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X-ray Absorption Spectroscopy of Lithium Insertion and De-
Insertion in Copper Birnessite Nanoparticle Electrodes’

Christopher J. Pelliccione,” Yue Ru Li,® Amy C. Marschilok,”“* Kenneth J. Takeuchi®* and Esther S.
Takeuchi®™

The combination of ex-situ X-ray diffraction (XRD) and X-ray absorption spectroscopy (XAS) measurements on 2D layered
copper birnessite cathode materials for lithium ion battery applications provides detailed insight into both bulk-crystalline
and localized atomic structural changes resulting from electrochemically driven lithium insertion and de-insertion. Copper
birnessite electrodes that had been galvanostatically discharged and charged were measured with XRD to determine the
accompanying long-range crystalline structure changes, while Mn and Cu K-edge XAS measurements provided a detailed
view of the Mn and Cu oxidation state changes along with variations of the local neighboring atom environments around
the Mn and Cu centers. While not detectable with XRD spectra, through XAS measurements it was determined that the
copper ions (Cu™) are reduced to form amorphous nano-sized Cu metal, and can be oxidized back to Cu®. The reversible
nature of the interconversion provides a rationale to the enhanced discharge capacity of copper birnessite relative to the
analogous copper-free birnessite materials. The manganese oxide octahedra comprising the 2D layers in the original
copper birnessite crystal structure disperse during lithium insertion, and revert back close to their original orientation after
lithium de-insertion. During electrochemical oxidation or reduction the layered birnessite structure does not collapse,
even though significant local around Mn and Cu centers s observed.

disordering directly

copper birnessite, there is an opportunity for the cu® to be
electrochemically active. Notably, there have been several reports
on the electrochemical reactivity of copper ions in copper
containing transition metal oxides, such as copper vanadium
oxide.”®*® In those reports, the formation of copper metal upon

Manganese-based materials have received significant attention in
the energy storage research literature in part due to their lower
cost when compared to materials based on cobalt or nickel. Several
types of manganese oxide materials including hollandite (2 x 2
tunnel, OMS-Z),I'5 and todorokite (3 x 3 tunnel, OMS-3)6 have been
investigated where quasi-reversible lithium ion electrochemistry is
reported. The nature of the interlinking of MnOg octahedra
within a structure create a variety of voids that can
dramatically affect lithium-ion diffusion pathways. 12,79

Birnessite is a layered manganese oxide with a monoclinic structure
. R 10, 11 . . R

and a space group designation of C 2/m. Birnessite is
comprised of layers of manganese-oxygen octahedra (MnQg) with
water molecules positioned between the MnQOg layers. Although
birnessite can be formed without any interlayer cations,*>
+ + .+ +,14-16 . 2+ 2+

monovalent (Na’, K', Li, Cs’) or divalent (Mg™ or Cu™)
cations can also be incorporated between the layers through
various synthesis tet:hniques.17'19 Typically, the interlayer
cation is electrochemically inert; however, in the case of
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reduction was noted along with evidence of copper electrochemical
reversibility. Therefore we hypothesized a similar electrochemical
reversibility would be achievable for the copper birnessite material,
where detailed x-ray absorption spectroscopy could lend insight
into the discharge and charge process. To our knowledge, this is
the first mechanistic exploration of the electrochemistry of copper
birnessite.

Although birnessite-type cathodes can exhibit a high initial
capacity (ca. 180 mAh/g or higher) significant capacity fade is
often observed after multiple cycles.27' % It has been
postulated that in some birnessite cathodes manganese atoms
migrate from the 2D layer of manganese oxide octahedra into
the interlayer region and as a result reduce the cycle lifetime
of the material.?® Notably, some birnessite structures that
incorporate cations, particularly divalent cations other than
manganese, in the interlayer region have been reported to
exhibit less capacity fade since the manganese migration
process is inhibited.'® The larger radii of the divalent cations
within the interlayer region were asserted to provide
structural support to the birnessite-type materials, resulting in
prolonged cycle lifetimes.

J. Name., 2013, 00,1-3 | 1
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Fig. 1: Layered structure of copper birnessite (Cu,MnO, -
nH,0) with Mn atoms in purple, Cu in orange, O in red and H in
white

The copper birnessite structure, shown in Figure 1,
includes copper ions along with water separating the
manganese oxide 2D layers with an interlayer separation of ca.
7 A7 The copper cations display tetrahedral coordination
geometry using oxygen donor atoms, with a formal oxidation
state of Ccu®. Manganese is confined to the 2D layered
structure as MnOg octahedra (Mn“), with a small fraction of
Mn existing in Mn®" oxidation state due to site vacancies.'® *
The copper birnessite material has the potential advantage
over other divalent birnessite systems where copper may be
electrochemically active and add to the total capacity of the
electroactive material.

The study of energy storage materials after cycling often
requires several techniques for characterization. For example,
X-ray diffraction (XRD) techniques provide information on the
crystalline phases of the material, but may not be suitable for
characterization of structural changes in nanomaterials formed
as a result of electrochemical reduction and oxidation, due to
their small crystallite size and associated line broadening.31'34
X-ray absorption spectroscopy (XAS), on the other hand, is
particularly useful for characterizing the materials after
electrochemical testing, as XAS can be used to accurately
characterize both crystalline and highly disordered materials
and is an element specific technique allowing only atoms of
interest to be probed. XAS methods have been previously used
to determine detailed electrochemical mechanisms which
exhibited complex multi-step processes that involved primarily
amorphous phases.35'40 In general, XAS spectra contain two
main regions, the X-ray absorption near edge structure
(XANES) and the extended X-ray absorption fine structure
(EXAFS) which are sensitive to the local electronic environment
(i.e. oxidation state) and neighbouring atomic structure
(coordination number, atomic identity and interatomic
distance, etc.) respectively. The XANES region can be directly
compared to standards of known oxidation states to
determine the average oxidation state of the element of
interest within the sample, while the EXAFS region can be
analysed with theoretical structural models to extract details
about the surrounding atomic environment within ca. 6 A
around the absorbing atom.

2| J. Name., 2012, 00, 1-3

In this study, we utilize ex-situ XRD and XAS measurements
to understand the lithium insertion and de-insertion of 2D
layered structure of copper birnessite. XRD measurements
were used to determine changes in the long-range crystallinity
of the material. X-ray absorption near edge structure (XANES)
was used to monitor the oxidation states of both Cu and Mn
atoms. Modelling of the extended x-ray absorption fine
structure (EXAFS) provided a detailed view of the local atomic
structural changes occurring around Cu and Mn atoms within
the electrode as a function of discharged or charged states.
Further, in this first mechanistic study of the discharge-charge
process for copper birnessite, we note partial reversibility of
the Cu®* reduction-Cu® oxidation process. Combining the
results of these three techniques, we propose a lithium
insertion and de-insertion mechanism that may be relevant to
other birnessite-type cathodes.

Experimental Methods

The synthesis of copper birnessite (Cu,Mn0, nH,0) was adapted
from a prior |'ep0|'t,41 and is presented here in brief. A
modified redox coprecipitation and ion exchange method was
used where manganese(ll) nitrate tetrahydrate
(Mn(NOs),-4H,0), sodium hydroxide (NaOH) and sodium
persulfate (Na,S,0g) were used as starting materials.*? The
combination of these three precursors generated an isolated
solid that was removed and added to an aqueous solution of
cupric nitrate hemi(pentahydrate), (Cu(NOs),-2.5H,0), yielding
a final product of Cu,MnO, nH,0. Thermogravimetric
analysis/differential scanning calorimetry (TGA/DSC) along
with inductively coupled plasma optical emission spectroscopy
(ICP-OES) were used to accurately determine the ratio of Cu,
Mn and H,0 present within the as synthesized samples as 12
nm Cug,7Mn0, 15-:1.03H,0 nanoparticles.

Electrochemical measurements were conducted in two
electrode experimental coin cells consisting of lithium metal
anode, Cug,7;Mn0,-1.03H,0 cathode and a porous separator
positioned between the electrodes. The cathodes contained
copper birnessite as the active material, acetylene black
carbon additive and polyvinylidene fluoride (PVDF) binder.
The electrolyte used was 1.0 M LiPFg (or LiBF,) in 1:1 ratio by
volume of ethylene carbonate and dimethyl carbonate for all
electrochemical testing. Each coin cell was galvanostatically
cycled at 3.55 x 107 mA/cm? at a fixed temperature of 30°C
within a voltage range of 3.8 and 2.0 V vs. lithium metal using
a 6010AMaccor battery testing system. Copper birnessite
electrodes used for ex situ XRD and XAS measurements were
discharged to 2.0 V and charged to 3.8 V within a coin cell and
removed at the specified state of discharge/charge. Scanning
electron microscopy data was collected on a JEOL 6010A on
samples mounted on double sided carbon tape (Figure S1).
Samples for XAS measurements were sealed between
polyimide tape to limit any oxidation from air exposure.

XRD measurements of pristine, discharged and charged
electrodes were collected using a Rigaku MiniFlex600 X-ray
powder diffractometer. Cu Ka radiation (A= 0.1542 nm) was
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used in a Bragg-Brentano focusing geometry. XRD spectra
were measured between 5 to 90° in 20 with 0.04° step size.
The resulting XRD spectra were normalized through
background subtraction and scaled such that the highest
intensity peaks of each spectrum were consistent. Crystallite
sizes of copper birnessite were estimated by using the Scherrer
equation43’ * with the full width at half maximum (FWHM) of
the (001) peak calculated using Peak Fit software after
correcting for instrumental broadening using a LaBg standard.

Ex situ XAS measurements were taken at the Mn and Cu K-
edges (6.539 and 8.979 keV respectively) on the X11A
beamline at the National Synchrotron Light Source | at
Brookhaven National Laboratory, NY using a double-crystal Si
(111) crystal monochromator in transmission geometry with a
reference foil measured simultaneously for accurate alignment
of multiple XAS scans during analysis. A pristine starting state
electrode was also measured for direct comparison of the
structural changes observed in the cycled electrodes.
Measurements of multiple standards of Mn and Cu oxidation
states were also acquired for proper analysis of the XANES
region.

All XAS data was aligned, merged, deglitched and
normalized in Athena.”” *® The built-in AUTOBK algorithm was
used to minimize background noise below Ry, = 1.0 A. The
XANES region for both Cu and Mn K-edge spectra were
analysed using linear combination fits (LCF) of standards with
known oxidation states. For the Cu K-edge, metallic Cu and
Cu(NO3), were used as standards for cu® and cu®* oxidation
states respectively. For the Mn K-edge, metallic Mn, Mn;0,,
Mn,05 and MnO, were all used as Mn°, Mn>"**, Mn®* and Mn**
oxidation state standards. The LCF were conducted in a range
of 30 eV below to 50 eV above the absorption edge and all
possible combinations of standard spectra were attempted
during the fitting process to ensure the most accurate fit was
achieved.

The Mn K-edge EXAFS spectra for each of the pristine,
discharged to 2.0 V and charged to 3.8 V states were modelled
using Artemis with theoretical models created by FEFF6.*" *®
The pristine and charged spectra were fit using a modified zinc
calcophanite crystal structure replacing Zn atoms with cu.®
The discharged spectrum was modelled based on a tetragonal
Mn;O, crystal structure in which Mn occupies two
crystallographic sites with octahedral and tetragonal
coordination to neighbouring oxygen atoms respectively.50 All
fits were conducted in a k-range of 2 — 10 A in k and K? k-
weightings simultaneously with dk = 2. The R-range was set to
1.0 — 2.9 A for the pristine and charged spectra while the
discharged data was fit in a range of 1.0 — 3.5 A with a Hanning
window to fully encompass both the first and second shell
peaks. Full details of the fitting procedure and results are
discussed in the Electronic Supplementary Information.

The Cu K-edge EXAFS spectra fits were limited to only the
first shell due to poor signal to noise ratio. The first shell,
which consists of Cu-O contributions, was fit with a single Cu-O
path using a quick-fit FEFF calculation. The corresponding

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2: First and second cycle discharge and charge curves of
lithium/copper birnessite cells. A. using LiPFg electrolyte and B.
using LiBF, electrolyte. Blue circles indicate the samples for
XAS measurement: (a) pristine, (b) discharged to 2.0V and (c)
recharged to 3.8 V. Samples for XAS were collected from
different coin cells.
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Fig. 3: Discharge and charge cycling of lithium/copper
birnessite cells using LiPFg electrolyte or LiBF, electrolyte.

amplitude and interatomic distance of this single Cu-O path
was determined. The fits were conducted in a k-range of 2 -9
Atinkand K k-weightings simultaneously. The R-range was
set to 1.0 — 2.0 A using a Hanning window to fit only the first
shell peak.

Results and Discussion

Electrochemical Testing. Figure 2 shows the first and second
discharge and charge curves of lithium/copper birnessite cells
using two different electrolyte systems, LiPFg and LiBF,. Both
electrolytes show the presence of two plateaus on discharge
and charge. In LiPF4 electrolyte, there was a small amount of
capacity loss between cycles one and two, Figure 2A.
Notably, the samples in LiBF, electrolyte showed significant
irreversible capacity as the first discharge delivered ~250

J. Name., 2013, 00, 1-3 | 3
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Fig. 4: XRD spectra of pristine, discharged and charged copper
birnessite. The peak at ca. 26° in 26 is from the carbon additive
and other peaks at ca. 38° and 44° are from the Al substrate.
The inset displays a detailed overlay of the (001) reflection.

mAh/g (or ca. 1.1 e equivalents per manganese center) while
the first charge provided only 100 mAh/g, Figure 2B.
Additional cells were utilized where they were discharged and
charged for 10 cycles, Figure 3. While the initial capacity is
higher for the cells using the LiBF, electrolyte, the decrease in
capacity with additional cycles is notable. The cells using LiPFg
electrolyte show an initial capacity ~200 mAh/g and show
much improved capacity retention where the capacity at cycle
8is~ 159 mAh/g.

A prior report presented electrochemical evaluation of sodium
birnessite, Nag3sMn0O,H,0, in lithium anode batteries using LiPFg
based electrolyte. Galvanostatic discharge-charge curves were
measured with a voltage window between 4.2 and 2.0 V. The initial
cycle of Nag3sMnO,H,0 delivered ~140 mAh/g and ~85 mAh/g
after 8 cycles (~40% capacity fade).10 The lithium/copper birnessite
cell with 1M LiPFg based electrolyte delivered about 200 mAh/g
initial capacity and after 8 cycles, delivered ~160 mAh/g capacity
(~20% capacity fade). Thus, the copper birnessite showed
enhanced capacity retention over previously reported results for
sodium birnessite.

Analysis of discharged and charged Cug,;Mn0,:1.03H,0.
Samples from the cells shown in Figure 2B were selected for
the XAS measurements to gain insight into materials
associated with the significant capacity loss between the first
and second cycle. X-ray powder diffraction, XANES, and EXAFS
analysis were used for the study.

X-ray diffraction. Fig. Figure 4 shows the ex situ XRD spectra
for the pristine, discharged and charged copper birnessite
electrodes. The most prominent peak from each spectrum is
from the (001) plane located at ca. 12.5° in 26 which
corresponds to the c-axis separation between manganese

4| J. Name., 2012, 00, 1-3
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Fig. 5: First derivative of xu(E) for pristine, discharged to 2.0 V
(red) and charged to 3.8 V (blue) electrodes at both Mn and Cu
K-edges with corresponding standards (dotted black lines).
Vertical red dashed lines indicate prominent features in the
discharged spectrum.

oxide layers. This interlayer separation of ca. 7.1 A
corresponds well to the comparable magnesium birnessite
crystal structure.’” When the electrode is discharged to 2.0V,
this (001) peak broadens and loses intensity, indicating smaller
crystallite sizes (estimated as ca. 9 nm via the Scherrer
equation) and possible amorphization of the material. There is
also a slight shift of the (001) peak to ca. 12.8° in 26, indicating
a slight compression of the interlayer separation to ca. 6.9 A.
When the electrode is recharged, there are subtle variations in
the (001) peak with respect to the FWHM and intensity
indicating minor crystallite size and overall crystallinity
changes. However, the Bragg reflection shifts back to ca. 12.5°,
indicating the interlayer spacing returns to ca. 7.1 A.

Although there are structural changes occurring during lithium
insertion and de-insertion, it is clear that the general crystal
structure of the pristine material remains after one cycle- i.e.
the layered 2D structure does not fully collapse after lithium
insertion. In addition, when the material is discharged, there is
no evidence of any other phases such as manganese oxides or
other copper based phases, particularly copper metal with
expected diffraction peak at ca. 43°>! This may be due to the
amorphous nature of the created phases or, if crystalline, the
small crystallite sizes does not produce sufficient periodic
scattering to be observed in the XRD spectrum.

XANES. The XANES region of each XAS spectrum was directly
compared to standards with varying oxidation states as shown
in Figure 5. In the Mn K-edge data, through LCF results (Table
1), the pristine material was determined to be a combination
of Mn* and Mn* oxidation states, as expected.’®* When
discharged to 2.0 V, the edge position shifts to lower energy,
suggesting on average Mn atoms are being reduced to lower

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 10



page56f16- —+—————————Physical Chemistry Chemical Physics

Table 1: Linear combination fit results for XANES of pristine, discharged to 2.0 V and charged to 3.8 V spectra for both Mn and Cu

K-edges.
R-factor (%) %Mns0, %Mn, 05 %MnO, R-factor (%) %Cu(NOs), %Cu

Pristine 0.37 0 25+2 75+3 1.10 100 0
Discharged 0.31 100 0 0 0.68 34+ 4 63+3

Charged 0.10 60 * 1% Pristine, 40 = 1% Mn30, 0.48 81+3 203

T T T T
Mn K-edge | k (A7)
0 2 4 6 8 10 12
AL | 2 T T T T T

<
Z o : : %
=

CuK-edge |

Fig. 6: |x(R)| of the pristine (black), discharged (red) and
charged (blue) for both Mn and Cu K-edges. Fourier transforms
were performed using a k-range of 2 — 10 Atink’ k-weighting.

oxidation states. LCF of the spectrum indicate Mn is entirely in
a Mn;0,-like Mn>*** oxidation state. However, visually the
discharged spectrum only slightly resembles the Mn3;0, XANES
curve (Figure 5). This discrepancy can be explained through
distortion in the local coordination environment around Mn
atoms compared to the standard Mn;O, crystal structure.
Shifts in the interatomic distance to close neighboring atoms,
and even a slight alteration in the coordination geometry can
result in variations in the XANES region regardless of formal
oxidation state changes.BZ'54 When the electrode is recharged,
Mn partially reverts back to the oxidation state of the pristine
birnessite-type structure, with 40 + 1% of the Mn atoms
remaining in the discharged Mn*"** oxidation state.

The Cu atoms exhibit a more straightforward XANES
transition. All Cu atoms are initially in cu® oxidation state as
dictated from the initial crystal structure and confirmed
through LCF analysis. Upon electrochemical discharge and
lithiation of the copper birnessite, 63 + 3% of Cu reduces to
metallic Cu, while the rest remains as cu*, Upon charge and
delithiation, the conversion is mostly reversible, with only 20 £
3% of the Cu remaining in a metallic state. Visually, the XANES
region of each electrode state is comparable to the standards
of Cu metal and Cu(NOj;), with respect to peak positions and
relative intensities (Figure 4). This suggests a direct conversion
to and from each oxidation state, with minor distortion of the
neighboring atomic environment as observed in the Mn K-
edge XANES.

This journal is © The Royal Society of Chemistry 20xx
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EXAFS. Mn K-edge: |x(R)| (Fourier transform of x (k)) of both
the Mn and Cu K-edges are shown in Figure 6. The interatomic
distances displayed in Figure 6 are not corrected for phase
shifts, so peaks will be represented at shorter distances than
fitting results indicate. In the pristine electrode, EXAFS
modeling determined that Mn has two distinct Mn-O
interatomic distances of 1.87 + 0.01 and 1.94 + 0.01 A in a 2:1
ratio of the number of oxygen atoms at each distance
respectively. This result is consistent with the expected 2D
layers of MnOg octahedra in the birnessite structure.”® There
are two Mn-Mn distances of 2.81 + 0.01 A and 2.92 + 0.01 A
that create the second shell peak located between 2.0 — 3.0 A
in Figure 4 and are also in agreement with the expected
birnessite-type crystal structure.

When the electrode is discharged, significant changes in
the Mn K-edge |x(R)| spectrum are observed (Figure 6). A
decrease in the number of neighboring oxygen atoms is
detected from the reduction in intensity of the first shell peak
at ca. 1.5 A, along with considerable reorganization of the
second shell between 2.0 — 3.0 A as indicated by the three
distinct peaks (ca. 2.0, 2.5 and 2.9 A) in contrast from the

J. Name., 2013, 00, 1-3 | 5
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Table 2: EXAFS fitting results for the discharged state along with calculated amplitude and distance for the standard Mn;O,

crystal structure.

Mn3;0, Structure

Modeling Results

Octahedral Site Tetrahedral Site
Near Neighbors  Distance (A) | Near Neighbors Distance (A) | Near Neighbors Distance (A)
23+04 1.92+0.01
2.7 1.93 1.3 1.1+0.3 2.18 + 0.01
Mn-O 13 gg? 2.7 2.04 1.1+0.8 3.47 £0.03
3.4+0.8 3.56 + 0.03
1.3 2.88
Mn-Mn 2.7 3.12 2.7 3.48 1.0+0.4 2.96 + 0.03
2.7 3.43

initial single peak (ca. 2.4 A) in the pristine state. This type of
reorganization of the second shell has been observed in similar
manganese oxide XAS studies in Mg2+ battery chemistries.*®
Using the information obtained from the XANES analysis, this
discharged spectrum was fit using a model based on the
Mn;0, structure that consists of two crystallographic sites for
Mn atoms, one in which Mn has octahedral coordination to
oxygen and the other tetrahedral coordination with Mn atoms
occupying each site in a 2:1 ratio respectively. It is also
expected from the XANES that the structure is highly distorted,
so the fitting model accounted for this by allowing many of the
Mn-O distances and amplitudes to vary independently from
the standard Mn;O, crystal structure. The resulting model
closely mimics the experimental data, as shown in Figure 7
with the detailed results presented in Table 2. The fit results in
nearest Mn-O distances of 1.92 + 0.01 and 2.18 + 0.01 A. In the
standard Mn3;0, structure, the Mn atoms in octahedral sites
have neighboring oxygen atoms located at 1.93 A and 2.28 A
while the tetrahedrally coordinated sites have oxygen atoms
located at 2.04 A. With the number of oxygen atoms again in a
2:1 ratio for the shortest two interatomic distances, and
without direct observation of the 2.04 A distance prescribed to
tetrahedrally coordinated Mn, this model suggests the
majority of Mn remain in octahedral coordination to
neighboring oxygen atoms.

The number of near neighbors of all Mn-O and Mn-Mn
paths are lower than expected for the standard Mn;O,
structure (Table 2). This is likely due to the considerable
disorder and the nano-scale of the system reducing the
average number of neighboring O and Mn atoms seen by each
Mn atom.”” *® The disorder in the discharged state is evident
when comparing the Mn-Mn modeling results to the starting
birnessite or standard Mn;O, crystal structures. The model
consists of only one Mn-Mn distance at 2.96 + 0.03 A, and a
bulk Mn;0, environment would have three distinct Mn-Mn
distances of 2.88, 3.12 and 3.43 A due to the Mn atoms in
octahedral sites, while the birnessite structure has Mn-Mn
distances of 2.81 # 0.01 and 2.92 + 0.01 A. The observed Mn-
Mn interatomic distance suggest that clusters of two or three
MnQOg octahedra are somewhat isolated from neighboring
octahedra clusters, accounting for the significantly reduced
number of neighboring manganese atoms and total number of
distinct Mn-Mn distances. This type of segregation of MnO,
has been suggested through density functional theory (DFT)

6| J. Name., 2012, 00, 1-3

calculations of the lithiation process of similar MnO, based
materials.>®

When the material is recharged, the Mn atoms return to a
similar configuration as the pristine sample, with oxygen
atoms located at 1.88 + 0.02 and 1.94 + 0.02 A, which are
within estimated standard deviation of the original structure
(1.87 + 0.01 and 1.94 + 0.01 A in the pristine state) along with
identical number of oxygen atoms at each Mn-O distance.
There is however ca. 40% reduction in number of neighboring
Mn atoms observed in the second shell. This is likely due to the
disorder observed in the discharged spectrum prohibiting full
conversion back to the original 2D MnOg layers. However, the
observation of a local environment that is similar to the
pristine sample suggests that the layered architecture of the
original crystal structure is not broken when discharged, and
the relative disorder observed around Mn atoms occurs within
the confines of these 2D planes. This result from EXAFS
analysis is in agreement with XRD analysis (Figure 3).

To complement the EXAFS theoretical modeling results, a
continuous Cauchy wavelet transform (CCWT) was applied to
each spectrum to help identify the atomic species that form
the peaks observed in Figure 6. The wavelet transform allows
the EXAFS spectrum to be viewed in three dimensions: the
wavenumber, k, the interatomic distance from the absorbing
atom (uncorrected for phase shifts), R, and the modulus of the
wavelet transform. The CCWT provides additional insight not
clear from basic Fourier transform analysis as low-Z elements
tend to scatter more effectively at lower k-values, while high-Z
elements scatter at larger k-values, this technique provides
some degree of resolution to differentiate atomic species
present throughout the EXAFS spectrum.sl'63 This technique
has proven to be quite valuable when trying to differentiate
elements that are located at similar interatomic distances and
thus their contributions become convoluted into a single broad
peak in R-space using traditional Fourier transforms.®* ¢ In this
study, this technique was utilized to confirm the structural
changes observed from EXAFS modeling results, particularly in
the discharged state to support the observation of isolated
manganese oxide clusters.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8: Continuous wavelet analysis of (a) pristine, (b)
discharged and (c) charged EXAFS spectrum.

Figure 8 shows the pristine, discharged and charged Mn K-
edge wavelet modulus spectra generated from a script
provided by Mufioz et al® In the pristine state (Figure 8a), the
heat-map displays two clear peaks centered in R-space at ca.
1.4 and 2.5 A. These two peaks are slightly offset in the heat-
map in the k-dimension (ca. 4.5 and 5.5 Al respectively)
suggesting that these peaks are different element species,
oxygen and manganese specifically. When the material is
discharged (Figure 8b), the peak in the heat-map centered at
ca. 2.5 A shifts to a much lower k-value of ca. 3.5 A™. This
dramatic shift away from the original position of ca. 5.5 At
indicates this very broad second shell in R-space is primarily
comprised of low-Z elements (i.e. oxygen) with little
contribution from the higher-Z Mn atoms. This observation is
in agreement with the EXAFS modeling results, suggesting that
the dramatic decrease in the number of neighboring Mn atoms
requires the manganese oxide octahedra to be fairly well
isolated from one another. When the material is recharged,
the heat-map looks remarkably similar to the pristine state

This journal is © The Royal Society of Chemistry 20xx
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Fig. 9: Schematic of the proposed discharge/charge process of
copper birnessite. Li/Li,O and H,0 not pictured for simplicity

(Figure 8a), suggesting Mn returns close to the original layered
structure as observed in the EXAFS modeling and XRD results.

Cu K-edge: CuO is fairly isolated in the original layered
structure with the nearest Mn atom ca. 3.5 A away, and as a
consequence the only significant contribution to the EXAFS
signal is from Cu-O, which was modeled as a single Cu-O
interatomic distance.®® As expected from the XANES analysis,
the number of oxygen neighbors decreases from the
tetrahedral-like 3.9 + 0.8 oxygen atoms in the pristine
structure to 1.8 * 0.7 oxygen atoms in the discharged
structure. There is also a noticeable shift in Cu-O distance from
1.95 + 0.02 A to 1.85 + 0.03 A in the pristine and discharged
states respectively. When recharged, the number of oxygen
atoms increases to 2.9 + 0.7 at a distance of 1.90 * 0.02 A. As
was observed at the Mn K-edge, when the material is
recharged Cu does not completely revert back to the pristine
structure, but there is clearly some degree of reversibility of
copper oxidation.

Qualitatively, although there are large shifts in the Cu-O
environment, the second shell peak between ca. 2.5 - 3.0 A
does not show significant changes in either peak height or
position (Figure 6). From the XANES analysis, it was identified
that ca. 60% of Cu atoms convert to a metallic oxidation state.
With no direct observation of Cu metal peaks (observed at ca.
2.2 A in R-space for cubic Cu metaISI) it implies that Cu atoms
are well dispersed and isolated within the crystal structure
preventing the Cu atoms from combining into larger metallic
particles. This isolation of Cu atoms likely aides the reversible
oxidation observed in both XANES and EXAFS results.

Lithiation Insertion and De-insertion Mechanism

Ex situ XRD and XAS analysis has facilitated a detailed
characterization of the long-range and local structural changes
occurring around both Mn and Cu atoms of copper birnessite
after being discharged to 2.0 V and recharged to 3.8 V. Figure
9 summarizes results derived from XANES and EXAFS modeling
that indicate the lithium ions reversibly convert oxygen to Li,0,
particularly near Cu atoms located between manganese oxide
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2D layers, as a clear reduction in oxidation state of ca. 65% of
Cu atoms from Cu®* to Cu® is observed. When lithium atoms
are removed, ca. 80% of copper atoms return to a cu?
oxidation state with ~20% remaining in the metallic state. This
trend was confirmed in the Cu K-edge EXAFS modeling results
of the first shell peak with the number of neighboring oxygen
atoms decreasing from ca. 4 oxygen atoms to ca. 2 atoms in
the discharged state, and then restoring close to the original
value with ca. 3 oxygen atoms when recharged. The response
of the copper center under lithium insertion and subsequent
lithium deinsertion is illustrated in the equations below.

2+

Li insertion: cu® + 1.3 > 0.65Cu® +0.35Cu*

Li deinsertion: 0.65(Cu’® > 0.2cu® + 0.8Cu®* + 1.6e)

Thus, based on the XAS, we estimate that ~80% of the copper metal
formed upon discharge is oxidized during the charge step,
suggesting the copper reduction is largely reversible. Thus, the
significant capacity loss from the first cycle in LiBF, electrolyte is
due to irreversibility at both the Mn and Cu centers.

The 2D MnOg layers of copper birnessite undergo
significant structural changes during lithium insertion and de-
insertion. The XANES LCF and EXAFS modeling results indicate
that when lithium is incorporated into the structure, the
original birnessite-type manganese oxide octahedra become
highly disordered and transform into Mn;O,-like octahedra
with an observed expansion of Mn-O interatomic distances
compared to the starting state birnessite structure (ca. 3-5%
oxygen interatomic distance expansion). The single observed
Mn-Mn distance (2.96 + 0.03 A) and particularly the small
number of neighboring Mn atoms (1.0 + 0.4) suggest that two
or three Mn;0,-like manganese oxide octahedra cluster
together while predominantly isolating themselves from
neighboring clusters. It is anticipated that Li/Li,O fill the voids
between manganese oxide clusters, as suggested from density
functional theory calculations of similar MnO, electrodes.” °
All of these transformations around Mn atoms must occur
within the confines of the original 2D planes, as the XRD
spectra show a retention of the original layered birnessite
structure (Figure 4). If the layered architecture were to
collapse during lithium insertion or de-insertion, the Bragg
reflection from the periodic structure along the c axis (001)
plane would disappear, and in all electrochemical states this
(001) peak is prominent in the XRD measurements.

When the electrode is recharged to 3.8 V, the
manganese atoms revert to a structure analogous to the
starting state birnessite as evidenced from the Mn-O distances
returning within estimated standard deviations to the original
values and the relative ratio of oxygen atoms between these
paths corresponding to the pristine structure. In addition, as
was discussed previously, the XRD spectra for the charged
state is not appreciably different from the pristine state
outside of a slight broadening of the (001) peak. However,
from the EXAFS spectrum the number of neighboring
manganese atoms in the second shell are considerably

8| J. Name., 2012, 00, 1-3

reduced compared to the original structure. This indicates that
the material does not entirely return to the starting state. It is
conceivable that the extreme disorder observed in the
discharged state limits the ease in which the reduced
manganese can return to the original birnessite structure.
However, even though there is reorganization of the local
structure, the general architecture of alternating 2D layers of
MnQOg octahedra and CuO appears to remain intact as the local
structure of manganese displays interconversion along with
minor fluctuations of the long-range periodic structure, Figure
9.

Conclusions

Analysis of both ex situ XRD measurements along with XANES and
EXAFS spectra of discharged and charged states of copper birnessite
provides unique insight into the complex structural shifts that occur
during lithium insertion and de-insertion. The long-range periodic
structure of the material is not significantly affected from cycling as
indicated by the minor changes observed in the XRD spectra. The
XAS measurements however elucidate the complex rearrangement
of the local structure around both Cu and Mn atoms when in a
discharged state. Cu atoms interconvert between cu® and CuO,
adding to the observed capacity of this birnessite material. In
addition, the manganese octahedra that are located in 2D layers in
the crystal structure are converted to well dispersed Mn;0,-like
octahedra confined to the original 2D architecture of the crystal
structure. The large structural alterations observed in the
discharged state are primarily reversible, as the charged state is
remarkably similar to the pristine state around both Cu and Mn
centers, indicating that the layered structure does not collapse
during lithium insertion or de-insertion. However, significant
capacity loss is noted during the first discharge and charge cycle and
is attributed to some irreversibility at both the copper and
manganese centers.
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