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Synthesis and X-Ray Absorption Spectroscopy of
Potassium Transition Metal Fluoride Nanocrystals’

Michael R. Plews,” Tanghong Yi,* John Lee,” Emory Chan,” John W. Freeland,© Dennis
Nordlund,? and Jordi Cabana*¢

Nanocrystals of KMF5 (M = Mn - Ni) and KsMFg (M =V, Fe) were synthesized via non-aqueous
routes based on colloidal chemistry. The effect of a variety of parameters on the purity, size and
quality of the nanocrystals was evaluated. Fluorides formed from mixtures of commercially avail-
able potassium trifluoroacetates and transition metal alkoxides, as opposed to existing methods
based solely on trifluoroacetate precursors. Particles of KMF3, with a bimodal distribution in the
range of several to tens of nanometers, were achieved. It was found that methodologies based
on the hot injection precursors often led to crystal sizes an order of magnitude smaller than co-
thermolysis as well as higher purity material. [X-ray absorption spectroscopy| revealed that M-F
bond hybridization increased with transition metal d-electron count. Further probing of the Fe K
and L edges, making use of different probing depths, KFeF, nanocrystals were found to have Fe'!
in the bulk, but the surface was rich in Fe'!!, but not as the product of oxidation. The developed
protocols and lessons learned could be leveraged to rapidly devise synthetic methods for other

alkali transition metal fluorides of interest.

1 Introduction

Research into nanosizing materials has grown vastly in the past
few decades, the driving force behind it being that interesting
new properties of materials begin to present themselves as the
size of the material diminishes®. In order to understand and
enhance these properties, efforts must be made into control of
size and shape of these materials. So far, the field has sought to
provide standard synthetic conditions and rules for nanocrystal
growth resulting in a large library of nanomaterials that exist
in a multitude of applications®®. By adding complex phases
to this library, understanding of the fundamental self-assembly,
crystallization, and growth mechanisms of nanocrystals will
continue to evolve.
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Complex fluorides with a perovskite structure have interesting
electronic, optical and magnetic properties. In particular,
KMF,; (M = Mn - Fe) have attracted interest in electrochemical
applications such as batteries®, and supercapacitors?. In both
cases, the use of small particles maximizes surface area, where
charge storage is initiated. In the specific case of alkali-ion
batteries: (i) fluorides could stabilize higher oxidation states
of transition metals by pinning the redox reaction at the metal
center. (ii) using a more electronegative anion lowers the Fermi
level in the cathode with respect to oxides, thereby raising the
operating voltage, and, thus, energy density of the overall cell.
In the case of perovskite fluorides, K™ ions have been shown to
deintercalate from KFeF;, compensated by oxidation of Fe5B8
These results encourage interest in potassium transition metal
fluorides, broadly, for electrochemical applications. However,
increased ionicity of the M-F bond compared to M-O causes
electronic insulation in the material. This issue, reinforces the
need for fluoride materials to be formed in the nanoscale to
minimize the lengths of electron diffusion. Therefore, synthetic
protocols for alkali-transition metal fluorides in nanocrystalline
form need to be established. Perovskite-type fluorides have
been synthesized previously@'[ﬁ], however the authors found no
reports of KMF, (M= Fe, Co) or KsMFg (M = V, Fe), one report
of KNiF3rZ], and several reports of KMnFBM whereby these ma-
terials were grown colloidally to <100nm. A common colloidal
synthetic protocol relies on the simultaneous decomposition of
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an alkali trifluoroacetate and a transition metal trifluoroacetate
or, alternatively, a bimetallic trifluoroacetate!®, in a solution
containing a surfactant in a high boiling point solvent. While
this method has proven fruitful, transition metal trifluoroacetates
are often unstable or difficult to synthesize. Broadly speaking,
defining the need for high concentrations of F in the reaction
environment would be valuable.

This study provides synthetic protocols for KMF; (M = Mn
- Ni) and K3MF, (M = V, Fe) nanocrystals from commercially
available precursors, with KMF; nanocrystals possessing a
mean crystal size of <15nm. We found throughout our study
that a transition metal trifluoroacetate was not required, and
similar results could be obtained through use of acetates and
acetylacetonates, all of which are commercially available.

In addition to synthesis, this study also probes the electronic
structure of the resulting nanocrystals using
[spectroscopy (XAS)l which provides insight into their bonding
character by complementary insight at both the transition metal
center and the fluoride anion. The resulting materials were char-
acterized by a variety of techniques to confirm the desired chem-
ical composition, structure, and morphology.

2 Experimental

Nickel(II) acetylacetonate, iron(II) acetate, cobalt(II) acetylace-
tonate, manganese(II) acetate, potassium trifluoroacetate, 1-
octadecene, and oleic acid were purchased from Sigma-Aldrich
and used without further purification. Oleylamine was purchased
from Sigma-Aldrich and was held at 120°C, degassed, and re-
filled with nitrogen gas three times over at least a 4 hour period
prior to use.

2.1 KMF; (M = Fe, Co, Ni) and K;MF¢ (M =V, Fe) Nanocrys-
tals via Co-Thermolysis

Potassium trifluoroacetate and the metal precursor were weighed
in an argon filled glovebox in stoichiometric amounts described
in Table [1] and added to a 50 mL three-necked round bottomed
flask. The flask was quickly attached to a Schlenk line flow-
ing nitrogen gas. Oleylamine (1.93g, 6.55mmol), oleic acid
(3.73 g, 13.23mmol), and 1-octadecene (5.05g, 20.15mmol)
were stirred vigorously before being added to the flask contain-
ing the solids to create a homogeneous solution. The mixture
was stirred vigorously, heated to 120 °C at 10 °Cmin~! and evac-
uated and refilled with nitrogen three times over a 2 hour period.
The solution was subsequently heated to 290 °C at 10°Cmin~!
(unless described otherwise in Table and held there for 1
hour. Lastly, the solution was allowed to cool naturally to 70 °C.
At 70°C ethanol (20mL, 200 proof) was added. The precipi-
tated mixture was then centrifuged at 10 000 rpm for 5 min, the
supernatant removed, and the solid redispersed in hexane (5
mL). Vortexing and sonication was used to aid redispersion be-
fore being reprecipitated with ethanol (10 mL). This procedure
was repeated 3-5 times before characterization of the resulting
nanocrystals.

2| Journal Name, [year], [voI.],1

2.2 KMF; (M = Mn, Fe, Co) Nanocrystals via Hot Injection

Potassium trifluoroacetate and the metal precursor were weighed
in an argon filled glovebox in stoichiometric amounts described
in Table|l|and added to separate 50 mL three-necked round bot-
tomed flasks under a flow of nitrogen. Oleylamine (6.55 mmol,
1.93¢g), oleic acid (13.23mmol, 3.73g), and 1l-octadecene
(13.23 mmol, 5.05g) were stirred vigorously before being split
evenly between the two flasks containing the solids. The mixtures
were stirred vigorously, heated to 120°C at 10°Cmin~! (unless
described otherwise in Table [I)), and evacuated and refilled with
nitrogen three times over a 2 hour period. The potassium solu-
tion was then heated to 290°C at 10°Cmin~!, while the metal
solution was kept at its degassing temperature. A cannula was
used to pierce and connect the two flasks, and using vacuum,
the metal precursor solution was injected into the potassium so-
lution as quickly as possible. The resulting solution settled at
220°C before being heated at 20°Cmin~! to the final reaction
temperatures as described in Table 1| The solution was held for
5min before being allowed to cool naturally to 70°C. At 70°C,
ethanol (20 mL, 200 proof) was added. The precipitated mixture
was then centrifuged at 10 000 rpm for 5 min, the supernatant re-
moved, and the solid redispersed in hexane (5 mL). Vortexing
and sonication was used to aid redispersion before being repre-
cipitated with ethanol (10 mL). This procedure was repeated 3-5
times before characterization of the resulting nanocrystals.

2.3 Characterization

[Powder X-ray diffraction (XRD)| patterns were obtained in a
Bruker D8 Advance diffractometer set up in Bragg-Brentano
configuration, using a Cu K (A = 1.5418 A) source with a step
size of 0.02° and a collection time of 1s per step. The samples
were sonicated in hexane before being dropcast on to a Si {111},
zero background wafer and scanned in air. Efforts were made
to quantitatively measure representative fractions of the samples
and avoid size selection. [Transmission electron microscopyj
(TEM)| images were obtained in a JEOL 3010 at 300keV on
glassy carbon coated copper grids (Ted Pella). Size analysis was
conducted manually on at least 300 nanocrystals of each material

using ImageJ software. All data was collected in accordance to
1819

currently accepted methods of nanocrystal size analysis

[XAS] was carried out at selected transition metal K- and L-
edges, as well as the F K-edge. Samples for measurements at
all L-edges and the F K-edge (680 eV to 720 eV) prepared by dry-
ing powder in a 60°C vacuum oven, followed by brushing on
to carbon tape inside an argon-filled glovebox. Measurements
were carried out at beamlines 4-ID-C at the
8.0.1 at the [Advanced Light Source (ALS)] and 8-
2 at the [Stanford Synchrotron Radiation Lightsource (SSRL)| At
the[APS] samples were loaded into the chamber in a glovebag un-
der positive pressure of argon. The measurements were collected
at 1x 1079 Torr, simultaneously in both the [total electron yield]
[(TEY)] and [total fluorescence yield (TFY)| mode, respectively. At
the samples were loaded in a sealed transfer vessel filled
with argon. The measurements were performed at 5 x 10~? Torr.

This journal is © The Royal Society of Chemistry [year]
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Data was collected using a current amplifier (Keithley)
and a Channeltron analyzer. At the samples were
mounted onto an aluminium sample bar using carbon tape inside
of a nitrogen glovebox, and transferred without exposure via a
nitrogen filled glovebag into the load lock chamber. The mea-
surements were all performed in a single load at 3 x 10~° Torr,
simultaneously collecting[TEY| (via the sample drain current),
(from a silicon diode, AXUV-100), and [auger electron yield (AEY)|
using a double-pass cylindrical mirror analyzer at 200V pass en-
ergy. All spectra were normalized to the incoming flux measured
from a gold covered mesh upstream of the main chamber.

Fe K-edge as measured as beamline 20-BM-B at the
Samples were prepared by finely grinding the dry powdered ma-
terial with cellulose (as purchased from Sigma Aldrich) as a
binder. The concentrations were calculated to 2.5 x the absorp-
tion length of the sample. The mixture was then poured into
a hand powered pellet press and compressed to a diameter of
120 mm and thickness of 25 mm. Lastly, the pellet was sealed be-
tween two pieces of Kapton tape. Measurements were made in
transmission mode using gas ionization chambers to monitor x-
ray intensities. A rhodium-coated x-ray mirror was used to reject
any higher-order harmonics.

3 Results and Discussion

Recipes of the synthesis of ternary alkali transition metal fluorides
available in the literature2922 involve the co-thermolysis exclu-
sively of fluorinated organometallic precursors, such as metal
trifluoroacetates. A double fluorine source method, whereby
both the alkali and transition metal precursors are fluorinated
organometallics, proved successful for KFeF; (see Supporting In-
formation). The necessity of fluorinated transition metal pre-
cursor was evaluated in this study to simplify the synthetic
procedure26729 ysing commercial sources of first row transi-
tion metal precursors. All fluorides could be prepared using
M(CH,C00),, M(CH,COCHCOCH,),, or M(CH,COCHCOCH,),
instead of M(CF5COO), as previously reported, with K(CF3COO)
as a source of fluorine.

3.1 KFeF; and K;FeF¢ Nanocrystals

Due to our familiarity with KFeF; we aimed to synthesize
this material first. KFeF; and K;FeF, nanocrystals could be
synthesized via a co-thermolysis method. Figure [1| revealed the
pattern of the nanocrystal products from this method at
different temperatures. Indexing of the patterns shows pure
K;FeFg (PDF# 00-022-1223) at 200°C and pure KFeF; (PDF#
00-020-0895) with some minor K3FeFq at 290 °C, with mixtures
of these two phases at intermediate temperatures. Therefore,
as the temperature of the reaction was increased, production
of Fell phase over Fell phase was favoured. This observation
implies that K;FeF is an intermediate in the reactions to produce
KFeF5. To test this hypothesis, an aliquot was quenched during
co-thermolysis at 290°C. For comparison purposes, a second
final product was prepared after a treatment of co-thermolysis
at 290°C followed by heating at 200°C for 40 minutes and
cooling to room temperature. As expected, the aliquot at

This journal is © The Royal Society of Chemistry [year]

CrysttngComm

JJLAl.L)«A

Fig. 1 patterns of the co-thermolysis product at different reaction
temperatures. Reference patterns correspond to KFeF5 (PDF# 00-020-
0895) and KyFeFg (PDF# 00-022-1223).

290°C consisted entirely of KFeF5, which we confirmed by
(Figure . In turn, KFeF; was also the majority phase in the
final product collected after annealing at 200 °C, with a minor
K;FeFg impurity (see Figure . The result shows that the final
reduction step to form KFeF; is not reversible. To ensure the
purity of the precursor, and to avoid inadvertently starting from a
Fe material, the purity of Fe(CH;COO), was ensured to match
the spectrum (Figure from a previous study=?.
Therefore, the initial oxidation of Fell to Fell, before reducing
back to Fell, was unexpected and would require further study.

Production of KFeF; and K;FeFg was also independent of
the initial stoichiometry of the precursors. Figure |2 shows the
resulting patterns of co-thermolysis products, each with
different ratios of the precursor materials in the form of very
similar product purity of KFeF;, with % =1, 2, or 3 at 290°C.
In each case, KFeF; with similar purity was obtained, although
K = 1.00 showed some K;FeFg. Decreasing the molar ratio of
potassium trifluoroacetate to transition metal precursor, there
was no noticeable change in yield of KMF, but purity decreased
with some K;FeF¢ being present.

While the co-thermolysis of trifluoroacetates of both potassium
and iron produced sub-50 nm nanocrystals (Figure [S3), the use
of transition metal acetates led to larger particles of over 100 nm,
both in the case of KFeF; and KyFeF (Figures [Bp and [4b). All
traditional means of crystal size control were evaluated with the
goal of a mean size distribution of <100nm. These included

Journal Name, [year], [vol.], 1 |3
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Fig. 2[XRD|patterns showing the co-thermolysis product, KFeFs, at dif-
ferent stoichiometries of precursors in the reaction mixture (%). Ref-
erence patterns correspond to KFeF5 (PDF# 00-020-0895) and K;FeFg
(PDF# 00-022-1223).

(i) choice and concentration of metal precursors'iz"_—TI (control of
growth mechanism and supersaturation), (ii) variation in sur-
factant composition (control of growth rate), (iii) reaction
temperaturem (control of of nucleation and growth rate). The
concentration of the transition metal seemed to have little effect
on the size of the resultant nanocrystals (Figure [S4). Figure
shows [XRD| patterns corresponding to a variation of the molar ra-
tio between oleylamine (OM) and oleic acid (OA). This change in
surfactant ratio did not produce noticeable changes in crystal size
after co-thermolysis, as seen by the lack of any obvious broaden-
ing in the widths of the [XRD] peak.

Removal of all oleylamine from the reaction resulted in impuri-
ties, while an increase in the molar ratio of oleylamine resulted in
a pronounced decrease in intensity of the diffraction reflections
corresponding to the <100> crystallographic direction. This
observation suggests while size control was not achieved with
surfactant composition, some change in relative facet abundance
is observed. This conclusion was confirmed in images
(Figure . While rounded particles were obtained in 100 %
oleic acid, the presence of oleylamine led to cubic nanocrystals.
Similar control in shape resulting in relative concentration of
oleic acid to oleylamine has been demonstrated in fluoride
nanocrystals@202I3135 A5 in that case, it is presumable that
the affinity of oleylamine for a certain crystal facet changed the
overall shape of the nanocrystal. It is well established to arise
from the different surface energies of each crystal facet, causing
different affinities for surfactant and precursor attachment at the
surface36/

In efforts to define and control the nucleation period, the
iron(II) acetate was injected into a hot flask containing the potas-

4| Journal Name, [year], [vol.],1
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Fig. 3 images of KFeF5 in all oleic acid (a) and surfactant mo-
oW -

lar ratio g7 = 2.03 (b) with [XRD|patterns of co-thermolysis synthesis of
KFeF3 while varying the molar ratio (c). Reference patterns corre-
spond to KFeF; (PDF# 00-020-0895) and K;FeFg (PDF# 00-022-1223).
Scale bars represent 200 nm.

This journal is © The Royal Society of Chemistry [year]
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Fig. 4[XRD|pattern (a) and[TEM]image (b) of the co-thermolysis product,
KsFeFg, as well as [TEM]image (c) and the [XRD] pattern (d) of the co-
thermolysis product, K;VFg. Reference patterns correspond to K;FeFg
(PDF# 00-022-1223) and K53 VFg (PDF# 00-022-0868). Scale bars repre-
sent 100 nm.

This journal is © The Royal Society of Chemistry [year]
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(a) and patterns representing the same samples (b). The reference
pattern corresponds to KFeF; (PDF# 00-020-0895). Scale bar repre-
sents 100 nm.

Fig. 5 TEM!images of KFeF3 nanoparticles synthesized by hot-injection

sium trifluoroacetate. This hot-injection proved to be the most
helpful to achieve sub-50 nm crystals. Figure [5] shows the
pattern and a representative [TEM|image of the resulting product.
Compared to co-thermolysis (Figure [1), no peaks assigned
to K;FeF, were observed, in contrast to samples prepared by
co-thermolysis. The product of hot-injection showed substan-
tially wider diffraction peaks than co-thermolysis. However,
each peak showed a broad baseline, suggesting overlap of a very
small, wide peaks and tall, thin peaks. This effect was due to a
bimodal distribution of particle sizes. Indeed, images of the
product show that some nanocrystals were very small (~10nm),
but there was a dispersion in size, with crystals up to 80 nm.
Although these distributions were not ideal, the significant dif-
ference in size means that the two populations can be separated
easily using standard methods such as size selective precipitation.

This approach to the synthesis of KFeF; shows a reliability of
fast nucleation to affect the size of the resulting nanocrystal. Fur-
thermore, the reliability of temperature to define the dominant
phase shows that the intermediate, metastable phase of this re-
action is K;FeFg while the thermodynamically stable product is
KFeFs.

Journal Name, [year], [vol.], 1 |5
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3.2 Nanocrystal Syntheses with Other Transition Metals

In efforts to expand this synthetic model to other first row transi-
tion metals, variants with Mn, Ni, and Co were investigated.

KMnF; could be synthesized via hot-injection (Figure . The
pattern showed wide peaks, with peak intensities as ex-
pected compared to the reference pattern (PDF# 00-017-0116).
This shows that the sample underwent no preferred orientation,
or preferred facet growth during synthesis. Due to ample
examples of KMnF; nanocrystals in the literature this material
was not investigated any further. 12417 KNiF; nanocrystals were
produced through a simple co-thermolysis (Figure [6] and Table
[[p. The [XRD]pattern of the crystals could be indexed with KNiF,
(PDF# 00-021-1002) without the presence of impurities. Figure
[ show [TEM] images of the KNiF; nanocrystals synthesized by
co-thermolysis at different stoichiometric ratios of precursors,
with sizes around 15nm. As in the case of KFeF;, attempts
to synthesize KCoF; nanocrystals through co-thermolysis of
Co(CH3;COCHCOCH,;), resulted in particles at sizes around
100nm. Thin nanoplates of KCoF; were obtained through the
hot-injection method. The products obtained from a reaction
at 290 °C (Table [I) were almost transparent (Figure [S6h), with
Moiré fringes being observed for some overlapping particles.
Variations in the % ratio led to subtle changes in the shape
and relative intensity of the peaks, which largely matched
KCoF; (PDF# 00-018-1006) with the exception again of an
impurity at 18° in % = 2.00. The clear difference in relative
peak intensities between the samples and the reference pattern
is indicative of preferential orientation due to anisotropic crystal
growth. Further analysis of Moiré fringes and making use of
high-resolution could provide greater insight into the
growth directions of the crystal.

In this case, the specific nanocrystal mean size was found to
be notably affected by the order in which reagents were injected.
Figure compares data for % = 2.00 depending on the
order of injection of the metal solutions in to the main reaction
vessel. When the potassium solution (at 120°C) was injected
to the cobalt solution (at 290 °C), large particles formed. Only
when the cobalt solution (at 120°C) was injected in to the
potassium solution (at 290 °C) did sub-50 nm nanocrystals form.
The figure shows the drastic difference in Scherrer broadening
and therefore, particle size. This effect implies that the rate of
nucleation can be increased by decomposing the reagents at
different temperatures and combining them to one solution. In
the former case, the decomposition of potassium trifluoroacetate
in the solvent mixture was not complete at 120 °C, and injecting
the precursor to a hot solution of cobalt(Il) acetylacetonate
resulted in slow decomposition as the temperature ramped
thereby limiting the nucleation rate. The latter experiment shows
the opposite; the potassium acetate was decomposed at 290 °C
and therefore nucleation was not limited immediately after
injection.

Synthesis beyond K;FeF, were also attempted. Figures E}:
and d shows and data respectively for co-thermolytic

6| Journal Name, [year], [vol.],1
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Fig. 6 [XRD]patterns of KCoF; (a) and KNiF (d) and their respective
[TEM|images (c, d). Reference patterns correspond to KCoF; (PDF# 00-
018-1006) and KNiF; (PDF# 00-021-1002). Scale bars represent 30 nm.

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Histograms depicting size analysis for (a) KFeF5 (b) KNiFg
(c) KCoFzand (d) K3VFg. All sample sizes were at least 300 particles.
Black dashed lines depict the normal distribution curve for each data set.
If the particle was anisotropically shaped, the longest axis was recorded.

synthesis of K;VFg. reveals nanocrystals of ~75nm, while
data showed sharp diffraction peaks representative of this
size throughout the entire nanocrystal population. It should be
noted that a broad hump at 20° as well as peak intensities
not matching the reference pattern (PDF# 00-022-0868) is
due to the nature of the collected product; K;VF¢ could not be
collected as a dry powder, and likely still had a lot of organic
surfactant on the surface of the particles. It should also be
noted that the starting material, V(CH;COCHCOCH;) is a il
compound, and demonstrates this technique of single fluorine
source can be used with both transition metal III and II oxidation
states.

A comparative analysis of the size of the nanocrystals prepared
by hot-injection (KFeF5; and KCoF3) and co-thermolysis (KNiFq
and K;VF) is presented in Figure The average (mean) sizes of
particles and crystallites for all compounds, were collected from
and [XRD|via Scherrer analysis, respectively, and are shown
in Table It is worth noting that sizes below 20 nm were ob-
tained in many cases, highlighting the value of the synthetic ap-
proach. The results of KFeF; and KCoF; reinforce the idea that
hot-injection reduced the crystal size by an order of magnitude
compared to co-thermolysis, which was only equally effective for
KNiF,.

Size distributions were narrow for KNiF;, moderate for KFeFq
and KCoF, and wide for K;VF4. However these particles are not
within % < 0.05 (o = standard deviation, d = mean), proposed in
the literature as a limit to label samples as monodispersel?. Fur-
ther efforts would be needed to further narrow the distribution
of these nanocrystals. Only a single normal distribution curve
was overlaid to each histogram, but the distribution of KFeF; by
hot-injection may benefit from a bimodal fit, as a large number
of outliers exist at 40 nm to 80 nm. Mean particle sizes collected
through [TEM] were of the same order as the crystallite size calcu-
lated Scherrer size (Table [T).

To the best of our knowledge, these syntheses result in the low-
est mean size of KMF; (M = Mn - Ni) and K;MFg (M = V, Fe)

This journal is © The Royal Society of Chemistry [year]
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currently in the literature.

3.3 Soft X-Ray Absorption Spectroscopy

Probing M-F hybridization effects in these compounds would al-
low fundamental understanding of redox processes that could be
possible with these materials, in view of a potential use as ac-
tive materials for alkali-ion battery electrodes. To probe chemical
bonding, at both the transition metal and fluorine L and K-
edges was used. K-edge probes the transitions of core, 1s
electrons to unoccupied 2p states while L-edges arise from the
2p — 3d dipole allowed transitions.

Figure shows transition metal L-edge spectra for each
material synthesized in this work. Each spectrum consists of two
regions, the L3 at lower energy, and the L, at higher energy.
These regions arise from spin-orbit splitting of the core level
2p3); and 2p j, orbitals respectively. The K3VFg V L-edge (510 eV
to 530€V) splits into the L3 (510€V to 520€V) region and L,
(520€V to 530€V) region. Each of these regions are made up
of several overlapping peaks that appear here as shoulders (e.g.
514 €V, 518¢€V, 521.5 €V) to the main peaks. The signals in the L3
region of K FeF, KFeF; (705eV to 712 eV) and KNiF; (850 €V to
855 eV) each were split into two peaks, while in KCoF5 (775 €V to
783 eV) it was split finely into multiple peaks. The L, region for
K;FeFg, KFeF; (720 eV to 725eV) and KNiF; (868 eV to 872 ¢eV)
further splits to two peaks, while this region in KCoF5 (792 eV to
795 eV) showed a rather broad feature with a shoulder at high
energy. Comparison of KCoF; (Figure ) with literature data
for CoF, 37 revealed similarities in the fine splitting of multiplet
peaks, confirming the presence of Co!l in the ternary fluoride.
It should be noted however that the multiplet peaks of L3 in
KCoF; have slightly different peak intensities when compared
with CoF,. Likewise, the Ni L-edge spectrum of KNiF, (Figure
) presented multiplets in L; and L, characteristic of Nill com-
pounds, such as NiF, and NiO 38139 which are due to coulomb
and exchange interactions between the core hole and the 3d
shell. The peak location and shape in the V L-edge spectrum
of K;VF, compared well to other VI!! compounds found in the
literatureY. The peak seen at 529 eV can be attributed to oxygen
signal from impurities in the sample due to the surfactants and
colloidal methods used to prepare the nanocrystals, as well as the
carbon support used to mount the powders. These comparisons
confirm the oxidation state of our samples are all as expected
when compared to literature samples of their binary counterparts.

The K;FeF, and KFeF; Fe L-edge spectra (Figure ) appear
similar in peak shape and energy when compared to literature
examples of FeF; and FeF,, 41l 35 well as our own previous studies
on KFeF;®. The peak splitting in the L3 region appears as peaks
at 707.3eV and 709.1eV. The high intensity of the peak feature
in K;FeF, (Figure ) is consistent with the presence of Felll in
the sample. The opposite is characteristic of Fel! compounds.
However the spectrum of KFeF5 nanocrystals synthesized in
this study (Figure[8p) showed almost equal intensity between the
peak at 707.3 eV and the peak at 709.1eV, suggesting a mixed
Fell/Fe!ll state.
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Material Precursor (+K(CF;CO0)) Method K:M / mmol |TEM| Size / nm Scherrer Analysis / nm
KMnF, Mn(CH;COO), Hot-injection 4:2 ~15
KFeF, Fe(CH;C00), Co-thermolysis 2:1 ~350
Hot-injection® 4:2 12.1+13.8 30
K;FeFg Fe(CH;C0O0), Co-thermolysis® 2:1 ~150
KCoF; Co(CH3;COCHCOCH,3), Co-thermolysis 2:1 ~100
Hot-injection 2:1 14.2+10.9 31
KNiFg Ni(CH;COCHCOCH,3), Co-thermolysis 3:1 12.2+3.1 12
K3VF¢ V(CH;COCHCOCH;), Co-thermolysis 2:1 67.0+29.8 38

@ Degassed at 60 °C
b Final reaction temperature 200 °C

Table 1 Synthetic summary from this work. Sizes are either reported as approximations for larger particles, or as d + o (d = mean, ¢ = standard

deviation) for nanoparticles.

The Fe L-edge data can be affected by surface impurities
because signal detection occurred through the generation of pho-
toelectrons, that have shallow escape lengths. Therefore, data
was also collected at the Fe K-edge for KFeF;, and as-purchased
FeF; and FeF, samples (Figure E}a). The high energy X-rays (over
7000€V) allow measurements in transmission where the bulk
state of the sample dominates the signal. As expected, the Fe K-
edge spectrum of KFeF; presented a whiteline with an edge jump
at a similar energy as FeF,, and 6 eV lower than FeF,. It confirmed
that the bulk of the ternary fluoride was Fell. Further evidence
of gradients in oxidation state with probing depth resulted from
comparing the Fe L-edge spectra of KFeF; collected in (I1nm
probing depth), (~1nm to 3nm probing depth) and TFY
(>10nm probing depth) modes (Figure[9p). The spectra gained
intensity at 707.3 €V, at the expense of 709.1 eV, as the probing
depth increased. The spectrum shows the KFeF; edge closer to
that of FeF, than FeF,. Overall, the results lead to the conclusion
that the KFeF, sample contains a majority of Fel, with a surface
layer of Fe!'l. To rule out the possibility of the formation of Fe,O4
on the surface, and in addition to manipulating the sample in
conditions as rigorously free of air as possible, O K-edge data was
also recorded (Figure [S8). The spectrum is very close to refer-
ence data for the carbon tape substrate. In contrast, the spec-
trum presented notable differences compared to literature data
for Fe,0,42. These data rule out a significant contribution of
surface oxidation, instead suggesting that Fel'l remained on the
surface of the KFeF; nanocrystals. The origin of these electronic
defects at the surface of the crystals is unclear. It is worth noting
that defective K, ,FeF5 structures have been reported to exist in
the literature3. These deficient compositions would show Felll;
it is possible that they are favoured on the surface of the nanocrys-
tals.

Figure shows F K-edge data for K3VFy, K;FeF, KFeF,,
KNiF,;, and KCoF;. These spectra again compared well in the edge
energy and overall peak shape with data for the corresponding
binary fluorides (VF;, FeF,, FeF,, CoF,, and NiF,) found in the
literature*4> The spectra showed a similar peak shape through-
out the series. The position of the absorption edge, at 690 eV was
maintained throughout the series. The post edge region (690 eV
to 720eV), associated with transitions involving metal 4sp-F 2s
states4? was similar, with some minor differences throughout the

8| Journal Name, [year], [vol.],1

a K3VF¢
T T T T
505 510 515 520 525 530
b K3F€F6
KFeF3

T T T T T T
700 705 710 715 720 725 730 735

c KCOF3

T T
7710 775 780 785 790 795

800 805 810

d KNiF3

T T T T T T T
840 845 850 855 860 865 870 875 880
Energy / eV

Fig. 8 Transition metal L-edge XAS spectra of (a) K;VFg, (b) KzFeFg
and KFeFj, (c) KCoF3, and (d) KNiF;. Spectra (b-d) are collected in[TEY]
mode, however due to low signal, (a) is collected inmode.

This journal is © The Royal Society of Chemistry [year]
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T T T T
7100 7120 7140 7160 7180 7200

b

T T T T T T
700 705 710 715 720 725 730 735
Energy / eV

Fig. 9 (a) Hard data comparing [X-ray absorption near-edge spec-|
froscopy (XANES)|spectra of KFeF (black), FeF; (red), FeF, (blue), and
(b) soft [XAS| data showing [TFY] (black), [TEY] (red), and [AEY] (blue) sig-

nals. The arrow depicts the rising intensity of the peak at 707.3eV as
sample penetration increases.

This journal is © The Royal Society of Chemistry [year]
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K3VF¢

K;FeFy

£

KFeF;

KCOF3

0

KNiF5

T T T T T
685 690 695 700 705 710
Energy / eV

Fig. 10 Fluorine K-edge XAS (total fluorescence yield) spectra of K3VFg,
KsFeFg, KFeF5, KCoF3, and KNiF; nanoparticles.

series. The most pronounced differences were observed in the
pre-edge region (680 eV to 690 eV), which corresponds to transi-
tions associated with metal 3d-F 2p hybridized states, and tends
to increase in intensity with covalence®. In the case of KMF,,
the pre-edge peak was found to emerge and shift to lower energy
with increasing atomic number. The pre-edge features in the F
data of KCoF; and, especially, KNiF,; suggests the existence of hy-
bridization between cations and anions. The observed covalence
shrinks the band gap, which explains the resulting powder colors
from the synthesized nanocrystals (Figure [S9). A clear pre-edge
with complex line shape was also observed for K;VFg, whereas
washed out signals were found in K;FeF. The trends in pre-edge
intensity with specific transition metal mirrored those reported
for binary fluorides“2. Nonetheless, it should be noted that the
MU ternary fluorides possess much more defined peaks at energies
greater than 690 eV when compared to NiF,, CoF,,*% and FeF,*
(Figure [SI0). A possible explanation for this could be increased
long range order in the perovskite structure. These changes are
not reflected in the K;MF¢ materials.
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4 Conclusion

This work reports the synthesis of nanocrystals of KMF; (M =
Mn - Ni) and KsMFg (M = V) whereby only one reagent was
fluorinated. K;FeFy was isolated as an intermediate product in
the synthesis of KFeF;. In the case of KCoF; and KFeF,, the
particle shape and facet growth was found to change with the
surfactant ratio and relative precursor stoichiometry, producing
very thin nanoplates in some extremes. The greatest control
over the size and dispersion of the perovskite nanocrystals was
achieved using hot injections to quickly introduce and decom-
pose the reagents simultaneously. The formal redox states of the
metals were found to be consistent with the stoichiometry of the
materials in the bulk of the nanocrystal. Combining bulk signal
from Fe K-edge, and varying the probing depths of signal from
Fe L-edge spectroscopy, we have shown that synthesis of KFeF,
through hot-injection possessed residual Fe'l on the surface of
the nanocrystal. The surface species is not as a result of oxidation
and would require further study. Production of highly crystalline
nanometric fluorides using the generalizable recipes developed
in this study will enable their investigation as materials for a
variety of applications.
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