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Abstract

The development of functional materials based on Earth-abundant, environmentally-
benign compositions is critical for ensuring their commercial viability and sustainable
production. Here we present an investigation into the crystal chemistry and electro-
chemical properties of the muscovite clay KFeg 75Si3.95019(OH)2. We first report a low
temperature hydrothermal reaction that allows for a significant degree of control over

sample crystallinity, particle morphology, and cation distribution through the lattice.



A complex sequence of stacking faults is identified and characterized using a combi-
nation of Mdssbauer spectroscopy and total scattering neutron experiments. We then
show the existence of a reversible electrochemical process using galvanostatic cycling
with complementary cyclic voltammetry suggesting that the redox activity occurs pri-
marily on the surface of the particles. We conclude by determining that the ability to
(de)intercalate Li-ions from the material is hindered by the strong negative charge on
the transition metal silicate layers, which prevents the displacement of the interlayer
K-ions. This work calls attention to a hugely Earth-abundant family of minerals that

possess useful electrochemical properties that warrant further exploration.
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Introduction

There is currently a pressing need to development new ways to store very large amounts of
energy as demand for electric vehicles and microgrid-scale solutions continues to grow. In
many ways, batteries are ideal for these applications as they have high round-trip Coulombic
efficiencies and their capacity can be easily adjusted to meet a wide variety of applications.
Yet, scaling pack production to meet this demand, which will quickly grow to be hundreds
and thousands of megawatts, will require huge increases in the consumption of precious
transition metals and will eventually present serious challenges for their long-term sustainable
manufacture.?

While many reports in the literature have called attention to the scarcity of lithium as a
potential road block for Li-ion batteries,* more worrying is the fact that critical transition
metals like cobalt are only located in a small handful of countries where political instability
can cause the price of ores to spike unpredictably.® A shift towards materials based on Earth-

abundant metals, like Fe, will not only help to address issues of cost to manufacture but also

ensure that production can efficiently scale to the levels needed to meet the global demand



for energy storage.® In this regard, iron silicates, which in many ways are the very definition

of sustainable materials, offer clear advantages.”

Figure 1: (a) Illustration of a unit cell of 2:1 phyllosilicates. The topology of the compounds
contains corner-sharing tetrahedral SiO, layers (grey, b) sandwiching edge-sharing layers
of FeOg octahedra. K™ ions (yellow spheres) sit in the interlayers that exist between the
repeating sandwiched layers. There are two metal sites in the octahedral layer, a “honeycomb
site” and a “stuffed site”, shown in green and brown, respectively, in (c¢) and (d). Black
spheres represent hydrogen atoms.

Like many other polyanionic materials transition metal silicates are a hugely diverse
family of structures and compositions.® 7 Interest in their electrochemistry has primarily
focused on polymorphs of the orthosilicate LisFeSiO,4, which consists of corner-sharing tetra-
hedral Li, Fe, and Si, where reversible Li*-(de)insertion has been demonstrated between
2.8V and 3.1V against Li/Li".'® However, problems with instability against air, moisture,
and long-term cycling, have hindered the success of these phases.® 2 Building on these re-
ports, our group explored the performance of pyroxene LiFeSi;Og and found it possible to
reversibly cycle against Li around 2 V with a capacity around 60% of its theoretical maximum
(125mA-h-g~1). Unfortunately, this material’s rate performance was found to be extremely
sluggish even after optimizing the particle size, which led us to attribute the slow diffusion
to the rigid structural framework of the Si;Og chains.?!

This motivated us to seek a more open silicate framework in order to improve the rate

performance while remaining stable in the voltage window of an electrochemical cell. We



first identified the phyllosilicate family of minerals as having the greatest potential because
of the well-segregated layers of transition metal and silicate groups, which is reminiscent
of the ordered rock-salt phases like LiCoOy (Figurel). In the following, we describe the
development of a highly versatile hydrothermal reaction that allows for efficient control over
particle morphology and cation distribution through the complex network of crystallographic
positions. We also demonstrate that, with proper processing to increase their electrical
conductivity, these materials exhibit highly reversible electrochemical cycling on the Fe3*
to Fe?T redox couple at the surface of the particles. While the large molecular weight and
surface-limited redox properties limits their usefulness as intercalation hosts, the low-cost
Earth-abundant character of these materials clearly warrants further investigation for use
in applications where electrochemistry on surfaces is a desirable property as in sensors or

electrocatalysts.

Experimental Section

Synthetic Methods. In a typical preparation, 0.020mol KOH, 0.004 mol SiO, (fumed
silica, 0.2-0.3 um average particle size), 0.002 mol Fe(NO3)3-9H,0 (K/Fe = 10/1), and 1.00 g
polyvinylpyrrolidone (PVP) (average molecular weight = 10,000 g/mol) were combined in
15 mL of deionized water. The resultant red slurry was transferred into a 23 mL Teflon-lined
stainless steel autoclave, sealed and maintained at 220 °C for 16-18 hours. Once the autoclave
was cooled, a dark green powder was collected by vacuum filtration, washed with distilled
water, and dried at 110°C for 30 mins. When varying amount of one precursor was chosen
to study its effect on the preparation, loading of all other precursors were kept the same as

stated above.

Physical Characterization. Elemental analysis was performed in-house using a Thermo
Scientific iCAP 7000 inductively coupled plasma-optical emission spectroscometer(ICP-OES).

Roughly 2.0mg of sample powder was digested with 10% HNO3 and 2% HF in a polyethy-



lene volumetric flask, with each sample being measured three times, and the presented values
representing the average over all measurements.

Laboratory X-ray diffraction patterns were collected on a Bruker D8 diffractometer with
a Cog, source (A = 1.78897 A, \y = 1.79285 A), equipped with a Lynxeye detector. High
resolution synchrotron powder diffraction data were collected using beamline 11-BM at the
Advanced Photon Source (APS), Argonne National Laboratory using an average wavelength
of 0.413682 A. Discrete detectors covering an angular range from -6 to 16° 26 were scanned
over a 34° 20 range, with data points collected every 0.001° 20 at a scan speed of 0.01°s7!.
Neutron pair distribution function (PDF) data were collected on the NOMAD beamline at
the Spallation Neutron Source at Oak Ridge National Laboratory at 60 Hz setting. ??

Le Bail fits and Rietveld refinement of the structure were carried out using the TOPAS
software suite (version 6) using the fundamental parameter approach.? Anisotropic broad-
ening of the Bragg reflections due to strain was modeled using the Stephen’s model.?* A
numerical method was used to characterize the honeycomb stacking faults in the synthesized
silicates with a 30-layer supercell. The local structure was refined using either least-square re-
finements or simulated annealing of the initial Rietveld model using total scattering neutron
data. Structures and charge density were visualized using VESTA.?

>"Fe Mossbauer spectra were collected in the transmission geometry with a source of *’Co
in Rhodium metal. During the measurements, both the source and the absorber were kept
at ambient temperature (294 K). The spectrometer was operated with a triangular velocity
waveform. The velocity scale was calibrated with the magnetically split sextet spectrum of
a high-purity a-Fe foil as the reference absorber. The absorbers were made by mixing 40 mg
of the compound with 80mg of boron nitride. The spectra of the measured samples were
fitted to an appropriate combination of Lorentzian profiles representing quadrupole doublets
by least-squares methods. In this way, spectral parameters such as quadrupole splitting
(QS), isomer shift (IS), and relative resonance areas of the different spectral components

were determined. Isomer shifts are given relative to a-Fe metal.



The electrochemical performance of the materials was characterized using Swagelok-type
cells. Prior to cell-assembly, the as-prepared sample was first heated at 600 °C for 2 hours
in air in order to remove any organic residue from the PVP and ensure efficient electrical
conductivity. The active materials were then ball-milled (Spex®8000) with 30 wt% of Super
P carbon for 10 minutes under Ar atmosphere. Cells were assembled in an argon-filled glove
box with a Li-metal disk as the negative electrode. Two Whatman®GF/D borosilicate
glass fiber sheets were used as the separator. 1M lithium 4,5-dicyano-2-trifluoromethyl-
imidazolide (LiTDI) in ethylene carbonate and dimethylcarbonate (1:1 v/v) was used as the
electrolyte. 2wt% of vinylene carbonate (VC) was also added to facilitate the formation of

a more robust passivating layer on the cathode.

Results and Discussion

Phyllosilicate clays make up roughly ten percent of the Earth’s crust.” Previous studies on
the naturally occurring minerals have focused primarily on their structural, morphological

26-29

or spectroscopic characteristics, with their physical and catalytic properties drawing the

most attention from the petrochemical industry for use as oil drilling mud and the catalytic

30,31 The electrochemical activity of transition metal clays has been

cracking of hydrocarbons.
explored in the past; however, much of the work was focused on electron transfer between
intercalated species and structural ions in mineralogical samples. 3?3 There are also scattered
reports on the electrochemistry of synthetic phyllosilicates,“®*! but the lack of crystallinity
prevented the development of more detailed correlations between structural features like
stacking faults and cation disorder.3’

The structure of a prototypical 2:1 trioctahedral phyllosilicate is illustrated in Figure 1.
Each sheet of the clay is composed of a transition metal layer sandwiched by two layers of

corner-sharing SiO, tetrahedra that form the complex polyanionic group shown in Figure 1

(b). Within the octahedral layer there are two metal sites: one forming a hexagonal network,
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Figure 2: (a) SEM image of as-prepared sample and (b) results of a LeBail fit of as-prepared
sample using a C2/m space group against synchrotron XRD pattern obtained on the 11-BM
beamline at Argonne National Laboratory.

which we will refer to as the “honeycomb site” (green in Figure 1), while the other sits in
the interstitial of the hexagonal net that we will refer to as the “stuffed site” (brown in
Figure 1). The honeycomb site is distinguished locally by hydroxyl ions that coordinate in
cis positions whereas the stuffed site has hydroxyls located in a trans configuration. K ions
located between the layers bind the layers tightly together and compensate the net negative
charge on each sheet.

The precise composition of the as-prepared material was determined using a combination
of ICP-OES and CHNS elemental analysis, which resulted in a nominal stoichiometry of
KFes 755i3.250190(OH)2. This composition suggests that the as-prepared samples are a syn-
thetic form of iron muscovite with a nominal cation distribution of KFe(Sis 25Feq 75)O010(OH)a,
where most of the iron is found within the transition metal layer, but a small fraction also
substitutes for some of the silicon in the tetrahedral sites.*? This composition was highly

repeatable for a fixed set of reaction conditions.



Figure 2(a) shows a typical SEM image of the as-prepared samples where it can be seen
that most of the particles adopt a plate-like shape with a thickness around 100nm and a
diameter of 1 um. This kind of morphology presents unique challenges in that the resulting
X-ray diffraction pattern exhibits a significant degree of anisotropic broadening of the peaks.
This is best seen in the insets of Figure 2(b), which demonstrate that the (00/) peaks, corre-
sponding to the direction along which the sheets are stacked, are significantly sharper than
the intralayer reflections.

Given the complexities associated with the morphology and its impact on the scattering
data, we set out to develop structural models that could accurately fit the resulting patterns.
For the purpose of our modeling, we defined a single repeat slab as consisting of one transition
metal layer, the two adjacent silicon tetrahedra layers, and one layer of K-ions. The various
ways these slabs can be stacked with respect to each other results in a number of space
groups, 7 but the three most common are P3;12, C2/c and C2/m. Le Bail fits using
the synchrotron X-ray diffraction data,*® described in detail in the Supporting Information,
showed that the pattern is best described using the monoclinic unit cell C2/m, with cell
parameters of 5.342 A, 9.227 A, 10.270 A, and 100.864°. P3,12 could not describe the small

monoclinic distortion and C2/c results in extra reflections.
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Figure 3: Least-square refinement of the local structure of KFes 75513 25019(OH)5 using neu-
tron PDF data obtained at the NOMAD beamline at the Oak Ridge National Laboratory
(Ruwp = 14.65%). Locally, the octahedral Fe and vacancy sites are found to be well-ordered
though about 5% Fe are refined to be randomly distributed on the vacancy site.



To determine the exact distribution of Fe across each site, small-box least-square refine-
ments were performed on total scattering neutron data, the results of which can be found in
Figure 3 and Supporting Info Table S 1. From these refinements, it is clear that Fe predomi-
nantly occupies the honeycomb site while the stuffed position remains mostly vacant except
for a roughly 5% random occupancy by Fe. This is fully consistent with Mossbauer data
that will be discussed in greater detail later(Tables] and 2), and confirms that the materials

we obtain are analogues of iron muscovite.
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Figure 4: (a) Rietveld refinement of average structure of KFes 75Si3.95010(OH)s using syn-
chrotron XRD data. The saw tooth shaped diffraction peak (or Warren peak) at about 5.2°
indicates the existence of diffuse scattering signal induced by stacking faults in ¢* direction.
The Fe occupancy on the octahedral Fe?* and vacancy sites were allowed to vary during the
refinement to account for the honeycomb stacking disorder along c-axis direction. The de-
gree of site mixing reflects the degree of honeycomb stacking disorder in c-axis direction. (b)
Refinement of KFey 755i3.25010(OH)y based on synchrotron data using the numerical 30-layer
supercell with lateral translation vector model. The inserts show the fits to the major 020m
or 100p (m indicates miller indices in monoclinic configuration and p indicate miller indices
in primary trigonal configuration) diffuse scattering peak and other related reflections.

After confirming that Fe was well-ordered within the ab-plane, we sought to describe the



coherence between these sheets. Our first approach was to estimate the degree of stacking
faults by introducing Fe and vacancy anti-site disordering during Rietveld refinement. This
anti-site mixing does not truly indicate site mixing but instead reflects the degree of stacking
disorder between the honeycomb layers along the stacking direction.*%%° The best fit using
this method, shown in Figure4(a), indicated a stacking fault concentration of approximately
20%, suggesting that the coherence of the stacking sequence is interrupted every five layers
on average. Structural parameters from this refinement are listed in Supporting Info Ta-
ble S2. While reasonable fits could be achieved using the method above, obvious intensity
mismatches were still observable for many reflections, especially for the strong diffuse scat-
tering (or Warren) peak at about 5.2°.%! It was therefore clear that a larger supercell along
the stacking direction, which could account for the aperiodic stacking of the sheets, was
needed to effectively describe the structure. Therefore, a supercell with a c-axis translation
periodicity of 30 layers (~30nm) was constructed within TOPAS. The three lateral trans-
lation vectors were initially randomly distributed among these 30 layers, and it should be
noted that the in-plane components of these vectors were allowed to vary from ideal values
in order to account for the monoclinic distortion. As seen in Figure4(b), a dramatic im-
provement could be achieved and almost all diffuse scattering intensity successfully modeled
in this way. This method yielded approximately a 25% stacking fault concentration based on

1,%° which is slightly larger than what was obtained

the counting scheme proposed by Liu et a
from the Rietveld method, but is expected to be a more accurate reflection of the degree of

disorder in the compound.

Effect of reaction conditions

Having developed a better understanding of the structure, the effects of varying the synthetic
conditions were then explored, beginning with the influence of KOH concentration. The
laboratory diffraction patterns for different loadings of KOH are shown in Figure5, where

the amount of Fe(NOj)s, silica, and PVP were held constant at the values discussed in the

10



Increasing KOH

Intensity

Intensity (arb. units)

20 40 60 80
20 (A =1.78897 A)

Figure 5: Laboratory X-ray diffraction patterns on hydrothermally prepared Fe-
phyllosilicates with different KOH concentrations. From top to bottom the conditions con-
sisted of a KOH:Fe ratio of 2.5:1, 5:1, 7.5:1, and 10:1.

Experimental Section while the molar ratio of KOH to Fe was adjusted from 2.5:1 to 10:1.
As more KOH was added to the reaction mixture, the diffracted intensity increased and was
correlated with a sharpening of the peaks, indicating the crystallinity of the final product
was significantly improved. The corresponding FTIR are presented in Figure S6, and show a
sharpening of the resonances with increasing base content. This suggests that the reaction
proceeds through a dissolution-precipitation process, with higher concentrations of KOH

dissolving the SiOy more efficiently and improving the quality of the resulting crystalites. 5223

This dissolution-precipitation mechanism was further supported by Figure 6, which shows
SEM images of samples prepared from various KOH concentrations. For the smallest amount
of KOH, particles resembling the morphology of fumed silica are clearly seen, supporting the
notion that the solution is not basic enough to fully dissolve all of the precursors. As the KOH
to Fe ratio reaches 5:1, heavily agglomerated plate-like crystallites can be found, but only
after the concentration of base exceeds 7.5:1 do well-defined particles begin to appear. Most
likely, low concentration of KOH prevents the correct Fe:Si ratio from existing in solution
and results in off-stoichiometric particles with poor crystallinity.

Mossbauer spectroscopy was used to examine how the local environment of Fe was af-

11



Figure 6: SEM images of phyllosilicate samples prepared with different KOH concentrations.
(a), (b), (c), and (d) correspond to samples prepared with KOH to Fe ratio of 2.5:1, 5:1,
7.5:1, and 10:1, respectively.

Table 1: Distribution of Fe environments of phyllosilicates prepared with increasing KOH
concentration. Values marked with (*) were fixed during the fitting procedure to increase
stabilize the routine.

K:Fe Environment % IS QS LW
(mol/mol) mm/s mm/s mm/s
30ct(1)  88(4) 0.346(4

2.5:1 ) 0 A4(1)
30ct(2) 12(4) 0.431(3) 1.28(8) 0.39(3)

20ct(1) 8(2) 1.100(4) 0.97(1) 0.49(4)

5.0:1 30ct(1) 39(2) 0.430(2) 0.77(1) 0.30(*)
3Tet(1) 54(2) 0.271(2) 0.43(1) 0.46(*)

_— 30ct(1) 87(3) 0.332(7) 0.58(1) 0.45(1)
o 3Tet(1) 13(3) 0.165(9) 0.36(3) 0.35(3)
20c(1) 4(*)  1.150(*%) 2.39(6) 0.46(*)

10.0:1 20ct(2) 5(1)  1.050(*) 0.78(5) 0.30(*)
o 30ct(1) 76(1) 0.348(4) 0.56(1) 0.30(2)
3Tet(1) 15(1)  0.172(5) 0.36(1) 0.33(2)

fected by different concentrations of KOH and PVP. A representative Mossbauer spectrum
is shown in Figure 7, with the resulting fits to several samples prepared with different KOH
concentrations given in Table 1. Samples repeated under the same reaction conditions were
found to produce the same spectra within the error of the measurement, and those from dif-
ferent conditions were clearly distinguishable from each other as seen by comparing Figure 7

with SI FigureS7. As mentioned earlier, the iron appears to be distributed between two

12



Table 2: Distribution of Fe environments of the phyllosilicates prepared with different PVP
additions.

PVP (g) Fe3t  Fe’t Fe3* Fe?*
Oct,% Tet, % total, % Oct, %

0 72(1)  22(1)  94(1)  5(1)
0.1 81(2) 19(2)  100(2) 0
0.4 78(1)  12(1)  90(1)  10(1)
0.7 81(2) 15(2)  96(2)  4(2)
1.0 82(2)  14(2)  96(2)  4(2)

different octahedral environments as well as on the tetrahedral sites. Indeed, we see some
signature of Fe3T filling the tetrahedral site for KOH to Fe ratios exceeding 5:1 as listed in
Table 1. Given that the (001) reflection (Figure5) and the disk-like morphology (Figure6)
do not evolve until KOH to Fe ratio is greater than 5:1, the substitution of Fe3* onto the
tetrahedral site appears to be correlated with an increase in coherence between the (001)

planes.

Relative Transmission (%)

Velocity (mm s

Figure 7: Room temperature Mdssbauer spectrum of the as prepared KFe-20.

It is interesting to note that despite using a purely trivalent Fe(NOj3)3-9H,O precursor,
samples prepared in the presence of PVP often contained Fe?* between 5-10%. PVP has
frequently been used in hydrothermal reactions as a templating agent to control the shape
of particle growth, but is also known to have a slight reducing character.?*%> Indeed, NMR

spectra of the solution after hydrothermal treatment showed the presence of typical aromatic
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sp? carbon, which is probably due to the oxidation of PVP (SI FigureS8). Varying the PVP
content was also found to produce a continuous change of color in the resulting powder from
brown, when no PVP was added, to dark green, when 1g PVP was added, despite nearly
identical powder XRD and SEM images for all of the products. (Supporting Info Figures S 8
and S9) More interesting, the Mossbauer spectra of samples prepared with varying amounts
of PVP show that increasing PVP content appears correlated with a decreasing concentration
of Fe3* on the tetrahedral site, staying around 15% when more than 0.4g of PVP was
used (Table2). This change in the concentration of tetrahedral iron likely explains the
variation in colors of the samples as there may be some kind of charge transfer process
between the octahedral and tetrahedral iron sites. Combining the results from elemental
analysis and Mdssbauer spectroscopy, the composition of the as-prepared KFeSiO-20 sample
was confirmed to be K(Fe?* | 75Fe®t (105)n(Feptos)s(SizasFepts):010(OH)y, with h and s
indicating the octahedral honeycomb and stuffed sites respectively while the ¢t denotes the
tetrahedral position. All of the electrochemical characterization in the following section was
performed on materials prepared under these conditions. Samples with less crystallinity were
also evaluated, but it was found that the critical step of heating to 600°C resulted in the
crystallization of Fe;O3 as an impurity phase, which interfered with accurately evaluating

the redox properties of the phyllosilicate.

Electrochemistry

Having firmly established the structure and composition of the synthetic muscovite, we
turned to characterize the electrochemical properties. Prior to testing, all samples were
pre-treated by heating at 600°C for two hours in order to remove any interlayer water
and potential residual products from PVP decomposition that could interfere with the elec-
trochemical performance.®® Importantly, no obvious change to the diffraction patterns was
observed following this heat treatment(SI FigureS9); however, TGA and DSC measure-

ments (SI Figure S 10) show a mass loss of 4% at these temperatures. This mass loss is very
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close to the 3.6% loss expected for the removal of a single hydroxyl moiety from the bulk
of the material and is in keeping with reports in the literature that suggest these groups
can be lost at elevated temperatures.®” Indeed, a closer inspection of the total scattering
data (Supporting Info FigureS11) alongside the Mdssbauer spectra of the activated phase
(Supporting Info Figure S 12) reveals that heating results in the loss of some hydroxyl groups
as previously reported in the geochemistry literature.®® Interestingly, the Mossbauer spectra
of the activated phase also shows the complete oxidation of the Fe?* in the structure to Fe3*,
and so the transformations that occur at elevated temperature may actually be more com-
plex and involve a mixture of deprotonation and dehydroxylation events in order to maintain
the overall charge neutrality as has also been studied previously.?®% Yet, since the Bragg
diffraction patterns are mostly unaffected by the loss of these hydroxyls, their removal does
not appear to compromise the long-range structure to any significant extent.

Fluorinated electrolytes, such as LiPFg, are known to chemically attack silicate elec-

2161 g0 LiClO, in ethylene carbonate and dimethylcarbonate (1M, 1:1 w/w) was

trodes,
used during the initial characterizations. Yet in these cells, the system showed little re-
versibility, which is believed to be related to the difficulty in creating stable solid-electrolyte
interfaces (SEIs) on the surface of silicates.®' (Supporting Info Figure S 13) Niedzicki et al.
demonstrated imidazole-derived salts, like lithium 4,5-dicyano-2-(trifluoromethyl)imidazole
(LiTDI), exhibit a higher degree of stability over a fairly large voltage window. % Of the elec-
trolytes tested, 1 M LiTDI in ethylene carbonate and dimethylcarbonate (1:1 v/v) provided
the best performance.

Figure 8 (a) shows the electrochemical performance between 1.5V and 4.0V after ball-
milling with 30 wt% carbon. Cycling below 1.5V resulted in an irreversible conversion re-
action that decomposed the active material, and ultimately degraded the performance of
the cells. A reversible capacity near 40% of the theoretical max (58 mA-g-h™') was ob-

tained when cycling at a rate of C/20, despite a small irreversibility that is likely associated

with the poor SEI formation reported by Ensling et al. on other silicate-based materials. %!
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Figure 8: Electrochemical performance of as-prepared KFeSiO. (a) voltage-composition curve
with a recyclable capacity equivalent to 0.4 Li per formula unit at a rate of C/20. (b)
derivative curve with redox peaks lying around 2.5V.

Derivative curves of the voltage-composition profile show that the reversible process cen-
ters around 2.5V against Lit/Li (Figure8(b)). This potential is slightly lower than what
is seen for Fe?™ /Fe?" in other polyanionic electrodes, it lies just between the 2.8 V found in
LisFeSiO4 and 2.0 V reported for LiFeSipOg. 2% Attempts were made to evaluate changes in
the oxidation state of the iron after cycling using Mossbauer spectroscopy, but discharging
a sufficiently large sample for an accurate spectra proved impossible. To overcome these
limitations, operando experiments are planned using samples enriched with > Fe to decrease
the amount of sample needed and more accurately probe changes in the valence.
Considering the plate-like morphology, it may be expected that, despite the pronounced
Faradaic peak, a significant degree of capacitive contribution to the total capacity is seen in
Figure 8. The individual contributions from the diffusion limited process (intercalating) and a

surface controlled process (capacitative) are best differentiated by examining the relationship
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Figure 9: (a) Cyclic Voltammetry of the cell at sweep rates between 0.1mV-s~! and
10mV-s~t. (b) The relationship between the peak current and sweep rate during continuous
cyclic voltammetry experiments.

between peak current and sweep rate in cyclic voltammetry (CV) analysis. %% Figure9(a)
shows CV scans collected at sweep rates between 0.1mV-s~! and 10mV-s~!. The scans
feature the same redox peaks centered around 2.5V against Li/LiT that were seen in the
derivative curve of the galvanostatic cycling, with the peaks broadening with increasing
sweep rates.

Figure 9 (b) shows a plot between the log(peak current) against log(sweep rate), which
shows a clear deviation from a linear fit between scan rates slower than 1mV-s~! and those
faster than 1mV-s™!. Instead, two linear fits were used, which resulted in a slope of 0.83 (R?
= 0.9936) for the slower region and a slope of 0.62 (R? = 0.9961) for the faster region. Both
values are between 0.5, expected for solid-state diffusion limited process, and 1, expected

for surface controlled electrochemical process. This confirms that intercalation based redox
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process takes place when the sample is cycled against Li, although a certain amount of
surface based process also contributes to the overall reversible capacity. The change of slope
from 0.83 to 0.62 is similar to what is seen in T-NbyOj5 and other systems, and is attributed
to sources such as a change of ohmic contribution due to active material resistance, or solid-
electrolyte interphase resistance. 64:66

The observation of surface-dominated electrochemistry was, at first, unexpected. The
layered topology of the phyllosilicate structure is closely related to intercalation hosts like
LiCoQOs, with the principle distinction being that the inter-layer cation is potassium. It is well
known that K-based clays are far more difficult to ion exchange than Na- or Ca-containing

67,68 Tn fact, Gaines demonstrated that the mineral muscovite itself is only capable

analogues.
of exchanging microequivalents of K in solution phase reactions.® Despite our best efforts,
which included soaking in molten Li salts for several hours, we never observed a significant
change in the K content of the materials by ICP. As we have seen through our structural
analysis, potassium significantly increases the crystallinity and the coherence between the
planes, despite the complex stacking sequence. Thus, the difficulty of displacing the interlayer
potassium is likely the most significant factor in restricting the electrochemistry to the surface
of the particles. Removal of potassium would result in the delamination of the structure and
require an oxidation of iron to the tetravalent oxidation state. As the Fe*™/Fe'* redox
couple often lays well outside the window of electrolyte stability,” electrochemical insertion
of lithium is far more easily achieved in empty stuffed positions on the surface of the particles.

This helps to rationalize the limited accessible capacity we observe since Li is unlikely to

diffuse easily through the interlayer space that is fully occupied by potassium.

Conclusion

In summary, we have presented a systematic study of the structure, composition, and mor-

phology of an electrochemically active iron silicate clay. Using a combination of spectroscopic
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and structural characterization tools, we precisely characterized the composition of highly
crystalline samples that can be made at relatively low temperatures. We also demonstrated
that ball-milling the materials with carbon activates a reversible electrochemical redox pro-
cess centered around 2.5 V. Future work to optimize electrode processing and a more com-
prehensive investigation into the heated form of muscovite would aid in fully comprehending
the redox properties of these materials. Yet, despite the fact that these phases seem ill-suited
to act as battery electrodes, this work demonstrates that transition metal phyllosilicates ex-
hibit surface-dominated redox activity that could be useful in a number of other areas of

electrochemistry.

Supporting Information Available

The Supporting Information contains a detailed discussion of the models used to characterize
the stacking faults, several additional fits to the data, and tables of the resulting structural
parameters. FTIR, total scattering data for the activated phases, NMR spectra of the post-

synthesis reaction solution, TGA/DSC, and additional CV curves are also included.
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