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ARTICLE INFO ABSTRACT

Keywords: This review/perspective article critically assesses recent efforts and emerging opportunities to utilize the equi-
2D interfacial phase librium formation of 2D interfacial phases to tailor batteries and solid electrolytes. In contrast to traditional
Complexion

kinetically-controlled atomic layer deposition (ALD) and other interfacial engineering methods, these 2D inter-
facial phases form spontaneously at thermodynamic equilibria; they are also termed as “complexions” to differ-
entiate them from thin layers of 3D bulk phases whose thicknesses are controlled by kinetic/processing
parameters such as the number of ALD cycles or deposition time. Here, two classic examples are represented by
the impurity (dopant) based surface amorphous films (SAFs) and intergranular films (IGFs), both of which possess
thermodynamically-determined “equilibrium” thicknesses on the order of 1 nm. Recently, the spontaneous for-
mation of nanometer-thick SAFs and other less-disordered 2D surface phases have been utilized to improve the
rate capability and cycling stability of various electrode materials. Detrimental and beneficial IGFs and other
prewetting-like 2D interfacial phases have also been found in solid electrolytes or the solid electrolyte-electrode
interfaces. A variety of other complexions, e.g., ordered adsorbates, can also play important, yet unrecognized,
roles in various battery systems and solid electrolytes. Opportunities of utilizing 2D interfacial phases to control or
improve the processing, ionic conductivity, and interfacial stability in solid electrolytes as well as solid-state and
other battery systems are discussed. A potentially transformative idea is to utilize 2D interfacial phases to achieve
superior properties unattainable by conventional bulk phases since they can exhibit structures that are neither
observed nor necessarily stable as 3D bulk phases.

Interfacial engineering
Solid electrolyte
Solid-state battery

1. Introduction intergranular (glassy) films (IGFs) that are well-known in the ceramic

community since 1980s [31,32]. Recently studies also found

Various kinetically-controlled methods, such as the atomic layer
deposition (ALD), have been used to tailor the battery interfaces suc-
cessfully [1-17]; yet, there are limitations, e.g., the scalability and cost of
ALD. This review critically assesses an emerging opportunity of using
equilibrium formation of 2D interfacial phases (also known as “com-
plexions” [18-21]), which form spontaneously as thermodynamic equi-
libria, as a new and innovative method to engineer battery interfaces. In
other words, let thermodynamics tailor the interfaces for us.

For example, spontaneous formation of dopant-based 2D surface
phases via facile “mixing and annealing” have been utilized to improve
the rate capability and cycling stability of various cathode and anode
materials [22-28]. Here, a class of surface amorphous films (SAFs) with
self-selecting or “equilibrium” thicknesses have been systematically
characterized [22-25,29,30]; other types of surface adsorbates may also
form to enhance the battery performance [26,27]. These nanoscale SAFs
were originally discovered as the free-surface counterparts to the
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equilibrium-thickness IGFs and other similar complexions at the grain
boundaries in solid electrolytes and solid electrolyte-electrode interfaces,
which can have detrimental or beneficial effects to solid-state batteries or
other energy devices [33-38]. Furthermore, other ordered 2D interfacial
phases can also exist and play important, yet unrecognized, roles in
various battery systems, including metallic anodes and solid
electrolyte-electrode interfaces that have been less well characterized to
date.

Moreover, several reports showed significantly enhanced ionic con-
ductivities in SAFs and IGFs [33-36]. This further supports a potentially
transformative idea of utilizing 2D interfacial phases to achieve superior
properties unattainable by 3D bulk phases. This is possible in part
because these 2D interfacial phases can exhibit structures and/or com-
positions that are neither observed nor necessarily stable as 3D bulk
phases, e.g., structures that are between a glass and a crystal (despite the
historical names of “amorphous” SAFs or “glassy” IGFs) and average
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compositions that lie within the bulk miscibility gaps [19,20,29,32,36].
Emerging opportunities for utilizing such 2D interfacial phases or com-
plexions to control and improve the processing and properties of solid
electrolytes and solid-state and other battery systems are discussed.

2. Equilibrium formation of SAFs: let thermodynamics make
nanoscale coatings

It is now well-established that nanoscale surface oxide coatings made
by ALD can improve the cycling stability and other performance prop-
erties of electrode materials in both conventional and solid-state batteries
[1-17]. While uniform nanoscale coatings can be fabricated with atomic
level controls, ALD requires special equipment and chemicals that limit
its scalability and add cost. Recent studies have established an alternative
strategy through a facile “mixing and annealing” route to spontaneously
form nanometer-thick SAFs at thermodynamic equilibria [22-25,29,30].

Luo et al. originally discovered dopant-based SAFs as a new class of
2D surface phases, which are characterized by the following distinct
traits [23,24,29,39-43].

(1) they possess self-selecting or “equilibrium” thicknesses on the
order of 1 nm that are tunable by changing the equilibrium tem-
perature or chemical potential;

(2) they have been named as surface “amorphous” films or SAFs
(historically) despite that their structures are neither fully amor-
phous nor completely crystalline (distinct from any bulk glass or
crystal);

(3) they exhibit intrinsic through-thickness structural and composi-
tional gradients;
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(4) they have average compositions that differ from the associated
bulk phases (e.g., even within the bulk immiscible region that
would be unstable as a bulk phase); and

(5) they show thermodynamic stabilities that markedly differ from
the associated bulk phases (e.g., quasi-liquid SAFs can form well
below the bulk solidus temperature, where the bulk liquid phase is
not stable thermodynamically).

Because of some of the above unique characters of the SAFs, a
potentially-transformative opportunity is envisioned to utilize such
spontaneously-formed 2D surface phases to achieve properties unat-
tainable by 3D bulk phases.

We can form such SAFs via (1) mixing of the powder of our primary
material with a small amount of a surface-active additive (high-temper-
ature adsorbates, e.g., VoOs for the TiO, powder as discussed below) via
either dry mixing (by ball milling of two powders directly) or a wet route
(by adding a solution of a salt that contains the needed metal cations,
which will decompose in the subsequent annealing step, e.g., a NH4VO3
-+ NH40H solution for forming V,Os based SAFs after annealing), fol-
lowed by (2) isothermal annealing at a desired temperature to allow the
particle surfaces to achieve their thermodynamic equilibrium state,
which is represented by nanoscale SAFs of an “equilibrium” thickness.
This facile “mixing and annealing” process is simpler than most thin-film
deposition procedures (such as ALD), it does not require special thin-film
deposition equipment, and it can be scaled up easily to a very-large-scale
production.

As an example, Fig. 1(a) shows a Vy0s-based SAF formed spontane-
ously on the surface of TiO2 upon a facile “mixing and annealing” process
[29,44]. These SAFs process thermodynamically-determined “equilib-
rium” thickness that is independent of kinetic factors (Fig. 1(b)); but this

An Example of Spontaneously-Formed (Equilibrium) 2D Surface Phases:
V,0.-Based Surface Amorphous Films (SAFs) on TiO, > Thermodynamically-Determined “Equilibrium” Thickness
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Fig. 1. An example of equilibrium 2D interfacial phases (complexions): V,Os-based surface amorphous films (SAFs) on TiO, with a self-selecting or “equilibrium”
thickness. (a) A representative high-resolution transmission electron microscopy (HRTEM) image of a nanometer-thick V,Os-based SAF formed spontaneously on TiOy
(at a thermodynamic equilibrium) upon facile “mixing and annealing.” (b) These spontaneously-formed SAFs adopt a thermodynamically-determined (equilibrium)
thickness that is independent of kinetic factors (e.g., the synthesis routes, the annealing time, and excess amount of film-forming species as shown here) after reaching
a thermodynamic equilibrium [29,44]. (¢) Yet, this equilibrium thickness reversibly depends on thermodynamic potentials, such as the equilibrium temperature (or
the chemical potential of another co-dopant [45]); furthermore, the hysteresis loop indicates the existence of a first-order phase-like transformation [44]. (d) The
nanoscale SAFs (i.e., multilayer adsorbates) surprisingly exhibit improved pseudocapacitive capacitances at high scan rates in comparison with the monolayer surface
adsorbates, which is presumed due to the partial order and excess free volume in the nanoscale amorphous-like SAFs [129]. This figure is replotted by adapting and

combining original figures reported in Refs. [44,129] with permission.
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equilibrium thickness depends on (thereby being tunable by changing)
thermodynamic potentials, such as temperature (Fig. 1(c)) [44] or
chemical potential (not shown here, but being demonstrated in a separate
study [45]). Moreover, Fig. 1(c) shows a reversible
temperature-dependence of the equilibrium thickness, where the hys-
teresis loop indicates a first-order surface phase-like transformation [44].
Interestingly, these nanometer-thick SAFs (a.k.a. multilayer VoOs-based
adsorbates) exhibit improved pseudocapacitive capacitances (per gram
of the active material) at high scanning rates in comparison with the
monolayer surface adsorbates (Fig. 1(d)); this counterintuitive observa-
tion is likely a result of the partial order and excess free volume in the
amorphous-like surface phases. This surprising observation (Fig. 1(d))
supports the hypothesized possibility of achieving unique properties via
the partially-ordered and partially-disordered structures in 2D interfacial
phases that differ significantly from any 3D bulk phases.

A thermodynamic model [29,46] for the SAFs is briefly discussed
here. In this phenomenological interfacial thermodynamic model, we
treat an SAF as a quasi-liquid film with modified structure (e.g., partial
order) and thermodynamic properties. First, a quasi-liquid film will
spontaneously coat on (i.e. completely wet) the surface of the crystalline

electrode if replacing a crystal-vapor surface (yﬁ‘v”) with the liquid-vapor
(y1v) and crystal-liquid (7)) interfaces lowers the free energy:

Ya + e < 79, (€Y

Here, the superscript “(0)” in y(9' denotes a “clean” surface with no
adsorption of the liquid specie (dopant). Eq. (1) suggests us to select an
SAF-forming or “coating” material with a lower surface energy. It also
implies that an SAF should generally prefer to be structurally disordered
to avoid a high crystal-crystal interfacial energy (unless a coherent
interface can form).

Second, a quasi-liquid SAF of thickness h can be thermodynamically
stabilized below the bulk solidus curve, where the bulk liquid phase is no
longer stable, if:

(vol)

—8y =y = (v + 1) > AGymorph 1 5 2
where AG;:;’:))rph is the volumetric free-energy penalty for amorphization

or forming an undercooled liquid (Fig. 2(a)).
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Fig. 2. (a) Schematic illustration of the thermodynamic principle for stabilizing
a nanometer-thick SAF below the bulk solidus line, using LisPO4-based SAFs
formed spontaneously on LiNipsMn; sO4 as an example [24]. (b) Schematic
illustration of the interfacial excess grand potential vs. film thickness curve for
the formation an SAF well below the bulk solidus curve, where the volumetric
free energy penalty for forming an undercooled quasi-liquid SAF of thickness h is
the dominant attractive interaction. The equilibrium thickness (heq) corresponds
to the minimum in @ (h). This figure is adapted from Ref. [24] with permission.
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Third, the underneath crystal can often impose significant partial
structural order into the SAF when its thickness is on the order of 1 nm
[29,47]. Thus, these SAFs are not fully liquid/amorphous, despite that
they were named as surface “amorphous” films [29]. Interestingly, such
partial structural order may promote ion transport to achieve high rate
capabilities for pseudocapacitors shown in Fig. 1(d); moreover, it may
enable an interfacial ionic conductivity that is higher than those of both
the bulk crystal and glass (to be discussed further in §5) [48,49].

Moreover, additional interfacial interactions should arise when the
film thickness is in the nanometer range. Thus, the excess interfacial
grand potential can be written as:

+ AGE,:,:)(I,zph - h 4 Oshort—range (1) + Ovaw (h) + Oetec (h) + ...,
3)

D)= (rq + 11)

which include short-range, van der Waals (vdW) London dispersion,
electrostatic interactions (written as independent terms for simplicity).
The SAF will adopt an “equilibrium” thickness (heq) that minimizes the
interfacial excess grand potential (d®5/dh|p — peq = 0, Fig. 1(b)). This can
be equivalently considered as a balance among attractive or repulsive
pressures (derivatives of the interfacial interaction terms in Eq. (3))
acting on the film following the Clarke model [29,31,41,50,51]. At a
thermodynamic equilibrium, the two interfaces are no longer indepen-
dent and become one crystal-vapor surface thermodynamically [52],
where equilibrium surface energy corresponds to the minimum of the
interfacial excess grand potential expressed in Eq. (3):

4

Quantifying all interfacial interactions in Eq. (3) is infeasible, but we
can define a dimensionless interfacial coefficient, f(h) = Zio;(h)]1/Ay + 1,
to simplify Eq. (3) to:

V(Cff” =VYsaF = min{d}é(h)} = ‘pxc(hcq) < 73?) = ¢;(0).

D (h) — 1) = Ay -f (k) + AGim - b, ®)
Then, Eq. (2) can be refined to a more rigorous inequality:
—A7 - (heq) > AGlrt1 - hea. ©®

The boundary conditions require that: f{0)=0 and f(4+o0)=1
(though f(h) is not necessarily monotonic). A sketch of &} (h) for the
stabilization of a quasi-liquid SAF well below the bulk solidus curve is
shown in Fig. 2(b).

Inspired by an original study of Kang and Ceder [22], a series of
studies [22,24,25,28,34,53-56] suggested that the spontaneous forma-
tion of phosphate-based SAFs upon mixing and annealing can improve
the rate capability and cycling stability of Li-ion battery materials.
Several examples (i.e., LigPOy-based SAFs on LiNigsMn; 504 [24],
LiCoO, [24], and Li; 33Nig.3sMng 5704 [25]) are shown in Fig. 3(a)-(c),
and they will be further discussed in §4.

3. A broad perspective: IGFs, Gibbs adsorption, prewetting,
premelting, and complexion

We shall further discuss a spectrum of related interfacial phenomena,
as follows. First, SAFs were discovered as the free-surface counterparts to
the impurity-based intergranular films or IGFs that have been widely
observed at grain and solid-solid phase boundaries in various structural
and functional ceramics [31,32,50]. Fig. 4(a) shows the simultaneous
formation of nanometer-thick SAFs and an IGF with similar character in a
battery system. Clarke initially proposed that these IGFs adopt a nano-
scale “equilibrium” thickness [31,50]. The metallic counterparts to these
ceramic IGFs have also been observed [57-61], thereby demonstrating
the wide-spreading existence of similar 2D interfacial phases.

Second, Cannon et al. [62] suggested that these impurity-based IGFs
(and the analogous SAFs) can be alternatively and equivalently inter-
preted as a special class of structurally-disordered multilayer adsorbates,
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Fig. 3. Six examples of utilizing spontaneously-formed 2D surface phases to improve Li-ion batteries. Spontaneous formation of nanometer-thick LisPO4-based SAFs
on (a) LiNip sMn; 504 [24], (b) LiCoO5 [24], and (¢) Li; 33Nig.3sMng 5704 [25] at thermodynamic equilibria upon facile “mixing and annealing” can increase the rate
capabilities (by reducing the interfacial charge transfer resistance) and cycling stability (by suppressing the SEI growth) of these cathode materials. In panel (c), LP500,
LP600 and LP700 represent specimens with SAFs formed (equilibrated) at 500 °C, 600 °C, and 700 °C, respectively. (d) The formation of a WO3-rich surface phase on
Li; 33Nig.3sMng 5704, which decreases the surface Ni/Mn ratio and changes the surface valence state, can improve the discharge capacities at all rates [27]. (e) Surface
nitridation of the TiO, anode materials can lead to the formation of a TiO,N,-based 2D surface phase to increase the rate capability by increasing the surface electronic
conductivity [26]. (f) Formation of WO3-rich 2D surface phases on LiNig sMn; 504 can change the Wulff shape of the cathode particles via anisotropic segregation of
tungsten, which can subsequently increase the rate capability by increasing the fraction of fast-charging {110} facets [30]. This figure is replotted by adapting and

combining original figures in Refs. [24-27,30] with permission.

where the Gibbs adsorption theory should rigorously hold.

Third, the stabilization of impurity-based, quasi-liquid SAFs and IGFs
below the bulk solidus curve is analogous to the well-known phenome-
non of “premelting” in unary systems [63-65] as well as the “prewetting”
in Cahn's critical point wetting model [41,66,67]. In its general defini-
tion, prewetting refers to the thermodynamic stabilization of a thin p-like
layer at an interface due to the reduction in the interfacial energy when
the bulk B phase is not yet stable. In this regard, premelting, also known
as “surface melting,” can be considered as a special case of prewetting in
a one-component solid-liquid-vapor system, where a quasi-liquid layer is
stabilized at the solid-vapor interface below the melting temperature in
the same unary system.

At a more fundamental level, both physicists and materials scientists
have long recognized that interfaces can exhibit phase-like trans-
formations. While the term “surface phase” is commonly used by the
physics community, Hart first proposed in 1968 to treat grain boundaries

53

as 2D interfacial phases [68,69]. Subsequently, Hondros and Seah [70,
711, Cahn [66,72-74], Clarke [31,50], Carter et al. [18,20,67,75,76],
Wynblatt and Chatain [77-79], Mishin et al. [80-84], and Luo et al.
[85-88] developed relevant thermodynamic models to further elaborate
this concept. Tang, Carter, and Cannon [18,67] named such 2D interfa-
cial phases as “complexions,” to differentiate them from thin layers of 3D
bulk phases precipitated at interfaces.

Specifically, a series of discrete complexions has been observed in
Al,0O3 by Dillon and Harmer (Fig. 5(a)) [21,89-91], and subsequently in
other ceramic and metallic materials [58,60,92-97]. These
Dillon-Harmer complexions can be considered as derivatives to IGFs with
discrete (yet nominal) thicknesses of 0, 1, 2, 3, x, and 4o atomic layers
(Fig. 5(a)). The fundamental aspects of complexions and related inter-
facial phenomena were recently reviewed [19,20]. We expect other
complexions (a.k.a. 2D interfacial phases) beyond nanoscale SAFs and
IGFs may also play important, yet largely unrecognized, roles in batteries
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Fig. 4. Examples of promoting ionic transport with
nanometer-thick 2D interfacial phases. (a) Phosphate-
based, nanometer-thick SAFs and their grain-
boundary counterparts, intergranular films (IGFs),
can form in annealed battery cathode particles to
provide a fast Li* conduction pathway [22,28,34].
This HRTEM micrograph also illustrate the simulta-
neous formation of analogous nanoscale SAFs and an
IGF of similar character. (b) The formation of 1-4 nm
thick phosphate-based IGFs in LaPO4 can increase its
proton conductivities by > 10X [35]. (¢) The forma-
tion of ~3-nm-thick SAFs, curved on nanofibers, can
enhance the oxygen conductivities of La;Mo0,09
nanowires by >1000X [33]. This figure is replotted
by adapting and combining original figures reported
in Refs. [33-35] with permission.
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and solid electrolytes.

Notably, several recent studies reported highly ordered interfacial
adsorbates [96-98] that can promote interfacial reconstruction to form
interfacial superstructures, even at general, incoherent boundaries
(Fig. 5(b)) [97]. These recent observations made in the Bi-doped Ni and
similar systems using aberration-corrected scanning transmission mi-
croscopy (AC STEM) [96,97] call for further investigation of several open
questions: Can such ordered interfacial adsorbates and the accompanying
interfacial reconstruction also exist and play important roles in battery
interfaces? What are the characteristics of the 2D interfacial phases in
metallic electrodes, such as lithium (Li) or tin (Sn) anodes, including their
interfaces with solid or liquid electrolytes?

Thermodynamic, there is a distinction between 2D interfacial phases
(complexions) and thin layers of 3D bulk phases precipitated at in-
terfaces. However, this difference may not be easily differentiated in
many practical interfaces in battery systems, for example, in the solid-
electrolyte interphases (SEIs) where the two can often co-exist and be
mixed. Moreover, 2D interfacial phases or complexions can often serve as
the “precursors” to precipitate (thin layers of) 3D bulk phases.

» Ordered 2D
interfacial phases
in batteries?

} > 2D interfacial in
metallic (e.g., Lior
Sn based) anodes?

Fig. 5. (a) Schematic illustration of a series of 2D
interfacial phases (Dillon-Harmer complexions [19,
21,90]), which may be considered as discrete IGFs
with nominal thickness of 0, 1, 2, 3, x, and +o
monolayer(s) [19,86,130]. (b) One example is repre-
sented by the highly-ordered bismuth (Bi) adsorbates
at nickel (Ni) general grain boundaries [96] with
interfacial reconstructions [97]. This figure is replot-
ted by adapting and combining original figures re-
ported in Refs. [96,97] with permission. The recent
observations [96,97] of thinner and significantly more
ordered 2D interfacial phases in metallic model sys-
tems (than the SAFs/IGFs observed previously in

Questions:

oxide battery materials) call for further investigation
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of the following open questions: (1) Can similar or-
dered 2D adsorbates exist and play important roles in
controlling battery interfaces? (2) What are the char-
acteristics of the 2D interfacial phases in metallic
electrodes, such as lithium (Li) or tin (Sn) anodes?

(a)

4. Spontaneous formation of 2D surface phases to improve
battery electrodes

A series of studies [22,24,25,28,34,53-56] suggested that the for-
mation of nanoscale SAFs can improve the performance of Li-ion battery
materials. In 2009, two interesting reports appeared. On the one hand,
Tang et al. used a phase-field model to suggest that nanoscale SAFs can
form in LiMPO4 (M =Fe, Mn, Co, Ni) olivines to affect their phase
transformation during electrochemical cycling [99]. On the other hand,
Kang and Ceder reported that the formation of a glassy Li4P,0-like “fast
ion-conducting surface phase” (<5nm) in “off-stoichiometric” LiFePO4
can help to achieve ultrafast discharging [22]. This latter report [22] led
to a debate [100,101]. A technical comment [100] suggested: “There is
no reason to believe that Li4P207 impurity will coat the particles. Instead,
impurities usually form nanoparticles that stick on the surfaces.” The
follow-up study by Kayyar et al. [34] showed that such coatings can form.
That study [34] further demonstrated that such Li4P2O7-based SAFs
exhibit an self-selecting or “equilibrium” thickness that is independent of
kinetic factors, but reversibly depends on the equilibrium temperature
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(akin to those Vy0s5-based SAFs on TiO shown in Fig. 1 29,44y 1n 2012,
Chong et al. carefully re-examined Kang and Ceder's material and
benchmarked it with carbon-coated LiFePOy; their study confirmed the
formation of Li4P,07-based “fast ion-conducting surface phase” and its
effects on improving the rate performance (on a par with carbon-coated
LiFePOy4) [28].

Kayyar et al.’s study [34] also revealed the simultaneous formation of
SAFs and IGFs in sintered LiFePO4 cathode (Fig. 4(a)), which suggests the
possible role of IGFs in improving the rate capability. Because these
cathode powders were annealed at ~600 °C to form secondary particles
with sintering necks, IGFs could form along with SAFs to provide fast ion
transport pathways together. This configuration was also confirmed by
Chong et al. subsequently [28].

A further study systematically examined that the spontaneous for-
mation of nanoscale LigPO4-based SAFs in two proof-of-concept systems,
LiNip sMn; 504 (Fig. 3(a)) and LiCoOq (Fig. 3(b)), their impacts on the
improving the battery cycling stability and rate capability, and the un-
derlying mechanisms [24]. These LigPO4-based SAFs formed spontane-
ously upon facile “mixing and annealing” with self-regulating or
“equilibrium” thicknesses of ~2.5nm and ~2.9 nm, respectively, on
LiNip sMn; 504 and LiCoOj, respectively. The equilibrium thickness is
independent of the amount of the LisPO4 added, as shown in Fig. 3(b)
(i.e., addition of an excess amount of SAF-forming additives would not
result in thicker SAFs but formed a secondary phase). For example,
adding 2 vol % vs. 5 vol % LigPO4 to LiCoO; produced 2.90 + 2.17 nm vs.
2.97 + 2.00 nm thick SAFs after equilibration at 600 °C (Fig. 3(b)), where
thicknesses are almost identical within the measurement errors.

The spontaneous formation of nanometer-thick LisPO4-based SAFs
improved the cycling stability and rate capability of LiNip sMn; 504 and
LiCoO». For example, at a high discharge rate of 25C, these SAFs improve
the discharge capacity by ~40% for LiMn; 5sNip 504 and by ~130% for
LiCoO», respectively. Furthermore, these SAFs improve the cycling sta-
bility and reduce capacity fading. For example, in an accelerated test
conducted at an elevated temperature of 55 °C, LigPOy-based SAFs can
help to maintain ~90 mAh/g discharge capacity of the high-voltage
material LiNipsMn; 504 after 350 cycles at a charge/discharge rate of
1C. Further mechanistic studies [24] suggest that these SAFs (i) increase
the rate capabilities by reducing the interfacial charge transfer resistance
and (ii) improve the cycling stability by suppressing the growth of the
solid-electrolyte interphase or SEL

This facile and scalable surface modification method with sponta-
neous formation of 2D surface phases can be utilized to improve a broad
range of other battery materials. Essentially, we let thermodynamics
make nanoscale coatings for us, since SAFs or other 2D surface phases
form at thermodynamic equilibria. In a recent study, the formation of
nanoscale LigPO4-based SAFs was also shown to significantly improve the
capability of Lij 33Nip3Mng 5704 Li-excess layered oxide (Fig. 3(c)) to
maintain a high capacity of 201 mAh g~! after 60 cycles at 55 °C with a
rate of 1 C [25].

Other types of 2D surfaces can also form in battery cathode and anode
materials to improve their performance properties. Three examples
beyond nanoscale SAFs are discussed below.

First, the spontaneous formation of a WO3-rich 2D surface phase on
Li; 33Nig 3sMng 5704 Li-excess layered oxide cathode particles upon mix-
ing (adding 1% WOs3) and annealing (at 800 °C) improved the discharge
capacities at all rates (Fig. 3(d)) [27]. Here, this WOs-rich surface phase
is characterized by a decreased surface Ni/Mn ratio (to change the
Mn-rich surface of the undoped Li; 33Nip 3Mng 57,04 to a Ni-rich surface,
along with surface W segregation; see Fig. 3(d)) and different surface
valence states (i.e., surface reduction of tungsten from WO+ in the bulk to
W5 at the surface, along with a surface enrichment of Mn>" cations vs.
the dominating Mn*" inside the bulk phase) according to X-ray photo-
electron spectroscopy (XPS). HRTEM further revealed some levels of
surface disordering (but in absence of discrete nanoscale SAFs; much less
disordered than the LigPOg4-based SAFs on Lij 33Nig 3sMng 5704 shown in
Fig. 3(c)) [27]. Nonetheless, this thermodynamically-preferred surface
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structure represents a 2D surface phase; its spontaneous formation
increased the discharge capacities (e.g., by ~13% at C/20 and by ~200%
at 40C; see Fig. 3(d)) and improved the cycling stability [27].

Second, surface nitridation of the TiO2 anode materials via annealing
in flowing NH3 can lead to the formation of a titanium oxynitride
(TiOxN,) based surface phase to increase the rate capability by increasing
the surface electronic conductivity (Fig. 3(e)) [26]. In this case, XPS
revealed the formation of a TiOxN,-based surface phase. Similar to the
prior case, HRTEM only revealed low levels of surface disordering, which
increased a bit at higher equilibration temperatures. However, discrete
nanoscale SAFs did not form even at high temperatures. Interestingly,
nitridation at a low temperature of 450°C led to the formation of a
thinner and less-disordered TiO,Ny-based surface phase that enhance
electronic conductivity (without blocking lithium transport), achieving a
capacity of ~55 mAh/g at a high discharging rate 25C [26]; this capacity
(of ~55 mAh/g at 25C) is more than double of that of the controlled
specimens annealed in dry air under the same heat treatment condition
[26], and it is better than those reported in all prior studies [102-107]. In
this case, a more disordered surface phase formed at a higher tempera-
ture, which might block the lithium transport, resulted in a lower ca-
pacity. In general, this work suggested another facile method to improve
the performance of battery materials via thermal treatments in controlled
atmospheres to form 2D surface phases spontaneously.

Third, the formation of a WOsrich 2D surface phase on
LiNig.sMn; 504 changed the Wulff shape of the cathode particles, which
subsequently increased the rate capability by increasing the fraction of
fast-charging {110} facets (Fig. 3(f)) [30]. In this study [30], a careful
analysis using an Auger electron nanoprobe identified the anisotropic
surface segregation. The preferential surface segregation of W cations at
the {110} facets decreased its relative surface energy according to Gibbs
adsorption theory, which subsequently increased the fraction of such
facets according to the Wulff theory. Since the {110} facets have more
open channels for fast lithium ion diffusion, increasing its surface
area/fraction improved the rate performance, e.g., by ~5X at a high rate
of 25C. In addition, the surface segregation and partial reduction of W
cations, where were revealed the XPS depth profiling, might also inhibit
the formation of Mn>" on the surfaces to stabilize the cathode-electrolyte
interphase at high charging voltages to improve cycling stability. This
work suggested yet another route (different mechanism) to utilize
anisotropic surface phase formation to thermodynamically control the
particle morphology, along with controlling surface properties, to
improve the electrochemical performance.

All the cases discussed above collectively exemplify an opportunity of
utilizing spontaneously-formed 2D surface phases as scalable and cost-
effective methods to improve battery performances via using interfacial
thermodynamics (beyond the traditional ALD or other similar coating
methods where the thickness of the interfacial coating is controlled by
kinetic or processing parameters such as the number of ALD cycles or the
deposition time and the concentration of the precursor).

5. Tailoring the ionic conductivity of solid electrolytes

A series of recent modeling and experimental studies suggested that
the amorphous-like (and potentially other types of) interfacial phases can
significantly affect the ion conductivity (either beneficially or detri-
mentally). Here, it is useful to first discuss interfacial ionic transport more
broadly, since the relevant studies on lithium and sodium conductors are
still rare to date. However, we believe that there are significant future
opportunities for using 2D interfacial phases to engineer the ionic con-
ductivity (as well as the processing as discussed subsequently in the next
section) of the solid electrolytes used in solid-state batteries.

In 2005, Li and Garofalini used molecular dynamics simulations to
suggest that nanoscale IGFs can serve as fast Li ion transport pathway in
V205 [108]. Recent studies showed that phosphate-based SAFs and IGFs
can often form together in annealed battery cathode particles to provide a
fast Li" conduction pathway (Fig. 4(a)), as we have discussed previously
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[22,28,34]. In 2008, De Jonghe and co-workers showed that the for-
mation of 1-4 nm thick, impurity-based IGFs in lanthanum phosphate
solid electrolytes increased the proton conductivity by more than an
order of magnitude (Fig. 4(b)) [109]. A more recent study further showed
that the oxygen-ion conductivities of LasMo0y09 nanowires can be
increased by > 1000X via fast conduction in SAFs strained on the curved
crystal surfaces (Fig. 4(c)), as a result of the curvatures, excess volume,
and structural gradients [33].

We should further note that IGFs are not always beneficial for ionic
conduction. For example, it is well known that the formation of siliceous
IGFs in acceptor-doped ZrO, and CeO; oxygen-ion conductors block the
oxygen ion conduction [110] and Kim et al. recently reported
Ce-deficient amorphous-like IGFs in CeZrOs retarded the proton con-
duction [111]. We hypothesize that certain (e.g, phosphate-based) lig-
uid-like IGFs can be beneficial for Li* or Na™ conduction while others
may be detrimental. For oxygen ion conductors, empirical methods have
been developed to reduce GB resistance via co-doping (reducing the
chemical potential of SiO5) or heat treatments (changing the equilibrium
temperature) to destabilize the detrimental, silicate-based IGFs [36,110,
111]. We propose that similar strategies can also be used to remove the
detrimental interfacial phases, or promote the formation of beneficial
interfacial phases, in various Li* and Na solid electrolytes for applica-
tions in solid-state batteries in future studies.

In general, it is important to consider the doping effects not only on
bulk phases, but also on interfaces (including grain and phase bound-
aries) and secondary phases at the same time, in order to optimize solid
electrolytes. Using Nag,,ZrsSiz;xP1.4012 NASICON sodium ion
conductor as an example, a recent work has suggested that the prior
beliefs of doping effects on the bulk conductivity may be incorrect or at
least incomplete [112]. That study [112] showed that Mg and Ni doping
affected conductivity of Nas,ZraSis«P1.x012 mostly through increasing
the “grain boundary conductivity” [112]. On the one hand, Mg and Ni
doping only increased the bulk conductivity moderately via changing the
Si:P ratio and stabilizing the high-conducting rhombohedral phase. On
the other hand, Mg and Ni doping increased the apparent “grain
boundary conductivity” substantially [112]. Here, one of the possible
mechanisms is that Mg and Ni doping led to the formation a conducting
Mg-doped y-NazPO4 secondary phase to increase the effective “grain
boundary” conductivity [112]. Moreover, it is highly likely that the
formation of 2D interfacial phases also played an important role here to
improve the (true) grain boundary conductivity more directly; unfortu-
nately, NASICON materials are too sensitive to the electron beam irra-
diation to allow HRTEM characterization of the grain boundary
structures at the atomic scale to confirm this hypothesis.

For solid electrolytes, the formation and transformation of 2D inter-
facial phases can markedly change: (i) the space charges in the abutting
crystals by changing the net charge accumulation at the interfacial core
and (ii) the ion mobility along the interface by inducing interfacial
structural or chemical disorder [36]. Both can have significant (positive
or negative) impacts on the ionic conduction, which have not been fully
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recognized and explored in prior studies. Fig. 6(a) illustrates a case where
the formation of TiOy ,-like 2D interfacial phases (with partial reduction
of Ti** to Ti®* and deformation of Ti-O polyhedral) block ionic transport
[113]; we have interpreted this as a generalized case of grain boundary
prewetting [36].

In summary, an emerging opportunity of interfacial engineering is
represented by investigating the previously-recognized roles of 2D
interfacial phases and subsequently using them to tailor solid electrolytes
by either remediating detrimental effects or utilizing beneficial effects
[36]. In-depth discussion of interfacial engineering of solid electrolytes,
particularly the opportunity of using the spontaneously-formed 2D
interfacial phases to tune the ionic conductivity as well as related con-
cepts, theories and strategies, can be found in a recent focused review
[36] (and therefore not repeated here in details for brevity).

6. Sintering of solid electrolytes and solid-state batteries: A
potential new opportunity

Many solid electrolytes (as well as solid-state battery systems) are
difficult to sinter. Utilizing 2D interfacial phases provides a potentially
new opportunity to improve the sintering processing, e.g., to reduce
sintering temperatures, while controlling the microstructural develop-
ment and interfacial properties at the same time to improve final prop-
erties. For example, low-temperature sintering can not only provide
energy and cost savings but also minimize the technological issues
related to selective volatilization of certain species (e.g., Li). It may also
enable the co-sintering of electrolytes and electrodes in solid-state bat-
teries in certain cases.

A comprehensive discussion on the controlling sintering via utilizing
2D interfacial phases is beyond the scope of this short review, but a
couple of useful concepts are briefly discussed here. First, while the so-
called “liquid-phase sintering” is well understood [114], it has been
known since the 1950s that the addition of minor sintering aids can
significantly accelerate the sintering rates well below the bulk solid-
us/eutectic temperatures, where bulk liquids are not yet stable. The
origin of this so-called “sold-state activated sintering” has puzzled the
materials community for decades. More recently, a series of studies
demonstrated that nanometer-thick, sintering-aid-based, liquid-like IGFs
can be stabilized at grain boundaries well below the bulk solidus lines;
moreover, these studies used the enhanced mass transport in these pre-
melting like IGFs to explain the mysterious “solid-state” activated sin-
tering [46,57,59,85,88,94,115,116]. This mechanism provides a
potential opportunity for low-temperature sintering of solid electrolytes
and solid-state battery systems, which have not yet been carefully
explored (particularly at the fundamental mechanism levels). Second, we
should recognize that the formation of 2D interfacial phases can affect
not only the fabrication processing (e.g., enabling low-temperature sin-
tering) but also the microstructures and final material properties (e.g.,
ionic conductivity). Here, a new opportunity is represented by the use of
2D interfacial phases to simultaneously increase the grain boundary mass

(b))

TiO, -like
complexion

540
Energy Loss (eV)

Fig. 6. Two cases of detrimental vs. beneficial 2D interfacial phases formed in solid-state battery systems. (a) Schematic illustration of a possible thermodynamic
origin of the resistive TiO,.,-like grain boundaries in LLTO observed by Ma et al. at ONRL [113], which can be explained as a generalized case of grain boundary
prewetting [36]. (b) A most recent study at the ORNL suggested that the unusual stability of cubic LLZO-Li interfaces is related to the formation of a nanoscale
tetragonal-like LLZO interfacial phase; this beneficial interfacial phase may offer interfacial stability (with its self-limiting thickness, if it is indeed a thermody-
namically stable 2D interfacial phase) and perhaps some self-healing ability (with its spontaneous formation) [124]. This figure is replotted by adapting and combining
original figures reported in Refs. [36,124] with permission.
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transport (sintering) via inducing interfacial disordering and tailor grain
boundary ion transport via tuning space charges and/or ionic mobilities.

Fundamental research is needed to enable the development of pre-
dictive models for selecting the sintering aids and designing the sintering
protocols to utilize the 2D interfacial phases and their transformations to
simultaneously reduce sintering temperatures and improve the final
properties of solid electrolytes, beyond Edisonian trials-and-errors
approach.

In this regard, an ongoing potentially-transformative research is
represented by the development of grain boundray “phase” diagrams as a
new materials science tool. Along this line, Luo's group extended bulk
CALPHAD (calculation of phase diagrams) methods to grain boundaries
to construct “grain boundary 1 diagrams” to predict the thermodynamic
tendency for average general grain boundaries to disorder at high tem-
peratures. These computed grain boundary 4 diagrams have been vali-
dated experimentally [57,58,85,94,95,117], and they have been used to
forecast the sintering temperatures and trends [85,88,94,116,118-120].
Recent studies further computed more rigorous grain boundary “phase”
diagrams with well-defined (first-order) transformation lines and critical
points via using an Ising type statistical model [121] and atomistic
simulations [122,123] To date, however, most of these studies have been
conducted for similar metallic alloys [122] and Si-Au [123]; only one
recent study first computed a grain boundary A diagram for a simple
oxide system (TiO2—CuO) [120]. Thus, further research should be con-
ducted to extend the successes to more complex solid electrolyte systems.
If successful, such grain boundray “phase” diagrams can be used to guide
the selection of materials processing recipes to utilize the formation and
transformation of the most advantageous 2D interfacial phases to (1)
reduce the sintering temperatures, (2) control the microstructural
development, and (3) improve the interfacial properties (e.g., ionic
conductivity).

7. Controlling the interfacial stability

Fig. 6(b) shows a case where the unusual stability of the interface
between cubic garnet Li;LagZryO13 (c-LLZO) electrolyte and Li metal
electrode in a solid-state battery was explained from the formation of a
nanoscale tetragonal-like LLZO (t-LLZO) interfacial phase [124]. We
propose that this nanoscale t-LLZO layer may be considered as an
interface-stabilized 2D phase (that can be interpreted as a generalized
case of prewetting). Here, the atomic structural difference between the
bulk ¢-LLZO and interfacial t-LLZO was subtle, but the differences in
electronic structures were clearly evident [124]. This case is somewhat
similar to a prior observation of the formation of ~2-nm-thick reduced
VO-like interfacial layers at both the VO,-Si interface and the free surface
of VO, (with interfacial valence changes), which was also explained as a
generalized case of prewetting [125]. In this case, a coherent interface
between the c-LLZO phase can help to stabilize the nanoscale t-LLZO-like
interphase, which can also generate a strain energy term (in addition to
the volumetric free-energy penalty for forming this t-LLZO-like layer) to
limit its unrestricted thickening. If this is indeed a true 2D interfacial
phase, this t-LLZO-like interphase should have formed spontaneously and
conformably at the interface of ¢-LLZO and Li metal with self-limiting
(equilibrium) thickness (akin to those IGFs). If so, this self-limiting
thickness (of ~6 nm) might be the underlying reason to prevent further
reactions and cause little increase in ionic resistance. Consequently, this
t-LLZO-like 2D interfacial phase could offer interfacial stability (with its
self-limiting thickness) and perhaps some self-healing ability (with its
spontaneous formation). However, we should note that it is rather
difficult to differentiate a true 2D interfacial phase (or complexion) with
a thermodynamically-determined thickness from a kinetically-controlled
thin layer of 3D bulk phase (both for this specific case and more generally
in other SEIs), and they can often be mixed. Further in-depth charac-
terization and fundamental studies should be conducted to draw a more
solid conclusion (case by case).
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In general, we propose a future opportunity to stabilize electrolyte-
electrode interfaces via spontaneously-formed 2D interfacial phases
(similar to those kinetically-controlled ALD coatings [8], but we let
thermodynamics make them for us). As we have discussed in §4, the
spontaneously-formed nanoscale SAFs can improve the cycling stability
via suppressing the growth of SEI layers (Fig. 3) in liquid electrolytes
[24]. Similar surface amorphous layers (albeit probably not in a full
thermodynamic equilibrium) have been utilized to enhance the
morphological stability of nanowires at high temperatures [126] and
analogous interfacial phases have been utilized to improve the
temperature-stability of nanoalloys against coarsening [127,128]. Here,
we propose the possibility of stabilizing electrochemical interfaces,
particularly the solid electrolyte-electrode interfaces in solid-state bat-
teries, with 2D interfacial phases via both (1) enhancing the morpho-
logical stability (thru either reducing the thermodynamic driving force or
providing the kinetic impediments) and (2) suppressing detrimental
interfacial reactions and associated impedance. This innovative interfa-
cial engineering approach has not been explored, but it represents a
substantial future opportunity for stabilizing the electrolyte-electrode
interfaces in both solid-state and other types of batteries.

It should be further noted that the 2D interfacial phases and thin
layers of 3D bulk phases, which are rigorously different in thermody-
namics, may not be easily differentiated in the SEIs of many practical
systems including solid-state batteries, where they can often co-exist. The
2D interfacial phases can also serve as the “precursors” to grow into 3D
bulk phases. Practically, we do not need to limit ourselves to either case,
and many successful interfacial engineering approaches used today are
indeed based on thin layers of 3D bulk phases. Yet, the possible existence
of thermodynamically stable 2D interfacial phases or complexions offers
some unique advantages, e.g., they can exhibit self-limiting or “equilib-
rium” thickness when they truly are 2D interfacial phases.

8. Concluding remarks

A new and potentially-transformative opportunity has emerged to
utilize the equilibrium formation of 2D interfacial phases, also known as
“complexions,” to tailor battery materials, including electrodes, solid
electrolytes, and solid-state batteries. For example, spontaneous forma-
tion of dopant-based SAFs with self-selecting thickness on the order of
1 nm and other (thinner and more ordered) 2D surface phases, which
formed via facile “mixing and annealing” processes, have been utilized to
improve the rate capability and cycling stability of various electrode
materials. Moreover, their grain-boundary counterparts, equilibrium-
thickness IGFs and other similar 2D interfacial phases have also been
found in solid electrolytes or solid electrolyte-electrode interfaces. A
variety of other complexions, including generalized prewetting and
premelting as well as various ordered adsorbates (e.g., the series of
discrete Dillon-Harmer complexions [19,21]), can also form on electrode
surfaces/interfaces, grain boundaries in solid electrolytes, and solid
electrolyte-electrode interfaces. Such 2D interfacial phases can control
the processing, ionic conductivity, and the stability of electrochemical
interfaces. A further potentially transformative idea is to utilize 2D
interfacial phases to achieve superior properties unattainable by 3D bulk
phases.

Specifically, various opportunities exist to use such 2D interfacial
phases to improve the processing (e.g., lowering the sintering tempera-
tures of the otherwise difficult-to-sinter solid electrolytes or solid-state
battery systems) and performance properties of solid electrolytes (e.g.,
reducing the high grain boundray resistance) and solid-state battery
systems (e.g., stabilizing the electrolyte-electrode interfaces). Here, the
fundamental understandings and predictive models, which have been
partially established only for simpler material systems to date, must be
developed for more complex interfaces in solid electrolytes, solid-state
batteries, and other advanced energy systems to enable the proposed
transformative research.
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