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Electrochemical conversion reactions of transition metal compounds create opportunities for large energy
storage capabilities exceeding modern Li-ion batteries. However, for practical electrodes to be envisaged, a
detailed understanding of their mechanisms is needed, especially vis-a-vis the voltage hysteresis observed
between reduction and oxidation. Here, we present such insight at scales from local atomic arrangements to
whole electrodes. NiO was chosen as a simple model system. The most important finding is that the voltage
hysteresis has its origin in the differing chemical pathways during reduction and oxidation. This asymmetry
is enabled by the presence of small metallic clusters and, thus, is likely to apply to other transition metal
oxide systems. The presence of nanoparticles also influences the electrochemical activity of the electrolyte
and its degradation products and can create differences in transport properties within an electrode, resulting
in localized reactions around converted domains that lead to compositional inhomogeneities at the
microscale.

he use of electrochemistry to harvest the energy of chemical bonds was first proposed in the 18™ century’, but

has recently experienced an intense boost of interest as part of the efforts to reduce our dependence on fossil

fuels. The amount of energy is proportional to the number of electrons involved in the redox reaction, but so
is the extent of atomic rearrangement, which creates kinetic barriers that decrease the energy efficiency of the
process. Batteries add one further fundamental challenge: besides redox flow cells?, the technologies considered
today involve compounds in the solid state’. While this approach maximizes energy density, it imposes new
penalties, in the form of sluggish transport and mechanical energy. Indeed, the redox reactions that lead to the
highest storage capacity also involve the most colossal volume changes*’, changes of fundamental transport
properties, enhanced reactivity, and even transitions across states of matter®. In practice, commercial devices
sacrifice energy density for the sake of power density and durability”. Given that these devices fall short of the
requirements in applications such as transportation, the race continues to devise inventive means to break the
existing barriers.

With the goal of maximizing energy storage, exploiting the reversible conversion of transition metal based
compounds, M, X, (X =N, O, F, P, S, H), to metal nanoparticles and Li, X salts becomes tempting’. The reactivity
is generalized across the Periodic Table, meaning that low cost and toxicity compounds can be proposed. Further,
the cell voltage is tunable depending on the selected ions’. Interestingly, extremely small and defective nano-
particles are preserved during the reaction®, a feature that is attractive when new routes to the production of
catalysts are sought’. Despite their apparent simplicity, application of electrochemical conversion reactions in
batteries is limited by chemical inefficiencies. The reactions take place in the solid state and involve mass transport
of species in addition to Li*, creating diffusional bottlenecks®'® and resulting in enormous shape changes, which
eventually lead to premature failure through particle disconnection. Further, while formation of nanoscale
particles with large surface areas is beneficial in terms of reactivity and mass transport, the large surfaces also
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promote undesired side reactions with the electrolyte''. The result is
a gel-like layer of inorganic and organic compounds around the
particles'®. Since charge and mass need to be transported through
this layer, its reactivity, conductivity and structural properties are yet
another kinetic bottleneck.

Perhaps the most important barrier to application of conversion
reactions is the huge voltage hysteresis between the reduction (con-
version) and oxidation (deconversion) reaction®, which significantly
lowers the roundtrip energy efficiency of the device. In the initial
cycle, a portion of this hysteresis was ascribed to the surface penalty
imposed by the formation of nanocrystalline metal particles'*"’.
Accordingly, hysteresis gets smaller on subsequent cycles, once irre-
versible microstructural changes have occurred®, but remains exces-
sively high. It has also been proposed that the need for diffusion of
multiple species imposes different pathways, involving different
intermediates, for the reduction (conversion) and oxidation (decon-
version) steps. This hypothesis was validated with FeFs, where min-
imizing the need for Fe"" ions to move was predicted to lead to
Li,FeF; and a collection of Li-Fe**-F compounds as the favored
intermediates on reduction and oxidation, respectively. Hysteretic
pathways, involving different intermediates, were also experiment-
ally observed for Mn3;0,". However, in the case of a much simpler
phase diagram, such as that of Li-Bi-F, the voltage hysteresis could
not be explained by intermediate or ternary phases'®. It suggests that
a fundamental driving force for hysteresis exists and is common to all
systems. Interestingly, in general, studies of the reaction mechanism
using short range probes typically report that the conversion largely
reverses back directly to the initial chemical state, especially in binary
compounds with metals in low oxidation states'®'%.

Here, we aim to present a complete picture over multiple length
scales of electrochemical conversions with lithium, tying mechan-
isms at different length scales so as to define their specific origins and
possible intertwining. NiO was chosen as a model system for the
simplicity of the Li-Ni-O phase diagram', which, in principle, cre-
ates few possibilities for alternative pathways. In other words,
involvement of intermediate redox couples between Ni** and Ni°
on reduction and oxidation, as reported for FeF; and Mn;0,4, among
others, is not expected. Yet electrochemical hysteresis has recently
been linked to thermodynamic effects’. The study employs X-ray
absorption spectroscopy (XAS) in different conditions such as
energy, electrochemical coupling and spot size. XAS probes the elec-
tronic structure in the immediate vicinity of an atom while averaging
over a large sample volume without limitations to structural prop-
erties and, thus, bears an advantage over diffraction for the study of
conversion reactions, as the amorphous or nanoscale phases that
commonly form cannot be resolved by XRD*. The formation of
metallic nanoclusters was found to be central to all observations.

Results

Chemical output during electrochemical conversion reaction.
Figure 1 shows the first galvanostatic cycle of the Li metal cell
containing bulk NiO (NiO-B) used for operando XAS at the Ni K
edge, as well as the results from principal component analysis (PCA)
of the XAS data. Iterative target-factor analysis (ITFA) was used to
extract the number of components present in the system?'. In this
particular case, they were found to directly correspond to chemical
phases, so the figure also shows the correlation between the
electrochemical behavior and evolution of the phase fractions. A
detailed discussion will be provided below. Electrochemical data
for electrodes in conventional coin cells was largely comparable
(figure S1 in the Supplementary Information), although the length
of the sloping region was found to be shorter than in the operando
cell. The small discrepancy in capacity may be due to enhanced
electrolyte side reactions (see below) in the large volume pouch cell
used for the operando measurement. The initial reduction process at
0.8 V is likely to be related to side reactions, possibly solvent
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Figure 1 | Electrochemical profile (black line) of a two-electrode cell
containing NiO-B as working and lithium metal as counter and pseudo-
reference electrodes designed for simultaneous collection of Ni K-edge
XAS data. The cell was galvanostatically cycled at a C/7.5 rate. Phase
fractions obtained from principal component analysis of the XAS data are
indicated symbols (ITFA A — full squares, ITFA B — open circles, ITFA C -
stars). The bottom abscissa is the XANES scan number; the upper abscissa
is the corresponding number of electrons transferred per NiO. The vertical
lines after 2.2 transferred e (scan 32) and 4 e~ (scan 58) indicate the end of
the two phase plateau during reduction and the beginning of the pseudo-
plateau during oxidation.

reduction'>. The long plateau at 0.65 V corresponds to the
conversion reaction of NiO to Li,O and metallic Ni. This plateau
was followed by an extended slope, with an overall specific capacity
exceeding the theoretical value for the reduction of the oxide,
718 mAh/g (or 2 mol electrons/mol NiO). The capacity during the
sloping region was largely reversible upon oxidation, followed by a
single pseudoplateau at approximately 2.1 V. It is apparent that a
significant portion of the charge invested in the reduction reaction is
not recovered upon oxidation, resulting in a large coulombic
inefficiency. Comparison of the voltage values at which plateaus
developed on reduction and oxidation revealed a voltage hysteresis
of 1.4 V. Combined with the large coulombic inefficiency, the
result is the unacceptably large roundtrip inefficiency common to
conversion electrodes.

Figure 2a displays the X-ray absorption near edge structure
(XANES) region of spectra for selected points collected during
reduction under operando conditions. The spectrum of pristine
NiO showed a steep edge and high white-line at approximately
8350 eV. As the reaction proceeded, the absorption edge increased
in spectral weight at lower energies and the white-line decreased, a
typical spectral feature of a metallic phase. The well-known forma-
tion of nanoparticles® explains the weakening of the post-edge fea-
tures above 8350 eV. The aligning isosbestic points (inset in
figure 2a) support the assumption of a two-phase reaction, but given
their sensitivity to spectral correction, this observation can only be
taken as a first indication.

Principal component analysis (PCA) was performed for the whole
collection of spectra to estimate the number of independently-vary-
ing components. Note that each PCA component may consist of
multiple species, but in constant proportions. Iterative target factor
analysis (ITFA) was used to recombine the abstract components into
plausible “end-members” (ITFA components in Figure 2b). These
components were then used in linear combination (LC) fits of all the
spectra in order to quantitatively relate composition with the mac-
roscopic electrochemical signatures. The results are also summarized
in Figure 1. PCA indicated the presence of at least three unique
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Figure 2| (a) Ni K-edge XANES of discharge reaction at selected points
during operando measurements of NiO-B; (b) XANES region of the
determined ITFAs, overlaid with traces corresponding to NiO and
nanoscale Ni.

components A, B and C, which could not be described as a linear
combination of each other. Figure S2a in the Supplementary
Information plots the first 4 abstract components, where the 4*
component is only related to noise/background. Figure S2b and ¢
in the Supplementary Information discuss the improvement of the fit
of 4 vs. 3 vs. 2 components for selected scans (almost fully reduced
and approximately 3.8e~ transferred). The existence of three com-
ponents explains the imperfect isosbestic points. While PCA was
performed in energy space over the full spectra, only the XANES
region is displayed in figure 2b. It is important to note that, in general,
one ITFA component does not necessarily correspond to an indi-
vidual chemical phase. However, in the present case, components A
and B were found to be highly similar to finely divided Ni and NiO,
respectively (Figure 2b). On the contrary, component C could not be
fully identified. Compared with component A, it presented a discern-
ibly sharper white-line with the edge slightly shifted towards higher
energies (i.e,, slightly oxidized Ni). Further, the post-edge peaks were
even less distinct than in nanometric Ni (ITFA A), indicating the
defective and very short range coherence of this component. Its
nature will be discussed in more detail below.

As expected, the phase fraction of ITFA component A increased at
the expense of B, corresponding to the conversion of NiO to metallic
Ni. Besides these two components, PCA revealed the minor but
distinct presence of ITFA component C throughout the discharge
reaction. The existence of this third component is a deviation from
the two phase picture typically presented in conversion reactions.
The conversion of NiO to metallic Ni was not complete at the end of
the plateau (see dashed line), but continued in the following sloping

region. During this tail-end of the reaction, approximately 5-10% of
NiO was converted while about 20% of the total charge was trans-
ferred. This indicates two issues. First, a fraction of the active material
requires a greater overpotential for conversion to occur, which might
be due to partial loss of electrical contact due to mechanical damage
and/or surface reactions. Second, a significant amount of the elec-
trons transferred between electrodes in the cell participate in side
reactions, both during the plateau as well as during the sloping tail.
As aresult, the fact that the number of electrons measured during the
voltage plateau largely matches the stoichiometric ratio in the con-
version reaction can be considered (Figure S1 in the Supplementary
Information), to some extent, arbitrary, and not a true measure of the
efficiency of the reaction.

Comparison between the Li K-edge XAS data of NiO electrodes at
different points of the reaction with pure compounds such as LiF,
Li,CO3, Li,O and LiOH (Figure 3), known components of electrolyte
reaction layers®, revealed that these reactions significantly contrib-
uted to the extra capacity”. The data were sensitive to probing depths
of approximately 20-50 nm?, i.e,, to the sample surface exclusively.
The most prominent signatures at all states were assigned to LiF, even
when the electrode was only partly reduced, thus confirming that
electrolyte decomposition occurred during the conversion plateau.
No significant signals of Li,O were detected even after one full reduc-
tion. Complementary TEM analysis of NiO nanoparticles (NiO-NP)
particles at the end of the conversion plateau revealed a coating of a
few nm thickness (Figure S3 in the Supplementary Information),
where EELS, which is sensitive to the bulk of the sample, confirmed
the formation of Li,O and its reversible consumption to produce a
NiO-like compound (Figure S4 in the Supplementary Information).
Over the course of the reaction, the composition of the layer was
dynamic, with a contribution of Li,COj to the Li K edge XAS becom-
ing apparent upon oxidation.

Structural implications of the electrochemical conversion. A
quantitative model using the peak intensity of the first shell was
employed to fit the EXAFS data from the operando experiment.
Under the assumption of constant and theoretical coordination
numbers, the passive electron reduction factor, Sy* was fitted as a
magnitude of the total scattering amplitude for pristine NiO-B,
which was then used as a constant for the consecutive scans on the
PCs. Apparent coordination numbers (CN) were obtained in these
cases. The obtained CN are a convolution of coordination number,
changes in Sy* due to the chemical reaction and bond-length

normalized absorption / arb. units

55 60 65 70 75

energy / eV

Figure 3 | Soft XAS at the Li K-edge for NiO electrodes in various stage of
charge/discharge (top) as well as reference compounds (bottom). This
data was collected in total fluorescence yield from at the top of the
electrodes.
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distribution; they can therefore not be taken as absolute value of
coordination. Some fits after and during reduction showed
extremely small apparent CN both for Ni-Ni and Ni-O, which
would be prohibited by the conservation of local charge balance.
Fitting was performed only up to a radius of 3 A including the first
Ni-Ni shell for all data because of i) evident loss of long range order
during the reaction and ii) to avoid inaccuracy due to many multiple
scattering paths with large relative amplitude®. Figure 4 shows the
magnitudes of the Fourier transform for selected scans during the
discharge reaction (solid trace) and the corresponding fit (dashed
line). The resulting fitting parameters and quality of the fit are
summarized in Table 1. A complete list of all parameters and fit
results can be found in Table S1 in the Supplementary Information.

The pristine material showed a first shell corresponding to Ni-O
bonds with a distance of approximately 2.08 A, the second shell
corresponding to Ni-Ni bonds at 2.95 A. These distances match bulk
NiO**. Peaks ascribed to higher coordination shells were well
resolved, indicative of the long range order in the material. During
the reduction (scans 1-42), the intensity of the Ni-O and Ni-Ni peaks
of NiO decreased and a new peak appeared at approximately 2.5 A,
corresponding to the Ni-Ni bond in Ni. This feature dominated the
spectra from approx. 1.5 e~ transferred (scan 21) onwards, indicative
of a steady conversion. In the fully reduced state, at 0 V, only this Ni-
Ni shell in metallic Ni contributed to the EXAFS signal. Scattering
from higher shells was almost undetectable; long range order was lost
during the first reduction, consistent with the formation of very small
metallic domains. No particle growth of the newly formed Ni part-
icles seemed to take place, since no peaks from higher coordination
shells appeared, in good agreement with observations in other con-
version systems®>’. The Ni-Ni bond length of the fully reduced sam-
ple was slightly contracted compared to bulk Nij, as it is typical for
nanoparticles””?®. The spectral intensity amplitude was reduced to
almost half the initial value in the course of the operando measure-
ments, which was accounted for by a reduced apparent coordination
number (CN), under the assumption of constant Sy>. Theory predicts
an intensity reduction by about 13% for particles with a diameter of
about 3 nm due to so called termination effects®”. Recent experi-
mental work showed much larger intensity reductions up to 41%,
which were explained by substitution of phosphorus into the nickel
lattice. Another factor for the obtained value for the CN is also the
bond length distribution. Thus, the large intensity reduction in the
present case is possibly caused by the large number of defects and
disorder present in the formed Ni particles.
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Figure 4 | Fourier transform magnitude of k* weighted Ni-K-edge
EXAFS spectra (solid line) and the corresponding fit (dashed line) of
NiO-B and at selected points during the reduction in a Li metal cell, taken
from operando measurements.

Little is known about the implications at the microscopic scale of
domains of highly conductive metal forming in a matrix of semicon-
ducting material. NiO-B electrodes were reduced to a formal 50%
conversion, at two different rates to be measured ex-situ. Ni chemical
maps at 5 pm resolution of significant electrode portions were
obtained by p-XAS mapping using a TFY detector (Figure 5). The
data corresponds to volumes of a few microns into the face of the
electrode exposed to the electrolyte in the coin cell geometry, the
current collector being on the opposite end. Micron-scale lateral
inhomogeneities were apparent in the electrode reduced slowly,
and became strikingly more severe when the reaction was performed
at a faster rate, producing Ni (red) and NiO (blue) domains of hun-
dreds of microns. Comparison between spectra at discrete points in
the map with data simultaneously collected with a surface-sensitive
(5-10 nm) TEY detector (Figure S5 in the Supplementary
Information), revealed additional in-depth chemical gradients: a
tendency was found towards higher metallic Ni content at the surface
than the bulk.

Reaction pathways upon oxidation (re-conversion). Figure 6a
presents the XANES data upon oxidation of the Li,0O + Ni
nanocomposite formed in the operando NiO-B cell. Changes in
the electronic structure are indicated by the changes in the edge
shape and the increasing white-line at 8350 eV. The inset in 6a
shows the existence of an apparent isosbestic point, suggesting the
presence of only two phases. In principle, this observation is
consistent with a mechanism of oxidation of Ni back to NiO.
However, the performed PCA indicated the presence of 3 phases
(Figures 1 and S2). In comparison to the reduction reaction, the
observed changes in edge shape and at the white-line were smaller,
suggesting an incomplete re-conversion to NiO.

Relatively small changes were observed in the Ni-oxidation state
up to 2.1 V, where about 1 mol of electrons were already transferred
(see second dashed line in figure 1), which amounts to a total of 1/3 of
the total charge transferred during the reduction reaction. The minor
changes in the XAS spectra indicates, that the electrochemical reac-
tions at these potentials are heavily non-transition metal centered, as
proposed recently", but take place at the layers formed during elec-
trolyte reduction. This conclusion is in agreement with the evolution
of the Li K edge spectra above. PCA of the data also revealed the
advent of ITFA C, not NiO, spectral features during this electro-
chemical process. It was only during the small plateau at approxi-
mately 2.1 V that re-formation of NiO was observed (Figure 1).
Thus, the reaction pathways upon reduction and oxidation were
different. Concurrently, the model used to fit the EXAFS data had
to be adapted, because the data could not be satisfactorily described
by a combination of NiO and metallic Ni. Here, a simple approach of
1 or 2 Ni shells and an additional O shell was taken, where the
coordination numbers for oxygen and nickel were fitted. Fourier
transform magnitude of k* weighted Ni K-edge EXAFS spectra
acquired during the oxidation reaction (solid lines) with correspond-
ing fits (dashed lines) are displayed in Figure 6b, and the resulting fit
parameters are included in Table 1. During oxidation, the metallic
Ni-Ni interaction dominated the radial distribution functions.
However, a small contribution from an additional shell at very
short distances emerged as Ni was transformed into ITFA C.
Contributions from Ni-O and Ni-Ni shells in NiO were again only
detected at voltages above 2.1 V. As upon reduction, CN remained
low, indicating a large disorder in the sample. Similar mechanistic
observations were made during a second conversion cycle, although
the results were less conclusive due to the chemical irreversibility of
the conversion reaction. The data are thus presented and discussed as
Supplementary Information.

Contrasting these results with data collected ex-situ from NiO-NP
at selected points of conversion/reconversion provided clues into: i)
the validity of the pathway found in NiO-B irrespective of initial size,
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Table 1 | Parameters of the EXAFS fitting for selected scans of operando measurements, ITFAs and NiO-NP (ex-situ) at selected states of
charge. Values in squared brackets are fixed values, values in brackets are theoretical values. For the fully oxidized operando sample
two Ni-O shells with the same parameters were fitted. *marks physically unreasonable apparent coordination

Ni-O shell NiO Ni-Ni shell metallic Ni-Ni shell oxide $o? Reduced Chi?

sample Ni metal Fraction CN (6) dR(R=2.0890) CN(12) dR(R=2.4917) CN{(12) dR(R=2.9543)

ITFAA 1 6.05 —-0.04523 [0.97] 1197
ITFAB 0 5.55 -0.01876 14.56 0.00147 [0.97] 58.3
ITFAC 0.62 5.010 -0.17257 6.23 —0.03007 [0.97] 600.2
0.0 e (NiO-B) 0 [6] 0.0073 [12] 0.0024 0.967 51.3
0.5e- 0.07 4.95 -0.01899 9.94 —0.03491 9.90 —0.00609 [0.97] 17.3
1.0e- 0.34 595 -0.00311 11.05 —0.05620 12.35 0.00226 [0.97] 22.2
1.5e- 0.46 5.68 0.00857 11.86 -0.05717 10.17 0.00611  [0.97] 79.4
2.0e- 0.65 5.35 0.01344 9.88 —0.04001 8.17 0.015405 [0.97] 55.7
2.5e 0.80 33.25* 0.12363 6.71 —0.05556 6.99 -0.00136 [0.97] 64.6
3.0e (reduced OV) 0.85 4.190 0.04478 8.39 —0.05507 12.91 —0.02962 [0.97] 73.2
4.0e- 0.92 [6] —0.18912 6.66 —0.03061 [0.97] 1347
4.5¢ 0.72 4.50 -0.15923 6.95 -0.02779 [0.97] 47.7
4.7e (oxidized), 0.68 3.61 —-0.0732930 6.96 —0.01400 4.46 0.20176 [0.97] 27.5

2 Ni-O shells fitted

NiO-NP 0.001 6.30 —-0.01472 [12] 0.01225 11.66 0.00425 [0.97] 123.
NiO-NPO V 1.0 —4.54* —0.49938 6.60 —-0.00939 —16.40* 0.24467 [0.97] 93.2
NiO-NP 1.75 V 0.95 2.82 —0.22248 711 -0.02118 [12] 0.10975 [0.97] 268.1
NiO-NP 3 V 0.02 14.80* —0.04120 8.68 -0.00342 [0.97] 3133

and ii) the possibility of enhancing the efficiency of the reconversion.
The main electrochemical signatures of the NiO-NP electrodes in
conventional coin cells were similar to NiO-B (Figure S1 in the
Supplementary Information). The initial reduction process at
0.8 V was more pronounced in NiO-NP, and an additional broad
signature centered at 1.4 V was observed upon oxidation, suggesting
possible differences in reaction mechanism. Furthermore, the cou-
lombic efficiency was higher for NiO-NP than NiO-B. When com-
pared to NiO-B, pristine NiO-NP showed very similar XAS features
(Figure 7a) and the EXAFS spectra (Figure 7b) contained peaks from
higher shells, albeit slightly weakened and distorted. These features
are indicative of a high degree of crystallinity and structural coher-
ence despite the primary domains being less than 10 nm in size®'.
After full reduction, the peaks from higher shells vanished and
formation of Ni was observed, as also manifested in the edge shift
to 8333 eV (XANES). Upon oxidation by recharging the NiO-NP/Li
cell to 1.75 V, the XANES signal remained similar to that of metallic
Ni, indicating the new process at 1.4 V did not involve significant
charge transfer at the transition metal. The EXAFS data showed a
contribution at shorter distances than that of Ni-Ni, reminiscent of
ITFA C observed in NiO-B. Attempts to fit the data using ITFA A

Scalebar 0.2mm

Figure 5 | Maps collected by energy dispersive mapping at the Ni-K edge
(ex-situ) using total fluorescence yield for NiO-B electrodes reduced by
50% in a Li metal coin cell, at (a) 1C and (b) C/20 rate. The electrodes,
which were flat disks, were mounted normal to the observer axis, so that
the side facing the bulk of the electrolyte (ion supply) was on top, i.e.,
represented in the map. The current collector (electron supply) was on the
opposite end, away from the observer. The sample depth probed by the
fluorescence signal is 4-5 times smaller than the thickness of the electrode.
Thus, only the top portion of the electrode was evaluated. Scalebar

0.2 mm.

(Ni) and ITFA C in NiO-B were unsuccessful, suggesting that
the exact nature of the intermediate state may be dependent on the
microstructure of the initial material. After oxidation to 3 V, the
features corresponding to NiO became much more prominent than

1.2
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Figure 6 | (a) XANES and (b) Fourier transform magnitude of k*
weighted Ni-K-edge EXAFS spectra (solid line) and the corresponding fit
(dashed line) of selected points of charge during operando measurements
of NiO-B.
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Figure 7 | (a) XANES and (b) EXAFS of NiO-NP at different points of the
electrochemical conversion reaction collected ex-situ.

in NiO-B, in agreement with the higher coulombic efficiency in the
cell. Thus, the overall reaction was definitely more complete in NiO-
NP than NiO-B. It is safe to conclude that the length of the 2.1 V
plateau is a good indication of the true reversibility of the conversion
reaction. Nonetheless, slight differences in the pre-edge and intensity
of the white line, as well as dampened features in the post edge could
be observed when comparing to pristine NiO. In turn, the Fourier
transformed magnitude of the EXAFS spectra revealed a reduced
coordination and a significant difference in the relative scattering
intensities of the Ni-Ni and Ni-O shells. These effects strongly sug-
gest that the oxide resulting from cycling was still highly defective in
nature despite the initial material being formed of very small
domains.

Identity of the reaction intermediate. The magnitudes of the
Fourier transform for the three ITFAs are shown in Figure 8. ITFA
A showed a single main peak at a distance of 2.45 A, which is in good
agreement with the nanoscale Niformed at0 V (Table 1). In turn, the
O-shell at 2.073 A and a Ni-shell at 2.95 A in ITFA B matched the
distances of NiO. Finally, ITFA C presented a Ni-Ni interaction at
2.46 A, similar to Ni, and a shell composed, based on the weak
scattering and close distance, of light elements at a distance of
about 1.9 A. The fit of the imaginary part of the data is shown in
Figure 8 as well, and reveals good agreement in phase and amplitude.
The lack of signals at longer distances limited the determination of
bond length and apparent coordination to the first two shells. In
contrast to oxygen, nitrogen or carbon can be found at very short
first shell distances in the interstitial sites of the Ni metal lattice,
leading to small changes in the Ni-Ni distance’*. Fits using the
structures of Ni;N (ICSD# 280710)** or Ni;C (ICSD# 17005)*
were performed, but were large in error or showed dubious

Jimran’ o magnitude 3

. magnitude]
® Je
s 3 = imag. part
c S5 —— fitimag. part]
D g ] T T ]
g
€< 7
E 8 s, ol || NP T
O > 7
D &
S 2 7
= D ]
= © ]
o £
S o 7]
o c ]
L c 7]

T T T T T
0 1 2 3 4 5 6

Figure 8 | Fourier transform magnitude of k* weighted Ni K-edge EXAFS
spectra of the components extracted from PCA (open symbol) and
corresponding fit (red line). The full symbols and thinner lines show the
corresponding imaginary parts and their fits.

parameters. In a recent report, Moreau et al. found significant
amounts of P doped on Ni sites in the fcc metallic lattice using
EXAFS*, but the resulting distances were significantly above 2.0 A.
Given the large amounts of Li,O around the Ni clusters in this
electrochemical system, it is possible that the scattering is caused
by oxygen.

Compounds with similarly short Ni-O distances, such as Ni(OH),,
NiOOH, or Li,Ni(; — O have generally a much longer Ni-Ni distance
(2.9 A) than the one determined in our measurements (2.46 A)*%.
However, remarkable similarities were found with experimental ana-
lysis of O chemisorption on Ni***’. It revealed that oxygen can form
well defined surface structures on the metal facets. A Ni-O distance of
approximately 1.9 A was determined, yet the lattice parameter of Ni
was found to remain almost constant. Attempts to extract structural
parameters such as CN from the EXAFS data of ITFA C did not
produce reliable results. In contrast, the XANES spectrum of Ni
nanoparticles with converted surfaces in one such previous study’’
shows similar features to ITFA C in Figure 2b. These observations
lead to the conclusion that an intermediate Ni-O phase could be
formed during the electrochemical oxidation of the Ni clusters
embedded in Li,O before defective NiO emerged. This pathway also
has precedent in the chemisorption studies, where formation of bulk
NiO was observed upon extended oxygen exposure®. Since PCA
indicated almost complete transformation of Ni to the intermediate
(Figure 1), this reaction cannot be limited to the interface between
the metal and Li,O.

Discussion

The conclusions of this study are summarized in Figure 9. The ini-
tially crystalline NiO converts to small clusters of Ni dispersed in a
Li,O matrix, which are simultaneously covered with layers resulting
from electrolyte decomposition. Such layers impose an overpotential
to the reduction of some NiO, which can be further aggravated by
electrical disconnection due to the mechanical damage imposed by
the drastic volume changes during the phase transformation. As a
result, while the secondary reaction is prevalent in the tail end of the
electrochemical curve (Figure 2), a small fraction of current is still
invested in reducing remnants of the oxide. Electrochemical lithium
extraction is enabled by oxygen migration into the Ni lattice to form
an intermediate Ni-O compound. With additional driving force for
lithium removal, at and above 2.1 V, oxygen continues to diffuse
within the system, so that saturation is reached, and formation of
nanoscale defective NiO takes place. The electrolyte decomposition
layers are also electrochemically active between 0 and 2.1 V vs Li*/
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Figure 9 | Schematics of the proposed reaction during the reversible
electrochemical conversion of NiO.

Li% in agreement with the observations reported by other for related
reactions'. But these reactions are extremely unlikely to be the
reverse of those occurring during reduction. Their electrochemical
activity can even impose a change in reaction pathway of the bulk of
the electrode®. It is expected that Ni, especially in the form of nano-
particles, has a catalytic role in all these decomposition reactions''.
The inherently different chemical pathways for both NiO and the
electrolyte, and the fact that oxide crystallinity, and, thus, full atomic
ordering, is not recovered constitute sources of voltage hysteresis,
which is the ultimate expression of all the contributions to the energy
of the system. The hysteresis, while still very large compared to
intercalation reactions, was reduced from ~1.4 to ~0.7 V in the
second cycle (Figure S6 in the Supplementary Information). XAS
data collected during the second oxidation and reduction reactions,
while not completely conclusive due to the mixture of phases existing
after the first oxidation, supported the notion that the chemical
mechanism is preserved and continues to be asymmetric. Thus, the
reduction in hysteresis can be ascribed to microstuctural/mechanical
energy effects, associated with the change from crystalline to defect-
ive NiO as the phase participating in the reaction'®*. The reader is
referred to the Supplementary Information for extensive discussion
of these points.

The exact nature of the new intermediate observed in the study,
especially during oxidation, was not fully established, but incorpora-
tion of oxygen into the Ni lattice was found to be the most plausible
scenario. Although solubility of oxygen in bulk Ni under equilibrium
conditions is known to be low (ca. 0.05 at%)* and activation energies
for interstitial O diffusion in the metallic framework calculated to be
high (1.25-1.54 eV)*, deviations from thermodynamic equilibrium
due to strain and enhanced surface reactivity are not unprecedented
in metallic nanoparticles***. Oxygen oversaturation in small (2—
4 nm) metal clusters was found in Fe-based strengthened steels*!.
The cluster sizes are similar to the metal formed after electrochemical
conversion*>*°. The driving force for oversaturation was predicted to
be the existence of defects in the metallic lattice which showed high
affinity toward oxygen, but not other common elements in steel such
as CY. The differences between the spectra of metallic Ni obtained
after reduction of NiO and Ni foil could be indicative of the existence
of similar defects in this system, as proposed by others for related
systems”’. Deviations from the equilibrium metal-oxygen bulk phase
diagrams are also well known in surface science. An example is the
observation of a metastable epitaxial subsurface oxide in Pd(111)
single crystals upon exposure to O,*. Formation of this metastable

oxide was hypothesized to be driven by the penalty imposed by the
atomic rearrangement involved in the transition from Pd to PdO, the
stable oxide, which, just as in our study, eventually formed by sat-
uration upon sustained exposure and increased driving force. Small
nanoparticles have such a large surface-to-bulk ratio that a “subsur-
face oxide” mechanism could be envisioned during lithium extrac-
tion from Li,O + Ni and lead to the complete transformation of the
Ni particles into a metastable NiOg (8 < 1) state, especially consider-
ing that this mechanism is predicted to be favored in late transition
metals (and Pd and Ni belong to the same group in the Periodic
Table)*. Unfortunately, efforts to estimate the oxygen content, 9,
by fitting the EXAFS data were not conclusive. Interestingly, the
metastable Pd-O intermediate was not observed during the sub-
sequent reduction of PdO, which proceeded straight to Pd metal,
resulting in hysteresis. The lack of intermediate during reduction
was explained by the different epitaxial pathways involved depend-
ing on the starting point. It is possible that similar mechanisms
operate in electrochemical conversion reactions.

Our observations provide robust experimental evidence of the
consequences of bottlenecks imposed by the diffusion of multiple
ionic species as well as electrons during electrochemical conver-
sions'®". Sauvage et al. noted a dramatic increase in conductivity
in thin films during the reaction, which was assigned to electronic
effects due to Ni domain percolation®. Such enhancement provides a
large driving force for the reaction to continue in the vicinity of
converted domains, especially if the currents imposed are high.
Such mechanism is likely behind the large micron-scale inhomo-
geneities observed in partially reduced electrodes. On charge, it is
possible that the formation of the NiO; intermediate is also favored
by its predictably higher electronic conductivity compared to NiO. In
a sense, this observation bears resemblance with the formation of
intermediate, high electronic conductivity Magnéli phases (e.g.,
TisOo) during the high temperature electro-reduction of TiO,>"*.
These phases are crystallographically related to the initial compound
and can thus be formed without much rearrangement, leading to an
enhancement in conductivity that enables the formation of the metal.

Conclusions

In-depth insight into the mechanism of electrochemical conversion
of NiO by Li has been obtained at different scales, from atomic to
electrode level. The simplicity of the system renders it a good model
for the general class of reactions. First, and most importantly, the
voltage hysteresis upon reaction reversal stems, to a large extent,
from differences in pathways of reduction and oxidation, imposed
by the diffusion of multiple species. While the reduction of NiO
proceeds mostly directly to very small, defective Ni nanoparticles
and Li,O, a metastable NiO; intermediate is formed upon reoxida-
tion, which preserves the metallic structure. The formation of this
intermediate is enabled precisely by the very small size of the Ni
clusters, and it is surely at the origin of the reversibility of conversion
reactions. The NiO formed at the end of the process was found to be
defective as well. Second, inefficiencies in the transformation were
created by the concomitant activity of the electrolyte and its degra-
dation products, turning coulometry into an unsuitable tool to deter-
mine the amount of material cycled in the electrode. Third, we found
that the significant differences in transport between phases creates a
driving force toward formation of microscale compositional inho-
mogeneities. These three observations stress the tremendous chal-
lenges toward turning electrochemical conversions into a practical
concept of energy storage. While researchers possess tools to alleviate
electrolyte reactivity®>, overcoming hysteresis would necessarily
involve a control over chemical transport not possible today. In
addition, the generation of micron-scale inhomogeneities during
cycling bears important implications in the design of batteries, as
they can lead to overdischarge reactions that compromise safety and
durability.
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Beyond batteries, this report adds to the existing knowledge of
size-dependent compositional metastabilities in materials. While
reductions in miscibility gap were known in Li intercalation systems
such as LiFePO,™, it is now shown they could also exist in simple
transition metal systems such as Ni-O. When extremely small crystal
sizes are involved, changes in the relative energetics of different
phases with respect to the bulk can occur®, rendering equilibrium
phase diagrams incomplete. These phenomena cut across fields
beyond energy storage, such as catalysis and metallurgy.
Electrochemistry offers a way of rapidly exploring metastable phase
spaces in a variety of conditions™.

Methods

Two different sources of NiO were used in this study. Bulk NiO (NiO-B) was pur-
chased from Alfa Aesar (99%, catalog number 12359-18), and used without further
purification. NiO nanoplates (NiO-NP) were produced by treating an aqueous
solution of NiSO,*H,0O and NaOH with a 1:2 Ni: OH ratio in hydrothermal con-
ditions, at 160°C for 12 h, then tempering the product for 2 h at 400°C. The purity of
the product was verified using X-ray diffraction (XRD), see Figure S7 in the
Supplementary Information. Scanning electron microscopy (SEM) was performed in
a JEOL 7500F operated at 1 kV and 20 pA in gentle beam mode. NiO-B was char-
acterized by large primary particle sizes slightly below 1 micron which in turn form
secondary particles of multiple tens of microns in size, whereas NiO-NP were com-
posed of porous hexagonal plates of 100-150 nm diameter and 30-50 nm thickness
(Figure S8 in the Supplementary Information). A separate, detailed study by TEM
revealed that these plates were composed of 2-5 nm highly ordered domains
arranged so as to result in a microporous structure®. For transmission electron
microscopy, crystals were dispersed on an ultra-thin carbon supported grid and
studied in an FEI Tecnai F20 microscope operating at 200 kV using electron energy
loss spectroscopy (EELS) and high-angle annular dark field (HAADF) imaging in
scanning (STEM) mode.

Porous composite electrodes for electrochemical reactions were prepared with
70 wt% NiO, 15 wt% polyvinyldifluoride (PVDF) as binder and 15 wt% carbon black
conductive additive. The components were mixed in N-methylpyrrolidone (NMP) to
form a thick slurry that was subsequently cast onto 15 pm Cu foil and dried in
vacuum at 80°C overnight. The resulting films were either punched as circles of
9.5 mm in diameter for cycling in 2032 coin cells or cut in rectangular form for
assembly in pouch cell form. Ex situ analyses were performed on samples harvested at
reaction levels of interest from coin cells. After cycling, the cells were washed carefully
in dimethyl carbonate (DMC) and stored in inert atmosphere until the measurement
was performed. In turn, pouch cells were encased between two aluminum plates to
ensure adequate levels of pressure and used in the operando analyses. A 2 X 10 mm
(height X width) rectangular hole was drilled in the plates to allow the transmission of
the synchrotron beam. In all cases, lithium metal was used as counter and pseudo-
reference electrode, with Celgard 2400 impregnated with 1 M LiPFq in 45:55
EC: DEC electrolyte as separator. The cells were galvanostatically cycled between 0
and 3 V vs. Li*/Li® at C/n rate, defined as the current density required to achieve full
theoretical capacity (C = 718 mAh/g) in n hours. All cell assembly and disassembly
was performed under continuously purified Ar atmosphere in a glovebox with levels
of H,O < 0.1 ppm and O, < 0.1 ppm. VMP3 and VSP galvanostat/potentiostats
(Bio-Logic USA, LLC) were used for the ex situ and operando measurements,
respectively. All electrical potential values discussed in this paper are referred to the
Li*/Li® couple (E° = —3.04 V vs. normal hydrogen electrode).

Bulk X-ray absorption spectroscopy (XAS) data was collected at beamline 4-1 of
the Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National
Accelerator Laboratory (Menlo Park, USA) using a Si(220) double crystal mono-
chromator. Spectra were acquired in transmission mode around the Ni-K edge
(8333 eV), in the energy range from 8100 to 8950 eV (k = 12.5). Higher harmonics in
the X-ray beam were minimized by detuning the Si(220) monochromator by 35% at
the Ni K-edge. A Ni-metal reference foil between the second and third ionization
chamber was used for energy calibration.

Micro-XAS experiments were performed at the Ni-K edge (8333 eV) at beamline
10.3.2 of the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory
(Berkeley, USA). Spectra were acquired in total fluorescence yield (TFY) mode and
total electron yield (TEY) mode simultaneously to probe different depths. TFY
detection was done using a seven-element Ge solid-state (Canberra) detector. High
resolution Ni chemical maps were acquired at several incident energies: 8320 (pre-
edge background), 8333.8, 8349 and 8388 eV (for normalization) with a spot size of 5
X 5 pm on the sample and 50 ms dwell time/pixel. The values of 8333.8 and 8349 eV
were selected to give the highest contrast between Ni® and Ni** (NiO), respectively, as
extracted from bulk data for reference samples. The individual energy maps were
normalized, dead time corrected and registered to each other to correct for small
spatial shifts. Chemical phase maps were compiled from the intensity ratios at the
selected energies using methods described in the literature™. At selected points on the
sample full EXAFS spectra were acquired. Standard procedures for experimental data
reduction, Fourier transformed EXAFS and FEFF fits were performed using Athena
and Artemis of the IFEFFIT suite®®. Principal component analysis (PCA) including
iterative target-factor analysis was performed using software available at beamline
10.3.2 and its website (http://www-esg.Ibl.gov/uxas).

XAS at the Li-K-edge (56 eV) was performed at beamline 11ID-2 (VLS PGM
endstation)* of the Canadian Light Source (Saskatchewan, Canada) by detecting the
total fluorescence yield. Samples were prepared under inert atmosphere, mounted to a
metal sample plate using carbon tape under Ar atmosphere in a glove bag attached to
the beamline endstation, then transferred into a vacuum chamber under 5 X
1077 torr or less. Powdered reference samples (Li,CO3, Li,O, LiOH, and LiF) were
pressed into indium foil before mounting. XAS scans were performed across the Li K-
edge from high to low X-ray energy with an average scan time of 45 minutes. Samples
were aligned with the surface normal parallel to the incident radiation. The illu-
minating beam spot was on average 0.5 mm X 0.5 mm and scans were repeated on
multiple spots to check for beam damage effects. Total fluorescence yield (TFY)
spectra were collected using a channel plate detector mounted with a surface normal
at a 45° degree angle with respect to the incident X-ray beam. Spectra were nor-
malized to the incident beam current as measured by a nickel mesh upstream from the
sample.
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