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ABSTRACT

Ex-situ X-ray Absorption Spectroscopy and in operando >’Fe-Mossbauer spectroscopic
measurements are conducted to examine in detail the ongoing reaction mechanism of potassium
Prussian blue (K-PB) within the narrow [1.6 —0.005 V] voltage range, and so to determine whether
this material truly undergoes a conversion reaction, as we proposed elsewhere. The generation of
Fe’ is confirmed by both techniques, finding that 40 to 58% of iron gets reduced to metallic iron
at 5 mV. The elucidation of the mechanism by in-situ >’Fe-Mossbauer further reveals a sequential
process for the reduction (lithiation) of the two different iron species initially present in Prussian
blue. Both, HS (high spin) Fe’*-N first, and LS (low spin) Fe''-C next, go through the unusual
Fe!*"! formal oxidation state during the reduction process, before forming surface Fe’ nanoparticles
(NPs) below 0.48 V. Upon charge, Fe’ NPs preferentially oxidizes into Fe'™-N. Interestingly, these
surprising Fe" species play an important role in decreasing the overpotential during the charge

(delithiation) process with respect to other conversion systems.



INTRODUCTION

Li-ion batteries (LIBs hereafter) are an essential electrochemical energy storage (EES) technology
in industry and everyday life,-23 as they combine both high energy density and power density.*®
Although the most exploited intercalation cathodic materials for LIBs are layered oxides, spinel-
type oxides and polyanionic compounds, > © the anodic material par excellence to date is graphite.’
However, high capacity alternative materials that react through conversion reactions, and

especially those based on abundant Fe have attracted the attention of battery researchers. & °

In the last decade, several groups have explored the electrochemical performance of Prussian
Blue Analogues (PBAs) as possible new anode materials for LIBs. PBAs are a family of
compounds with molecular formula AM[M’(CN)s]-nH20, where A is typically an alkali ion (Li™,
Na*, K*), M and M’ are transition metals, sometimes M = M’, and commonly M’ = Fe. 10,11, 12
They present a 3D structure where M’"" and M3 occupy alternate corners of a simple cubic
framework bridged by linear p-(C=N)- anions (see Figure 1a). 2 The linear (C=N)- ligand gives
a M¥*-N=C— M"" bond length of about 5 A, thus creating open channels that allow A* ions to be
reversibly inserted. 1314 Please note here (and hereafter) the distinct notation used for the two types
of iron present in the complex. We have followed Mossbauer spectroscopists’ notation. That is,

roman numerals are used for LS Fe covalently bonded to C, while regular numbers are reserved

for more ionic N-bonded HS Fe.

The first investigations of PBAs as anodes for non-aqueous LIBs were conducted in 2013 by
Shokouhimehr et al. 1> Cobalt hexacyanoferrate NPs, KCo[Fe(CN)g]-zH20, were evaluated in the
voltage range [3.0, 0.01] V vs. Li*/Li, displaying a reversible charge capacity of 544 mA h g at

current densities of 100 m Ag. In 2014, Nie and coworkers tested Cos[Co(CN)s]2 nanocubes in



the same potential range. *® The specific charge capacity delivered was 294 mA h gt at 20 mA g
! which the authors speculated to be result of the oxidation of three redox couples: C-Co"", C-
Co'"™ and N-Co'"". It is important to note here that we are adopting the half-cell electrochemical
criterion. Hence, with oxidation (or charge), we refer to the anode oxidation vs. lithium metal
plating, i.e., anode delithiation. In 2015, Xiong and collaborators ' showed that
Mn*[Fe''(CN)s]o.s667-5H20 cubes exhibited a first charge capacity of 545 mA h g, also in the
[3.0, 0.01] V vs. Li*/Li range, at a current density of 200 mA g*. In these three works, the
enormous first discharge capacity observed for PBAs was just attributed to the formation of the
solid electrolyte interphase (SEI) and the reduction (lithiation) of the material via an intercalation

mechanism. Nevertheless, our findings suggested another explanation.
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Figure 1. (a) Prussian Blue structure, (b) Voltage profile of the five first galvanostatic cycles of
Prussian Blue when tested vs. lithium with 1 M LiPFs in ethylene carbonate: dimethyl carbonate
(EC: DMC) at C/10.*® To facilitate the reader’s comparison among cycles, enlarged areas of the

end of charge and discharge are shown in the insets of the voltage profile.



In 2014, we reported the electrochemical performance of (all iron) Prussian Blue
K1-xFe2+x3(CN)s-2.73H20 (x = 0.12) NPs as anode.*® The material exhibited a large first discharge
capacity (ca. 1000 mA h g*) and a plateau below 0.9 V, with high reversible capacities close to
450 mA h gt at 8.75 mA g (Figure 1b), being also capable of retaining up to 350 mA h g* after
50 cycles (what took ca. 6 months of cycling), in the attractive voltage window of 1.6 - 0.005 V
vs. Li*/Li. Since such reversible capacities were far higher than the theoretically expected for the
insertion of 2 Li* per formula unit via common intercalation mechanism (175 mA h g*1), we
performed a series of ex-situ experiments (powder X-ray diffraction (PXRD), infrared (FTIR), and
transmission electron microscopy (TEM/STEM)) to elucidate the mechanism of reaction. Based
on them, we proposed, for the first time for this type of material, a conversion (or displacement)

reaction, involving the formation of metallic Fe® NPs 8 along the first discharge (as Equation (1)

illustrates):
+ Li+ ] +4Li+ .
KFe*[Fe"(CN)s]-yH.0 — LiKFe?*[Fe"(CN)s]-yH20 = 2 Fe?+ 5 LiCN + KCN (1)
+e +4e

Simultaneously, other lithium derivatives, such as LiF or LiOH, were formed. These would
accordingly result from the decomposition of the electrolyte salt (LiPFs — LiF (s) + PFs(g)), or
from the reaction of the water present in the structure of K-PB with the lithium salt composing the
electrolyte. Equation (1) is a simplified equation that does not consider the [Fe''(CN)g]* vacancies

of Prussian Blue. For a major completeness, please see our previous work. 8

Through the so-called conversion reaction (as shown in Equation (2)), which is often impressively
reversible (), materials can incorporate more than 1 Li*/T.M. (T.M. = transition metal), as they

get reduced from MY* to metallic M® NPs, while undergoing a complete structural change. * *°



Understanding their mechanism of reaction can help us to design materials that undergo highly

reversible conversion reactions.

MyXy + n yLi* + 2e- & yLinX + xM (2)

Subsequent studies still reported some contradictory results regarding the mechanism of reaction
of PBAs 20 21 22. 23 \when tested at low voltages against metallic lithium. For instance, based on lab
XRD data, Chen et al. ?° suggested that TixFe2-x«(CN)s2H20 also followed a conversion reaction,

as described by Equation (3):

TixFeax(CN)s + 6 Li* + 6 & 5 X Ti + (2-x) Fe + 6 LiCN (3)

Whereas, based on ex-situ XRD and synchrotron X-ray Absorption Spectroscopy (XAS), the
reversible capacity of Nai3sMn[Fe(CN)eJo.sa-3.4H20 (Mn-PBA) thin films was ascribed to the
conversion reaction of electrochemically formed a-Fe,O3 (Eq. (4)) %, the storage mechanism of
the potassium analogue Ki-xMnz+x2[Fe(CN)e] ' yH20 was simply attributed to the intercalation/de-
intercalation of Li* along with the redox reaction of Fe** to Fe2*, with no major structural change. ??
However, even if Mn?* was reduced to Mn*! as reported by Cui and cols.?*, the large reversible
capacity (> 300 mA h g*) cannot be explained by reversible intercalation only, unless Fe also gets
reduced below the 2+ oxidation sate. Nonetheless, the existence of -C=N- coordinated Fe*! species

has not been reported to occur in battery materials.

Fe,Os3 + 6Li* + 66" S 2Fe + 3 Li2O (4)

Since reversible capacities on the order of 700 mA h g were achieved at 30 mA g* with
Fea(Fe(CN)s)s, of which up to 548 mA h g* were retained at current densities of 215 mA g* (about

2.4C) after 550 cycles 23, and hysteresis between charge and discharge (~0.5 V) is considerably
6



decreased vs. other Fe-based conversion materials (0.9-1.2 V) for iron oxides % and iron fluorides
26 implementation of this electrode material seems desirable if a better understanding of the

materials reaction mechanism can be achieved.

Despite our ex-situ experiments in Ko.gsFe2.04(CN)s-2.73H20 suggested the occurrence of a
conversion reaction (because of the loss of Fe-CN stretching in FTIR, the irreversible
disappearance of PB reflections in the PXRD pattern along with the detection of bright NPs in the
STEM of fully discharged electrodes), additional information from other techniques is necessary
to track Fe oxidation states, confirm the formation of Fe® and understand the reaction mechanism
in more detail. Nonetheless, since Fe® NPs are highly reactive in contact with air, in-situ, or even
in operando measurements seem necessary. Although in-situ or in operando experiments are
becoming increasingly common for investigating the evolution of electrochemical systems along
the cycling process, especially for XRD, in-situ or in operando Mdssbauer 27 28 29: 30 3L 32 gty dljes,

which are specific to few nuclei such as Fe or Sn, are still scarce and especially valuable here.

In the present work, ex-situ XAS and in operando Mdssbauer measurements were conducted to
elucidate the reaction mechanism and determine whether Fe® NPs were generated during the
electrochemical reduction of Prussian Blue in the narrow voltage window [1.6 — 0.005] V vs.
Li*/Li. Given the reversibility of the reaction within the selected voltage range, even though small
capacity losses occur from one cycle to another, only the first cycle - or the first cycle and a half -

is evaluated.



EXPERIMENTAL SECTION

Prussian Blue synthesis. Potassium Prussian Blue, KixFei+x3[Fe(CN)s]-yH20, was synthesized
following the simple co-precipitation method described in our previous work. & Basically, 100 mL
of an aqueous solution 40 mM of K4[Fe(CN)e]-3H20 were added to another 100 mL of an aqueous
solution 40 mM containing FeCls-6H20, forming a colloidal suspension of “soluble” Prussian
Blue. After subjecting the suspension to a process of centrifugation and filtration, washing the
resulting precipitate with de-ionized H>O (3 x 10 ml) and ethanol (3 x 10 ml) and subsequently

drying it under vacuum, the dark blue product was isolated.

Physicochemical Characterization.

PXRD data were collected in the range 260 = 5° to 80°, with a step width of 0.0194°, operating a
Bruker D8 Advance X-Ray diffractometer (Acuka = 1.54056 A). TGA NETZSCH STA 449 F3
Jupiter allowed to record the thermogravimetric curve of Prussian Blue within the temperature
range from 30 to 325 °C, at a temperature step of 10 K min™, under N2 atmosphere. SEM images
were taken in a Quanta 200 FEG (FEI) scanning electron microscope, at an operating potential of
20 kV. XPS spectra were acquired in transmission mode with pass energy of 20 eV in an UHV
system equipped with a hemispherical electron energy analyzer PHOIBOS 150 (SPECS) and a
twin Al/Mg anode — X-ray source XR50 (SPECS) operated at 12 keV and a power of 100 W. The
size of the acceptance area of the analyzer were was ca. 2 mm in diameter and its energy scale was

calibrated against Cu 2ps/2, Ag 3ds2 and Au4fz lines of standard Au-Ag-Cu sample.

X-ray absorption near-edge structure (XANES) region of X-ray absorption spectroscopy (XAS) is
especially sensitive to the formal oxidation state of a particular element. 33 XAS measurements at

the Fe K-edge were performed at the MRCAT (10-BM) beamline at the Advanced Photon Source
8



(APS), in Argonne National Laboratory. To calibrate energy, an iron metal foil was measured
downstream from the sample as a reference and for energy calibration. Absorption spectra were
collected in transmission mode, using homogeneous electrodes with less than 0.1 mg difference in
their active material mass loading to thereby ensure their comparability. Prior to XAS
measurements, those electrodes were cycled in half cells vs. Li*/Li and stopped at different stages
of the electrochemical curve. Each XAS scan took about 25 minutes, covering an energy range
from -300 eV below the edge to 900 eV above the edge (~ 6800 - 8000 eV). Due to the disordered,
multisite nature of the conversion reaction, XANES data were primarily analyzed, although
EXAFS data were also extracted. XAS data were processed and analyzed using Athena and

Artemis software packages. **

"Fe-Mossbauer spectroscopy is another valuable technique when dealing with changes in the
oxidation state of iron, as well as its coordination environment. *> Mdssbauer hyperfine parameters,
i.e., the isomer shift (3) and quadrupole splitting (A), extracted from fitting experimental patterns
are usually sufficient to identify the valence state of Fe and its chemical environment. ®'Fe-
Mdossbauer measurements were conducted at room temperature at the UPV/EHU, in the velocity
range from - 4.5 to 4.5 mm s! and in transmission geometry, using a spectrometer provided with
a 25 mCi ®’Co-Rh source. The velocity was calibrated using the magnetic six-line spectrum of a
high-purity iron foil absorber. The values of the isomer shift (3) are given with respect to reference

bee (body centered cubic) Fe and the spectra were fitted with the NORMOS fitting Program. ¢

In-situ Mdssbauer spectra were recorded every 15 minutes, i.e., at time 0, 15, 30 min and so on,
during the first discharge and the first charge of Prussian Blue against metallic lithium. The
corresponding voltage for each Mossbauer spectrum was obtained from the voltage profile

electrochemical curve (Voltage (V) vs. time), here not shown. To enable simultaneous °'Fe-
9



Mdossbauer and electrochemical data collection, a new in-situ Mdssbauer cell was designed and
built at CIC EnergiGUNE. Inside the cell, the cathode/separator/anode sandwich was assembled
as in a conventional coin-type cell. A VSP potentiostat (BioLogic) was the instrument used to

perform the electrochemical experiment.

Solid State Nuclear Magnetic Resonance (ss NMR) data were collected on a Bruker 500 MHz
spectrometer, with a 1.3 mm probe. Rotors were spun at a magic-angle-spinning (MAS) rate of 50
kHz and spectrum collected at 73.6 MHz (°Li) and 470 MHz (**F) with a rotor synchronized Hahn
echo sequence (90°-1-180°-t-acq.), with a 90° pulse of 3.6 ps (*°F, 8Li) and a recycle delay of 1s
(°Li) and 40 s (*°F). Spectra are referenced to 0.1M LiCl and secondary LiF (—201 ppm) ¥

Approximately 100 000 scans were collected for each °Li and *°F ss NMR spectrum.

ss NMR was collected ex-situ on an electrode, containing 80 wt% of active material and 20 wt %
super C-65® carbon, after cycling them till the end of discharge (0.005 V vs. Li*/Li). After cell
disassembly inside a glovebox with Oz and H20 levels less than 0.5 ppm, the electrode was washed

with dimethyl carbonate twice, dried under vacuum and packed into rotors.

Electrochemical Characterization.

Electrochemical measurements prior to XAS data collection. Prussian Blue was electrochemically
cycled against lithium in a battery and cell test equipment (MACCOR Series 4000 Battery Tester).
Galvanostatic tests between 0.005 V and 1.6 V vs. Li*/Li were conducted at room temperature,
using coin-type half cells (CR2032) and a CC-CV (constant current - constant voltage) protocol.
Working electrodes were prepared by mixing K-PB with super C-65® and polyvinylidene fluoride
(PVDF) dissolved in N-methylpyrrolidone in an 80:10:10 ratio. After coating the resulting slurry

over Cu foil, drying the laminate under vacuum at 80°C overnight and calendaring it, 13 mm
10



diameter electrodes were punched. Typical cell loadings were 8.5 mg of active material per coin
cell. A lithium metal disk was used as counter and reference electrode and a glass fiber filter paper
(Whatman, GF-B) impregnated with commercial (Solvionic) 1M LiPFe in ethylene carbonate:
dimethyl carbonate (EC: DMC) was used as separator. The current density was fixed to 1C, based
on the theoretical capacity of Cps, 1 = 87.5 mA h g* corresponding to the insertion of 1 Li*/formula

unit (f.u.).

For the ex-situ XAS synchrotron measurements, the K-PB electrodes were stopped at different
voltage values of the electrochemical curve (first discharge-charge and second discharge). Then,
the cells were disassembled inside of an Ar-filled glove box with O, and H2O levels less than 0.5
ppm. The electrodes were thoroughly rinsed several times with DMC to remove the excess of
electrolyte residue and were dried at 80°C overnight. Afterwards, the electrodes were sealed with
aluminum-coated Mylar® to create an air- and water-protective barrier. Finally, each electrode
was placed inside an aluminized pouch bag that was sealed also to prevent their possible reaction
with O2 while transporting it to the synchrotron facilities. It is important to note that the electrodes

were kept for ca. 24 h inside the glove box, before XAS data collection.

Electrochemical in-situ measurements coupled to °’Fe-Mdssbauer. At the fixed current density of
1C and at room temperature, the voltage curves of potassium Prussian Blue were recorded between

0.005 V and 1.6 V vs. Li*/Li using a VSP potentiostat and the in-situ/in operando Mdssbauer cell.

In this case, self-standing laminates were prepared by dispersing 70 wt. % of K-PB with 20 wt. %
of conductive carbon (Super C-65®) and 10 wt. % of teflon (PTFE, from a 60 wt. % aqueous
dispersion, Sigma-Aldrich) in ethanol. Then, self-standing electrodes of 16 mm diameter were

punched and dried under vacuum at 80 °C overnight, with a mass loading of approximately 40 mg

11



of active material per electrode. The utilization of self-standing electrodes had here a dual purpose.
On the one hand, avoiding the Cu current collector allows increasing the intensity of the y-rays
transmitted through the sample. On the other hand, self-standing electrodes were several times
thicker than the typical laminated electrodes and the higher Fe content enhanced the Mdssbauer
signal. In fact, several tests with different mass loadings were previously performed in order to
assess which sample thickness allowed to achieve the optimum relative absorption of the

Maossbauer signal experimentally.

RESULTS AND DISCUSSION

PXRD confirmed the formation of K-PB. As it can be observed in Figure 2a, its diffraction pattern

coincides with that reported for the material, 3

which adopts cubic symmetry and space group Fm-
3m. The broad reflections are a consequence of the nanometric crystal size. According to thermal
analysis, two different weight losses associated to physiosorbed and zeolitic water were detected
at 80 and 125 °C, respectively, resulting in a total of 2.73 H>O molecules per formula unit (see

Figure Sl1a). The aggregation of K-PB nanometric domains into larger microparticles, forming

agglomerates from 1 to 50 um particle size, can be observed on SEM images (Figure S1b and c).

12
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Figure 2. (a) PXRD patterns of K-PB synthesized and K-PB listed in the ICSD Karlsruhe Database
(162081) 8. Note that the peak below 26 = 15° is due to the Kapton film used. b) Mdssbauer
spectrum of K-PB. Experimental (black dots) and fitting (red line) are shown along with the blue

and pink solid lines that represent the LS Fe' and HS Fe3* spectral components, respectively.

The >’Fe-Mossbauer spectrum of the as-produced pristine material (see Figure 2b) was fitted using
two signals corresponding to the two different types of iron present in Prussian Blue. A singlet
attributed to low spin (LS) Fe'' covalently bonded to C and a doublet corresponding to high spin
(HS) Fe®* bonded to N, as expected for K-PB. Its hyperfine parameters are listed in Table 1, and
are in good agreement with those encountered in the literature for this material. *° An Fe®*/Fe'
ratio of 1.33 was calculated, consistent with the 1.33 expected for a K-PB containing a 25% of
[Fe(CN)s]* defects 8, typical in this type of compounds. XPS analysis at the Fe 2p edge (Figure
S1d) additionally corroborates the two distinct types of iron species detected by >’Fe-Mdssbauer
in the as-prepared material. Two split orbit components 2ps;> and 2p1/2, in accordance with those
previously reported for LS Fe'', %4 are respectively observed at 709 and 722 eV; and a small peak,

typically assigned to HS Fe3*,%: 42 s distinguished at 713 eV.

13



Table 1. Isomer shift relative to body cubic centered (bcc) Fe (6), quadrupolar splitting (A) and Fe

atomic ratio values extracted from the >’Fe-Mdssbauer fitting for iron in K-PB.

Compound  Assignment & (mms') A (mms™) Fe %
LS Fe! 20.15(1) 0 43
K-PB?
HS Fe’* 0.40(1) 0.34(1) 57

* KixFe 13 [Fe'(CN) ]

Ex-situ synchrotron XAS measurements were carried out in electrodes cycled in lithium half-cells,
between 1.6 and 0.005 V, which were stopped at different voltage values (points i-ix) of the first

discharge-charge and second discharge electrochemical curve, as Figure 3a illustrates.

The XANES region of the XAS spectra of K-PB electrodes stopped at different voltages during
the first Li-insertion process is shown in Figure 3b. Point “i” corresponds to an electrode that was
assembled in a half cell, to emulate the most similar conditions experienced by the rest of
electrodes, but it was not subjected to electrochemistry, i.e., it represents the OCV of the cell, at
ca. 3.2 V vs. Li/Li. The energy of the main peaks in “i”” at 7130 eV indicates that we initially had
a mixture of Fe®" and Fe?*. A clear shift in the peak at 7130 eV towards lower energy is observed
along the first discharge process (from point “i” to point “iv”). This shift down to 7128 eV is
assigned to the reduction from Fe®" to Fe?*, as Prussian White (ideally LiKFe?'[Fe''(CN)g]) is
expected to form below 2 V vs. Li*/Li, and it is accompanied by a decrease in its peak intensity
for voltages below 1 V, as a result of a descent in its population due to the subsequent reduction
of Fe?*. It is also important to note the presence of a peak at ca. 7119 eV, whose intensity grows
in the first stage of the reduction (from 3.2 V to 1.0 V) and then, at lower voltages, it vanishes.
Conversely, the shoulder at 7113.7 eV augmented its intensity upon reduction to 0.5 V (“i11”) and

below, reaching its maximum at 5 mV (point “iv”). The pre-edge observed at 7113.7 eV probably

14



corresponds to the transition of the 1s electron to an unoccupied eg orbital of iron ions (1s — 3d),
most likely from the LS Fe'.*3 Although this electronic transition is dipole forbidden in an ideal
octahedral environment, the distortion of the Prussian blue structure along the discharge may allow
observing it. Alternatively or complementarily, a 3d-4p orbital mixing in distorted [Fe(CN)s]* or
[Fe(NC)6]* octahedra could also be responsible for the low-energy pre-edge. This small pre-edge
is even observed in the starting material, also probably for symmetry-breaking reasons due to
undercoordinated Fe sites on the surface of K-PB NPs. In any case, the displacement of the edge
to lower energies below 0.5 V indicates an iron reduction process,*® which leads to metallic iron
when approaching to 5 mV. Spectra iii — ix share multiple isosbestic points suggesting a two-phase
mixture of spectrum ii and a reduced (Fe®) phase. Fitting spectrum “iv” by linear combination
analysis with an iron metal standard and spectrum “ii” confirmed the formation of Fe® at the totally
discharged state (5 mV), indicating that at least 58% of the iron was reduced to Fe?, while the
remaining 42% corresponded to spectrum “ii” (which basically consists of Fe?*). Such value of
metallic iron (58%) is reasonable accounting the data reported, ca. 57% Fe® and 43% Fe?*, for a
totally discharged FeFs conversion cathode in a LIBs, #* that was measured ex-situ. Our numbers
are also somehow consistent with the 80% Fe metal and 20% [Fe(CN)s]* observed for
Na1.32Mn[Fe(CN)s]o.gs-3.4H20 in its totally reduced state (at 10 mV) by XAS, when acting also as

anode in LIBs. &

The trend is reverted upon oxidation (Figure 3c), i.e., the population of Fe?* increases up to 80%
for spectrum “vii” (charged to 1.6 V vs. Li*/Li) and that of Fe® decreases down to 20%.
Nonetheless, the intensity of the Fe? peak raises again in the following discharge (Figure 3d) while
that of Fe?* drops simultaneously, showing the reversibility to a big extent of this process within

the [0.005 — 1.6] voltage range. Indeed, the XANES profile of spectra “ii”, “vi” and “viii” are

15



almost identical (as Figure S2 displays) and, likewise, spectra “iii”, “v”” and “ix” too, despite the

population of Fe?* is higher along the first discharge (point “iii”’). Even though the peak intensity

at spectrum “vii” (1.6 V) could look discordant, considering the intensity of its peaks with respect

to those of electrodes stopped at 1.0 V (“vi”’ and “viii”), there is a reasonable explanation for this

phenomenon. The spectrum was collected elapsed 2 weeks since the electrodes were prepared,

what obviously contributed to its aging and subsequent decrease in the population of reduced

species present in it, as these species will tend to evolve until reaching equilibrium. It is also

important to note that, since we are not charging above 1.6 V vs. Li*/Li, spectra of recharged states

“y — ix””) do not show any sign of Fe®*,
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Figure 3. (a) First discharge-charge and second discharge voltage profile of K-PB vs. Li+/Li at
room temperature when cycled at the voltage range of 0.005 - 1.6 V, reflecting the points at which
the electrochemical reaction was stopped; and XAS spectra of K-PB at the Fe K-edge in the

XANES region, respectively along (b) the first discharge, (c) first charge and (d) second discharge.

EXAFS interpretation resulted more complicated (see Figure S3). Fe-C (1.92 A) and Fe-N (2.03
A) distances * are too close to be able to distinguish between them, therefore, the EXAFS regions
of these two iron sites interfere in a complicated manner. Besides, Fe-O distances, characteristic
of water-related defects present in Prussian Blue, *° are also reported in the 2 A range, making even
more difficult the assignment of the peaks. We attributed, hence, the constructive interferences in
the 1 — 3 A distance range (Figure S3b, spectrum i) to a first coordination sphere of Fe-C, Fe-N
and Fe-O bonds and to a second coordination sphere of Fe-N-C or Fe-C-N. *° The intensity of the
4-5 A distance, corresponding to the third coordination sphere Fe-N-C-Fe is largely diminished
with respect to what is found in larger particles. *’ Upon electrochemical reduction, the second
coordination sphere seems to split. Little can be concluded from this splitting, which is more
clearly observed at the lower voltages, when Fe® was already observed by XANES. What is certain
is that the longer-range Fe-Fe distances at ca. 4.5 - 5 A disappear along the first discharge and are
not fully recovered in the subsequent cycle, thus indicating the partial rupture of the Prussian Blue

structure and reinforcing the theory of the conversion/displacement mechanism.

In-situ Mdssbauer spectra were continuously acquired throughout the different electrochemical
cycling stages of K-PB vs. Li*/Li, enabling to follow the Fe oxidation state evolution within the
redox processes. As Figure S4a illustrates, the electrochemical performance obtained with the in-

situ cell is comparable to that achieved using conventional CR2032 coin cells. In both cases, the
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voltage profiles are similar, with a first discharge exhibiting two voltage pseudo-plateaus (at ca.
2.85 and ca. 0.6 VV when using the in-situ cell) corresponding to the intercalation and conversion
reactions, respectively. Also, in both electrochemical cells, reversible capacities surpassing the
theoretical values for intercalation are observed.'® The main variations between them lie, however,
in the overpotential, which augmented from 0.5 V in the coin cell to ca. 1 V in the in-situ cell, and
correspondingly in the lower reversible (oxidation) capacity delivered in the first cycle when using
the in-situ cell for the same cut-off voltage. Although these relatively large polarizations are a
feature commonly observed in conversion-type reactions, ® “8 the larger hysteresis detected in the
in-situ cell can result from the slightly inhomogeneous pressure applied to the system. This could
be a consequence of the perforated body of this transmission cell (Figure S4b, c), necessary to
allow the y-rays to pass through it. This higher polarization and the difference noticed in the
reversible capacity of the in operando cell can also be ascribed to the distinct electrode
formulation, i.e., to the larger mass loading of active material employed in the in-situ cell (39.2
mg, vs. the 8.5 mg in the coin cell). Nonetheless, the general reaction mechanism will be the same
in both cells. It is also worth mentioning here that, the first cycle exhibits a large irreversible
capacity regardless of the cell used. Despite the first-cycle irreversible capacity might jeopardize
the practical application of Prussian blue-type materials, as generally occurs with other conversion
anode materials, certain strategies, such a nanostructuring®® or pre-lithiation®® could help to

alleviate this drawback.
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Figure 4. Mossbauer spectra obtained at different points of the first discharge of K-PB vs. Li*/Li,
when using the in-situ Mdssbauer cell. Experimental (black dots) and fitting (red line) are shown
along with the blue, pink, green, orange, purple and wine solid lines that represent the LS Fe'-C,
HS Fe®*-N, HS Fe?*-N, what seems Fe'*, tentatively Fe' and surface Fe® NPs spectral components,

respectively.

The most relevant Mdéssbauer spectra collected using the in-situ Mdssbauer cell along the first
discharge of K-PB vs. metallic lithium are presented in Figure 4. For a better comparison, the total

area of each spectrum has been normalized to one, i.e., to the Fe content. The spectrum of the
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material at OCV (3.2 V) is very similar to that already shown in Figure 2b. It has two components:
a singlet associated to LS Fe' covalently coordinated to C (blue line) and a doublet assigned to HS
Fe3* ionically bonded to N (pink line). 3% 5! See Table 2 for further details on the hyperfine
parameters of the different Fe species present in the pristine material and those to which they
evolve along the reduction process. At 2.78 V and below, a second doublet (green line) attributed
to the formation of HS Fe?*, resulting from the reduction of Fe3*-N, can be distinguished. In the
interval from 2.78 V to 0.79 V, the population of the new HS Fe?* (green) increases whereas HS
Fe3* (pink) is consumed. Indeed, at 0.79 V, K-PB has completely evolved into Prussian White
(LiIK-PW, ideally LiKFe?*[Fe''(CN)s]) and almost no trace of the initial Fe** is detected. As
collected in Table 2, the parameters obtained from fitting LS Fe" (blue) and HS Fe?* (pink) are in
agreement with those existing in the literature (LS Fe" (§ = -0.05 mms?, A = 0 mms™) and HS
Fe?* (5 =1.18 mms™, A = 1.58 mms™)) for the K-PW (ideally KoFe?*[Fe''(CN)g]) phase. °2 From
0.68 V downwards, a new doublet component appears (orange line). Considering the evolution of
this type of iron along the electrochemical process — both discharge and charge (as we will see
later) - and contrasting its isomer shift and quadrupole splitting values (Table 2), 0.27 and 0.66
mms, with the hyperfine parameters reported for Fe* in some organometallic species (Table S1),
we presumably assign it to the unusual Fel*. Moreover, the proportion of this Fe!* (orange)
augments at the expense of the depletion of HS Fe?* (plotted in green), and at 0.48 V there is almost
no HS Fe?* left. This implies that all the ionically bonded HS Fe?*-N (green) is first reduced to
Fel* (orange) while the LS Fe''-C in [Fe(CN)s]* (blue) remains practically unaltered. Considering
that Fe** has a HS d® configuration and Fe'" a LS d® configuration, and that CN" is a high-field
ligand that would favour LS configurations complexes, it is logical that HS Fe3* was more prone

to react in the first place. Between HS Fe?* and LS Fe'' (both d® configuration), accordingly tag*
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eq> and to®, the higher resistance to reduction of the latter is again due to its higher stability. At
this point of discharge (0.48 V), an additional incipient doublet evolves (in purple). The formation
of this new type of Fe is subject to the consumption of LS Fe", which was almost intact until then.
The parameters of our new doublet (violet) do not match any previously reported signals. Although
its isomer shift is -0.03 mms™, a value very close to that of body cubic centered (bcc) Fe, its very
large quadrupole splitting (1.70 mms™) suggests it is another Fe species (Table S1) with structural
environment different to that of bcc Fe or to the Fe!* (orange) hailed from HS Fe?*. We have
tentatively assigned it to Fe'. Yet, another Fe type (wine) appears at the very end of discharge,
from 0.32 V down, by consumption of both Fe'* (orange) and Fe' (violet) species. The new species
has hyperfine parameters (§ = -0.07 mms™, A = 0.69 mms™) in accordance with those reported for
Fe® NPs from conversion reactions of spinels MFe,O4 (M = Co, Ni)* and iron carbodiimides
FeNCN %4, and hence it is assigned to the formation of surface Fe® NPs. Although the Mdssbauer
signal of bulk Fe® is typically a sextuplet at low temperature, superparamagnetic iron NPs - as
those typically generated in conversion reactions - only yield a singlet 55 ¢ at room temperature.
However, a doublet assigned to the formation of surface metallic Fe® NPs (see Table S2) is
frequently found, prior to the appearance of the “bulk-superparamagnetic NPs” iron singlet.>” The
absence of the corresponding additional singlet in our experiment, characteristic of
superparamagnetic Fe® NPs, can be explained by the operando nature of our experiment and the
small particle size of the starting material (ca. 5 - 10 nm, as reported elsewhere *8). For the record,
a 2-weeks hold in the discharged state (0 V vs. Li*/Li) was required to observe the singlet
(superparamagnetic FeP) in another study with SnpFe.?” Additionally, the lack of SPM Fe® NPs can

also be hinted from the appearance of the °F and °Li solid state Nuclear Magnetic Resonance
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(ssSNMR) spectra of a fully discharged electrode (Figure S5), which did not show any of the

features associated to the presence of “bulk-superparamagnetic NPs”.

Table 2. Hyperfine parameters 5, A, WID, % Fe and y? extracted from the Mdssbauer fitting for
SFe in K-PB vs. Li*/Li along the first discharge curve (& = isomer shift relative to bcc Fe, A =
quadrupolar splitting, WID = width at half height, % Fe = atomic Fe %, y? = chi square values or
goodness of fitting). The values in parenthesis indicate the deviation with respect to the average

value for each component, as the species slightly change within the reduction process.

Voltage (V)? Assignment d(mms’) A(mms!) WID (mms') %Fe ¢

0.79 V HS Fe™ (pink)  0.42(1) 0.36(1) 0.45(7) 23° 0919

0.48 V HS Fe?* 1.16(4) 1.30(5) 0.65(6) 27° 0933
LSFe" (blue) - 0.22(3) 0 0.33(8) 136

_— Fel* (orange) 0.27(2) 0.66(6) 0.62(4) 30.8 0.909
Fe' (violet) 003(2)  1.70(3) 0.26(2) 15.3
bFed (wine)  -0.07(3)  0.69(5) 0.35(12) 402

2 yoltage down to which each type of iron is stable (vs. Li*/Li), ® surface Fe® NPs, ¢ please note
that the in situ Mossbauer spectra were collected each 15 min, hence, the exact voltage at which
the % Fe would be 0% for a particular iron species cannot be extrapolated; however, we can assume
that 0% of Fe will be achieved at potentials slightly below those provided in this table, ¢ ¥? values
correspond to the goodness of fitting all the components present in a spectrum at a particular
voltage.

For further clarification, Figure 5 graphically summarizes the conclusions extracted from the >’Fe-
Maossbauer data discussion concerning the first discharge of K-PB vs. Li*/Li, compiling the
evolution of the iron species that exists in the pristine electrode and those presumably generated

along the reduction process.
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Figure 5. Evolution of the different iron spectral components observed along the first discharge
process of K-PB vs. Li*/Li. The pink, blue, green, orange and purple circles represent, respectively,

HS Fe3*-N, LS Fe'-C, HS Fe?*-N, Fe!* and tentatively Fe'; and the wine stars are assigned to

surface Fe® NPs.

As it can be clearly observed above 800 mA h g1, whereas the population of LS Fe'' (blue) remains
constant, the rise in the percentage (of up to 40%) of surface Fe® NPs (wine) is so sharp that cannot
be fully explained as a result of the 25% decrease of Fe'*-N (orange), but it is also a consequence
of the 13% reduction observed in the iron species plotted in violet. The fact that the population of
surface Fe® (wine) increases at the expense of Fel* and Fe' species (orange and purple) while

continue reducing the voltage, undoubtedly reinforces the hypothesis that these iron species are
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both in oxidation state +1. Interestingly, not all LS Fe'' (blue) is reduced at the end of the discharge,
with ca. 20% of it remaining as [Fe"'(CN)s]*. In consequence, a minimal fraction of the -Fe-C=N-
structure is preserved, which we believe that positively affects the reversibility of the reaction.
Likewise, the fact that the Fe® formed are just surface NPs (wine) would also help in its oxidation
process. In summary, we can compile the evolution of both Fe oxidation states during the 1%

discharge as follows (see Equation (5)):

i+ Li* Li*
HS Fe®*-N + LS Fe'-C*5 HS Fe?*-N + LS Fe'-C" =5 Fel*-N + LS Fe'-C" 5’
+ e + e + xe—

+(y+z)Li* (5)

Fel*-N + x Fe!-C + (1-x) LS Fe“-C+(y+—Z>)e_(y+z) Fe® + (1-y) Fel*-N + (x-z)Fe'-C

+ (1-x-z) LS Fe''-C

During the first stage of charge (see Figure 6 and Figure S6), from the totally discharged state (5
mV) to 0.77 V, the Fel* population (orange) seems to augment slightly at the expense of the surface
Fe® NPs (wine) consumption, while the Fe' (violet) and the LS Fe'' (blue) populations stay almost
changeless. Then, in the 0.77 — 1.14 V vs. Li*/Li range, a considerable increase of about 11% of
the Fel* population (orange) is apparently observed as a result of a decline of ca. 14% in surface
FeP species (wine), accompanied by a slight 5% increment of Fe' (violet) and a decrease of approx.
3% in LS Fe" (blue). Please bear in mind that although 3-5% variation may not be statistically
significant, we aim to provide trends in the Fe % evolution. Despite the rise of reduced species and
the decrease of oxidized species are not expected during the oxidation process, this fact could be
explained by an “electrochemically stimulated” chemical comproportionation of Fe'!' and Fe® to

yield Fe' in addition to the electrochemical Fe® — Fe* direct oxidation, what also supports the
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theory that the violet component is Fe' (instead of Fe®). Above 1.14 V, the amount of Fel* (orange)
continues growing while depleting Fe® (wine). A mild increment of the percentage of LS Fe"" (blue)
due to the slight descent of the corresponding Fe' (violet) is also detected. The growth in Fe'
population (violet), followed by its fall at intermediate points of the oxidation curve (between 1.14
and 1.6 V), may manifest some type of competitiveness between the LS Fe'" (blue) and Fel*
(orange). Although the isomer shift and quadrupolar values may suggest that both Fel* and Fe'
formed may be LS, the spin state (either HS or LS) of these species could not be determined, given
the limited information (Table S2) available regarding Fe(l) complexes characterized by °'Fe-
Maossbauer in the literature. If these species were stable, further assignment of the spin state of
Fe(I) (S=3/2 or 1/2) could be obtained from magnetic susceptibility measurements>®. Nonetheless,
it is quite unlikely that Fe'* and Fe' remain invariant in that unusual oxidation state once we stop
applying a continuous voltage and disassemble the in operando cell (in a glove box), to prepare
the sample for such magnetic measurements. We firmly believe that we were able to identify the
generation of Fe(I) species thanks to the utilization of an in operando cell. Otherwise, only
metastable species, such as Fe(Il) and Fe(0), would have been detected, as proven when other ex-

situ experiments, such as XAS, are conducted.
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Figure 6. Evolution of the different iron spectral components observed along the first charge of

K-PB vs. Li*/Li. The blue, orange and purple circles represent, respectively, the LS Fe'-C, Fel*

and tentatively Fe'; and the wine starts are assigned to surface Fe® NPs.

In brief, the charge reaction is dominated by the oxidation of Fe® NPs to Fe'*, so there is no reason
to think that limiting the lower cut-off voltage to avoid the formation of surface Fe® NPs would
result in any improvement of performance. The percentage of Fe® decreases from 40% to 10%,
contrasting to the increase in the population of Fe'* from 30% to 50%. Additionally, in general
terms, a rise of both Fe' (violet) and LS Fe'' (blue) populations also occurs (from ca. 15 to ca. 20%,
in both cases) before any oxidation of Fel* to HS Fe?* could be observed. There is, indeed, an

asymmetry in the sequence of reduction and oxidation reactions at the two Fe sites, since the more
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ionic N-Fe is prone to react earlier both in reduction and oxidation. However, the reversibility of
the cycling process is undeniable, as already proven by the electrochemistry (Figure 1b) and the
XAS spectra (Figure 3). The hyperfine parameters of the different Fe components at each stage
and their variation along the oxidation process are summarized in Table S3. According to the
changes in the Fe oxidation state discussed to take place during charge (Figure 6), 65 mAh g
would be due to oxidation of Fe® to Fel*" and to LS Fe". However, experimentally 250 mAh g
are observed. The remaining 185 mAh g™ must be due to additional reversible processes, such as
to Li* insertion into the 20 wt.% conducting carbon at very low voltages®® and other processes
reported to occur in conversion reactions, e.g., LIOH formation and subsequent generation of LiH
and Li>O in OH-containing systems or materials,®® as it is K-PB. Actually, LiOH had already been
detected at the end of the K-PB discharge,'® as stated in the introduction. Although the contribution
of the Fe redox processes to the reversible capacity may seem low, this is most likely due to the
large voltage hysteresis seen in the measurements conducted with the in-situ Mossbauer cell.
However, its contribution is larger in Swagelok and coin-type cells (as Figure S4 corroborates),
reaching an oxidation capacity of 400 mAh g in the same voltage range and C-rate, a value above

the maximum 350 mAh g due to Fe%/Fe'*'//Fe?*!" redox pairs.

The formation of Fe® NPs is unequivocally confirmed by ex-situ XAS analyses and in-situ >Fe-
Mdssbauer experiments. Although the percentage of Fe® estimated in the totally discharged state
by the two techniques here used differs slightly, from approx. 58% according to XAS to 40% based
on °’Fe-Mossbauer analysis, it is important to bear in mind that the former measurements were
conducted ex-situ, hence, giving some time for the present metastable Fel* species to evolve
towards equilibrium and increase the population of those more stable Fe?* and Fe® species, while

the Mossbauer experiments were done in operando (out of thermodynamic equilibrium). It seems
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then that the Fe™ species, if not thermodynamically stable (which remains to be proven), are highly
favored during electrochemical cycling, as its formation occurs even from Fe' during oxidation.
The stability of these Fe™ could be key to explaining the good reversibility with lower
electrochemical potential in this Prussian Blue system with respect to conversion reactions of other
Fe species. Indeed, this K-PB shows about 0.5 V of hysteresis at ~9 mAh g, while 0.7 V are seen
in iron oxofluorides,®* 0.9 V in iron oxides® and 1.2 V in iron fluorides?®. Although Mossbauer
studies have not been performed for most of these systems, a detailed in situ Md&ssbauer
investigation on Fe,03 % did not show any additional signal in between the disappearance of Fe*

and formation of Fe° nanoparticles.

To summarize, in addition to confirming the conversion reaction mechanism for K-PB at low
voltages in LIBs through XAS data, Mdssbauer results show the surprising formation of two
intermediate Fe' and Fel* species during lithiation, prior to the full reduction to Fe® NPs. To the
best of our knowledge, this is one of the few times that the formation of species with metals in
oxidation state +1 are speculated for anode materials in the battery field, 161722 the first time for
iron and the first time that it is supported by experimental evidences (°’Fe-Mossbauer spectra).
These species, Fe® NPs, Fe'* and Fe', are also involved and are crucial in the charge process, which
seems to be facilitated with respect to conversion reactions where direct Fe?* 5 Fe® reaction with

higher overpotential associated takes place.

CONCLUSIONS

The conversion reaction that K-PB experiences when cycled in the low voltage region (1.6 - 0.005

V vs. Li*/Li) as anode material in LIBs has been proved within this study, through ex-situ XAS
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and in operando Mdssbauer experiments. Ex-situ XAS measurements in the XANES region reflect
the evolution of Fe®*-N and Fe'-C present in the pristine material to Fe® NPs upon discharge,
reaching a population of the latter greater than 58% at the end of discharge. The EXAFS region
suggests the rupture of some of the Fe-C=N-Fe bond after the first discharge. Besides, in-situ
Mdossbauer data collected in operando while electrochemically cycling K-PB allowed to detect
two intermediate Fe species, Fel* and Fe', and elucidate a sequential mechanism for the conversion
reaction of each of the two Fe species. Along the discharge process, HS Fe3*-N gets first reduced
to HS Fe?* linked to N, forming Prussian White, as expected. Next, the Prussian White structural
framework evolves and undergoes an initial reduction step for the conversion reaction (HS Fe?*-
N — Fe!*-N), while the [Fe'(CN)s]* units are preserved. Before all HS Fe?*-N is converted into
Fel*-N, LS Fe'-C starts reacting forming what we have assigned to Fe'-C. Once all the Fe?* has
been transformed into Fel*, a new species ascribed to surface Fe® NPs is formed at the expense of

both Fe!* and Fe', confirming the expected conversion reaction.

As for the oxidation process (charge), the population of Fel*, Fe' and LS Fe?*-C augments whereas
that of Fe® decreases. As the totality of LS Fe?*-C is not consumed in the first reduction and a little
fraction remains available, this and the formation of stable Fe* species help to decrease the
overpotential - compared to the conversion reactions of other Fe-based compounds - and

guarantees the reversibility of the redox reaction.
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TGA analysis, SEM images and XPS spectra of the pristine material; overlapped
representation of the Fe K-edge XANES spectra collected ex-situ for K-PB electrodes
cycled vs. Li*/Li up to/down to the same potential; XAS spectra at the Fe K-edge in the
EXAFS region along the first (dis)charge and second discharge of K-PB vs. Li*/Li;
comparative voltage profile of K-PB electrochemically cycled in a coin cell and the in
operando cell, accompanied with a detailed description of the in operando cell; table
collecting the hyperfine Mossbauer parameters of some Fe*-containing complexes reported
in the literature; table gathering some available information about hyperfine Mdssbauer
parameters for Fe®-containing materials, and how they contrast with the values obtained in
this work; ss °F- and ®Li-NMR spectra of K-PB at the end of the first discharge, along
with a brief description of the results; selected Mdssbauer spectra obtained at different
points of the first charge of K-PB vs. Li*/Li; and hyperfine parameters extracted from the
Massbuer fitting for LiK-PB along the first charge.
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Please see the reduced 8,25 cm x 4,45 cm” version below:
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