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ABSTRACT. Conversion reactions, offering high capacity in batteries, imply a restructuration of
the pristine atomic structure down to the nanoscale. The associated large broadening in the Bragg
peaks of restructured electrode renders the description of atomic structure, almost impossible
using conventional x-ray diffraction. On the other hand, atomic pair distribution function is well
suited to probe the structure of few nanometer size particles. Here, we investigated the formation
mechanism and structure of 2-nm particle size of metallic Co obtained by electrochemical
conversion of CoF,. We found that the conversion process stabilized a disordered structure
consisting of an hcp-fcc intergrowth. The reaction was followed by in-situ PDF providing unique

insight into the growth of highly defective Co nanoparticles.

INTRODUCTION

Metallic cobalt displays numerous properties in the field of catalysis, magnetism and
biomedicine that largely depend on the size/shape and structural features.’=® The latter point is
not trivial as metallic Co presents several polymorphs including the face-centered-pack (fcc) and
hexagonal-close-pack (hcp) arrangements which have close formation energies, i.e., hcp is only
20 meV more stable than fcc.* Both polymorphs are structurally related, built from a close-
packing of atoms and differing from the stacking sequence of this common plane, i.e., the
stacking sequences ABA and ABC produce the hcp and fcc crystal structures (Figure S1),
respectively. Downsizing the particle size can lead to the hcp-fcc intergrowth resulting in a
disordered structure featuring stacking faults.®> Typically, such a disordered structure arises from
the fact that the two layers A-B can be followed by either C (to form fcc structure) or A (hcp

structure). The level of stacking faults can be quantified by a probability of stacking faults. For



example, a 50% probability of stacking faults implies that there is an equal proportion of hcp and
fcc sequences, a situation referring to a randomly stacked layers.®

As a technological relevant material, significant works were performed to describe the atomic
structure of Co nanoparticles including the simulation of X-ray diffraction powder pattern by the
Debbye equation,>® >°Co solid-state NMR,’ and X-ray absorption spectroscopy®®*.

Solving the atomic structure of disordered and ultra-small particles was called the
“nanostructure problem”.1% The reason is that both finite size and disorder effects contribute to
the loss of long-range order, which precludes the use of conventional x-ray diffraction. The pair
distribution function (PDF) obtained by Fourier Transform of the so-called correlation
function,* represents the probability of finding a pair of atoms separated from a distance r. The
pair distribution function technique as total scattering analysis can probe the short to long-range
order and can therefore be used whatever the crystalline state of the material. It is, therefore, one
of the most suited technique to study the atomic structure of ultra-small objects.!?14

Solution-based synthesis has been largely used to control the size and shape of metallic Co
nanoparticles.!>® Another approach that allows synthetizing ultra-small, i.e., < 5 nm, and
monodisperse nanoparticles relies on alkaline-ion driven electrochemical conversion.?” In such
reactions, a multi-electron process occurs leading to the reduction of the transition metal to form
metal M° and lithiated nano-composite according to: M** X, + zLi* + ze~ <> M° + yLiX, where
X comprised O, N, S, P, F, and H.'?* One of the particularity of this process is the
disintegration of the parent particle upon reduction, leading to ultra-small M/LiX composite with
typical metallic cluster sizes ranging from 1 to 3 nm.*® During the formation of the metal
nanoparticles, their structure evolves and adapts to the close environment which is related to

interfaces with LiX and MX and the passivating film arising from the electrolyte decomposition



and MX/LiX.**22 Much progresses have been made toward the fundamental understanding of the
conversion-based mechanisms.??-22 Moreover, these reactions provide also unique opportunities
to design ultra-small objects with unique structural and physico-chemical properties.?

In the present work, we investigated the lithium electrochemical conversion reaction occurring
in CoF», a potential high capacity electrode. We undertook to investigate the atomic structure of
metallic cobalt formed upon Li-driven electrochemical reaction. By using in-situ pair distribution
function, we concluded on the formation of 2-nm size of Co featuring hcp-fcc intergrowth. Our
study further supports the suitability of the PDF method to solve complex nanostructure and
provides novel insight into the complexity of conversion reactions.

RESULTS and DISCUSSION

The electrochemical reduction of CoF vs. Li*/Li is characterized by a single plateau region
typical of a phase transition as observed for conversion processes (Figure 1). A voltage plateau
at 1.2 V leads to a capacity of ca. 800 mAh/g. According to the conversion reaction: CoF, + 2Li
= Co° + 2 LiF, the theoretical capacity is 553 mAh g* which indicates the completion of the
reaction along with extra capacities arising from the decomposition of the electrolyte (Figure
S2). During the charge process, a plateau region is observed at ca. 3 V highlighting voltage
hysteresis in agreement with literature data.>° Moreover, the reaction is not completely reversible

as the charge capacity reaches around 400 mAh g, equivalent to 1.5 exchanged electrons.
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Figure 1. Galvanostatic discharge-charge curves of CoF2 vs. Li*/Li. Cells were cycled under

27.74 mA.g! within 1-4.3 V voltage range. The curves correspond to the ones recorded during

the in-situ PDF measurement.

High-resolution transmission electron microscopy was performed on a fully reduced CoF2
electrode. Figure 2 shows TEM images before and after the discharge. It reveals that the
conversion process induces the pulverization of the pristine CoF» particles into ca. 2 nm size of
metal cobalt characterized by a darker image contrast. Lattice fringes indicated that the particles
are crystallized. Moreover, the particles appear agglomerated but not interconnected as found in
metallic Fe formed by electrochemical conversion of FeF,.3! Fast Fourier Transformation (FFT)

was performed on a large number of nanoparticles. The analysis revealed inter-reticular distances



that are characteristics of both hcp and fcc polymorphs (Table S1). Although both polymorphs
feature close inter-reticular distances, we clearly distinguished both polymorphs signatures with
distances at ca. 1.92 A characteristic of the (101) plane of the hcp structure (Figure 2, inset), and
at ca. 1.8 A characteristic of the (200) plane of the fcc structure. The smallest size of the
particles, however, prevents to discern whether these particles are made of hcp-fcc intergrowth or

physical mixture.

Figure 2. TEM images of the pristine CoF2 and the CoF electrode discharged to 1 V.

To capture the real atomic changes occurring during the electrochemical reaction, we turned to
in-situ experiments.®3* We used in-situ high energy X-rays (A = 0.2128 A) data obtained with

the AMPIX (Argonne’s Multi-Purpose In situ X-ray) electrochemical cell (see experimental



section).®® The typical x-ray diffraction powder pattern of a fully discharged electrode is shown
in Figure 3. For the sake of clarity, the data were re-scaled in two-theta at the wavelength of
copper Acu=1.54 A. Besides the expected Bragg peaks of LiF phase, we observed broad peaks
belonging to metallic cobalt. The significant peak broadening is typical of ultra-small
nanoparticles. Moreover, hcp-fce intergrowth can also contribute to the Bragg peaks broadening.®
Based on this pattern, it is again difficult to distinct whether the stabilized phase is made of hcp-
fcc intergrowth or physical mixture. A broad peak located at ca. 51.5° (26), however, allows to
identify the presence of the fcc form. The presence of the hcp signature observed by TEM,

however, cannot be clearly identified on this XRD pattern.
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Figure 3. X-ray diffraction patterns of CoF> electrode before and after the first discharge. The

schematic x-ray diffraction patterns of LiF, hcp and fcc are presented.



As the recorded x-ray data contain both the Bragg and diffuse components, we turned to the
pair distribution function to get more insight into the atomic structure of metallic Co formed
during the electrochemical conversion of CoF». Selected PDFs taken during the electrochemical
discharge and charge processes were plotted in Figure 4. The low r-region shows the
progressive nucleation growth of metallic Co at the expense of CoF.. The peak located at ca.
2.05 A from Co-F pairs progressively disappears while metallic Co-Co pairs appear at ca. 2.5 A
as found in fcc and hcp polymorphs. The completion of the conversion reaction can be further
evidenced by the disappearance of the peak located at 3.67 A corresponding to Co-Co distances

in CoF».
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Figure 4. Selected PDFs of cycled CoF; electrode vs. Li*/Li.

To further support the description of the atomic structure of metallic Co prepared by
electrochemical reaction, a principal component analysis (PCA) of the operando PDF data were
undertaken to assess the number of independently varying components involved in the reaction.*
This multivariable statistical method allows to treat a large set of volume data without any prior

consideration of structural models. The scree plot that represents the fraction of total variance



(Figure S3) indicates that there are only two significant components. The two main components
along with their weighting during the discharge reaction are shown in Figure 5. The first
component includes features related to the CoF2 precursor and has a decreasing contribution
during the reaction. The second component includes features related to metallic Co and increases
in contribution during the reaction. The absence of a significant third component ruled out the

formation of a mixture of hcp and fcc phases, suggesting the formation of hcp-fcc intergrowth.
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Figure 5. The first two components obtained by the PCA analysis of PDF data obtained during
the discharge reaction. The component 1 includes features of the precursor CoF2 and component
2 was identified as metallic Co.
To understand the atomic structure of electrochemically formed metallic Co, we first attempt to
refine the PDF data after completion of the discharge process (Figure 5). Using the hcp structure
does not lead to a satisfying refinement, i.e., Rw = 36.4 %. The quality of the fit significantly

improved when modelling the PDF with the fcc polymorph (Rw = 24.4 %). In the difference



curve, however, a peak located at 4.8 A is not captured by the model. This peak is characteristic
of Co-Co distance found in the ABA sequence of hcp structure (Figures S1,S4) which further
attests for the formation of hcp-fcc intergrowth. The accurate description of stacking faulted
structure implies to build model systems that can be refined over the experimental data using
programs such as Discus, FAULTS or DIFFAX.3"-3® Another approach to describe the stacking
faulted structure consists of using a mixed-phase model.*® Although this method is less accurate,
it is less time-consuming and was shown to be suited for nanoparticles size of 2-nm.*® Using the
mixed-phase model, the final refinement was good with a further improvement of the fit to Rw =
19.3 % (Figure 5). The refined parameter values were gathered in Table 1. The quantitative
phase analysis showed a slightly larger proportion of the fcc phase which seems to agree with
literature suggesting that the fcc structure is more stable than the hcp for small particles.*!
Moreover, the refined unit cell parameter of the fcc phase was a = 3.538 A, a value close to that
reported for bulk fcc.*? The lattice parameters of the hcp phase, however, are strikingly different
from the bulk values (a = 2.506 A and ¢ = 4.069 A), particularly along the c-axis.*>*® This might
be due to a slightly larger interlayer in the fcc stacking as compared to hcp stacking. Hence, the
presence of hcp stacking should have a slightly larger interlayer to match those of the fcc
structure. Finally, the refined scattering domain was around 2-nm which is in good agreement

with the particle sizes observed by TEM.
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Figure 5. Fits to the experimental PDFs with hcp, fcc and fcc-hcp models. The orange arrow

indicates the Co-Co distance found in the ABC stacking of the hcp polymorph.

Table 1. Refined parameter values obtained from PDF refinement of the fully discharged

electrode using a mixed-phase modelling to account for hcp-fcc intergrowth.

fcc hcp
Unit cell parameters (A) a=3.538(1) a=2.478(2)
c =4.186(9)
Relative phase content (%0) 56.4 43.6
Co ADP (A?) 0.0093(1)
spdiameter (A) 20.5(3)




To monitor structural changes occurring during electrochemical reactions, we refined the PDF
data recorded during the first cycle. Upon discharge, the analysis shows the progressive
conversion of CoF2 into metallic Co occurring within the plateau region (Figure 7). We note that
the unit cell parameters of CoF. did not vary upon reduction suggesting the absence of any
insertion reaction prior to the conversion process (Figure S5). We used the mixed-phase
modelling to detect the formation of disordered structure made of hcp-fcc intergrowth along the
course of the discharge reaction. The results showed the phase’s content remains constant during
the discharge reaction suggesting that disordered nanoparticles made of hcp-fcc intergrowth are
continuously generated by the electrochemical reduction of CoF,. This is good agreement with
the PCA that revealed only one Co-based conversion product. We note that the estimated
standard deviation obtained on the metallic Co phase fractions decreases as the reaction
progresses. Moreover, we monitored the changes in the unit cell parameters of the two-phase
(Figure S6) with similar unit cell parameters for both phases.

Upon charge, the voltage plateau located at 3 V was associated with the reformation of CoF»
as confirmed by PDF refinement (Figure 7, Figure S7). Similarly, to other conversion-based
electrodes, the re-oxidized phase features short-range ordering (denoted as amorphous) with a
scattering domain of 14 A. At the end of the charge, the ratio between the fcc and hcp remains
almost constant again supporting the mechanism based on the stabilization of nanoparticles made

of hcp-fcc intergrowth.
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Figure 7. Quantitative phase analysis obtained by PDF refinements during the first cycle.
CONCLUSION

In summary, we investigated the structural evolution of CoF. during the Li-driven
electrochemical conversion by means of in-situ PDF method. We found that CoF» is converted
to 2-nm size metallic cobalt whose atomic structure consists of nanoparticles made of hcp-fcc
intergrowth. Upon charging, a highly disordered CoF. phase is formed back proving the
reversibility of the reaction. This study provides unique insights into the atomic structural
description of conversion-based products and shows that efforts on understanding conversion
processes should be pursued to fully describe these complex reactions and enabled practical

applications.
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EXPERIMENTAL SECTION

PDF analysis. For in-situ PDF analysis, electrodes were made by mixing active material CoF»
(51 wt%), carbon (“super P”, Alfa Aesar), carbon black and PTFE binder (Sigma-Aldrich) into
pellet with total mass of 21.7 mg, 10 mm diameter and 120-180 pum thickness. Electrode pellet,
fiber separator (Whatman GF/A), electrolyte (1 M LiPFs in 3:7 v:v ethylene carbonate: dime-
thylcarbonate (EC:DMC) from Tomiyama Pure Chemical Industries) and lithium foil as counter
electrode were assembled into the AMPIX® electrochemical cell under Ar atmosphere in a
glovebox. Cell was cycled galvanostatically against lithium at a C/20 rate (27.74 mA/g) within
the voltage window 1-4.3 V (see Figure 1). X-ray total scattering data were collected every 30

min.

X-ray total scattering data were collected at the 11-1D-B beamline at the Advanced Photon
Source, Argonne National Laboratory, using high energy X-rays (A = 0.2128 A) to high values of
momentum transfer Qmax = 18 A™1.444 The raw total scattering data were integrated in Fit2D.%
PDFs, G(r) were obtained by Fourier transform after eliminating Kapton and background

contributions within PDFgetX2.4’

The refinement of the PDF data was performed using PDFgui.*® The Qump Was fixed to 0.04. The
structural models used were CoF2, graphite (to account for the large amount of carbon within the
electrode), LiF, Co hcp, Co fcc. The refined parameters includes lattice parameters, scale factor, sratio
(i.e. low-r to high-r PDF peak ratio correction due to the correlated motion of bonded atoms*),
spdiameter (i.e. particle diameter), and isotropic atomic displacement factors (ADPs). For the two-
phase refinement including fcc and hcp structural models, ADP for Co, sratio and spdiameter were

refined and constrained to an identical value for both polymorphs. The phase fraction obtained for the
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fully discharged electrode gave 25 wt.% of metallic Co, 28 wt.% of LiF and 46 wt.% of carbon. These
proportions are close to those expected based on the electrode composition and completion of the

conversion reaction. The purity of the pristine CoF2 was confirmed by PDF refinement (Figure S8).

The quality of the refinement is quantified by the reliability factor weighted R-value,
denoted as Rw. The R-value describes the difference between the experimental observation (data)
and the calculated value (fit) for a single data point. The Ry is the R-value weighted for data

point i, and is given by the formula:

R — [ () [Gus(r) = Gu ()Y
l “\,|| o w(r) G, ()

with G,;, and G_,;. being the observed (data) and calculated (fit) PDF and w(ri) the weight for

each data point.

TEM analysis. To perform TEM analysis, coin cells were disassembled in a glove box. The
discharged electrodes were washed with DMC to remove LiPFs and EC. After evaporating
DMC, the electrodes were analyzed by TEM using a JEOL 2010 UHR microscope operating at

200 kV equipped with a TCD camera.

X-ray Photoelectron Spectroscopy (XPS). XPS analyses were performed on a Kratos Axis
Ultra spectrometer with a focused monochromatized Al Ka radiation (1486.6 ¢V). The analysis
chamber was in a 5x10™° mbar vacuum. The applied current was 10 mA and the voltage 10 kV.
The spectrometer pass energy was set to 20 eV to record the core peaks. The size of the
excitation beam was 700x400 pum?. Surface charging was minimized using a neutralizer gun
which sprays low energy electrons over the sample surface. The samples were prepared in a

glove box under Ar and transferred to the XPS analyzer under a controlled atmosphere to prevent
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any surface contamination with ambient atmosphere. The samples were fixed on the sample
holder with a Cu double tape. All the binding energy (B.E.) scale was calibrated from the
adventitious carbon C 1s peak set at 285.0 eV. We performed at least three analyses for each
sample. The quantification of atoms for surface composition was based on Scofield’s relative

sensitivity factors.>

ASSOCIATED CONTENT

Supporting Information. XPS analysis, crystallographic data of Co hcp and Co fcc, structural
parameters obtained from PDF refinement, scree plot, PDF refinement of the charged electrode.
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