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ABSTRACT
Amorphous oxyhalides have attracted significant attention due to their relatively high ionic conductivity (>1 mS cm−1), excellent
chemical stability, mechanical softness, and facile synthesis routes via standard solid-state reactions. These materials exhibit
an ionic conductivity that is almost independent of the underlying chemistry, in stark contrast to what occurs in crystalline
conductors. In this work, we employ machine learning interatomic potentials to construct large-scale molecular dynamics
trajectories encompassing hundreds of nanoseconds to obtain statistically converged transport properties. We find that the
amorphous state consists of chain fragments of metal-anion tetrahedra of various lengths. By analyzing the residence time of
alkali cations migrating around tetrahedrally-coordinated metals, we find that oxygen anions limit alkali diffusion. By computing
the full Einstein expression of the ionic conductivity, we demonstrate that the alkali transference number of these materials is
strongly influenced by distinct-particles correlations, while alkali transport is dictated by uncorrelated self-diffusion. By extending
this analysis to chemical compositions 𝐴𝑀𝑋2.5O0.75, spanning different alkaline (𝐴 = Li, Na, K), metallic (𝑀 = Al, Ga, In), and
halogen (𝑋 = Cl, Br, I) species, we clarify why the diffusion properties of these materials remain largely insensitive to variations
in atomic isovalent chemistry.
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Introduction

ll solid-state batteries (ASSBs) are a promising next-generation
echnology for energy storage. Their potential advantage over
urrent lithium-ion batteries (LIBs) consists in the replacement
f the carbonate-based, organic liquid electrolyte in LIBs with an
norganic solid-state electrolyte (SSE) [1, 2]. This replacement has
he potential to significantly enhance thermal stability and safety
owing to the non-flammable nature of the SSE), enable higher
nergy densities (through the possible integration ofmetallic Li as
he anode), and achieve ionic conductivities of up to∼10mS cm−1.
ulfides and oxides have been investigated as SSE, and design
ules have been devised to optimize their performances [3–7].
ulfides can achieve excellent ionic conductivities, up to 30 mS
his is an open access article under the terms of the Creative Commons Attribution-NonC
edium, provided the original work is properly cited and is not used for commercial purp
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cm−1 [8–11], but display poor electrochemical stability windows
[12, 13]. Oxides improve the electrochemical stability, but at the
price of generally inferior conduction properties [14].

In 2018, Asano et al. [15] suggested halide-based SSE. When
synthesized via mechanochemical routes, these materials exhibit
ionic conductivities of the order of ∼1 mS cm−1, while retaining
high voltage stability and good deformability [16–19]. Besides
purely halide-based electrolytes, oxyhalides, mixed-anion con-
ductors that incorporate oxygen within the anion framework,
are also being considered [20]. Crystalline oxyhalides have been
shown to achieve remarkably high ionic conductivities, up to∼10
mS cm−1 in lithium-based Nb/Ta oxychlorides, thus rivaling the
performances of sulfides [21–23]. In this context, Dai et al. [24]
ommercial License, which permits use, distribution and reproduction in any
oses.
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eported AAlCl2.5O0.75 (A = Li
+, Na

+) oxyhalides, characterized
y an amorphous structure. These materials are particularly
ppealing because they combine: (i) superionic conductivities:
Li+ ∼ 1.5 mS cm−1 and 𝜎Na+ ∼ 1.3 mS cm−1; (ii) good chemical
tability andmechanical properties, enabling an intimate contact
f the electrolyte with high voltage cathodes; (iii) synthesis
ttained through conventional chemical reactions that bypasses
he use of high energy ball-milling, thus paving the way for large
cale synthesis.

ince then, a substantial amount of experimental studies have
rovided convincing evidence that the ionic conductivity of
hese materials does not seem to depend significantly on their
nderlying chemistry [25–32], and is weakly affected by the
onic substitution of both alkali (Li, Na, Ag), metal cation (Al,
r, Hf, Nb, Ta) and anions (Cl, Br, I) [33, 34]. This behavior
s radically different from that of crystalline conductors, where
lkaline conductivity has a critical dependence on chemical
omposition [7, 35], especially when Li is substituted by Na
r K [16, 36]. However, although many studies focused on
uning the oxygen concentration in order to optimize various
roperties [37–39], the relative independence of 𝜎 upon chemistry
which is highly relevant from both fundamental and applied
erspectives – has not been theoretically addressed yet. Indeed,
o the best of our knowledge, computational modeling has so far
ainly considered specific chemistries (e.g., Li-Al-Cl-O), without
systematic comparison between different systems. In addition,
ith the exception of ref. [40], computational studies have been
erformed using ab initio molecular dynamics (MD) – thus using
elatively small simulation cells containing ∼100 atoms – which
oes not allow one to investigate long-range structural features
n amorphous materials [41, 42], nor to accurately estimate the
istinct-particle correlations that contribute to the Green-Kubo
onic conductivity, as this requires extended simulation time scale
nd sufficient statistical sampling [43, 44].

n this paper, we present a systematic comparison of amorphous
xyhalides conductors at the 𝐴𝑀𝑋2.5O0.75 composition. We focus
n isovalent chemical substitutions:𝐴 asmonovalent alkalimetal
Li

+,Na
+ andK+);𝑀 as trivalentmetal (Al

3+,Ga
3+, and In

3+) and
as a monovalent halide ion (Cl

−, Br−, and I−). This systematic
hemical modification allows us to unambiguously elucidate the
ole of chemistry in controlling alkali diffusion while removing
ndirect structural effects due to different polyhedral coordi-
ation. By leveraging accurately fine-tuned CHGNet machine
earning interatomic potential (MLIP) [45], we perform large-
cale molecular dynamics (MD) simulations spanning hundreds
f nanoseconds in supercells containing thousands of atoms, so
hat the configurational space of the amorphous phase can be
roperly sampled.

e find that the microscopic structure of all investigated mate-
ials is characterized by a network of interconnected tetrahedra
f trivalent metals coordinated by four halogen/oxygen anions:
𝑀𝑚𝑋𝑛O𝓁]

3𝑚−𝑛−2𝓁. These tetrahedra form extended complexes
up to 20 units), and alkali ions diffuse through the interstitial
pace of this network. By deconvoluting the residence times
f alkali cations near metal centers with different chemical
oordination, we quantitatively explain why elevated oxygen
ontent reduces alkali diffusion. In addition to the self-particle
ontributions, we explicitly evaluate the distinct-particle correla-
of 13
tions contained within the full Einstein expression of the ionic
conductivity, and show that these contributions sizably impact
the resulting transference numbers. Finally, the alkaliHaven ratio
is evaluated to be near unity across all amorphous conductors
studied, indicating that – in contrast to crystalline conductors [43]
– the purely alkaline transport here is dominated by uncorrelated
single-particle diffusion.

Our results rationalize the microscopic mechanisms that govern
the diffusion properties across these amorphous conductors, and
suggest that this topologically-disordered structural framework
can offer concrete alternatives for alkaline non-lithium-ion solid-
state batteries.

2 Results

The amorphous structural models were obtained using a melt-
and-quench approach: The crystalline structures of 𝐴𝑀𝑋4 (𝐴 =
Li, Na, K;𝑀 =Al, Ga, In;𝑋 =Cl, Br, I – see Experimental Section
for the description of all the crystal structures) were melted by
heating to 1000 K and equilibrated at the same temperature.
Subsequently, oxygen incorporation is implemented through
chemical substitution Cl4 → Cl2.5O0.75, by placing oxygen atoms
on chlorine sites. The anion substitution is not random, but
performed by enumerating possible O/Cl orderings and identi-
fying the structure with the lowest Ewald energy. The resulting
oxygen-doped structures are then subjected to an additional
equilibration at 𝑇 = 1000 K; finally, they are cooled and relaxed
– with respect to both atomic positions and cell parameters – to a
local energy minimum.

MD production runs have been performed using a fine-tuned
version of the universal neural-network interatomic potential
CHGNet [45]. The training dataset was constructed using the
active-learning approach as implemented in the Vienna Ab initio
Software Package (VASP) [46–48] (more information on the fine-
tuning methodology can be found in the Experimental Section).
MD trajectorieswere collected from3–7ns simulations performed
in a cubic-like cell containing ∼1300 atoms (see Figure 1d).

2.1 Structural Model of the Amorphous Phase

In this section, we characterize the distributions of bonds and
atomic environments in the amorphous structures obtained from
the melt-and-quench simulation. Figure 1 (panels a–c) shows
the radial distribution functions (RDF) 𝑔𝐴−𝐵(𝑟) of 𝐴AlCl2.5O0.75

between an alkali 𝐴 (𝐴 = Li, Na, K) and the specie 𝐵 (𝐵 = O,
Cl, Al). The right axis shows the volume integral of 𝑔𝐴−𝐵(𝑟),
yielding 𝑁𝐴−𝐵(𝑅), which gives the number of 𝐵 atoms within a
distance 𝑅 of the alkali ion 𝐴 (see Experimental Section for their
definitions). In addition to the expected shift to larger distances –
reflecting the increase in alkali ionic radius – Figure 1a–c shows
that the ratio between max(𝑔𝐴-O) and max(𝑔𝐴-Cl) decreases as
the alkali radius increases. By defining 𝑅∗ as the first distance at
which the minimum of 𝑔𝐴−𝐵(𝑟) occurs after its first maximum,
𝑁𝐴−𝐵(𝑅

∗) quantifies the number of 𝐵 ions in the first (anions) and
second (metal cations) coordination shells of 𝐴. The calculated
values of 𝑁𝐴−𝐵(𝑅

∗) are reported in Table 1. They show that the
total coordination number of 𝐴 with anions increases from Li to
Advanced Energy Materials, 2026
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FIGURE 1 (a–c) Radial distribution function (RDF) 𝑔𝐴−𝐵(𝑟) (left scale, solid line) and coordination number𝑁𝐴−𝐵(𝑟) (right scale, dashed line) as a
function of the distance of the alkali𝐴 = Li (a), Na (b), K (c) from the 𝐵 atom (𝐵 =O [pink], Cl [purple], Al [light blue]). (d) Snapshot of the equilibrated
MD trajectory of LiAlCl2.5O0.75; inset shows examples of [Al𝑚Cl𝑛O𝓁]

3𝑚−𝑛−2𝓁 complexes. (e–g) Distribution of tetrahedral cluster sizes, where cluster size
is defined as the number of tetrahedra contained in each cluster. The y-axis reports the population fraction (in %). Results are shown for Li𝑀Cl2.5O0.75

(𝑀 = Al, Ga, In). Error bars represent the standard deviation Δ𝑚 (defined in the main text).

TABLE 1 Calculated 𝑁𝐴−𝐵(𝑅
∗) from 𝑔𝐴−𝐵(𝑟) displayed in Figure 1,

where 𝑅∗ is the minimum point of 𝑔𝐴−𝐵(𝑟) after its first maximum. For
𝐵 = Al, 𝑅∗ is the inflection point of 𝑔𝐴−Al(𝑟) after its first peak.

Alkali Cl O Al

Li 3.58 0.69 1.41
Na 5.42 0.62 1.77
K 7.21 0.78 1.92
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, consistent with Pauling’s radius-ratio rule. The total average
lkali-anion coordinationnumbers for Li, Na, andKare 4.27, 6.04,
nd 7.89, respectively. As shown in Table 1, the increase of the
oordination number from Li to Na and K is mostly due to an
ncrease of Cl atoms in the local environment of the alkali, as the
xygen coordination remains almost the same.

igure 1d displays a snapshot of the amorphous phase of
iAlCl2.5O0.75, which exhibits extended complexes of metal-anion
M−X) tetrahedra.Wedefine a complex as a connected network of
−X polyhedra, which can extend in the space both linearly (i.e.,
hain-like), or with a planar geometry (see inset of Figure 1d). The
utoff distance used to determine whether two metal cations are
onsidered part of a complex corresponds to the first minimum
f 𝑔𝑀−𝑀(𝑟) (reported in Figure S2). In these complexes, oxygen
toms act as bridges between different tetrahedra (100% of O
dvanced Energy Materials, 2026
anions are always found to be bonded to metal cations, as shown
in Figure S3.), in agreement with previous experimental and
theoretical findings [24, 37]. Figure 1e–g shows the percentage
of tetrahedral units (𝑁𝑚) that are part of complexes containing
𝑚 metal cations. Data was collected from snapshots of MD
simulations of ∼1 ns at 𝑇 = 400 K, with a sampling interval of
20 ps. Results are shown for Li𝑀Cl2.5O0.75, with 𝑀 = Al, Ga, In
(a similar plot for different halogens is shown in Figure S1). The
associated standard deviations, Δ𝑚, are indicated by error bars.
These quantities are computed as 𝑁𝑚 = 𝑚

𝑁snapshot

∑𝑁snapshot

𝑗=1
𝑁𝑚(𝑗)

and Δ𝑚 = 𝑚

𝑁snapshot−1

√∑𝑁snapshot
𝑗=1

(𝑁𝑚(𝑗) −𝑁𝑚∕𝑚)
2 where 𝑁𝑚(𝑗) is

the number of complexes containing𝑚 trivalent metals observed
in the 𝑗-th MD snapshot (by construction,

∑
𝑚
𝑁𝑚 = 𝑁metal –

which was numerically verified). Figure 1e–g shows that only
∼10% of 𝑀 cations form isolated polyhedra, while the rest form
extended tetrahedral complexes, comprising tens of units.

The Al-Cl-O geometries found from our simulations are con-
sistent with Zhang et al. [33], who observed a coexistence of
AlCl

−
4 species and [Al𝑚Cl𝑛O𝓁]

3𝑚−𝑛−2𝓁 clusters from both nuclear
magnetic resonance (NMR) measurements and pair distribution
function (PDF) analysis. In addition, the measured bond lengths
of Al–Cl (∼1.75 Å) and Al–O (∼2.15 Å) from X-ray and neutron-
based PDF of Wang and coworkers [34] closely match our
calculated Al–Cl and Al–O peaks in the corresponding RDF (see
Figure 4d).
3 of 13
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FIGURE 2 (a) Mean square displacement (MSD) of Li atoms in LiAlCl2.5O0.75 at different temperatures: 500 K (turquoise), 600 K (blue), 700 K
(pink), and 800 K (purple). (b) MSD of the different species (Li [purple], Al [pink], Cl [blue], O [turquoise]) of LiAlCl2.5O0.75; the insets report the
associated (tracer) diffusion coefficients 𝐷 at 𝑇 = 500 K in a color-coded manner. (c) Arrhenius plot of 𝐷 as a function of the inverse temperature for
LiAlCl2.5O0.75; the dashed line is the linear fit used to extract the activation energy. (a) Barplot displaying the extracted activation energies (𝐸a) (left scale,
purple) the and calculated conductivities of alkali cations at 300K using theNernst-Einstein relation (𝜎𝐴

300K) (right scale, blue) of the𝐴𝑀𝑋2.5O0.75 family
of conductors.
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.2 Diffusion Properties and Residence Time
nalysis

igure 2 displays the calculated diffusion coefficients of the alkali
ons in 𝐴𝑀𝑋2.5O0.75 amorphous oxyhalides. The mean square
isplacements (MSD) in LiAlCl2.5O0.75 (LACO) are shown in
igure 2a for Li at various 𝑇, and in Figure 2b for all species of
ACO at 𝑇 = 500K. Their linear increase with time indicates that
diffusive regime has been reached in the simulations. Figure 2c
hows theArrhenius plot LACO (and in Figure S4 for all the other
aterials). The linearity of this Arrhenius plot confirms that
o phase transition or change in mechanism occurs within the
nalyzed temperature range. Figure 2d shows the calculated room
emperature conductivities (𝜎300K) and the activation energies
xtracted from the Arrhenius plot (𝐸a). All studied oxyhalides
xhibit 𝜎300K of the order of ∼ 1mS cm−1 and activation energies
f the order of 0.3 eV, which agree well with the measurements
f Dai et al. [24] (𝜎LACO

300K = 1.5 mS cm−1 and 𝐸LACO
a = 0.33 eV)

t the same anion composition. The excellent agreement with
xperimental results lends confidence to both the reliability of the
odel amorphous structures and their microscopic mechanisms
overning the calculated diffusion properties.

o understand the nature of the alkali diffusion, we performed
n analysis similar to Yang et al. [49], where we examine the
ocal environment of Li, Na, and K cations after we separate the
of 13

ativ
alkali cations into fast- and slow-moving atoms within a low-
temperature simulation (𝑇 = 300 K). Fast- and slow-diffusing
alkali refer to the respective atoms with total displacement|Δ𝒓| > 0.95|Δ𝒓max| and |Δ𝒓| < 0.05|Δ𝒓max|, respectively, where|Δ𝒓max| is the maximum alkali displacement observed at the
end of a 4 ns long MD simulation. The corresponding MSD
are reported in Figure S5, where the (bare) MSD of the fast-
diffusing (purple) and slow-diffusing (light blue) alkali is shown,
together with the total (time-averaged) MSD at 𝑇 = 300 K (pink).
In Figure 3a–c, histograms of the displacements are reported,
where the separations between fast- and slow-moving alkali
are highlighted, and Figure 3d–f shows the RDF between the
fast- and slow-moving alkali and the anions. The results of
Figure 3 indicate that slow-diffusing ions tend to have a more
pronounced amount of oxygen in the first coordination shell. It
should be noted that in the limit of infinite simulation time, the
amount of oxygen concentration around every alkali should be
the same, and a separation between fast- and slow-moving ions
is ill-defined because of the underlying assumption of ergodicity.
However, this analysis still suggests that, on relatively short time
scales (nanoseconds), alkali ions trapped in local oxygen-rich
environments diffuse more sluggishly.

To make this characterization more rigorous, we performed a
residence time analysis that allows us to unambiguously extract
the residence time of an alkali cation when it migrates away from
Advanced Energy Materials, 2026
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FIGURE 3 (a–c) Histograms of the alkali ion displacements after 4
ns simulation time for Li (a), Na (b), and K (c). Highlighted areas define
the 5% fastest- and 5% slowest-moving ions, respectively. (d–f) Radial
distribution functions between alkali (Li [d], Na [e], K [f]) andCl (pink) or
O (purple), for the fast- (continuous lines) and the slow-moving (dashed
lines) ions.
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predefined tetrahedral environment. Following established
pproaches formodeling liquid electrolytes [50–52], we introduce
time-dependent correlation function 𝑃(𝑡): for each reference
ime, we identify all pairs of atoms that satisfy a given distance
riterion, thereby constructing a binary contact map. We then
valuate how many of these contacts are still present after a time
ag 𝑡 from a reference time, and normalize this quantity by the
otal number of contacts at the reference time. This procedure
rovides a direct estimate of the lifetime of the structural motifs
efined by the chosen distance threshold (see Equation (7) in
xperimental Section for the formal definition). 𝑃(𝑡) can thus
e interpreted as the survival probability of alkali–polyanion
oordination pairs, i.e., the probability that an alkali ion and
metal tetrahedron initially coordinated at a given reference

ime remains within the first coordination shell after a time lag
. As such, 𝑃(𝑡) directly quantifies the temporal stability and
haracteristic lifetime of local solvation or coordination environ-
ents between alkali and polyanionswithin the eletrolyte. A slow
ecay of 𝑃(𝑡) indicates long-lived, persistent coordination motifs,
hereas a rapid decay reflects frequent exchange processes and
ighly dynamic local structures. The residence time 𝜏 is extracted
y fitting the 𝑃(𝑡) curves with a stretched exponential function:
(𝑡) ∼ exp[−(𝑡∕𝜏)𝛽].

ocusing on 𝐴AlCl2.5O0.75 (𝐴 = Li, Na, K), we track the residence
ime of an alkali located in proximity of an Al tetrahedron,
ifferentiating whether the latter is coordinated with: Cl4, Cl3O1,
l2O2 and Cl1O3. To verify 4-fold Al coordination, Figure 4d
hows the RDF 𝑔Al−anions and the integrated coordination number
Al−anions. The isolated oxygen and chlorine peaks, together with
heir integral, confirm that Al is always fourfold coordinated
ith the anions (𝑁Al−O(𝑟 = 2.6Å) +𝑁Al−Cl(𝑟 = 2.9Å) = 4.07).
igure 4e shows an example of the calculated 𝑃(𝑡) at 𝑇 = 550 K
dvanced Energy Materials, 2026
for LiAlCl2.5O0.75, and the corresponding exponential fits, from
which we extracted the parameters 𝛽 and 𝜏. The exponents 𝛽 are
found to range between 0.25 and 0.65 (see Figure S7 and Table S2).
Values of 𝛽 in the range 0 < 𝛽 < 1 arewidespread in the context of
electronic andmolecular systems, from glass relaxation processes
[53] to charge diffusion in amorphous semiconductors [54], and
can be rationalised in terms of microscopic theoretical models
[55]. The values of 𝛽 associated to a particular Al environment
(Cl4−𝑛O𝑛) depend of the specific materials’ composition, but the
trend of the increase of 𝛽 with increase oxygen coordination
(i.e., 𝛽 = 𝛽(𝑛) for 𝑛 in Cl4−𝑛O𝑛) is independent on the materials’
composition. Figure 4a–c shows the temperature-dependent 𝜏 =
𝜏(𝑇). By assuming an exponential Arrhenius-like 𝑇-dependence
of the form 𝜏(𝑇) ∝ exp [𝜀a∕(𝑘B𝑇)], we can extract the activation
energies 𝜀a. The resulting 𝜀a are reported color-coded in the
same plot and are found to be of the same order of magnitude
as the activation energy 𝐸a obtained from fitting the diffusion
coefficients in Figure 2d (i.e., between 0.2 and 0.4 eV). The
activation energies are systematically the smallest for fourfold
Cl coordination, when no oxygen is present in the tetrahedral
environment. This is consistent with the previously established
understanding that larger anions with more diffuse and lower
charge bind the alkali cation less [3, 56].

The results from Figures 3 and 4a–c suggest that oxygen content
likely constitutes the primary bottleneck for alkali diffusion. To
verify this hypothesis, we carried out explicit MD simulations
at different oxygen concentrations. We focused on LiAlCl4−2𝑥O𝑥

and considered 𝑥 = 0.375 and 𝑥 = 1.25. The Arrhenius plots
of LiAlCl3.25O0.375 and LiAlCl1.5O1.25 are reported in panels (a)
and (c) of Figure S11, respectively, and are compared with
LiAlCl2.5O0.75 in panel (b) of the same figure. We observe a
monotonic increase of the activation energy 𝐸a, going from 236
to 298 to 412 meV for 𝑥 = 0.375, 0.75, and 1.25, respectively.
A residence time analysis similar to Figure 4a is shown in
Figure S12 for 𝑥 = 0.375 and 𝑥 = 1.25 in panel (a) and (b),
respectively. While for the smallest O content (𝑥 = 0.375, Figure
S12a) the activation energies 𝜀a are consistent with the values
in Figure 4a (𝑥 = 0.75), the activation energies 𝜀a for the higher
O concentration 𝑥 = 1.25 are substantially larger: all of them
being around 420 meV (Figure S12b). We find that this change
in 𝜀a is concomitant with a significant change in the metal–
anion network topology: firstly, in LiAlCl1.5O1.25, we observe no
AlCl4 solvation, while fourfold AlO4 coordination is detected;
this is consistent with a sizable change of the O anions content
in the Al first coordination shell, as shown in the RDF and
the coordination number 𝑁(𝑟) of Figure S13: 𝑁Al−O

1st shell = 0.74 and
𝑁Al−Cl

1st shell = 3.29 for 𝑥 = 0.375 (Figure S13c), while at 𝑥 = 1.25,
𝑁Al−O

1st shell = 2.68 and 𝑁Al−Cl
1st shell = 1.41 (Figure S13d). Secondly, at

𝑥 = 0.375 the metal–anion complexes contain significantly less
tetrahedral monomers (see Figures S13a and S14a,b), while in
𝑥 = 1.25 a unique, continuously connected Al–anion complex
emerges, where the tetrahedral monomers are predominantly
linked through O anions (Figures S13b and S14c,d).

2.3 Atomistic Correlations Underlying Ionic
Conductivity

The general and exact form of the ionic conductivity is given by
the time integral of the current–current autocorrelation function
5 of 13

 C
om

m
ons L

icense



FIGURE 4 (a–c) Residence times 𝜏 extracted from the exponential fit of 𝑃(𝑡) as a function of the inverse temperature for Li (a), Na (b), and K (c);
dashed lines are linear fits; the slope is proportional to the activation energies 𝜀a, which are reported in a color-coded manner. (d) Radial distribution
function (continuous lines, left axis) and coordination number (dashed lines, right axis) as a function of distance for Al-Cl pair (light blue) and Al-O
pair (purple) in LiAlCl2.5O0.75. (e) calculated 𝑃(𝑡) as a function of time for anMD simulation at 𝑇 = 500K of LiAlCl2.5O0.75 for Li near different Al-anion
tetrahedra; dashed grey lines are the corresponding exponential fits.
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Green-Kubo expression) [57–59]. By standard manipulation, it
an be expressed in an Einstein form [44, 60]:

𝜎E = 𝑒2

6𝑉𝑘B𝑇

𝑁∑
𝛼,𝛽

𝐿𝛼𝛽 (1)

𝐿𝛼𝛽 = lim
𝑡→∞

𝑑

𝑑𝑡

𝑁𝛼∑
𝑖

𝑁𝛽∑
𝑗

𝑍𝛼𝑍𝛽

⟨
Δ𝐫𝛼

𝑖
(𝑡) ⋅ Δ𝐫

𝛽

𝑗
(𝑡)

⟩
(2)

here Δ𝒓(𝑡) ≡ 𝒓(𝑡) − 𝒓(0) is the atomic displacement, 𝛼 indicates
he atomic specie of the ion indexed by 𝑖 and 𝑍𝛼 is its valence
harge. This expression of 𝜎E contains different terms: those with≠ 𝛽 are the inter-species components, and those with 𝛼 = 𝛽

re the intra-species parts. Within the intra-species components,
e can further identify the ”traced”, or self terms (i.e., when
= 𝑗 in Equation (1)) and the distinct contributions (𝑖 ≠ 𝑗). We
ill make use of this terminology hereafter. Written in this
orm, 𝐿𝛼𝛽 represents a generalized diffusion coefficient between
he atomic species 𝛼 and 𝛽, multiplied by the product of their
alence charges. Equation (1) is generally difficult to calculate
ith sufficient statistical reliability, as the non-diagonal terms in
of 13
the summation (𝛼 ≠ 𝛽 and/or 𝑖 ≠ 𝑗) converge poorly over con-
ventionally accessible time scales in simulations. For this reason,
it is common practice to retain only the diagonal terms (i.e., self
self-correlations) in the sum (𝛼 = 𝛽 and 𝑖 = 𝑗), which exhibit
a time convergence significantly faster than the off-diagonal
ones. Such an approximation is called the Nernst-Einstein (NE)

approximation: 𝜎𝛼
NE = (𝑍𝛼𝑒)

2

6𝑉𝑘B𝑇
lim𝑡→∞

𝑑

𝑑𝑡

∑𝑁𝛼

𝑖=1

⟨|||𝐫𝛼
𝑖
(𝑡) − 𝐫𝛼

𝑖
(0)

|||2⟩ ≡
(𝑍𝛼𝑒)

2

6𝑉𝑘B𝑇
𝑁𝛼𝐷𝛼

tr and is the standard used in ab initio MD studies.
𝐷𝛼

tr is the tracer diffusion coefficient of the atomic specie 𝛼,
and is obtained by fitting the linear region of the mean square
displacement (MSD) as a function of time.

To incorporate the effects of ionic correlation, not captured in
the NE approximation but generally present in Equation (1),
France-Lanord and Grossmann introduced the cluster Nernst-
Einstein (cNE) approximation [61], which accounts for anion-
cation correlations in the particular casewhen anions and cations
form well-defined clusters. This approximation is valid when
metals form tetrahedral clusters that remain intact across the
MD simulation. To show that these assumptions are verified
in amorphous oxyhalides, Figure 5b shows the displacement-
displacement correlation function (DDCF) between cations and
Advanced Energy Materials, 2026
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FIGURE 5 (a) Alkali transference numbers  𝐴+ calculatedwithNernst-Einstein (NE) approximation (light blue), clusterNE (purple) and from the
Einstein expression (pink) for the 𝐴𝑀𝑋2.5O0.75 family of compounds, together with alkali the Haven ratio𝐻𝐴+ (orange) extracted fromMD simulation
at 𝑇 = 750 K. (b) Displacement–displacement correlation function (DDCF) of LiAlCl2.5O0.75 between Li-anions and Al-anions. (c) Li-Li DDCF (purple
line), mean square displacement (MSD)multiplied by𝑁Li (pink line), and distinct part of Li-Li DDCF (light blue line) in LiAlCl2.5O0.75; the distinct part
represents the off-diagonal elements of the Li-Li DDCF. (d) Conductivities (multiplied by their corresponding temperatures) as a function of the inverse
temperature of Li ions, calculated with the NE approximation, and of [ AlCl𝛼O𝛽]

3−𝛼−2𝛽 clusters, evaluated within the cNE approximation.
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nions, which is
∑

𝑖,𝑗
⟨Δ𝐫cation

𝑖
( 𝑡) ⋅ Δ𝐫anion

𝑗
( 𝑡)⟩ as defined in Equa-

ion (2). The strictly positive slope of DDCF between metals 𝑀

nd anions shows that 𝑀 tend to drift with their corresponding
nion tetrahedral cages. Conversely, the DDCF between alkali
and anions is negative (Figure 5b), meaning that 𝐴 diffuses

n an anticorrelated manner with respect to the tetrahedral
lusters, and – most importantly – not coordinated with fixed
urrounding anions during their diffusion. The complete expres-
ion of the non-alkali contribution to the ionic conductivity
ithin the cNE approximation is reported in Equation (9) in the
xperimental Section.

ithin the cNE approximation, we can evaluate the transference
umber  of the diffusing alkali cations𝐴 as:  𝐴

cNE = 𝜎𝐴
NE∕(𝜎

𝐴
NE +

𝑀
cNE). Such expression of  𝐴

cNE assumes that the alkali diffusion
an be adequately described by the tracer diffusion coefficient
𝐴
tr, thereby neglecting alkali–alkali, distinct, intra-particles cor-
elations. This assumption will be justified at the end of this
ection.

n equivalent definition of  𝐴 within the NE approximation
eads:

 𝐴
NE =

(
𝑍𝐴

)2
𝑁𝐴𝐷𝐴

tr∑
𝛼=𝐴,𝑀,𝑋,O (𝑍𝛼)

2
𝑁𝛼𝐷𝛼

tr

(3)
dvanced Energy Materials, 2026
Finally, using the exact expression of Equations (1) and (2), the
transference number in the Einstein form is given by [44]:

 𝐴
E =

𝐿𝐴−𝐴 + 2𝐿𝐴−𝑀 + 2𝐿𝐴−𝑋 + 2𝐿O−𝐴∑
𝛼

∑
𝛽
𝐿𝛼𝛽

(4)

Figure 5a shows the calculated  𝐴 within the three levels of
approximations; each of them are the resulting average of five
different temperatures: 600, 650, 700, 750, and 800 K. These
results show that the NE significantly underestimates the trans-
ference numbers, predicting them to be ∼0.5. This result stems
from the fact that, although the alkali mobility is substantially
larger than that of the halides ions (as shown in Figure 2b),
the larger number of 𝑋 (2.5 times larger than 𝐴) results in
a contribution 𝑁𝑋𝐷𝑋

tr of the same magnitude as 𝑁𝐴𝐷𝐴
tr. The

only exception is LiAlI2.5O0.75 (LAIO), having NE = 0.75, which
originates from a much slower framework mobility as compared
to the other materials, likely due to a larger inertia caused by
heavier iodine anions. For example, at𝑇 = 500K,𝜎non-Li

NE (LAIO) =
34mS cm−1 and 𝜎non-Li

NE (LACO) = 117mS cm−1. The cNE tends to
improve the agreementwith the exact (Einstein) results, although
it overestimates the transference numbers. The origin of these
deviations is evident from Figure 5d and Figure S8, showing
the Arrhenius plots of the cNE conductivity for LACO and for
the other materials, respectively. The conductivity associated to
the metal-anion tetrahedral complex is one order of magnitude
smaller than the alkali ions, thus resulting in  𝐴

cNE values close
to 1. The calculated values of E from the full Einstein expression
7 of 13
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Figure 5a, pink bars) are intermediate between NE and cNE and
gree well with the experimental estimates from ref. [62] (0.98)
nd ref. [24] (0.69 for LACO and 0.91 for NACO). This arises from
cancellation of inter-particle contributions (which are tabulated
n Table S4), resulting in an overall conductivity that is to the
reatest extent governed by alkali diffusion.

inally, we address the role of the alkali-alkali correlations. These
re encoded in the off-diagonal (intra-particles, distinct) elements
f the DDCF. A quantification of such correlation for the alkali
pecie 𝐴 (= Li, Na, K) is captured by the alkali Haven ratio [63],
hich we define by 𝐻𝐴 = 𝑁𝐴𝐷𝐴

tr∕𝐿𝐴𝐴, where 𝐿𝐴𝐴 is defined in
quation (2). The difference between 𝐷𝐴

tr and 𝐿𝐴𝐴 is that the
irst contains self contributions only (⟨|Δ𝐫𝐴

𝑖
|2⟩), while the second

mbodies also distinct, intra-particles contributions (⟨Δ𝐫𝐴
𝑖
⋅ Δ𝐫𝐴

𝑗
⟩

ith 𝑖 ≠ 𝑗). Deviations from unity of 𝐻𝐴 imply that distinct,
ntra-particle correlations between the alkali cations influence
he macroscopic conductivity of the electrolyte. In crystalline
onductors, since the framework is typically immobile, 𝜎𝐴−𝐴

E =
𝑒2

6𝑉𝑘B𝑇
𝐿𝐴𝐴 coincides with the total ionic conductivity. Instead

n amorphous oxyhalides, as implied by Figure 5a,b, 𝜎𝐴−𝐴
E is a

raction of the total conductivity. Figure 5c shows the DDCF for
iAlCl2.5O0.75, and its linearity is confirmed by the same log–log
cale plot in Figure S10 (equivalent plots for the whole series
f materials are reported in Figure S15). Remarkably, we find
hat the DDCF of alkali cations is largely determined by self-
orrelations, while the distinct terms negligibly contribute to
𝐴−𝐴
E . This result is radically different to what has been observed
n crystalline conductors: in Li10GeP2S12, Li–Li distinct, intra-
article correlations have been shown to reduce 𝐻𝐴 by a factor
f two [43]. As shown in Figure 5a, the calculated 𝐻𝐴 are
ound to be close to unity for the whole 𝐴𝑀𝑋2.5O0.75 family of
onductors.

Discussion

n thiswork, we report a systematic computational study of the𝐴-
-𝑋-O family of amorphous oxyhalide superionic conductors at
𝑀𝑋2.5O0.75 isovalent composition. We find that the amorphous
tructures consist of extended clusters formed by interconnected
etal-anion tetrahedra, linked through corner- or edge-sharing
xygen atoms. The alkali cations are found to coordinate mostly
ith chlorine atoms; cations with increasing ionic radius (Li →
a → K) exhibit higher coordination numbers accomplished by
ncreasing the Cl

− in the first anion shell, while the amount of
xygen remains relatively constant (one O atom in the first coor-
ination shell). The extended clusters of metal-anion tetrahedra
re observed in all compositions.

residence time analysis has shown that alkali diffusing in
roximity of aluminum coordinated with chlorine only (Cl4)
xhibit residence times that are systematically one order of
agnitude smaller than those obtained around oxygen-rich
nvironments (Cl4−𝑛O𝑛). The activation barriers 𝜀a extracted
rom the temperature dependence of the residence times exhibit
alues that fall within the same range as the activation energies
etermined from diffusion coefficients (𝐸𝐷tr

a ); this observation
ells us that alkali diffusion and their escape times from metal-
nion tetrahedra share the same reaction rates, and therefore we
of 13
can use 𝜀a as a more chemically-informed proxy to identify the
energy barriers associated to different escaping environments.
To this aim, we notice that (i) Cl3O1 tetrahedra are the most
common coordination environment for 𝑀 (as confirmed from
𝑁1st shell

Al−O = 1.3, in Figure 4d), and (ii) the activation energies for
escaping the Cl3O1 tetrahedra mostly match the ones obtained
from the diffusion coefficients: 𝐸𝐷tr

a ∕𝜀
Cl3O1
a are 292/293, 262/244,

268/259 meV for Li, Na, and K, respectively. Cl4 tetrahedra have
a lower escape time; however, they are unlikely to be percolating
and hence do not transfer their low activation energy for alkali
hopping to the macroscopic diffusion. The deduction that oxygen
limits Li transport is conclusively verified by directly calculating
the variation of Li conductivity as a function of O concentration
in LiAlCl4−2𝑥O𝑥: it is shown that room temperature conductivity
monotonically decrease by increasing O concentration. Also, in
LiAlCl4−2𝑥O𝑥 it is verified the match between 𝐸

𝐷tr

a and 𝜀a: in 𝑥 =
0.375, where 𝑁Al−O

1st shell < 1, 𝜀AlCl4
a = 221 meV agrees with 𝐸

𝐷tr

a =
236 meV, while in 𝑥 = 1.25, where 𝑁Al−O

1st shell ≈ 2.7, 𝜀AlCl1O3
a = 417

meV, which is consistent with 𝐸
𝐷tr

a = 412meV.

Taken together, our results provide solid evidence that oxygen
substitution for Cl

−–despite being necessary for stabilization
of the amorphous phase [24]–represents the principal bottle-
neck to faster ion diffusion. To enhance alkali conductivity, it
may be necessary to limit oxygen content or adopt alternative
amorphization strategies, such as incorporating divalent anions
with lower electronegativity (e.g., sulfur [64] and selenium [65,
66]), mixed-anion approaches [67], or polyanion units [68] –
all of which have been the subject of recent experimental
studies.

Our data enables a more complete and general picture of the
structure and the alkali migration in these materials to emerge.
The displacement-displacement correlation function (Figure 5a)
showed that aluminum atoms tend to drift coordinated in the cor-
responding anion tetrahedral cages. Their diffusion is, however,
one order of magnitude slower than that of alkali atoms, which
themselves exhibit anti-correlation with respect to such polyan-
ions.We thus deduce that thesematerials are characterized by: (i)
a sluggish metal-anion framework that constitutes the backbone
of the amorphous phase, and (ii) alkali cations that propagate
through the interstitial space between metal-anion clusters via a
standard hopping process that does not drag neighboring anions
with it. Such diffusion mechanism is reminiscent of Li transport
in oxide-based superionic conductors, where Li ions migration is
promoted when occurring within a framework of corner-sharing
polyhedra [5]. We also note that point (i) deviates from what
has been observed in Li−P−S amorphous conductors, where
the polyanion building blocks [(PS4]

3−, [P2S6]
4− and [P2S7]

4−)
are found to be immobile [69, 70]. The analysis of alkali–alkali
distinct particles correlations has shown that they contribute
negligibly to the purely alkaline part of the conductivity (𝜎𝐴−𝐴

E =
𝑒2

6𝑉𝑘B𝑇
𝐿𝐴𝐴, as defined in Equation (1)). This latter result contrasts

markedly with what is observed in crystalline conductors: studies
in Li-garnets [71] and in Li-conducting NASICON [72], demon-
strated that Li–Li (intra-particles) correlations are essential for
long-range diffusion.

We evaluated the transference number of amorphous oxyhalides
using different approximations: the Nernst-Einstein (NE) and the
Advanced Energy Materials, 2026
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luster Nernst-Einstein (cNE) approximations, and compared the
esults to those obtained with the exact Einstein expression of
quation (4). This comparison allows us to disentangle the con-
ributions of different-particles correlations and to progressively
nclude them to evaluate their effects. Under the cluster Nernst–
instein (cNE) assumption, metal-anion correlations, which
re omitted in the simple NE expression, are included. These
nter-particle correlations carry negative signs and are large in
agnitude; thus, they reduce the total ionic conductivity, yielding
igher alkali transference numbers. Within the cNE approach,
orrelation between the ions constituting polyhedral clusters is
ncluded, but the correlation between alkali and polyanions is still
eglected; its inclusion through the full Einstein form reveals that
uch correlation is also sizable, and has the effect of decreasing
he transference numbers. Taken together, the results where
nlymetal-anion contributions are retained (cNEapproximation)
ndicate that such ionic correlation plays an important role for
ptimizing alkaline transport properties. In particular, promoting
more correlated metal–anion dynamics could be a strategy for
ncreasing the alkali transference number: the metal-anion (𝑀–
∕O) contribution to the ionic conductivity is proportional to
𝑀−𝑋∕O = 𝑍𝑀 𝑍𝑋∕O 𝑀−𝑋∕O, where 𝑍 is the valence charge and
𝑀−𝑋∕O is the slope of the displacement-displacement correlation
unction [see Equation (2)]. Maximizing the alkali transference
umber requires 𝐿𝑀−𝑋∕O to be as negative as possible [see
quation (4)]. Since 𝑍𝑋∕O < 0, reducing 𝐿𝑀−𝑋∕O can be achieved
y increasing 𝑍𝑀 > 0 and/or by enhancing 𝑀−𝑋∕O > 0. Aliova-
ent substitution with larger-radius and/or higher-valent metal
ations can be a possible way to achieve this route: higher 𝑍𝑀

irectly amplifies the charge contribution to 𝐿𝑀−𝑋∕O, while larger
onic radii promote higher coordination numbers, increasing
𝑀−𝑋∕O and thereby facilitating more efficient alkali transport.
ecent experimental findings support this hypothesis, reporting
ransference numbers exceeding 0.89 for 𝑀 = Ta, Nb, Zr and Hf
32].

n summary, our study clarified the structural motifs and ion-
ransport behavior of amorphous oxyhalide electrolytes, which
emains remarkably consistent despite differences in underly-
ng chemistry. The possibility of synthesizing these materials
ithout mechanochemical approaches [24, 33] also highlights
heir potential for large-scale production [34]. Moreover, the high
oom-temperature ionic conductivity achieved not only for Li,
ut also for Na and K cations, indicates that the amorphous
xychloride space can be a fertile source of solid state conductors
or beyond-Li technologies. Indeed, upon compositional opti-
ization – i.e., tuning the oxygen content or employing aliovalent
ubstitution – it has been shown that it is possible to achieve even
igher values of ionic conductivities [73, 74], thereby enabling
he development of higher-performance solid electrolytes for
ll-solid-state batteries.

Experimental Section

b initio calculations have been performed using the Vienna
b initio Software Package (VASP) [75–77], where the electron-
on interaction was modeled using projector augmented-wave
seudopotentials [78]. The generalized-gradient approximation
ith the Perdew-Burke-Ernzerhof parametrization was used as
dvanced Energy Materials, 2026
parameterization for the exchange-correlation functional [79].
The electronic wavefunction has been expanded with a kinetic-
energy cutoff of 500 eV, and Γ-point sampling of reciprocal space
has been adopted. Other input flags follow standard settings as
recommended in Pymatgen [80, 81]. Born-Oppenheimer (BO)
molecular dynamics (MD) has been used with an integration
time-step of 2 fs without spin polarization, using the Nosé–
Hoover constant-volume thermostat (NVT) [82, 83] for the
melt-and-quench protocol, and the Langevin constant-pressure
barostat (NPT) [84] for generating the fine-tuning dataset. All
calculations have been performed using the active-learning
methodology implemented in VASP [46–48], where an MLIP is
constructed on-the-fly during the MD simulation. Within this
computational scheme, a Bayesian inference-based approach is
used at each MD step to decide whether to use the constructed
MLIP, or to evaluate the ionic forces through electronic self-
consistent minimization, which occurs when the Bayesian error
exceeds a predefined threshold that is updated along the MD
run. This computational methodology is well-suited to efficiently
explore the complex BO potential energy surface of amorphous
structures (which require an extensive sampling of different
atomic configurations), as it allows a factor ∼10 speed-up –
thanks to the ML prediction – but retains an ab initio accuracy
because only first-principles energies, forces, and stresses are
used for fine-tuning the MLIP used for MD production runs.
For this latter, we used the Crystal Hamiltonian Graph neural
Network potential (CHGNet) [45], that is naturally pretrained
on relaxation trajectories from the Materials Project database
[85], but which we specifically fine-tuned to model amorphous
oxychlorides.

We fine-tuned the CHGNet model separately for each material.
For every system, the fine-tuning dataset consists of ab initio-
calculated energies, forces, and stresses obtained from on-the-fly
MD trajectories of 84-atoms amorphous structures collected at
four different temperatures (300, 500, 700, and 1000 K), each of
them sampled for 180 ps. To maximize the structural diversity
of the training dataset, we also included for every 𝐴𝑀𝑋2.5O0.75

material data from crystalline metal-oxides (𝑀2O3: mp-7048,
mp-886, mp-22323), alkaline oxide (𝐴2O: mp-1960, mp-2352,
mp-971) and alkaline-metal-halide (𝐴𝑀𝑋4, when available on
Materials Project: mp-22983 (LiAlCl4), mp-23363 (NaAlCl4),
mp-27755 (KAlCl4), mp-28341 (LiGaCl4)) obtained from a grad-
ual temperature-ramping from 200 to 1100 K in 50 ps. A total of
∼12 000 atomic configurations were collected for each material’s
dataset. Of these, 90% have been used for training the ML
models, 5% for validation and 5% for test set. All other training
hyperparameters were fixed to CHGNet default values. The
MLIP errors are reported in Table S1. MD production runs have
been run using the atomistic simulation environment (ASE)
[86] and statistical observables concerning diffusion properties
– like the mean square displacement and the mean collective
displacement –, together with the associated errors, have been
evaluated using the methodology discussed in He et al. [87]:⟨
𝑓(𝑡, 𝑡 = 0)

⟩
= 𝑁−1

𝜏

∑𝑇tot−𝑡

𝜏=0
𝑓(𝑡 + 𝜏, 𝜏).

To obtain the amorphous model structures, we either started
from crystalline𝐴𝑀𝑋4 mp-22983 (LiAlCl4), mp-23363 (NaAlCl4),
mp-27755 (KAlCl4), mp-28341 (LiGaCl4), or performed iso-
valent substitution and further relaxed the resulting struc-
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ure, and carried out a melt-and-quench protocol as described
n Section II, where ramping, equilibration before doping
nd equilibration after doping lasted for 2, 10, and 20 ps,
espectively.

he radial distribution function 𝑔𝐴−𝐵(𝑟) and the number of
articles 𝑁𝐴−𝐵(𝑟) displayed in Figures 1a–c and 4(d–f) and
igure S6a–b are calculated using the following definitions [88]:

𝑔𝐴−𝐵(𝑟) =
1

𝜌𝐵𝑁𝐴

⟨ 𝑁𝐴∑
𝑖=1

𝑁𝐵∑
𝑗=1

𝛿
(
𝑟 − |𝒓𝑖 − 𝒓𝑗|)⟩ (5)

𝑁𝐴−𝐵(𝑅) = 𝜌𝐵 ∫
𝑅

0

𝑑𝑟 4𝜋𝑟2 𝑔𝐴−𝐵(𝑟) (6)

he autocorrelation function𝑃(𝑡) introduced in themain text and
mployed for the analysis concerning Figure 4 is defined as:

𝑃(𝑡) = 1

𝑁𝑡𝑖

𝑁𝑡𝑖∑
𝑖=1

∑
𝑛𝑚

[𝑄(𝑡𝑖 + 𝑡)◦𝑄(𝑡𝑖)]𝑛𝑚∑
𝑛𝑚

𝑄(𝑡𝑖)𝑛𝑚
(7)

𝑄𝑛𝑚 =

{
1 distance(𝐴𝑛,𝑀𝑚) < 𝑑

0 otherwise
(8)

here ◦ denotes the Hadamard product (element-wise product
f the 𝑄 matrices), and 𝑑 is a cutoff distance corresponding
o the inflection point of 𝑔𝐴−Al(𝑟) after its first maximum
Figure 1a–c).

s discussed in Section 2.3, we employed the cluster Nernst-
instein (cNE) approximation to quantify the non-alkali contri-
ution to the ionic conductivity. More specifically, we adopted
variant of the cNE approximation, which we describe in the
ollowing: for each cluster, we (i) determine the total number
f metal-anion tetrahedra it is composed of (𝑁𝑀); (ii) calculate
he corresponding oxidation number of this cluster: Ω = 3𝑁𝑀 −
𝑁O −𝑁𝑋 (𝑀 =metal, 𝑋 = halide); (iii) assign to each of the𝑁𝑀

etal-anion tetrahedra, an oxidation state equal to 𝑧 = Ω∕𝑁𝑀 ,
iv) the geometrical center of each tetrahedra is identifiedwith the
osition 𝐑 of the metal cation. The metal–anion contribution to
he total ionic conductivitywithin the cNE framework is therefore
iven by:

𝜎𝑀
cNE = 𝑒2

6𝑉𝑘B𝑇
lim
𝑡→∞

𝑑

𝑑𝑡

𝑁𝑀∑
𝑖=1

𝑧2
𝑖

⟨|||𝐑𝑖(𝑡) −𝐑𝑖(0)
|||2⟩ (9)

o account for possible fluctuations in the cluster size (as
bserved for 𝑀 = In, Figure 1g), we determined effective
xidation numbers 𝑧𝑖 by averaging them over 100 equally-
paced snapshots collected throughout the entire MD
rajectory.

uring the preparation of this work, the authors used ChatGPT
o edit the final draft of the manuscript. After using this tool, the
uthors reviewed and edited the content as needed, and they take
ull responsibility for the content of the publication.
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