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Abstract
Nanosized Prussian Blue, KossFe2.04(CN)e-yH20, prepared in aqueous solution at
room temperature, is shown to be active as anode for lithium ion batteries after mild
dehydration. It exhibits reversible capacities of up to 400 mAh-g* at 8.75 mA-g* and
150 mAh-g* at 1750 mA-g?, with relatively low hysteresis and long cycle life in the
low voltage range 0.005-1.6 V vs lithium. Ex-situ XRD, FTIR as well as SEM and
TEM studies on pristine and cycled electrodes suggest that the reversible insertion of
about ~ 5 Li*/f.u. is associated with a displacement (or conversion) reaction on the
Prussian Blue structure along with the reduction of all irons atoms, reported for the
first time in this kind of systems. The products of re-oxidation do not recover the

crystal structure of Prussian Blue.
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Highlights

e Prussian Blue, KogsFe''1 0a[Fe''(CN)s]-yH20, is used as anode in lithium ion

batteries.

e It can deliver 450 mAh-g* at 8.75 mA-g* in the low voltage window from 0.005
to 1.6V vs Li*/Li.

e For the first time, a conversion or displacement reaction is proposed for this kind
of systems.

1.) Introduction

Lithium ion batteries are the most widely used electrochemical energy storage (EES)
devices for portable electronics due to their high energy density.! Nevertheless, their
applicability to electric vehicle is hindered by the inability to increase the energy density
beyond the intercalation of one lithium ion per transition metal or anodes alternative to
graphite with appropriate redox voltages. Electrode materials based on alloying? as well
as those based on displacement or conversion reactions® have opened new possibilities,
but so far high power and stable cycling has not been achieved. While emerging battery
technologies can benefit from the knowledge on Li-ion batteries, novel materials,
purposely studied initially for other chemistries such as Mg or Na-ion batteries are also
being tested back for Li-ion batteries, the benefit being mutual. Specifically, metal
organic frameworks, as those of the Prussian blue family have emerged as interesting
intercalation based high power electrode materials.*

Prussian blue (PB), ideally KFe2(CN)s-xH20, is a well-known synthetic blue pigment.>
It has a cubic lattice with a=10.1780 A (space group Fm-3m). In this structure, the iron
atoms, Fe(l1) and Fe(l11), coexist on alternate corners of a small cube of 5.1 A along the

three directions of space connected by linear cyanide anions. Alkali atoms alternately



occupy half of the centres of these small cubes (see Fig.1a).® Interstitial Fe** and CN
vacancies are the usual defects.’

Based on the oxidation state of the transition metal ions, PB and its transition metal
substituted analogues, KM'"Fe""'(CN)g-xH20 (PBA)®® have been studied for many
different properties including charge-transfer phase transitions or magnetic ordering.1%!
Because of their large channels, they have also been tested for H2 and CO; storage and
separation'?13!4 in their dehydrated state as well as for *¥’Cs decontamination>®.
Interestingly, with the combination of the transition metals redox properties along with
the large available tunnels for ion diffusion, PBA also display an attractive
electrochemical behaviour,'" 18 19 20.21 which has been recently exploited in the field of
electrochemical energy storage. In this sense, KMFe(CN)e-xH20 (M=Ni, Cu) have shown
reversible capacities of ~50 mAh-g* with the insertion of Li*, Na*, NH4* or K* in aqueous
electrolyte, at very high charge and discharge rates of 1A/g at ~1V vs NHE.%92223
Divalent cations, such as Mg?*, Ca?*, Sr?* and Ba?*, have also been inserted into the Ni
based PBA.2* Moreover, a 0.95 V full PBA based cell, with Cu-PBA as positive- and Mn-
PBA as negative-electrode materials, has recently demonstrated to deliver 28 mAh-g* at
1C with no capacity loss for 1000 cycles.?®

Additionally, KMFe(CN)s-xH20 (M = Mn, Fe, Co, Ni and Zn) are also active as
cathodes for Na® and Li* insertion/de-insertion in organic electrolyte. Reversible
capacities of ~100 mAh-g* were exhibited for M = Fe when tested versus Na*,?® and good
performance was also observed when AMn[Fe(CN)gJo.s3-3.5H20 (A =Li*, Na*) is cycled
both versus sodium and lithium.?” Recently high quality crystals of NaFe2(CN)s have
shown capacities above 150 mAh-g* vs Na.?

In alkali-ion batteries, PBAs have been mainly studied as positives. Interestingly, Sung

Y-E and coworkers, as well as Zhang et al., have recently reported the electrochemical



properties of PBA based on Co and Mn as negative for Li-ion batteries. Their experiments
with Co-based PBA showed that this material can deliver reversible capacities of 400
mAh-g? in the 0.01-3.0 V range. 2%

In this paper we report on the electrochemical performance of nanosized Prussian
Blue, Ko.ssFe2.04(CN)s-yH20, as negative (indifferently called anode hereafter) for Li-ion
batteries in organic electrolytes in the low voltage 0.005-1.6 V range, which enables high
voltage full cells to be prepared. Iron being the only transition metal in the compound it
represents the lower cost member of the PBA family. We also present insights on the

possible mechanism of the alkali ion storage in this compound.

2.) Experimental

2.1. Synthesis

2.1.1. PB synthesis

All chemicals were of analytical reagent and ACS grade and were used without further
purification. The preparation of PB is straightforward: 100 mL of a freshly prepared pale
yellow K4[Fe(CN)s]-3H20 40 mM aqueous solution was mixed with 100 mL of a yellow-
orange FeCls-6H,0 40 mM aqueous solution, using deionized water in both cases.3* As
soon as the two solutions came in contact, a blue ink colour suspension containing PB
was formed in excess of potassium ions according to the reaction of equation 1. The small
PB particles resisted centrifugation at 4000 rpm during 10 min and it was necessary to
force its precipitation by adding ethanol. Then, after 48 h filtering, washing with ethanol
(3 x 10 ml), and drying, dark blue crystal-like aggregates of “soluble”?! PB, actually

Ko.ssF€2.04(CN)es-yH20, were formed.

1+(x/3) FeCls + Ka[Fe(CN)s] — Kix Fe''1+3)[Fe"'( CN)s]-yH20] + (3+x) KCI (Eq. 1)
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2.1.2. PW synthesis

Prussian White was synthesized via solvothermal method, following the recipe
described by Jiang.®? In brief, Ka[Fe(CN)s] (1.05 mmol) added into desaerated distilled
water (25 mL), was transferred into a Teflon-lined stainless autoclave, sealed in an Argon
filled glove bag and then maintained at 160°C for 48 h. After the reaction was completed,
the precipitate was collected by filtration, washed several times with distilled water and

acetone, and finally dried in a vacuum oven at 60°C for 12 h.

2.2. Structural characterization

PXRD data were collected in a Bruker D8 Advance X-Ray diffractometer, with

Acuka=1.54056 A. The measured data range extends from 5° to 80°, 20, with a step width

of 0.0194°. IR spectra were recorded in the range of v =4000 — 450 cm™ in transmission
mode in a Perkin Elmer FTIR Spectrum 400 DTGS spectrophotometer by preparing KBr
pellets. High Resolution Transmission Electron Microscopy (HRTEM) images, EDX
spectra and electron diffraction patterns were recorded using a FEI Tecnai F20 S-TWIN
electron microscope operated at an accelerating voltage of 200 kV equipped with an EDX
spectrometer. Scanning Electron Microscopy (SEM) was utilized to study the
morphology and contrast of pristine and cycled material. SEM was performed in a FEI
Quanta 200F SEM operated at 30kV and equipped with an Apollo 10 SSD Energy
Dispersive X-ray (EDX) and Scanning Transmission Electron Microscopy (STEM)
STEM-II detectors. Elemental analysis (H, C, N) has been performed in a Euro Elemental
Analyser (CHNS), to check the H, C and N percentage present in the sample. TGA

NETZSCH STA 449 F3 Jupiter was used to collect the thermogravimetric curves.



Experiments were performed in the temperature range from 30 to 325°C using N

atmosphere and a temperature step of 10 K/min.

2.3. Electrochemical characterization

The electrochemical behaviour of PB was tested against lithium using a battery and
cell test equipment (MACCOR Series 4000 Battery Tester). Galvanostatic measurements
between 0.005 V and 1.6 V were conducted at room temperature, using two-electrode
coin-type half cells (CR2032). The PB electrodes were prepared by mixing PB with
amorphous carbon (super C-65) and polyvinylidene fluoride (PvdF) dissolved in N-
methylpyrrolidone in a 80:10:10 ratio, and finally laminating the slurry on Cu foil and
drying under vacuum at 80°C overnight. Lithium metal was used as counter and reference
electrodes. A glass fibre filter paper (Whatman, GF-B) impregnated with commercial
(Solvionic) LiPFs 1M in ethylene carbonate:dimethyl carbonate (EC:DMC) was used as
separator. The current density was fixed at the following C-rates: 20C, 10C, 2C, C, C/10
and C/100, based on a theoretical capacity of Cpsn=87.5 mAh-g* corresponding to the
insertion of 1 Li*/f.u. Typical cell loadings were 2-6 mg of active material per coin cell

and reported data are single run for typical results.

2.4. Solubility study of cyanides in electrolyte

To check the solubility of PB, FTIR spectra of fresh electrolyte (LiPFs 1M EC:DMC),
electrolyte in contact with PB and the glass fiber of a fully discharged battery of PB were
collected. All FTIR spectra were recorded using NaCl pellets and nujol in a wavelength

range from 2500 to 750 cm™.



To test PB solubility in the electrolyte, ca. 30 mg of PB was added to 3ml in LiPFs 1M
EC:DMC in a glass vial, stirred and the solid is let to settle overnight. Then, FTIR
spectrum of the solution was collected.

On the other hand, to prove the formation of soluble cyanide salts accompanying the
reduction of PB on the electrolyte (LiPFs 1M EC:DMC), a few drops of DMC were added
to the glass fibre separator of a completely discharged battery. It was let to settle overnight

in an eppendorf and then FTIR of the solution was collected.

3.) Results and discussion

3.1) PXRD, IR, TEM, HCN analysis, TGA

The formation of PB is confirmed by powder X-ray diffraction (XRD) (see Fig.1b).
Fig. S1 shows the Rietveld refinement of the XRD data with space group Fm-3m and
lattice parameter a = 10.19(2) A. A crystallite size of 6.5 nm can be deduced from the
refinement of the XRD data using the instrumental resolution file.

The IR spectrum of PB (Fig.1c) exhibits the Fe-CN vibration at 605 cm™ and the strong
characteristic -C=N stretching vibration at 2082 cm™ (v(c=x)), Which is shifted with regard
to the cyanide band position of the starting reagent Ks[Fe(CN)e]-3H20, that appears at
2043 cm™.3 Moreover, the IR spectrum reveals that there is no residual EtOH from
washing the material since no C-H vibration bands are observed.

TEM has been used to further characterize the resulting PB. HRTEM images show the
presence of ~ Snm PB crystalline domains which is in agreement with the particle size
deduced from the refinement. These nanoparticles exhibit lattice fringes of 5.05 A
(Fig.1d) corresponding to a half of the unit cell (a=10.19 A). The rings in the diffraction

pattern fit to the main crystallographic planes of the PB structure: 200, 220, 222 and 400



(Fig.1e). Prussian Blue’s EDX semi-quantitative analysis yields a chemical formula ca.
KFe2(CN)g, assuming a C/N ratio of one. As a consequence of making the analysis using
a lacy carbon film on which the particles are held, the carbon signal is enhanced and only
the nitrogen signal can be quantified as coming from PB. In addition, the presence of low
residual chlorine (Cl) is detected (Cl:K<0.1). The latter let us assert that the product
obtained was PB and not a chlorine containing derivative, as for example
K2Fe2(CN)6Cl-yH20 (Fig. S2).

Elemental analysis (H, C, N) of the sample confirms a C/N ratio of 1.02, as expected.
On the other hand, the percentage of H corresponds to 7.2 HO/f.u.

To calculate the interstitial and removable water content, thermogravimetric curves up
to the decomposition temperature, ~325°C are collected. Two different losses are
observed at 80°C and 125°C corresponding to 1 H20 and 1.73 H.O molecules which could
be physisorbed and zeolitic water, respectively.3* This represents a lower content of water
than the calculated from elemental analysis, that could be due to the coordinated water,

which evolves only with the decomposition not being considered by TGA.

3.2.) Electrochemical performance

The electrochemical performance of iron PB was tested against lithium in the 0.005-
1.6 voltage range by using two-electrode coin-type half cells (CR2032) and LiPFs 1M in
EC:DMC 50:50 w/w as electrolyte.

Fig.3a shows the first galvanostatic discharge profiles of PB vs Li at different C-rates
(20C, 10C, 2C, C, C/10 and C/100, with Cpgn = 87.5 mA-g* corresponding to the
insertion of 1 Li* /f.u.). The discharge capacity is higher at low currents, as expected.
However, this trend is not followed at C/100, maybe due to the electrolyte degradation,
as it took one month for the battery to complete its first discharge. There are several redox
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processes between 0.1 and 1.5 V with a couple of pseudo-plateaus between 0.8-0.9 V
which are clearly observed at low (C/100 and C/10 (8.75 mA-g1)) and moderate (C (87.50
mA-g™) and 2C) rate capabilities but fade out at higher C-rates. The first discharge varies
between 600-1000 mAh-g* depending on the C-rate and, despite the large irreversibility
of the first discharge, the material possesses fairly good reversible capacity of up to 450
mAh-g™ at C/10 in the first charge (see Fig.3b). Even at high current densities, 20C (1.75
A-g™), the first cycle reversible capacity is as high as 200 mAh-g*, which makes it a good
candidate as anode for lithium ion power batteries.

Furthermore, the PB displays a nice cyclability with a hysteresis of ca. 0.5 V as
observed in Fig.4a, reversibly inserting and de-inserting about 5 Li*/formula unit.
Although as expected, the reversible capacity increases when the C-rate decreases (Fig.
4b), the capacity retention (Fig. 4c) does not follow the same tendency. After 100 cycles
all batteries show between 50 and 60% of capacity retention, which is still far from ideal.
For all the tested currents, a very large irreversible capacity in the first cycle is noted due
to the formation of SEI layer. It is only after 20 cycles, that the coulombic efficiency
reaches 98-100%, indicating that a stable SEI has been formed.

Comparable high capacities have only been reported by Sung and Zhang, on Co-based
PBA which was cycled in the 0.01-3.0 V range voltage window.?**° No insights into the
possible mechanism of reaction were given by Sung while Zhang suggested the formation
of Co' once the cell is completely discharged, following the mechanism proposed by Cui
for Mn-PBA as anode in an aqueous electrolyte battery.?®

The large reversible capacity showed by the PB, ca. 450 mAh-g, cannot be explained
only by the intercalation mechanism of 1 or 2 Li* atoms and Fe(l) coordinated by CN
ligand is not reported (# Mn, Co). Intercalation and accompanying reduction of Fe is

known to occur at voltages between 2.0 and 4.3 V vs lithium or sodium with a reversible
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capacity of 100-170 mAh-g.2627.28.34 Therefore, it seems very likely that a displacement
or conversion reaction is taking place at voltages below 2V, as it has been observed for
many metal organic framework based materials.®

In order to understand if this could be responsible for the observed electrochemical
behaviour, ex-situ XRD and IR data of cycled electrodes after stopping and opening them
at different stages of the first discharge and charge were collected (Fig.5).

The XRD data of the initial PB electrode (Fig.5b.i) exhibits the most intense reflections
of PB (at 20 =17.41, 24.72, 35.24 and 39.57°). When the electrode is reduced only to 1.6
V (Fig.5b.ii), no clear structural changes are observed as PB is expected to have all iron
reduced to Fe?* while keeping the structure. However, once it is fully discharged down to
0.005 V (Fig.5b.iii), all reflections belonging to the PB disappear while another,
corresponding to LiPFe from evaporation of imbibing solvent for the ex-situ observation,
appears at 26=25.14°. This suggests cleavage of the crystalline lattice which occurs in
displacement reactions.®® In addition, new reflections at 32.5 and 35.7° can be guessed in
the completely discharged electrode (Fig.5b.iii). Following the hypothesis of the
displacement reaction occurring, these peaks can be attributed to the formation of Fe>O3
during the eventual sample exposure to air while collecting XRD, as a result of the
oxidation of nanometric metallic Fe that would have been formed along the reduction
process. During the following charge up to 1.6 V (Fig.5b.iv) there is only a broad band at
20=19.41°, assigned to the Kapton® protection. Finally, the diffractogram from the fully
charged cell (Fig.5b.v) displays a new reflection due to KPFs which suggests that Li* has
replaced K™ in the oxidized electrode and the latter was fed in the electrolyte. The absence
of additional reflections indicates that the Prussian blue long range structure is not

restored.
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The FTIR spectra of the electrodes shown in Fig.5c demonstrate the presence of
absorption bands corresponding to the stretching of hydroxyl (Vg_g), cyanide (Vc=y), P-
F bonds (vp_g) and Fe-CN bonds (Vge_cn), @ well as the bending of hydroxyl
(80_n), that are highlighted with shading. When the electrode gets discharged, the
intensity of the cyanide band decreases and it is partially recovered once it is fully
charged. If the reduction in intensity of this band was related to the cleavage of C=N, the
2080 cm* absorption band would disappear, which is not the case. Besides, the sharp Fe-
C band from the Fe-C=N bond at 592 cm™ disappears when the electrode is reduced and
reappears as a broad band when it gets oxidized again. Since the Fe-C bond breaks while
the C=N bond remains, other metal cyanide, likely LiCN or KCN, must be forming and
the reduction of intensity of the CN band could be due to the partial solubility of LiCN or
the formed cyanide in the electrolyte. LiCN is a highly covalent compound with low
lattice energy, hence easy to solubilize (see Suplementary data for further discussion).
Comparison of FTIR spectra of fresh electrolyte, electrolyte in contact with PB and the
glass fiber of a fully discharged battery of PB confirm this hypothesis (see Fig. 6).

Fig. 6a shows the FTIR spectrum of the commercial electrolyte, LiPFs 1M EC:DMC.
While the FTIR of the electrolyte that has been mixed with PB (Fig. 6b) displays no trace
of the C=N band and a very similar profile to the one obtained for the pure electrolyte,
C=N vibrations are clearly observed at 2188 and 2076 cm™ in the FTIR spectra of DMC
in contact with the glass fibre separator of a discharged battery (Fig. 6¢). Therefore, we
can state that PB is not soluble in LiPFs 1M EC:DMC and that the discharge products
have higher solubility in the electrolyte than PB. Despite having CN™ions in solution, the
basicity of the electrolyte under these reducing conditions prevent the evolution of HCN.

Besides the confirmation of a different cyanide being formed, SEM-STEM and bright

field TEM images of the same electrode material after reduction down to 5mV (Fig. 7
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and 8) demonstrate the presence of bright and dark nanoparticles, respectively, which
could be ascribed to metallic iron containing nanoparticles. By SEM-STEM microscopy,
it is possible to obtain images in which the contrast is directly related to the atomic
number (Z). The STEM images of the pristine material (Fig. 7a, b) shows a more
homogeneous contrast all along the particles which represents a more homogeneous iron
distribution. On the other hand, in the discharged electrodes (Fig. 7c, d), it is possible to
observe bright spots (marked by dashed circles) within a darker matrix, which are related
to Fe containing nanoparticles formed during the discharge process, which are not
observed in the pristine electrodes (Fig. 7a, b).

These iron containing nanoparticles can also be observed in bright field TEM, but in
this case as very small dark nanoparticles (of ca. 5 nm) (Fig. 8a). In figure 8b, the darker
domains (Fig. 8b) can be assigned to elemental Fe, since the 2.1 A interplanar distance
could belong to the (1 1 1) lattice plane, as observed in Fig. 8e. Likewise, the interplanar
spacings of 3.9 A, observed as weak contrast within the matrix, could be allotted to the
(2 0 0) crystallographic plane of KPFs (Fig. 8d) or to the (0 0 2) of Li.Oz, whereas 3.4 A
could be assigned to the (0 1 1) of LiCN or KOH (Fig. 8c), although Li20O: is unlikely to
form in such reducing conditions. In fig. 8f, the domains allocations have been done again
based on the interplanar distances measured and how they coincided with the different
compounds listed as possible components of the matrix. In agreement with these TEM
images, the electron diffraction pattern (Fig. 8g) is composed of rings, as corresponding
to nanoparticles whose distances can be allotted to the interplanar spacings of metallic Fe
(2.1 A) and KCN or KOH. To summarize the information obtained by TEM, it can be
concluded that interplanar spacing close to those of metallic Fe (2.1 A) are found in these

particles (Fig. 8e). These nanoparticles are embedded into a matrix of less crystalline
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material which shows interplanar distances that could belong to KOH, KCN, Li>O> or LiF
(Fig. 8c, d, e, f, ).

Based on the above PXRD, FTIR, SEM and TEM experiments on cycled electrodes,
the idea of a displacement reaction is reinforced. The proposed mechanism thought to
take place during discharge involves the complete reduction of Fe"""into metallic Fe°
nanoparticles along with an unrecoverable loss of structure of PB with Fe-C bond
cleavage and possible formation of Li-CN bond (in the form of LiCN) or Li-O bond (in
the form of LiOH) that compose an amorphous matrix. In addition, K* from the PB
structure may also form the corresponding potassium salts. Upon reoxidation, some Fe—
C=N or Fe-O bonds seem to be reformed, justifying the stable capacity. The suggested
reduction reaction is described in equation 2, being x = 0.12, as shown by the results of
Atomic Absorption Spectroscopy (AAS).

+(1+(x/3)) Li*

111 11 .
KixFe wmFe (CN)g yH,0 +(1+(x/3)) e

Lij. 3)K xFe'ly 3 (CN)g yH,0

+2-(2+(x/3)) Li*
+2-(2+(x/3)) e

2+(x/3) Fe’ + (5+x) LiZ + (1-x) KZ (Z= CN-, OH-, F-....) (Eq.2)
Since bands due to OH are quite intense in the IR spectra, we wondered if water plays
a major role in the electrochemical performance. Previous studies revealed that hydration
affects the activation energy of alkali ions diffusion, such as Li*, Na* or Mg?*, improving
its diffusion and interfacial transfer into the PB structure and resulting in a high power
output.®” Nevertheless, the reasoning behind it only applies to measurements in aqueous
media. On the other hand, the presence of water has also been shown to be beneficial and
even necessary for reactions in organic media. In the case of the performance of PB as
positive, removal of zeolitic water by heating up to 150°C have little effect on the

electrochemistry.® However coordinating water molecules, that will be lost at higher

temperatures, are necessary for lithium intercalation into PB affecting strongly its
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electrochemical behaviour. This is also the case for the reversible Mg?* electrochemical
surface reaction in layered vanadium oxides3=°

To test the role of water in PB measured as anode in organic media, Prussian White
(PW) KzFe2(CN)s was synthesized as the completely reduced form of PB,*? with no
zeolitic water present in the channels, as confirmed by TGA (Fig. 2b). Electrochemical
measurements on PW were done in the same conditions than for PB, exhibiting similar
capacities and capacity retention than that obtained for PB (Figure S4). This seems to
indicate that the presence of zeolitic water is not playing an important role in Li* diffusion,
as previously suggested. However, the larger particle size of PW could also be affecting
the electrochemical performance and therefore the measurements are not directly
comparable.

Once the use of PB as anode in lithium ion battery has shown to be successful, and
given the already demonstrated performance of PB as cathode, a full cell based on the use
of PB for both active electrodes in organic electrolyte is conceived. We will report it in a

separate communication.

4.) Conclusions

In summary, the PB nanoparticles have been synthesized by an easy, economical and
scalable method. The electrochemical performance of PB as anode has been tested vs Li
in a half cell exhibiting reversible capacities of 400 mAh-g* at C/10 (8.75 mA-g?) in the
first 5 cycles and 150 mAh-g* stable at 20C (1750 mA-g™?) for 100 cycles in the narrow
and low potential range from 0.005 to 1.6 V. This low voltage range means high energy
density when used in a full cell. The disappearance of the PB reflections in ex-situ XRD
data of reduced electrodes along with the loss of the Fe-CN infrared band suggest that

this large capacity is due to the insertion of Li* via displacement instead of an intercalation
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process, involving the Fe-C bond cleavage. Additionally SEM and TEM images and
diffraction suggest the presumable formation of Fe® nanoparticles along with cyanide
salts partially soluble in the electrolyte. Therefore, the use of PB as anode in lithium ion
battery has shown to be successful and the testing of a full cell based on the use of PB for

both active electrodes can be envisaged.
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Figures and figure captions
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Figure jError! solo el documento principal.. a) PB structure b) XRD patterns of the
PB synthesized and the PB listed in ICSD Karlsruhe Database (n° 162081).%° The
Kapton® film peak has been marked with an *. ¢) IR spectra of PB and the starting
reagent, Ks[Fe(CN)g]-3H-0, labelling the characteristic C=N and Fe-C=N absorption
bands of both. d) TEM image of PB domains and e) electron diffraction pattern of

PB nanocrystals with crystallographic planes indexed.
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Figure jError! solo el documento principal.. Thermogravimetric analysis of pristine PB
(a) and Prussian White (b), scanned from 30 to 325°C using N2 atmosphere and a

temperature step of 10 K/min.
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Figure jError! solo el documento principal.. Galvanostatic first discharge (a) and first
charge (b) curves of PB/Li cells measured at different currents (from C/100=0.875
mA-g*to 20C = 1.750 A-g?) in the voltage range 0.005-1.6 V.
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Figure 4. Electrochemical performance of PB when tested vs lithium with LiPFs in
EC:DMC. a) Voltage profile during the five first cycles of galvanostatic discharge
and charge at C/10. b) Specific capacity of PB at different C-rates and their coulombic

efficiency. ¢) Capacity retention vs cycle number for different C-rates.
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Figure 5. a) First discharge and charge profile of PB/L.i cell at R.T. in a voltage range
of 0.005-3.2 V. b) XR diffractograms of the electrodes in the different points (i, ii,
iii, iv, v) of the galvanostatic curve of Fig.5a. The reflections due to the Cu-foil are
marked with an *. c¢) IR spectra of the electrodes in the different points (i, ii, iii, iv,

v) of the galvanostatic curve (Fig.5a).

(free DMC)  (0-C=0)

r T T 4 T T T T T T T 7 T T 1
2500 2250 2000 1750 1500 1250 1000 750
Wavelenght (cm™)

Figure 6. FTIR spectra of a.) the electrolyte (LiPFs 1M EC:DMC), b.) the electrolyte
in contact with PB and c.) the glass fibre of a fully discharged battery washed with
DMC.
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Figure 7. SEM-STEM images of the pristine material (a) the material completely
discharged (c) and zoomed zones of both of them, respectively (b,d).
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Figure 8. a.) TEM image of the material from a fully discharged half battery. b.)
TEM image of a completely discharged battery displaying several domains and their
higher magnification (c, d and e). f.) Different domains observed in a completely
discharged battery, possibly containing Fe, LiF and KPFe. g) Electron diffraction
pattern of another area of the same fully discharged battery. White lines schematically
indicate the broad diffraction rings with the crystallographic planes of possible

reaction compounds.
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