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We present the thermodynamic modeling and experimental evidence of the occurrence of lithium storage
at abrupt junctions, which describes the transition from an electrostatic capacitor to a chemical capacitor. In
both Ru:Li,O and Ni:LiF systems, the functionalities and extracted parameters are in good agreement with
the thermodynamic model, based on the dependence of the storage capacity on open-circuit voltage.
Moreover, it is set out that a complete understanding of a conventional storage mechanism requires
unifying both the space charge and bulk storage for a nanocrystalline electroactive electrode.
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Chemical energy storage is one of the key processes for
our society. In particular, electrochemical storage such as
the storage of lithium in Li-based batteries provides the
basis of a particularly efficient, powerful, and elegant
reversible technology [1,2].

In this context, a novel storage mode was recently
proposed [3-5]. This heterogeneous storage mode refers
to interfaces and is directly connected with the existence of
space charge zones. It culminates in the extreme case that a
composite of two phases may store Li (i.e., Li™ + ™) even
though none of the constituent phases (and also not the
interfacial core itself) may store lithium themselves. This
then happens in a “job-sharing” way: Li™ is accumulated
in one, the electron in the other phase. This may not only
allow for a fast storage (Li™ transport along one phase,
e~ transport along the other); if the proportion of interfaces
is high as it is in the case of nanocomposites such as in
electrochemically prepared Li,O:Ru, the Li uptake can
also be substantial (~100 mAhg~' in Li,O:Ru nano-
composites) [2,4]. Such interfacial storage was also
addressed in fluorides [6,7].

The mechanism is of fundamental importance for two
reasons. (1) It describes the transition from an electrostatic
capacitor to a chemical capacitor on a size reduction. At a
large size, the system behaves as a supercapacitor where
polarization only refers to the boundary. At a tiny size, the
space charge layers overlap and in the atomistic limit the
charge distribution approaches the homogeneous distribu-
tion that is met in chemical dissolution (insertion). (ii) Only
the joint discussion of bulk and space charge storage allows
for a complete description of general (electro-)chemical
storage in nanocrystals where space charge zones may
constitute a substantial fraction of the entire crystal, in
particular, in the case of low Li concentration.

In this contribution, we give a clear thermodynamic
evidence for the occurrence of such a job-sharing mecha-
nism in two composite systems, Li,O:Ru and LiF:Ni. It
is based on the dependence of the storage capacity on
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the open-circuit voltage. The good agreement with the
thermodynamic considerations strongly corroborates the
mechanism and excludes conventional bulk storage or
the recombination of Li* and e™.

Let us start with a discussion of conventional bulk
storage (dissolution of lithium in a single phase). The bulk
carrier concentration in dilute systems is calculated by
considering the relevant mass action laws for the ionic
and electronic charge carrier concentrations together
with the electroneutrality equation (cf. appendix I in the
Supplemental Material [8]). If majority and minority
carriers can be distinguished, substantial simplifications
are possible. The specific situation under concern is named
the defect regime [9,10]. As far as Li incorporation into the
lattice is concerned, it suffices to formulate the incorporation
of Li' into interstitial sites whereby e~ are injected into the
conduction band (characterized by the mass action constant
Ky; = ni/ay;, where n = concentration of conduction elec-
trons €/, i = concentration of Li™ interstitials Li}, a;; = Li
activity, the logarithm of which is linearly correlated with the
chemical potential of lithium g;; or the cell voltage in
a battery) (appendix I of the Supplemental Material [8]).
Coupling this Li-incorporation equilibrium with internal
electronic disorder equilibrium (electron-hole equilibrium,
Ky = np, with p = hole concentration) and internal ionic
disorder equilibrium (we assume Frenkel equilibrium,
Ky = iv, with v = LiT-vacancy concentration) allows one
to calculate the equilibrium charge-discharge relation
cell voltage vs charge (Q). To give three examples: if
intrinsic ionic (or electronic) disorder prevails, i.e., i = v
(or n=p) over the stoichiometric change introduced,
the relation between charge stored simply follows as
O x aLi—constagil and the relation between charge and
voltage will be a sinh function. If Li excess (or deficiency)
is prevailing over the intrinsic disorder, a case that is more
relevant for perceptible storage, Qy; ai{2 (or —a[il/ %),
follows. While this is rather trivial and well settled [2],
the analogous calculations for the job-sharing mechanism
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at the interface of two phases a and f are more
delicate.

Let us do this for the relevant case that significant storage
of Li occurs in the form of interstitial and excess electrons.
Then the heterogeneous storage reaction involving the
phases a and f,

Li = Li}(a) + €(8), (1)

has to be considered. For dilute concentrations, a “mass
action law” can be formulated as (see appendix I in the
Supplemental Material [8]),

K = i(a)n(B)x(a. f)al, )

where two points are remarkable. First, the mass action
constant is composed of contributions (standard chemical
potentials x°, i.e., partial nonconfigurational free energy
levels) from both phases [In K%/’ «const+u%(a) + 2 ()].
Second, there is an additional term (x) that takes account
of the electrical potential (¢) drop between the two
positions in a and f corresponding to the charging
[k(a, B) = exp (e(¢py — ¢p)/kpT)] [11]. A third point is
worth mentioning with Eq. (2). Since i(a) and n(f) can
refer to different charge carrier regimes in a and f, the
defect scenarios can be manifold. As concentrations and
electrical potentials depend on each other, Poisson’s equa-
tion needs to be considered in addition to the Boltzmann
distribution already introduced when writing ideal mass
action laws. The electrical potential drop ¢, — ¢4 has three
contributions: the space charge potentials in a and f,
respectively, and the contact potential drop, i.e., the
potential drop between the two outmost layers of a and
p forming the contact (denoted by subscript 0). Let us first
ignore the latter which is a good approximation for not too
high |Qy;| values. As a first case we consider the contact of
two nonmetallic materials, and refer to the particularly
relevant case that the excess charge dominates intrinsic
disorder in both phases (i.e., Q% . « [ i*dx; 0’ [ n’dx,
where Q; = Of, = —Q/j-). This will be fulfilled at least
for significant storage effects. The solution of the Poisson-
Boltzmann equation then leads to two Gouy-Chapman

profiles  with Q%] o /e¥id = 1/efnl) « |QF| [9-11],
where the subscript 0 denotes the adjacent lattice planes

at x§ and xg . If we now formulate Eq. (1) for these positions

and take account of i = (¢’ /e*)n according to Poisson’s
equation and global electroneutrality (e: dielectric con-
stant), we find if ng x ai{z and hence Qp; ai{“, a
strikingly different result from bulk storage (exponent 1/2).
(Only extreme space charge overlap would change the
exponents toward values of 1/2.) Importantly, if Li were
introduced neutrally (in bulk or at interface) then
the exponent would be +1, an even higher value. Note
that 1/2 results from the dissociation of Li into two species

(Li™ and e7) and 1/4 from the combination of dissociation
and the diffuse double layer. As a second case, we refer to
the realistic situation, where the electron-stabilizing phase
p is a metal. Then the charge density on the metal site is

concentrated on the first layer, thus Qf ng . Instead of the
power of 1/4, one then derives Qy; a}f [This is due to

the fact that now Q « i¢'/2 & nf while Eq. (2) still holds
true.] A smearing out of the surface charge (e.g., due to a
tarnishing layer) will lead to a smaller exponent.

It is obvious that for large Q values, the missing potential

drop between x{j and xg characterized by x will be of rele-
vance (appendix II [8]). As long as one can model the region

between the two layers at x{j and xg by a gap with no charge
stored and effective dielectric constant et, Gauss’ law yields

Ko(a, B) = exp =exp(rQ) (3)

ereokgT
(with £ and s denoting positive integral charge density
and contact distance). As a result we find for the Li-excess
regime

exp _ke_ET x ag; x Q"exp(yQ), €))
B
with n = 3 or 4. In Eq. (4), E is, up to an additive constant
due to normalization, identical with the cell voltage (appen-
dix I [8]). Other cases can be treated similarly. In this
equation, the constant y contains the dielectric constant at
the contact e and contact distance s. For relatively small Q
(high voltages), the factor Q" in Eq. (4) will dominate, and
forlarge Q (low voltages), the factor exp(y Q) will dominate.
Note that the behavior at high voltages (low storage) then
emphasizes the diffuse double layer part, while the behavior
atlow voltages (high storage) corresponds to an electrostatic
capacitance (voltage o Q). Equation (4) then shows also
mathematically that the heterogeneous storage mode
describes an intermediate between chemical and electrostatic
storage. If, in a thought experiment, one shrinks the sizes
of the phases a, f to atomistic dimensions, the field will
disappear and a;; « Q* will originate in the limit of an
extreme space charge overlap, hence yielding the result that is
expected for a homogeneous situation. Note that for an ext-
reme space charge overlap Qp; « iff « ng x ai{z; cf. Eq. (2).

Now let us discuss the experiments. We refer to two
systems: (a) nanocomposites consisting of Ru and Li,0,
and (b) nanocomposites consisting of Ni and LiF. The
nanocomposites are formed by electrochemical lithiation of
RuO, and NiF,, respectively. Both metals are able to store
e~ butnot Li*, while LiF and in particular Li, O can hardly
accommodate e~ but easily accommodate Li™ interstitially.
This has also been confirmed by density functional theory
(DFT) calculations [5,12]. Figure 1 shows the related
discharge curve of RuQ,, displaying all the relevant storage
modes: single phase storage in RuO, (I), two-phase storage
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not substantially affected by the electrostatic storage part.
As Fig. 2(a) shows, indeed a power law results with a slope
of the predicted magnitude when the voltage is above
1.6 V vs Li/Li".

Now we extend the analysis to lower potentials where the
rigid double layer part becomes perceptible. The exper-
imental results shown in Fig. 2(b) again yield a power law
in the range of small Q (V > 1.60 V) with the expected
distinct deviation at lower voltage (large Q). However, if
we apply the complete relation and plot E + (4kgT/e) In
Q [cf. F(Q, E) in Fig. 2(c)] vs Q, the whole curve linearizes
with a y value of the expected order of magnitude. Using
reasonable values for s and e, and referring to Q as charge
per mass of the composite, we expect y to be on the order
of ~1 mAhg™! (appendix II in the Supplemental Material
[8]). n values lower than 3 give a distinctly worse fit; values
higher than 4 would correspond to unrealistically low y
values (see Fig. S1 in the Supplemental Material [8]).

Let us now refer to Ru:Li,O. The In Q vs E curve for
the relevant region (region V in Fig. 1) is displayed in
Fig. S2 [8] for the first discharge with again a slope of the
expected magnitude (1/n ~ 0.3), yet only at the high voltage
side as expected from the above modeling. By exploiting
Eq. (4), the whole curve linearizes (inset of Fig. S2 [8]), yet
with too low y values, coming from the irreversible formation
of a passivation (SEI) layer in the first discharge process [4].

FIG. 2 (color). (a) Dependence of lithium interfacial storage on
lithium activity in the first and second cycle in Ni:LiF nano-
composites. The Ni:LiF nanocomposites were electrochemically
synthesized by inserting 2.2 Li into NiF, [13]. The initial point of
the interfacial storage is not precisely known. Variation of the
initial point in the range of +10% of the total Q [14] shows that
the slope is not much influenced; the 1/n value varies by not
more than 0.05. It has to be noted that the results for the second
cycle are more reliable, as the first discharge lacks of reversibility.
(b) Dependence of lithium interfacial storage on lithium activity,
indicating high (large Q) and low (small Q) storage regimes (fifth
cycle). The linear plot reveals a power law with the expected
exponent. (c) The fit derived from data in Fig. 2(b) displays the
validity of Eq. (4) over the whole Q range for Ni:LiF. The y axis
refers to F(E,Q) = [E + n(kzT/e)In(Q/mAhg=")]/V, here
with n = 4. All dashed lines are shown for comparison. Bold
red line is fitted; black line refers to experiment data.

In order to be able to draw more reliable conclusions on
this system, (i) the cells have been cycled various times to
obtain a stationary passivation layer and (ii) a fairly high
current of 600 mA g~! is applied. This leads, on the one
hand, to greater overvoltage but simultaneously we expect
to filter out the fast interfacial mechanism and to depress
“parasitic” effects. Indeed, e.g., for the tenth cycle in the
Li,O:Ru case, the degree of reversibility is remarkable.
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The remaining hysteresis between charging and discharg-
ing can be easily attributed to unavoidable internal resis-
tances (Fig. 1), which do not influence strongly the
applicability of Eq. (4) (if constant, they would only affect
additive terms). Figure 3(a) shows the In Q vs E plot for
Li,O:Ru. First, we notice that the exponents develop
toward the right magnitude only for high voltages as
expected. Second, and importantly, exploiting Eq. (4) by
considering the E + (nkgT/e)InQ vs Q plot, the whole
curve linearizes very nicely with slopes (y) of the expected
magnitude [Fig. 3(b)]. According to the voltage range, the
diffuse part is only marginally observed in the limit of small
Q values. Hence, differences in the fit quality only appear
there. Best fits are obtained for n between 3 and 4 (Fig. S3
in the Supplemental Material [8]).

Evidently, we presented two compositions fulfilling
the job-sharing model: the Li,O:Ru case where the rigid
double layer part is pre-eminent and the Ni:LiF case in
which both contributions, the diffuse and rigid part, are of
significance.

In view of the unavoidable complexity of the nano-
composites, the above results can be considered to be an
excellent corroboration of the model. The space charge
storage may also be relevant as far as the usually present
passivation film (SEI) is concerned. As these passivation
layers typically consist of Li ion but electron blocking
compounds, interfaces of the passivation layers with metal
or carbon, usually present at current collectors, can give rise
to reversible excess storage as well [15].

A further important consequence of the consideration
of space charges in the context of mass storage is achieving
a unified understanding of the thermodynamic situation.
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FIG. 3 (color). (a) Dependence of lithium interfacial storage on
lithium activity in Ru:Li,O nanocomposites (tenth cycle).
(b) Dependence of E + (nkgT/e)InQ on interfacial storage
0, taking account of both chemical and electrostatic storage [14].

Every ionic crystal consists of both bulk and space charge
zones, the latter being particularly relevant for nanocrystals
which are preferably used for battery electrodes owing to
the short diffusion length. Hence, only a comprehensive
modeling of the combined bulk-space charge problem
allows the calculation of the total concentration profiles
as functions of lithium activity. This is overlooked in the
battery community research, only in the context of ion
transport, analogous considerations have been reported: in
silver halides, boundary concentration and conductivities
have been discussed as a function of silver activity [16,17]
or in the context of nanocrystalline perovskite oxide as a
function of oxygen partial pressure [18].

Figure 4 shows—for low Li activities—along with
expected carrier concentration profiles, a sketch of Li
storage in a nanocrystal of an electroactive material that
can store Li in bulk and subsurface and for which Li*
interstitials and excess electrons are the prevailing charge
carriers. At low storage [low ay; Fig. 4(a)], the space
charge zones are rather extended; at high storage [high a;;,
Fig. 4(b)], the space charge zones become very thin
according to increased screening by higher defect concen-
trations. Also the integral charge density is smaller if
normalized to the bulk storage, not because of the smaller
Debye length (influence of bulk concentration cancels in
the product of effective width and effective concentration)
but because of Q/Q,, x agil/")_(l/zﬂ, 3 < n < 4, express-
ing that space charge storage, even though increasing,
becomes less relevant when compared to the bulk con-
tribution. These space charge profiles will be highly
relevant for both transport and charge transfer kinetics.

In short, the thermodynamics of the novel job-sharing
mechanism of electrochemical storage are considered and
the equilibrium voltage vs charge curve discussed. We
show that in spite of the complexity of the interfacial
distribution, the functionality and the magnitude of the
extracted parameters are in good agreement with the model.

small ap

{uonenuaouo) 1) Uy 4

Distance from interface

FIG. 4 (color). Sketch of Li storage in a nanocrystalline
electroactive material which can store Li in bulk and subsurface
at both (a) small and (b) high a;;. Higher storage increases both
bulk and space charge storage, but the latter to a lesser degree.
In addition, the profiles narrow owing to storage screening.
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This strongly corroborates the heterogeneous storage model
(Li* and e~ separated by the phase contact) and excludes
usual bulk storage or Lit/e™ recombination. We also
emphasize that only the unified treatment of space charge
and bulk storage, which is possible along the described lines,
allows for a detailed understanding of the conventional
storage mechanisms if nanocrystals are employed.
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