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ABSTRACT: Lithium—aluminum layered double hydroxides
(LDHs) selectively sorb lithium from brines, concentrating and M
purifying this critical element for subsequent conversion to active rwwm (_) YM
battery components. Lithium ion partitioning into lattice vacancies FOROERMMNN |+ g0

within the LDH structure is selectively enhanced with iron doping. ion exchange
However, this process leads to a highly coupled set of intercalation stacking fault
interactions whose mechanisms are challenging to assess in situ.  generation
Here, we show that iron modulates the size- and shape-dependent

composition of LDHs and imposes a powerful control on lithium

sorption processes in complex fluids. We observe fundamental units of LDH layers and aluminum ferrihydrite nanoclusters that
(dis)assemble to form at least five distinct particle types that influence LDH lithium capacity and cyclability. Importantly, lithium
sorption is controlled by feedbacks arising from the dynamic interconversion of planar stacks and scrolls of LDH layers, which
exchange lithium, water, and other species in the process of (un)rolling due to similar energy scales of hydration, sorption, and
deformation. Under appropriate iron redox conditions, the cycling efficiency and stability of lithium sorption can be optimized for
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the range of lithium concentrations found in many natural brines.

B INTRODUCTION

Lithium is an integral element in high-energy-density batteries,
and the separation of lithium compounds from brine resources
is expected to be a key process for battery supply chains.'
Sorbent materials such as layered double hydroxides (LDHs)
are promising candidates for primary lithium extraction from
geothermal brines because the sorption mechanism operates at
the elevated temperatures of the brine and does not require pH
swings to induce ion exchange, thereby limiting sorbent
degradation and chemical consumption relative to competing
technologies such as ion-exchange resins." However, brine
compositions can vary dramatically over time and depend on
extraction location.”> When many chemical components are
involved in the sorption process, as they often are for LDH,
aqueous chemical variability alters the lithium activity in both
aqueous and solid media, modulating lithium selectivity in
poorly understood ways.

Doping lithium—aluminum LDH (Li/Al-LDH) with iron
(Fe-LDH, up to approximately 30% iron on cation lattice sites
with the balance in all cases being a mixture of Li and Al) has
proven to thermodynamically stabilize the structure, counter-
acting the destabilizing effect of lithium sorption.3 However,
the complex interactions taking place between lithium
sorption, iron doping, chlorine charge compensation, and
ion/mineral hydration®” are difficult to disentangle from the
perspective of any individual component. Importantly, the
stability”® and lithium selectivity”” of Fe-LDH are inconsistent

© 2023 The Authors. Published by
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WACS Publications 3931

with Langmuir sorption isotherm models that hold for Li/Al-
LDH without iron.”'? More generally, the feedbacks between
many different components that naturally occur in geothermal
brines can give rise to distinct behavior from individual
constituents observed in isolation.'" This suggests that
understanding cooperative effects between many components,
both in the brine and in the sorbent material, is essential to
understanding and controlling lithium sorption from complex
brines.

Here, we directly and simultaneously investigate the atomic
and colloidal structure of hydrated Fe-LDH using cryogenic
electron microscopy (cryoEM) and cryogenic electron
tomography (cryoET) and show that multiple coexisting
phases control the overall lithium chloride (LiCl) and water
sorption behavior in these materials. Results revealed the
importance of understanding structural variability in poorly
crystalline sorbents and controlling competing and parasitic
reactions that result from chemical segregation. We found that
chemical composition and hydration enthalpy systematically
depend on the size and morphology of Fe-LDH particles.
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Observations revealed that (de)hydration, (de)intercalation,
and (dis)assembly, such as faulted stacking and particle
aggregation, alter the degree of (dis)order among the structural
groups and ultimately define the bulk sorption behavior in
these materials.

B RESULTS

X-ray Diffraction. Fe-LDH has an X-ray diffraction (XRD)
pattern that can be indexed to a monoclinic structure” with
C2/m symmetryand a=4.88 A, b =532 A, c=1529A, f=«a
=90° and y = 116.66° in either 1M, or 1M, polytypes. This
structure can form from the faulted stacking of dritsite, a
mineral with similar chemical composition and P63/mcm
symmetry (2H polytype), and its synthetic analogues that are
derived by doping the AI(OH); minerals gibbsite or
bayerite'”™'* with lithium. Within the synthon framework
proposed by Britto and Kamath," shifting adjacent mineral
layers of dritsite by (Y3, 0, z), (0, 3, 2), or (¥, %3, z) produces
the 1M, polytype via stacking faults that disorder the
aluminum, iron, and lithium cations along the ¢ axis of the
unit cell. Shifts of (%3, 0, z), (0, %3, 2), or (Y3, 3, z) produce the
1M, polytype via a related set of layer translations. Other sets
of layer translations or rotations produce an unbounded set of
stacking symmetries that vary continuously in directions
orthogonal to the stacking vector. These shifts are
distinguished from those of Bookin and Drits>~'%'7"*
which describe (pseudo)single cation sheets but do not
account for cation disorder produced by, e.g., Li (de)sorption.

Anisotropic broadening of XRD peaks was observed
between predominantly intra- or interlayer reflections'’ for
Fe-LDH. These peaks are consistent with the coexistence of
IM;, 1M,, and possibly other faulted polytypes (Figure S1).
Differences in relative peak intensities indicate differences in
symmetries specifically related to cation ordering along the
stackin§ axis between Fe-LDH and Li/Al-LDH (Figure
S1)."”'® For this reason, we could not uniquely determine
the cell or cells present in our samples using the DIFFaX
module of GSAS-II. We instead focused on complementary
methods that illuminate this issue from different perspectives.

Differences in absolute intensities between Fe-LDH and Li/
Al-LDH, including small-angle scattering from particle
mesostructures, suggest that these different crystallographic
symmetries give rise to distinct particle morphologies and
distributions. However, cation disorder arising from ion
exchange is difficult to distinguish from disorder arising from
faulted stacking in bulk powder diffraction, especially when
these types of disorder coexist (as they may be actively
(de)sorbing materials). We have explored the relative
contributions of layer rotation and/or translation vs ion
exchange in greater detail using ambient secondary electron
scanning electron microscopy (SE-SEM), cryoEM, and
cryoET. The observed structures were correlated with
chemical and thermodynamic measurements to better under-
stand the complex microscopic LDH sorption mechanisms.

Electron Microscopic Imaging. Electron microscopic
investigation of Fe-LDH revealed a distinct hierarchy of
particle morphologies (Figures 1 and $2—S5). Complementary
chemical, structural, and thermodynamic analyses confirm that
morphological classes are associated with unique compositions
that evolve differently during (de)sorption of water and LiCl.
Plate-like and scroll-like aggregates are the principal
morphologies discerned from SE-SEM (Figure la—c). These
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Figure 1. Electron microscopic imaging of Fe-LDH over six orders of
spatial magnitude. Low-magnification SE-SEM images of (a) as-
synthesized Fe-LDH aggregates, comprising (b) large plate-like
aggregates and (c) smaller scroll-like aggregates. CryoEM images of
(d) vitrified suspension at low magnification within copper squares of
a transmission electron microscopy (TEM) grid on which Fe-LDH
was plunge-frozen (optical image, inset). (e) Montage of low-
magnification cryoEM images covering a single grid square in (d),
showing large aggregates, scrolls, faceted plates, twisted plates, and
many smaller particles. (f) Enlarged image of the nanoscroll tip. (g)
Single Fe-LDH plate viewed face-on near the scroll edge, decorated in
clusters of ~2-nm particles (inset and arrow), which are also observed
in the bulk solution. (h) Fe-LDH stack edge-on revealing (i) 3 A thick
layers and associated 0.7 A interlayer space.

particles disaggregate upon resuspension and sonication in
water (as discussed in Experimental Methods), revealing the
presence of fundamental constituent units at smaller scales.

The true phase assemblage of Fe-LDH, identified and
characterized in aqua with low-dose cryoEM and cryoET,
consists of at least five morphological classes of these
fundamental units at the nanoscale. Most of these classes do
not diffract strongly because of their poorly crystalline or
nanoparticulate structure. However, all structures play key
roles in the bulk sorption behavior of Fe-LDH because their
small sizes enable large active areas where sorption and
(dis)assembly can occur.

Low-magnification cryoEM images (Figures 1d and $2—SS)
revealed aggregates of particles with maximum dimensions
consistent with those observed in SE-SEM (Figure le).
However, two fundamental structural units observed in
cryoEM at smaller scales comprise the larger particle
aggregates. The LDH layer, which is the primary structural
unit identified via XRD, was found as either free suspended
layers with approximately 3.0 A thickness (+2 standard
deviations for edge-on layers, Figure 1h), planar platelets
with 3.77 A fundamental interparticle spacing along the
stacking direction (Figures 1h, and 2), or rolled nanoscrolls
(Figure le)f).

Imaging plate-like particles face-on (Figures 1f,g and 2a—c)
revealed that the threefold symmetry of the LDH layer was

https://doi.org/10.1021/acs.chemmater.3c00072
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Figure 2. Particle morphologies in suspension viewed with low-dose
cryoEM. (a) Overview image of suspension with nanoscale particles.
(b) Face-on stack exhibiting lattice spacings consistent with faulted
Fe-LDH, including a low-angle Moiré superlattice. The color wheel
depicts false coloring by Bragg filtering the (c) fast Fourier transform
(FFT), which shows split spots along specific directions. (d) Edge-on
stack of up to five layers, also consistent with disordered faulted Fe-
LDH, as seen in the (e) FFT, depicting the stacking vector direction
(inset). (f) Non-crystalline rough prolate spheroidal ferrihydrite
particles, with (g) no strong crystallinity at spatial scales above the
low-dose imaging resolution of approximately 2.2 A. (h, i)
Ferrihydrite cluster with two highly crystalline domains that span
multiple smaller units but are misaligned with respect to each other.

broken when stacked. This phenomenon is associated with the
misalignment of at least one of the three principal layer
directions by small angles (e.g, 4.8°, Figure 2c), which
produces a Moiré superlattice with a periodicity of
approximately 2 nm in a subset of the observed layers.
Overlapping regions of superlattice misalignment with
crystallographically aligned domains of approximately 20—50
nm produced a complex stacking pattern that gives rise to a
broad distribution of faulted stacking order across and between
the layers (Figure 2b).

Layers oriented edge-on exhibit multilayer stacking
sequences of two, three, four, and five layers, corresponding
to integer multiples of the fundamental 3.8 A spacing. Stacking
periodicity can also be misaligned from the direction normal to
the layer by up to 5° (Figure 2d,e), which is consistent with
disordered stacking that is exclusively due to the rotational

disorder of layers and not to the cation disorder among layers
that are otherwise stacked crystallographically. Therefore, the
higher degree of disordered layer stacking relative to undoped
Li/AI-LDH can explain the observed reduction in Fe-LDH
diffraction intensity. In other words, crystalline domains that
diffract coherently in Fe-LDH are continuously distributed
among a variety of polytypic sequences and represent only a
fraction of the total particle volume.

Faulted stacking is an intermediate state between well-
crystalline Li/AlI-LDH and nanoscrolls observed in Figure le,f.
Transition states between the planar and scrolled particles
were observed in microscopic proximity to both of these
structures throughout the suspension in hundreds of separate
and specific instances (Figures 3 and S2—S4), strongly
suggesting that plates and scrolls dynamically interconvert by
(un)rolling. The process of (un)rolling involves curvature that
develops in response to asymmetric bending strain across the
layers,"” which may be driven by heterogeneous ion exchange
between layers with different degrees of misalignment, different
extents of exchange (i.e., chemical heterogeneity), or different
interfacial hydration states.”’”** Furthermore, particle dimen-
sions change dramatically as layers (un)roll. Scrolls with
lengths of hundreds of micrometers coexist with layers whose
maximum dimension does not exceed a few nanometers,
suggesting that scrolls (dis)assemble from smaller plate-like
units. These morphological transitions appear to be coupled to
lithium and iron(II) (de)sorption as well as to the irreversible
loss of iron(III), both of which have important implications for
the capacity and cyclability of lithium sorbents.

A second population of rough prolate spheroidal nano-
clusters—clearly distinct from Fe-LDH layers—with a
relatively monodisperse size distribution of approximately 2
nm diameter and 5 nm length was pervasive throughout the
solution, as observed by cryoEM (Figure 2af—i). These
particles were found to be isolated in suspension, aggregated
near the edges of plates and scrolls, and in dense partially
crystalline aggregates (Figures 1g and 2f). Individually, the
primary nanoclusters do not exhibit strong lattice fringes
(Figure 2f,g) but adopt long-range order when aggregated
(Figure 2h,i). Fourier transforms of cryoEM images (Figure
2a)hi) containing these nanoparticle aggregates reveal sharp
periodic features at 2.50, 4.26, and 4.40 A that are consistent
with distinct domains of well-crystalline ferrihydrite.”* There-
fore, the primary particles are poorly crystalline ferrihydrite,
and the process of aggregation triggers the development of
long-range order. These conclusions are consistent with

faceted plates
— -

curled plates

Figure 3. Interconverting Fe-LDH particle morphologies in suspension viewed with low-dose cryoEM. A variety of LDH particle types coexist in
Fe-LDH suspensions, many of which are actively transforming between different morphologies. Thousands of similar examples are observed
(Supporting Information), supporting the pervasive nature of these phenomena. Scale bars represent 100 nm.

https://doi.org/10.1021/acs.chemmater.3c00072
Chem. Mater. 2023, 35, 3931-3940


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00072/suppl_file/cm3c00072_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00072?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00072?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00072?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00072?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00072?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00072?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00072?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00072/suppl_file/cm3c00072_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00072?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

¢ 7.7 R — XRD
(2-layer) — cryoET
3.7A
5 (1 -layer)

y*

Lx*

Z*

0.05

0.10 0.15 0.0 01 02 03 04
qld qlA1)
3.00A
388 A
2825 A

Lx*

Figure 4. CryoET of LDH tactoid in real and reciprocal space. (a) Slice in the x—z plane of the 3D volume rendering of an Fe-LDH tactoid in
suspension showing the aqueous solution (dark), tactoid (light), and other suspended nanoparticles. (b) Inset of the region in (a) showing the 3.7
A interlayer spacing normal to the stacking direction. (c) Fourier downsampled S(g) at low g. (d) S(q) of (a) at full resolution and comparison
with XRD. (e—h) 3D Fourier transforms of (a), revealing Bragg spots that correspond to stacking sequences and layer orientations.

previous observations”* and mechanistic predictions of
ferrihydrite transformation pathways***® toward more stable
phases such as hematite, but they appear to be the first
observations of such a direct transformation between putative
ferrihydrite structures.

CryoET. The Fe-LDH polytypism suggested by cryoEM
imaging was elucidated in 3D via cryoET (Figure 4) (Figures
S3—-S5). A 245 X 440 X 98 nm volume containing
approximately 23 layers stacked into a tactoid was
reconstructed to 2.2 A resolution. Individual Fe-LDH layers
and the interlayer space between them were resolved across
disordered stacking regions that were generally also curved
(Figure 4a—c). Real-space reconstructions had relatively low
signal-to-noise ratios because of the low-dose imaging
methodology employed to preserve hydrated cryo-frozen
structures (as discussed in Experimental Methods). Therefore,
the 3D Fourier transform of the reconstructed volume (Figure
4h—1) and its volumetric integral (Figure 4d,e) were used to
determine the cryoET structure factor, S.(gq). A similar
technique has been applied to understand the radial
distribution of ferrihydrite particles but has not been
demonstrated with lattice resolution in order to index
diffraction peaks, to our knowledge.*®

The S.(q) recapitulates the dominant features of the LDH
XRD pattern over comparable scattering vectors, g, that arise
from the stacking of individual LDH layers approximately 3.0
A thick with 0.7 A interlayer space. However, key differences
between XRD and S.(q) reveal local structural defects within
individual tactoids that corroborate the crystallographic
disorder observed in Figure 2 and have significant
consequences for lithium sorption capacity and selectivity.

3934

One-, two-, and three-layer stacking motifs are observed in
the S.(q), corresponding to basal spacings of 3.7, 7.7, and 11.5
A (Figure 4d,e) within stacked domains of 10—15 layers. The
stacking vector varies between the normal to the plane of the
layer and a maximum of approximately 115° relative to the x—y
plane (Figure 4h—1). The approximately 525 A lattice
parameters of each individual layer, corresponding to the
distance between non-adjacent cation sites, and the 2.61 A
distance between adjacent cations are distributed isotropically
around the stacking axis (Figure 4h,i), indicating that no long-
range orientational ordering exists among layers across a
tactoid.

Importantly, the Fourier components from the 2D
projection images in Figure 2b—e, such as the 4.38 A lattice
parameter in Figure 2c, are the result of diffraction phenomena
that encode atomic structural information. The multi-defocus
192728 that was employed to reconstruct 3D
volumes (as discussed in Experimental Methods) allows for the
direct determination of lattice positions, free of encoded phase
inversion effects. Therefore, this scheme provides a clearer
picture of the true stacking sequence of Fe-LDH layers. Taken
together with the disordered stacking observed in 2D images of
five or fewer layers (Figure 2a—e), these observations indicate
that stacking faults associated with ordered and disordered
polytypes coexist within the same tactoid and persist along the
stacking direction for only a few layers (1—2 nm) within a 20—
50 nm local region within the plane of a layer before a distinct
stacking motif prevails. Thus, even in the same interlayer space
(or on opposite sides of the same layer), the chemical
environment varies from the perspective of an exchanging ion
(such as lithium) or a water molecule.

tilt series scheme
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Figure S. Coupled sorption chemistry in Fe-LDH. (a) Fraction of cation sites occupied by lithium as a function of the iron fraction. (b) Linear
relationship between the inverse lithium fraction and the number of water molecules per interlayer chloride ion. (c¢) Non-monotonic dependence of
the average hydration enthalpy on the hydration state of interlayer chloride. Error bars represent one standard deviation over measurements taken
at 10% relatlve humidity intervals (Figure S7). (d) Sorption isotherms for Li/AI'LDH and Fe-LDH, with typical lithium contents in geothermal

brines™!

highlighted.

Chemical Segregation. Size fractionation of Fe-LDH
suspensions via centrifugation revealed important chemical
differences among the different morphological classes of
particles (Figure S6). Aggregates of nanoscrolls and large
stacks of LDH layers comprise the densest fraction, smaller
stacks of LDH layers and ferrihydrite aggregates have a
relatively lower density, and primary ferrihydrite particles and
exfoliated LDH layers comprise a fraction that maintains
colloidal stability in aqueous solution. Energy-dispersive
spectroscopy (EDS) and inductively coupled plasma—mass
spectrometry (ICP-MS, Tables S1 and S2) suggest a nominal
overall composition of LigeAly5oMgo.01Fe12(OH);Clo s
nH,O for as-synthesized Fe-LDH, where n 047 is the
maximum molar water content determined by isothermal
hydration gravimetry and calorimetry (IHGC) analysis
(Figures S7—S9). IHGC determines the heat flow and
associated mass change due to the addition or removal of
water from nearly 0% relative humidity to nearly 100%, from
which the molar enthalpy change can be determined. Fe-LDH
had a lower total water content compared with Li/Al-LDH,
which had a composition of Lij;4Aly66Mgooi(OH);Clyss:
0.56H,0. The densest fraction was depleted in lithium and
iron and contained slightly more water:
Lig,Aly 63Feq14Mgo 0 (OH);Cly,;-0.49H,0. However, a gravi-
metrically lighter sedimented fraction was highly depleted in
iron and contained a higher amount of lithium and less water:
Lio.26A10.59Feo.04Mgo.01(OH)3C10.28'0-43H20-

X-ray photoelectron spectroscopy (XPS) analysis confirmed
that iron was initially present in both 2+ and 3+ redox states.
The proportion of iron(II)/iron(III) (Figure S10) was
consistent with the distribution of iron across both aluminum
(iron(III)) and lithium (iron(II)) lattice sites in the Fe-LDH
structure (Figure 4a). ICP-MS, EDS, and XPS also revealed
the presence of a small amount of magnesium, which appeared
to reside on lithium lattice sites. Accordingly, the net layer
charge was compensated by a proportional amount of chlorine

3935

interlayers and quantitatively could be determined directly
from the mole fractions of cations according to

xey & ap; + 2w, — (0.66 — xy)) — g (1)

Thus, lithium, iron(1I), and magnesium directly compete for
lattice sites in the Fe-LDH structure, which is consistent with
previous reports on LDHs (e.g., green rust”’).

The excess charge imparted by iron(1I) intercalation alters
the strength of interactions between Fe-LDH layers and other
interlayer species, such as chlorine and water. These modified
interlayer interactions are hypothesized to cause the disordered
stacking and morphological transformation that was observed
in our samples (Figures 123). The fraction of lithium in the
lattice was inversely proportional to the number of water
molecules per chlorine anion in the interlayer (Figure Sb), with
a higher lithium content corresponding to fewer water
molecules per chloride ion. Likewise, more iron(II) decreases
the number of water molecules per chlorine anion.

Hydration. The average hydration enthalpy per water
molecule as determined by IHGC was observed to increase in
magnitude with the increase in the total water content, except
for the densest size fraction containing scrolled particles
(Figures Sc, S9, and S10). Not only was more water present as
the charge on the layers increased, but each water molecule
was more tightly bound, on average, as evidenced by a more
exothermic enthalpy of adsorption. The size fraction that
contained scrolled particles had a slightly less exothermic water
adsorption enthalpy despite having the highest water content,
which is consistent with surfaces that become more hydro-
philic as the degree of curvature increases.”” Together with
chemical analysis, IHGC results suggest that increasing the
iron(I) content strengthens water—anion—LDH interactions.
Previously obtained calorimetry’ assessing the formation
enthalpy of hydrated Fe-LDH has shown that Fe-LDH
structures are more stable with less water for nearly equivalent
lithium and iron contents, which is consistent with the overall
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Figure 6. Conceptual picture of coupled chemical and mechanical sorption processes in the Fe-LDH system. (a) Ion exchange within the Li/AL-
LDH sheet. The red circle indicates vacancy created by Li desorption. (b) Water sorption in the interlayer. (c) Chemical-mechanical processes

contributing to sorption and segregation across spatial scales.

trend of decreasing water sorption enthalpies with increasing
relative humidity measured here (Figure S9). Therefore, there
is a competition between the increasing favorability of water
sorption with increasing charge, increasing stability with
increasing iron content, and decreasing stability with increasing
water content at constant charge that is difficult to reconcile
without accounting for changing particle structures as lithium
(de)sorbs.

Cooperative Effects on Lithium Sorption. Lithium
sorption tests were performed to compare the equilibrium
lithium uptake of Fe-LDH with that of Li/Al-LDH and assess
the role of morphological evolution and chemical segregation.
Bench-scale sorption tests using synthetic lithium-containing
brine solutions confirmed that Fe-LDH had a similar sorption
capacity to Li/Al-LDH over the range of lithium concen-
trations found in geothermal brines (Figure Sd). However,
although the lithium sorption mechanism in Li/Al-LDH is
consistent with a Langmuir adsorption isotherm, the Fe-LDH
sorption mechanism was found to be qualitatively different. A
sharp transition between loaded and unloaded states can be
modeled with a cooperative-binding sorption isotherm™ that is
modified to account for the destabilizing effect of lithium
intercalation on the Fe-LDH free energy (Supporting
Information).

The Langmuir adsorption isotherm that describes lithium
sorption in LDH without iron does not capture many aspects
of Fe-LDH sorption. Specifically, Langmuir sorption decreases
monotonically as the fraction of occupied lithium sites
increases, while the Fe-LDH data exhibit three points of
inflection. Two of these inflection points at aqueous lithium
activities below 0.2 mg/L are well described by the cooperative
sorption isotherm.”® The third inflection point captures the
increase in sorption capacity at lithium activities above 0.2 mg/
L. Although the presence of this third inflection point depends
very sensitively on the fitting parameters, its presence is highly
motivated by previous thermochemical studies of Fe-LDH
showing the competing effects on the formation and hydration
enthalpies of Fe-LDH.’

The fraction of cation lattice sites that are occupied by
lithium, f;;, can be determined using a three-parameter
cooperative sorption model® that is modified to include the
known decrease in Fe-LDH formation enthalpy with
decreasing iron content:

f L+ A+ A, Ax+mA "
U A +mA, 1+Ax+Ax"

)
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where A, is the first-order expansion coeflicient of the sorption
polynomial, A,, is the mth-order coeflicient, assumed to have a
dominant effect on the cooperativity, and x is the aqueous
activity of lithium. Because lithium competes with iron(II) in
the Fe-LDH lattice, increasing the aqueous lithium activity is
assumed to have both positive and negative feedbacks on the
lithium content of the sorbent. These feedbacks are
incorporated by expressing A, as

A, =AM ®)
where A, is a fitting parameter and Apy; is approximated from
the empirical lithium dependence of the formation enthalpies
of Li/AI-LDH and Fe-LDH determined previously.” Thus,
combining eqs 2 and 3 yields the fit shown in Figure 5d.

In this cooperative sorption model, individual sorption
events are not independent and do not occur on a static free-
energy landscape but instead occur collectively and change the
free-energy landscape as they occur. This observation contrasts
with the Langmuir isotherm in which individual sorption
events are considered to be independent, but it is completely
consistent with the disordered molecular assemblies evinced by
cryoEM and cryoET imaging. We note that eq 2 reduces to the
Langmuir model in the absence of cooperativity (A,, — 0, Auy;
< 0). Remarkably, the strong switching between loaded and
unloaded states falls within the range of lithium concentrations
found in natural geothermal brines and indicates that Fe-LDH
cycling is much more sensitive than undoped LDH cycling
over technologically relevant conditions.

B DISCUSSION

The magnitude of the hydration enthalpy per mole of water for
Li/Al-LDH and Fe-LDH (Figures Sc and S9), based on the
number of water molecules per formula unit, is on the same
scale as the formation enthalpy’ per formula unit. Further-
more, the observed hydration enthalpy increases with
increasing iron content, and we hypothesize that the presence
of iron(II) in lithium lattice sites, and the greater net charge it
imparts, increases the net electrostatic attraction between
layers and interlayer species. This is consistent with the linear
dependence of the interlayer water content on the inverse of
the lithium fraction (Figure Sb). Because the lithium content is
itself inversely proportional to the iron content, increasing the
iron(II) content appears to recruit more water to reside in the
interlayer space to screen repulsive interactions between
interlayer anions or structural charge sites on adjacent LDH
layers. Thus, the addition of iron to Li/AI-LLDH creates a
highly coupled set of interactions between nearly all the
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constituents in the Fe-LDH system that are not easily
disentangled. This suggests that cooperative mechanisms may
be used to tune the lithium selectivity of sorbents for a
particular range of concentrations, or a specific impurity
profile, for greater control over sorption selectivity and
efficiency.

Comparable hydration and formation enthalpies indicate
that a change in the hydration state, such as that accompanied
by the exchange of lithium or iron within the layer and the
concomitant interlayer exchange of hydrated chlorine, is
sufficient to dramatically alter the (Fe-)LDH structure. The
mechanisms by which this structural modification occurs are
detailed in Figure 6. At the smallest scales, ion exchange in the
Li/AL-LDH lattice alters the net charge on the lattice. Variable
lattice charge alters the chlorine and water content in the
interlayer. If layers are free to translate and rotate, as they are
in Fe-LDH, asymmetrical and disordered stacking among Li/
AI-LDH layers leads to the curling up of highly defective stacks
due to the imbalance of forces across a layer or tactoid. The
loss of iron(IlI) may occur at different stages along this
process, but the ultimate consequence of iron(III) segregation
is the formation of non-crystalline prolate spheroid ferrihydrite
particles (Figure 2f,g) that aggregate into crystalline ferrihy-
drite with long-range order spanning many individual particle
domains. The as-synthesized Fe-LDH contains both iron(II)
and iron(III), and the substitution of iron(III) for aluminum is
not expected to alter the hydration enthalpy of LDH
considerably,”” so the formation of primary ferrihydrite
particles is not likely to be a main control on the lithium
sorption capacity of Fe-LDH. However, it has been shown that
iron(II) sorbed on the surface of ferrihydrite particles can
oxidize and promote crystallization.”> This may represent a
parasitic pathway for the loss of iron(Il) from Fe-LDH if not
suppressed but is likely self-limiting by the initial iron(III)
concentration unless large changes in redox potential (e.g.,
pH) occur.

Sudare et al. show that LDH polytypes exhibit vastly
different anion intercalation capacities and kinetics.”® They
attribute differences between 2H, and 3R, polytypes of Mg/Al
LDH to lattice “rigidity”. We interpret this observation as an
example of the early stages of our model, as shown in Figure
6¢, since the presence or generation of stacking faults was
shown to create a fourfold increase in the anion sorption
capacity. We interpret our model as continuing along this
reaction coordinate in which decreasing lattice “rigidity”
proceeds all the way through curling into scrolls, which carries
such a high energetic cost that chemical alteration via
dehydration and deintercalation occurs simultaneously. How-
ever, we note that the anion sorption behavior in Sudare et al.
follows a Langmuir trend, which suggests that the cooperativity
observed in Fe-LDH here arises from substantial layer
curvature and not from stacking fault generation.

Macroscopic transformation between particle morphologies
may have irreversible consequences for lithium sorption
capacity. Indeed, we show that significant degradation occurs
after just 48 h of operation at 100 °C (Figure S11). However,
we show that the structure can be regenerated after incubating
in a LiClrich solution for just 3 h (Figure S12), which
demonstrates that the morphological changes observed upon
lithium sorption, and the degradation that occurs at elevated
temperatures, can be chemically reversed. This supports the
inherent coupling between the solution chemistry and the
particle morphology summarized in Figure 6 and offers
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strategies for preserving sorbent materials and increasing
their cycle life under harsh conditions.

B CONCLUSIONS

Supported by thermochemistry and chemical analysis, cryoEM
and cryoET were used to survey the naturally present
heterogeneity in Fe-LDH suspensions. In particular, the
high-resolution information captured by the 2D projection
images from cryoEM was combined with the 3D information
obtained from cryoET reconstructions to elucidate the
microscopic structures of Fe-LDH particles that cannot
otherwise be discerned from bulk methods such as XRD.
This information is crucial to understanding sorption
mechanisms from a molecular perspective because the specific
local energy landscape experienced by an ion or molecule
arises only from local forces, such as the (mis)orientation of
adjacent layers or the hydration state of an interlayer anion.

The Fe-LDH system’s ability to morphologically adapt to
changing aqueous solution conditions was found to enable
highly selective lithium sorption characteristics because strong
feedback exists between the layer chemistry and the
morphology. Favorable lithium sorption sites may become
unfavorable as proximate sites fill and then alter the nearby
hydration of chloride ions or the stacking orientation of
adjacent layers. This adaptable sorption in Fe-LDH allows
what would otherwise be a competition between iron(II) and
lithium for lattice sites to become a mechanism for enhanced
selectivity by distributing these elements between a number of
coexisting phases whose proportions and properties vary with
changing conditions. These observations not only elucidate key
mechanisms governing the selective separation of one of the
most important elements of 2lst-century energy-storage
systems but also reveal general paradigms for improving
selective sorption via hierarchical systems-level understanding
of sorbent behavior.

B EXPERIMENTAL METHODS

Synthesis. The Fe-LDH samples were synthesized via a
hydrothermal process as reported previously.® Lithium hydroxide
(LiOH-H,0, 62.94 g), aluminum hydroxide (Al(OH);, 234 g), and
ferric chloride hexahydrate (FeCl;-6H,0) (Sigma-Aldrich, >97%)
were mixed in a stainless-steel container with 1 L deionized (DI)
water. The mixture was stirred (350 rpm) and heated at 95 °C in the
Paar reactor for 36 h. Then, the resultant mixture was added to 720
mL LiCl solution (67.8 g of LiCl) and stirred for 1 h to exchange
OH™ with Cl” ions associated with Li*. Acetic acid was added to
maintain the pH of the solution above 5.5 during this process. After
the ion-exchange step, the mixture was stirred for an additional 12 h at
room temperature to allow for a complete reaction. The mixture was
then centrifuged, washed with DI water, and air-dried. A brown
product (220 g) was obtained. Li/Al-LDH was synthesized via a
process similar to that of Fe-LDH without the addition of FeCl,.

For lab/bench-scale sorption isotherm experiments (Table S4),
both Li/Al-LDH and Fe-LDH samples were prepared as follows. Pure
Li/Al-LDH samples were prepared by mixing AI(OH); (Alfa Aesar,
>76.5%) and LiOH (Honeywell Fluka, >98.5%) at 95 °C for 2 h.
Then, the LDH structure was fully loaded with lithium by mixing it
with 40% LiCl (Sigma-Aldrich, >99%) in an acetic acid (Sigma-
Aldrich, >99.7%) and DI water mixture in a ratio of 6:4 mlL,
respectively. Complete LiCl loading of the structure was achieved
when the solution’s pH reached 5.5. Acetic acid was used as the buffer
solution to maintain the pH close to S. The Fe-LDH was prepared by
adding FeCl; (Sigma-Aldrich, >97%) in 10 wt % loading to a heated
mixture of AI(OH); followed by LiOH to ensure proper mixing of the
metals that would compose the layered hydroxide double layer with
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iron replacing some aluminum species. Upon completion of the
doping process, Fe-LDH was mixed with a 40% LiCl acetic acid
solution to fully load it with lithium. The LiCl was unloaded from
these samples by heating to 95 °C and stirring for 1 h before sorption
isotherm experiments were performed.

X-ray Diffraction. Li/Al-LDH and Fe-LDH were characterized by
XRD using a Rigaku SmartLab diffractometer operating at 40 kV and
40 mA. Samples of 100 mg were pressed into 20 mm diameter pellets
to a maximum pressure of 2 tons. The similarity in the scattering
intensity at the smallest diffraction angles (1—3 °26) suggests similar
density and packing of large particle aggregates. Differences in the
mid- and large-angle (3—80 °26) diffraction intensity and peak
position suggest differences in local particle stacking, layer
composition, and defect structure between Fe-doped and Fe-free
materials.

Size Fractionation. As-synthesized particles consisted of multi-
phase aggregates that dispersed in aqueous solution. Particles were
ground by hand with a mortar and pestle and then resuspended in
either milliQ water (resistivity = 18.2 MQ cm) or 1 M LiCl at a
concentration of 50 mg/mL. Then, they were sonicated with a
Vibracell Ultrasonic processor at 2 W and 20 kHz, alternating 30s on,
30 s off for 30 min.

CryoEM/CryoET. Vitrified samples for cryo-imaging were
prepared by depositing 1.5 uL to each side of a glow-discharged
200-mesh copper TEM grid with a lacy carbon support, blotting with
a Vitrobot Mark IV automated freezing robot for 10 s with a force of
10, and plunge-freezing into liquid ethane. Samples were transferred
to a Thermo Fischer Titan Krios G3i cryo-electron microscope
equipped with a Gatan K3 direct electron-detecting camera operated
in correlated double sampling and super-resolution modes and a
bioQuantum energy filter with a 20 eV acceptance aperture on the
direct beam. Data acquisition was automated with custom scripts
written in SerialEM. Dose-fractionated single-particle cryoEM movies
were acquired with a total dose of 100 electrons/A* at a super-
resolution pixel size of 0.6535 A and a dose rate of 7.3 electrons/A%s.
Tilt series were collected with a dose-symmetric acquisition scheme
and three defocus values per tilt (—50, —250, and —1000 nm). Movies
were aligned and particle classes were created with RELION 3.0.
Tomographic reconstruction was performed in IMOD, analysis was
performed using custom scripts in Python (Ren et al*®), and
visualizations were created in TomViz.

Lab/Bench-Scale Testing. Fe-LDH and Li/Al-'LDH samples for
bench-scale sorption testing were dried at room temperature to retain
bulk water in the structure. A standard synthetic brine was prepared
with salt concentrations reflecting those in a reference geothermal
brine containing 250 ppm of lithium (Table S3). Loading trials were
performed at lithium concentrations varying from 0 to 7000 ppm,
while other ion concentrations were held constant. The pH of the
brine was measured to be 6 and was not adjusted. Bench-scale testing
was performed by first unloading the Fe-LDH samples to make them
deficient in lithium for sorption. This process was performed by
adding 250 mg of the sorbent to 5 mL of DI water followed by
heating and stirring for 1 h at 95 °C. After about 40% of the
intercalated lithium had been removed, the sample was filtered and
washed. Then, sorption testing was performed to determine an
isotherm of loading capacities at a variety of lithium concentrations in
the simulated brine.

Samples were characterized by XRD using a PANalytical Empyrean
with Cu Ka radiation, and all data were processed with HighScore
Plus. Inductively coupled plasma—optical emission spectroscopy
compositional analysis was performed with a Thermo Fischer iCAP
Model 7400 ICPOES Duo to determine the lithium and aluminum
concentrations in all samples.
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