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a temperature sensitive ternary chloride, MgZrCl6
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Ball milling is a powerful synthetic tool for discovering new inorganic

materials. Inspired by the high ionic conductivity in Li2ZrCl6 synthe-

sized via mechanochemistry, we synthesized MgZrCl6 with a similar

method. High resolution synchrotron X-ray diffraction shows that

MgZrCl6 is poorly crystalline after ball milling, but crystallizes in

a layered hexagonal structure (P�31c) after heat treatment. In situ

synchrotron X-ray diffraction and differential scanning calorimetry

measurements reveal a narrow temperature window around 400 °C in

which crystallization occurs. Pair distribution function analysis shows

2D sheets of MgZrCl6 form after milling, with heating driving 3D

crystallization. Raman spectroscopy also shows evidence of Zr–Cl

octahedral coordination familiar to MgZrCl6 after milling. Electro-

chemical impedance spectroscopy does not reveal ionic conductivity

in MgZrCl6 (limit of detection ca. 1.4 × 10−8 S cm−1). In addition to

supporting existing design rules for Mg-based solid electrolytes, this

work shows the power of ball milling to synthesize temperature-

sensitive inorganic compounds with high yield.
Introduction

While traditional solid-state synthesis techniques rely on high
temperatures to drive solid-state diffusion, ball milling can
drive inter-diffusion between solids at low temperatures.
Therefore, the mechanochemical technique can be an atomi-
cally efficient process for synthesizing materials ranging from
halide perovskites for optoelectronic applications9,10 to solid
electrolytes for batteries. Leading Li- and Na-based solid elec-
trolytes, such as sulde argyrodites,11 ternary chlorides,12 and
tory of the Rockies, Golden, CO, 80401,

f Mines, Golden, CO, 80401, USA. E-mail:

niversity, Fort Collins, CO, 80523, USA

, Colorado State University, Fort Collins,

y.

y the Royal Society of Chemistry
oxychlorides,13 have been synthesized via ball milling. However,
solid-state Mg electrolytes remain a nascent research topic14

which ball milling may expand.
Chlorides have emerged as a promising class of materials for

Li+ solid electrolytes owing to their high ionic conductivity, low
electronic conductivity, and high oxidative stability,15 but are
underexplored for Mg2+ conductivity. To the best of our
knowledge, MgM2Cl8 phases (M = Al, Ga) are the only chlorides
that have been studied as Mg2+ ion conductors.16,17 They were
synthesized via high-temperature solid-state techniques and
exhibit ionic conductivity ca. 10−6 to 10−5 S cm−1 at 127 °C.
Although these few examples underperform leading selenide18

and borohydride19 materials, further exploration of chlorides is
warranted. Solid state synthesis methods yielded chlorides with
low-to-moderate Li+ ion conductors in the 1990's, but the ball
milling synthesis of Li3YCl6 produced a fast ion conductor in
2018 and started a renaissance of chloride-based solid
electrolytes.15,20

MgZrCl6 has a layered structure that may be conducive to
Mg2+ mobility (Fig. 1), but it has not been studied for this
property. We rst noticed this phase as an intermediate in the
metathesis reaction: 2Mg2NCl + ZrCl4 / MgZrN2 + 3MgCl2.21 A
2014 report by Salyulev and Vovkotrub noted that MgZrCl6 was
previously studied to better understand corrosion in chloride-
based metallurgical processes,22 and they referenced synthesis
literature for these phases from the 1990's.23,24We have not been
Fig. 1 (a) View of the MgZrCl6 structure down the a axis. (b) View of
one layer of the structure looking down the c axis.
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able to access these original synthesis reports, but the 2014
report suggests that MgZrCl6 was synthesized using elevated
ZrCl4 vapor pressures (ca. 22–59 atm) and in narrow tempera-
ture ranges (ca. 450–500 °C).22 Given the volatility of ZrCl4
(sublimation point, 331 °C), we hypothesized that mechano-
chemistry may provide a route to phase pure MgZrCl6.
Results and discussion

High-resolution synchrotron powder X-ray diffraction (PXRD)
shows that 10 h of high-energy ball milling (BM) of MgCl2 +
ZrCl4 produced poorly crystalline MgZrCl6 (Fig. 2). ZrO2 jars and
balls were used for milling (more details in SI). Subsequent heat
treatment (BM + HT) crystallizes MgZrCl6 in space group P�31c (a
= 6.35975(3) Å and c = 11.8428(1) Å), isostructural with FeZrCl6
(inorganic crystal structure database col. code 39666).3 Ball
milling was crucial for the synthesis of phase pure MgZrCl6, as
hand-ground mixtures of reagents only reacted partially (Fig. S1
and S2).

The crystal structure of MgZrCl6 (BM + HT) consists of layers
stacked along the c direction, with each layer containing edge-
sharing [MgCl6] and [ZrCl6] octahedra. Within the layer, 2/3 of
the octahedral sites are occupied with an alternating pattern of
Mg2+ and Zr4+, while the remaining 1/3 of octahedral sites are
vacant. Consequently, each Mg2+ is neighbored by three Zr4+

and three vacant octahedra. The chloride anions form a hexag-
onal close-packed arrangement with a van der Waals gap
between the layers. We note three signicant peaks in the
difference trace, indicating that the (002), (2�12), and (300) Bragg
peaks are under-t by our model. Our attempts to improve our
model with stacking faults, anisotropic peak broadening, and
cation-disorder, were unsuccessful. We also considered a struc-
tural model based on TlYbI6 (ICSD col. code 138835), which also
crystallizes in the P�31c space group but with different atomic
coordinates: that model was substantially worse. It is possible
for cations to disorder into van der Waals gap,25 but our
Fig. 2 Synchrotron PXRD of MgZrCl6 prepared by ball milling and the
sample after heat treatment at 350 °C for 2 h in a sealed ampule.

RSC Mechanochem.
attempts to rene electron density in inter-layer sites did not
substantially improve the t. Single crystal diffraction
measurements may be needed to more precisely determine the
structure.

In situ synchrotron PXRD shows the crystallization and
decomposition pathway for MgZrCl6 from ball milled precur-
sors (Fig. 3). Broad peaks are present at room temperature,
indicating that ball milling resulted in a poorly crystalline
ternary phase. At 340 °C, the broad peaks of the initial phase
sharpen, and additional reections appear as MgZrCl6 rapidly
crystallizes. At 460 °C, the MgZrCl6 peaks abruptly disappear,
leaving behind only MgCl2. This change shows that MgZrCl6 has
limited thermal stability, decomposing to MgCl2 (s) and ZrCl4
(g) at moderate temperatures. These in situ ndings are
consistent with our ex situ results (Fig. S1) and with differential
scanning calorimetry (DSC) measurements (Fig. S9).

Pair distribution function (PDF) analysis of X-ray total scat-
tering data suggest that BM MgZrCl6 has a similar local struc-
ture to BM + HT MgZrCl6 (Fig. 4). The BM + HT sample exhibits
short and long range pair correlations that are well t by the
P�31cMgZrCl6 model (Fig. 4a). The PDF of the ball milled sample
reveals signicantly attenuated pair correlations beyond r z 6
Å. Furthermore, the bulk crystal structure does not t these data
well beyond r z 4 Å, particularly at distances corresponding to
the interlayer separations (Fig. S3). Instead, a composite model
with a single layer of MgZrCl6 as implemented in PDFGUI26

following ref. 27 with a spherical truncation diameter of 50(30)
Fig. 3 In situ synchrotron PXRD of a BM mixture of MgCl2 + ZrCl4
upon heating at +10 °C min−1. Simulated reference patterns for the
precursors and products are shown at the bottom and top,
respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 PDF of X-ray total scattering data from (a) BM+HT samples and
(b) BM of MgZrCl6. Data in black, fit in orange, difference in gray (offset
vertically by 1 Å−2). Insets show structural models.

Fig. 5 Background-subtracted Raman spectra of the crystallized
MgZrCl6 (BM + HT) and poorly-crystalline ball milled MgZrCl6
compared with the hand-ground precursor mix MgCl2 + ZrCl4 and the
binary precursors. Raw spectra are shown in Fig. S4.
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Å, provides the best t to the data (Fig. 4b). A similar result was
observed via PDF for the initial stages of FeS nanosheet growth
from solution.28 This suggests that ball milling induces forma-
tion of MgZrCl6 sheets with octahedral coordination and some
Mg–Zr ordering, but annealing is necessary to induce extended
ordering. Although poorly-crystalline milled materials “age” in
some cases,29 we do not observe this behavior in MgZrCl6.
Laboratory PXRD data of the same ball-milledmaterial collected
∼3 years aer the synchrotron powder X-ray diffraction data
(Fig. 2) exhibits similar broadened features (Fig. S10).

Raman spectroscopy shows that the BM MgZrCl6 has struc-
tural motifs that are conserved upon crystallization (Fig. 5). The
Raman spectrum of BM + HT MgZrCl6 has peaks at 327 cm−1,
177 cm−1, and 116 cm−1. Similar peaks also appear in the
spectrum for the BM MgZrCl6. While we do not precisely assign
these vibrational modes, these shared peaks suggest that
structural motifs of the crystallized MgZrCl6 are already present
in the poorly crystalline material produced by the ball milling
step, consistent with PDF analysis. The BM MgZrCl6 spectrum
also has broad peaks at 410 cm−1, 232 cm−1, and 135 cm−1 that
roughly correspond to peaks from the binary halide precursors,
suggesting that mechanochemical conversion to MgZrCl6 is
incomplete (10 h milling time). In contrast, the spectrum from
the hand-ground sample of MgCl2 + ZrCl4 is merely a linear
combination of the precursor spectra. These data show that ball
milling initiates formation of the MgZrCl6 phase, which crys-
tallizes on heating.

Given the open framework of MgZrCl6 with an ordered
arrangement of vacant octahedra within layers and a van der
Waals gap between layers (Fig. 1), we hypothesized that Mg2+

may be mobile in the structure. We performed AC electro-
chemical impedance spectroscopy (EIS) in a two-electrode
conguration up to 95 °C. The BM and BM + HT MgZrCl6 did
© 2026 The Author(s). Published by the Royal Society of Chemistry
not exhibit charge transport behavior (Fig. S6 and S7). Rather,
the materials show capacitive behavior consistent with
a dielectric. Given the limit of detection for the measurement
(approximately 4 MU) along with the pellet dimensions
(0.71 mm thick, 1.27 cm2 cross-sectional area), we can rule out
ionic conductivity above approximately 1.4 × 10−8 S cm−1. We
attempted aliovalent substitution of Nb5+ into MgZrCl6 in hopes
of boosting ionic conductivity (Fig. S7), but the more volatile
NbCl5 separated from the pellet during annealing and was not
incorporated into the structure.

The negligible ionic conductivity of this phase is consistent
with design rules for multivalent ion conductors described in
prior literature. Rong et al. proposed that Mg2+ mobility may be
favorable in structures where Mg2+ ions sit in energetically-
disfavored sites (i.e., tetrahedra).7 In MgZrCl6, Mg2+ occupies
an octahedral site, which is more stable and thus less prone to
hopping. Iton and See also noted that repulsive forces increase
when a mobile ion moves through a site that is face-sharing
with a site occupied by a highly-charged cation.8 The Zr4+ sites
in MgZrCl6 are face-sharing with 2/3 of the octahedral holes
within the van der Waals gap, inhibiting Mg2+ mobility within
that layer. Bond valence site energy calculations suggest the
lowest migration barrier in MgZrCl6 is 0.86 eV for interlayer
hopping (Fig. S8). This value is higher than the 0.6 eV cutoff
used for prior theoretical work screening for Mg2+ ion conduc-
tors.6 Our ndings therefore further validate the design rules
posed in these prior works.

Although MgZrCl6 proved not to be an Mg2+ ion conductor,
the synthetic approach may be useful for yielding phase-pure
solids that include volatile precursors. Our preliminary work
in this Mg–Zr–Cl system motivates further study into other
compositions that may be stabilized through mechanochemical
methods. In this case, ZrCl4 sublimes at 330 °C, but ball milling
can trap it within the MgZrCl6 framework, allowing for
RSC Mechanochem.
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subsequent heat treatment at 350 °C to crystallize the ternary
without vapor loss. Many other chlorides also have low boiling
or sublimation points, such as TiCl4 (boils at 136 °C), AlCl3
(sublimes at 180 °C), and NbCl5 (boils at 247 °C). Similarly,
many bromides and iodides boil, sublime, or decompose at
relatively low temperatures. The ball milling approach here may
enable the synthesis of other temperature-sensitive halides.
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