom seems smaller than at
the pores mouth. So, considering the pore geometry
as conical instead of cylindrical, as considered
according to Figure 2, the estimated porosity results
three times lower, around 17% open porosity.

Using the thickness and porosity data, we were
able to estimate the mass of active material per
surface unit. The maximum active mass
corresponds to the conical-shaped pores (i.e., 0.658
mg-cm’) for the FeF; coating on steel and 0.494
mg-cm™ for the coating on iron. The minimum
active mass corresponds to the cylindrical-shaped
pores (i.e. 0.433 mg-cm™) for the FeF; coating on
steel and 0.325 mg-cm for the coating on iron.

The elemental composition of FeF; coatings
synthesized on mild steel was analysed using the
EDX capability of the SEM. The chemical
composition is given in Table 2. The formation of
FeF; is confirmed by the Fe/F ratio. Moreover, the
enrichment in C with respect to the matrix is
confirmed. Comparing Tables 1 and 2, the atomic
ratio C/Fe increases by one order of magnitude. The
presence of O corresponds to partial surface
hydration of the fluoride layer, in the form of
FeFy(OH),.

Table 2. EDX analysis of the conversion coating
synthesized on the mild steel substrate.

C Fe F 0]
Weight% 2.03 8252 9.31 3.1
Atomic% 7.19 62.83 2084 8.24

Electrochemical characterization
Model of behaviour

The Nyquist diagrams of both coatings obtained
directly in fresh synthesis electrolyte are depicted in
Fig. 4. Two main aspects are of interest in these
plots. The high frequency shift observed in detail in
the inset of Fig. 4, and the diffusion-like feature
observed for frequencies lower than 1 Hz.

The presence of a high frequency shift with a
nearly 45° slope, for nominally constant cell
geometry and electrolyte properties, can only be
understood assuming a potential distribution
through the pores of the FeF; structure formed. The
model proposed by Macdonald for porous
magnetite-based layers on steel [8] can be applied
here. The corresponding impedance function, Eq. 1,
contains a purely resistive term, which is the
parallel association of the solid and liquid phases
resistivities (R, and R;, respectively) times the
thickness of the coating, L. Thus, the high
frequency limit of the impedance contains two
terms, the (constant) electrolyte resistance plus the
variable part corresponding to the layer conducting
properties.

The low-frequency diffusional tail can be
attributed to the relaxation of fluorides, in excess in
the pore network upon anodizing, or to oxygen
diffusion associated to the corresponding cathodic
reaction at pore walls that continue to sustain the
iron corrosion at pore bottom[9]. In fact, the
diffusion layers of the individual pores will overlap
to some extent leading to a nearly planar diffusion
feature[10].

The impedance spectra in the frequency window
from 100 kHz to 1 Hz provides information about
the microstructure and reactivity of the conversion
layer. The experimental data were modelled using
Eg. 1, where R, corresponds to the electrolyte
resistance between the reference electrode and the
pores mouth. Ry, represents the resistance per unit
of length of the fluoride phase, and Rs corresponds
to the resistance per unit of length of the electrolyte
inside the pores. Z, represents the impedance at the
bottom of the pores and Z; is the interfacial
impedance at the wall of the pore. Both impedances
contain a resistive term, R;, corresponding to the
charge transfer, in parallel to a capacitive term, C;,
that holds for the corresponding double layer
capacitance. A Cole-Cole dispersion term, o, has
also be considered for each R;C; time constant.
Figure 5 corresponds to a representation of the
equivalent circuit parameters associated with the
morphology of the pore structure as seen in the
SEM images discussed in the previous section.
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The impedance data presented in Fig. 4 were
modelled using the equivalent circuit given in Fig.
5. To match the experimental data with the physical
model, only the frequency window relevant to the
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Fig. 4. Nyquist impedance diagrams obtained in fresh
synthesis electrolyte after completing the anodizing
process.

The fitted data reported in Table 3 clearly show
the distinct electrical behaviour between the
conversion layers formed on iron and mild steel. As
it concerns the main objective of the study, the
improvement of the fluoride solid phase
conductivity, we can confirm that our hypothesis
was good because the conductivity increases. The

R parameter value decreases by one order of
magnitude, from 3.0 to 0.3 MQ cm, probably due to
the incorporation of C to the FeF; structure. The
kinetic parameters, R; and R, are also lower for the
coating developed on the steel substrate, which
indicates faster reaction rates at both of the
interfaces, the pore walls and pore bottom.

Y

FeFK(OH]\r
Conversion layer

x=L
Fig. 5. Equivalent circuit corresponding to the
synthesized iron fluorides porous structures. The
impedance function is given in the Equation (1).
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Fig. 6. Experimental and fitted impedance data
corresponding to the steel sample in Fig. 6. The
frequency window was limited to f> 1Hz. The
impedance data were modelled using Eq. 1. The best
fitting parameters are collected in Table 3.

Table 3. Best fitting parameters for the impedance data in Fig. 4 using Eq. 1 to model the impedance data. The
frequency window was 100 kHz to 1 Hz. The coating thickness was fixed to 2 um.

RO 2 Rm RS Rl Cl (081 Rg C2 (0% L
Q-cm MQ-cm  MQ:em  MQ-em®  mF-cm® kQ-cm®>  pF-cm® um
Fe 494 3.08 5.66 2.32 3.2 1 4.4 1.3 0.64 2
Mild 988 0.31 10.0 1.85 8.3 1 2.6 6.0 0.50 2
Steel
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Ageing of the conversion coating

In a recent investigation, the feasibility of
obtaining in-situ active material by direct corrosion
of Fe in the presence of an oxidizing electrolyte
(LiPFg) was demonstrated[11]. The objective here
was to study the stability of the FeF; conversion
layers formed on the steel substrate in the presence
of a non-oxidizing Li salt, such as LiBOB. The
impedance results, obtained in a symmetrical pouch
cell at the null potential difference between both
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electrodes, are presented in Fig. 7. A clear
evolution is observed during the first 5 h of
immersion, with the presence of a diffusional tail
similar to that observed in Fig. 4. From 10 h
onwards, the resistance associated to the time
constant centred at about 1 Hz increases initially
and remains unchanged after about 40 h, at which
point the diffusion tail has completely moved
outside of the considered frequency window. The
high frequency part of the spectrum remains
essentially unchanged after about 15 h.
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Fig. 7. EIS evolution of the conversion coating grown on mild steel and assembled in a symmetrical cell using 1 M

LiBOB + 2% FEC in EC:DME (1:1 [v/v]).
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Fig. 8. Experimental impedance data obtained after
1h in the symmetrical cell and fitted data using
Equations 1 and 2 as model impedance.

The interpretation of the impedance spectra
presented in Fig. 7 is similar to that given in section

3.3.1, with the only difference being the cathodic
reaction involved. As no oxidants are present in the
electrolyte, one can imagine self-corrosion of Fe as
Fe®* at the pore bottom sustained by the reduction
process Fe*'/Fe*" at the pore walls. The cathodic
reaction will involve Li* insertion in the fluoride-
based structure for electro-neutrality reasons. In
parallel, BOB™ will migrate to the pores bottom to
compensate the Fe” charge being generated.
Overall, a linear diffusion from the electrolyte can
be considered, involving Li* and BOB species for
the cathodic and anodic process, respectively.

Figure 8 corresponds to an example of the
performance of the model described here. The pore
structure of the layer is described by Eq. 1 and the
linear diffusion, Zg, (in series) by Eq. 2, where Rq
corresponds to the diffusion resistance and zy to the
diffusion time constant (6%/D). To describe the
small high frequency arc observed in the inset of
Fig. 8, it was necessary to include a 99 nF
capacitance in parallel to the impedance of the
coating, which accounts for the geometrical
capacitance of the coating.
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The best fitting parameters for the selected times
of evolution are summarised in Table 4. The
evolution of R; shows an initially fast cathodic
process, associated with Li* insertion, which slows
down with immersion time. The Li* insertion (and
Fe** reduction) leads to an increase of the coatings
conductivity (R, decreases with time, as the ratio
Fe®*/Fe*" increases). The associated structural
change leads to some pore blocking (R, increases
from 1 to 76 MQ cm). Comparing the nearly
constant R, values and the R; evolution, it is clear
that the cathodic reaction represents the final
energy barrier for stopping the self-transformation
of the coating.

Cycling in a pouch cell

Charge and discharge curves of the conversion
coating of FeF; developed on mild steel are shown
in Fig. 9. A voltage plateau is observed around

1.8 V which is in agreement with a conversion
reaction, according to the literature [12]. The
specific capacity recorded during the first
cycle corresponds to the theoretical value for FeF;
(712 mA h g% if a cylindrical porosity is
considered (see section 3.2). If a conical geometry
is considered, the specific capacity drops by 32%,
to 483 mA h g*. The real value will lie between
both limits.

During the second discharge the coating
capacity values experience a noticeable decrease
(43%), indicating that the process is not as
reversible as expected. However, comparing this
loss of capacity of the conversion coating on mild
steel to that obtained on iron [3], the difference is
only 7%, which can be considered a good result
owing the difference in potential windows. The
layer on iron was cycled between 4.0 V and 1.5 V
while the coating on mild steel was cycled in the
potential window 4.0 V to 1.0V, a deeper discharge
that induces more irreversible changes in the active
material.

Table 4. Fitting parameters obtained for the fitting data in Fig. 7 to the impedance given in Equation (1) and

Equation 2.
Ro Rm Rs Rl Cl (051 Rz C2 (0%] Rd Td L
Q-cm” kQ-cm MQ-cm MQ-cm® mF-cm® kQ-cm® pF-cm? kQ-cm® s pum
Oh 14.6 371 1.05 0.04 183 074 515 0120 091 51 998 2
1h 12.9 61.0 1.87 0.18 195 076 348 0019 066 143 1990 2
5h 16.3 278 5.50 2360 1.43 1 42.6 160 065 -- --- 2
45h  23.0 3.6 75.8 36000 5.70 1 53.9 450 083 - --- 2
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Fig. 9. Discharge and charge curves of a FeF;
conversion layer grown on mild steel substrate. The
electrolyte was 1 M LiBOB salt + 2% FEC in 1:1 EC:
DMC. The charge density was calculated assuming
cylindrical geometry for the pores (see text).
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CONCLUSIONS

Based on our data, the following conclusions
can be drawn:

a) FeF; conversion layers were developed on iron
and mild steel substrates. The layers on steel
substrates are thicker than on iron substrate.

b) EIS was successfully employed to study the
microstructure and properties of the layers
formed. The layers formed on mild steel are of
higher conductivity than those formed on iron.

c) FeF; conversion layers immersed in LiBOB
electrolyte tend to transform partially
incorporating Li*, as evidenced by the EIS
results.

d) The FeF; conversion layers developed on mild
steel substrate are able to cycle in Li-ion
battery configuration with performance similar
to that found for layers developed on pure iron.
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ENC kato HHCTpYMEHT 3a OXapakTepu3npaHe Ha HAHOCTPYKTYPHUPAHU CIIOEBE Kele3eH (hayopus 3a
KaTOJIHA MaTE€pUaIH B JINTUEBO-HOHHU OaTepun

b. I'yutnan, X.P. HoBoa, A. ITuatoc*
Yuueepcumem Buzo, epyna EHKOMAT, kamnyc Yuusepcumemcku, 36310 Buzo, Hcnanusa
[MocTrnmia Ha .21 mait 2018r. ; mpueta va 23 romu 2018r.
(Pe3rome)

B namem na npogh. 30pasxo Cmotiinos 3a Hecogama Hegeposmua IUYHOCH U UHOBAMUBEH HAYYEeH NPUHOC
KbM e1eKmpOoXuMusma

Hacrosimoro n3cnenane uma 3a 1en 1a paspabortu FeF; cioeBe HaHeCeHN BBPXY €BTHHH IOJUIOKKH OT
MeKa CTOMaHa 3a M3M0JI3BaHe KaTo KaTOJHU MaTepHall B TUTHEBO-HOHHM OaTtepuu. IlokputusTa, 0OTI0KEeHN
B €JIEKTPOJIMT Ha 0a3zaTa Ha eTHIICH TIMKOII, ce xapaktepusupat ¢ nomonia Ha SEM, FIB u EDX u nokassat
00pa3yBaHETO Ha aHAJOIMYHU MOPECTH CTPYKTYPH, HO C IO- ToyisiMa Je0enrHa Ha IMOJUIOKKHTE OT MeKa
CTOMaHa, OT KOJKOTO 3a >xene3HuTe nomoxku. Ilopecrata crpykrypa ce xapakrepusupa ¢ ENC,
U3M0JI3BaliKy JIMHEEH IIpelaBaTesleH MoJIell, KOMTO I103BOJIsBA J1a CE ONPeeJIAT 3HAUMMHU [TapaMeTpU Ha CJ10s
KaTo MpPOBOJUMOCTTa WJIM PEeaKTHBHOCTTa Ha mopute. IIpoBoanmMoctTa Ha ciost oT FeF; e mo-Bucoka 3a
MOJUIOKKaTa OT MEKa CTOMaHa, OTKOJIKOTO 3a MOJJIOKKara oT keinszo. CioeBere ot FeF; mo usBectHa
crenieH pearupat B enekTpoiut or LiBOB, koeto ce 00siCHsABa KaTO KOPO3HsI HA XKEISI30TO U PEIYKIUS HA
Fes" ¢ BuepsaBane Ha Li* B crpykTypara na FeFs.
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