pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

General Insights into Structural Evolution of Layered Double
Hydroxide: Underlying Aspects in Topochemical Transformation
from Brucite to Layered Double Hydroxide

Renzhi Ma,* Jianbo Liang, Xiaohe Liu, and Takayoshi Sasaki

International Center for Materials Nanoarchitectonics (WPI-MANA), National Institute for Materials Science (NIMS), 1-1 Namiki,
Tsukuba, Ibaraki 305-0044, Japan

ABSTRACT: The topochemical transformation from transition-metal Segregation or mixture

brucite hydroxide (Co,,Fe,(OH),, Co(OH), Co, Ni,(OH),) to corre- 8.3A 22222

sponding (Co*"—(Co*")—Fe*, Co**—(Ni**)—Co’") LDH under oxidizing ——— e
halogen agents (iodine, bromine) exhibits different staging phenomena Brucite ————

depending on the metallic composition/ratio in starting brucite. A plausible , — (1/3 charge) 9990 4 5
charge hopping mechanism based on valence interchange between redoxable ——— - —_— soss
charge center (Fe’*/Co®") and neighboring divalent sites in the host sheet is - % 8.3A Seses 10000
proposed to understand the restoration of electron donor sites at the = SSses 129A =222 {1.’3:har°ge)
interface between brucite crystallites and halogen agents, which ensures a e —— N

continual oxidative reaction, and a staged intercalation/diffusion of in situ (1/6 charge) _ t;;.;ﬁ,;htmge)

reduced halide anions into the interlayer gallery commensurate with the host
charge propagation. The discussion on the correlation between staging
product and metallic composition/ratio offers a general perspective and new insights into M>*/M*" ratio and cation ordering,
host layer charge, and phase evolution in LDH structure.

B INTRODUCTION A diverse combination of M**~M?*" cations in LDH host
sheets has been extensively pursued, and can be routinely
attained through a convenient coprecipitation of corresponding
di- and trivalent metal salts under an alkaline condition.'*™"
This in fact yields a large family of M**~M** LDHs (M*" =
Mg, Fe**, Co*, Ni*', Zn*", etc, and M** = AI*', Fe*’, Cr'™*,
Ga*', etc.). Nevertheless, the research interest on LDH
materials has been traditionally driven and dominated by
M*'—AP* category, particularly Mg**—AI**, partly due to the
fact that hydrotalcite MgcAl,(OH),4(CO;)-4H,0 is a widely
known anionic clay found in nature. In addition, the
amphoteric feature of A" also plays a very favorable role in
promoting the precipitation and crystallization of M*"—AI**
LDHs. By virtue of this amphoteric feature, well-crystallized
M?**—AP* LDH crystallites have been readily synthesized via a

dimension along layer stacking direction, whereas the structure hqmogeneous precipitation }ls;cilging ammonia-releasing hYdr_Ol‘
framework is still maintained. Such an evolved structure is well- ysis age&t;s such as urea or hexamet.hylenetetrfimme
known as layered double hydroxide (LDH), which may be (HMT).** 03n the other hand, without the incorporation of
expressed by a generic formula of [M?2*- amphoteric AI’* into the host sheet, it is more difficult to
LM (OH),]*[A",,]*mH,0 (M** and M represent di- synthesize LDH in a highly crystalline form. Consequently,
non-Al** LDHs remain as a least explored category.

We have recently developed an innovative topochemical
method for the synthesis of non-AI** LDHs, namely an
oxidative intercalation based on redoxable transition-metal
elements (Fe, Co, Ni), which exactly echoes the perceived
structural transformation from brucite to LDH (Figure 1).
Specifically, brucite-type hydroxides composed of divalent

The most basic and simplest form of layered hydroxide is a
brucite-type structure (M**(OH),), in which neutral host layers
(sheets, slabs) are composed of M?**-centered octahedra
coordinated with six hydroxyl groups (OH™) locating in the
vertices whereas each OH™ is surrounded by three metal
cations. The individual sheets are held to one another by van
der Waals force and hydrogen bonds. Other closely related
phases may be perceived as derivates from compositional
changes and corresponding structural modifications to the
brucite prototype. For example, if trivalent cations (M>*)
isomorphically replace some of the M*" sites, inducing excessive
positive electric charge to the host sheets, the structure needs to
intercalate chemical species bearing compatible counter
charges, ie, anions. This results in an expansion in the

and trivalent metal cations, respectively; A" represents charge-
balancing n-valent anion).'™ As a rare class of anion-
exchangeable claylike materials, LDHs and some analogous
hydroxides are uniquely promising to combine both inorganic/
organic anions and metal hydroxide layers, that could be readily
developed into porous multimetal mixed oxide -catalysts/
supports,”’~’ and form variable nanometer-scale precursors,
e.g, two-dimensional platelets’ and one-dimensional nano-
cones,”™® which could be further exfoliated into functional Received: October 17, 2012
unilamellar nanosheets.* ™3 Published: November 8, 2012

W ACS Publications  © 2012 American Chemical Society 19915 dx.doi.org/10.1021/ja310246r | J. Am. Chem. Soc. 2012, 134, 19915-19921


pubs.acs.org/JACS

Journal of the American Chemical Society

Brucite

Figure 1. Schematic illustration of topochemical oxidative intercalation
transforming brucite into LDH. A portion of M** cations (blue) in
starting brucite, e.g., Fe**, are oxidized into M** (orange) by halogen
agents (purple), e.g,, I,, whereas the reduced halogen anions (I7) are
intercalated between the sheets to prop up the gallery space and
balance the layer charge, resulting in the formation of LDH. Red
spheres represent hydroxyl (oxygen) groups. Labels a and c represent
the basal and layer stacking axes of brucite and LDH.

transition-metal elements, such as Co**, Fe*" (OH), (0 < x <
1/3), Co**(OH),, and Co**, Ni** (OH), (0 < x < 1/2), are
partially oxidized and transformed into Co*",;—(Co®" /5 ,—
Fe’)), C°2+2/3_C03+1/3; and (C02+1—3x/2_Niz+3x/2)2/3_C03+1/3
LDHs, respectively, intercalating charge-balancing counter-
anions in the gallery.z‘s_29 As brucite-type transition-metal
hydroxides with high crystallinity are easier to synthesize, such a
topochemical transformation actually stands out as the only
successful synthetic protocol currently available for LDH
samples with all-transition-metal composition in a highly
crystalline form comparable to their M**—AI** analogues
derived from homogeneous precipitation.

Central to the topochemical transformation are concomitant
events of oxidizing a portion of divalent metal cations (Fe®",
Co’) into a trivalent state (Fe**, Co®") by oxidizing agents
such as iodine (I,) or bromine (Br,), introducing positive
electric charge to the host sheets, whereas the halogen agents
themselves are reduced into anions (I"(I;7), Br~) and
intercalated/diffused into the gallery. The key conditions for
a successful transformation would be the choice of a halogen
agent with suitable oxidation potential and effective accessi-
bility/transfer of electrons from cations M** in the host sheet to
the halogen agent. Therefore, charge propagation and
redistribution within the host sheet, ie. electron or hole
hopping mobility in the brucite lattice, may be regarded as the
most fundamental aspect of this important reaction.

Accompanying the development of positive electrical charge
in brucite sheets, Coulombic repulsion would cause the sheets
to separate, intercalating reduced halide anions into the gallery
to serve as counter charge balancing species. Depending on the
progress, a mixture of anion-intercalated LDH galleries and
residual empty brucite ones, i.e., phase segregation, is expected.
It thus creates an opportunity for an alternated stacking of
LDH and brucite components in one crystallite, i.e., staging. As
an interesting chemical process, staging phenomenon was
commonly observed and intensively studied in the graphite
intercalation compounds (GIC) as a consequence of the
flexible nature of graphite sheets.*®*" Staging in LDH was rare

due to more rigid and thicker hydroxide layers. However, it was
recently revealed that staging products could be derived from
different interlayer contents or different orientation of the same
anionic sgecies compensating for host layer charge in LDH
materials.”>~* In our previous studies, evidence for a staging
product in the transformation from Co>*—Fe®* brucites to
Co**—Fe*" LDH, corresponding to an alternated stacking of
I"-intercalated LDH slabs and residual brucite ones, also
emerged.”**” The staging phenomenon can offer indispensable
insights into the forming course of a LDH phase regarding host
layer charge (M*"/M>" ratio) and anion intercalation, and thus,
a comprehensive study is needed.

In a broader perspective, specific cation arrangement
corresponding to the metallic composition/ratio in LDH host
layers remains somewhat elusive,” due to the difficulty in
precisely controlling the composition of LDH samples. It is
generally accepted that a nominal value of x (host layer change)
in [M* _M* (OH),]**[A",,]"-mH,0 is normally in the
range '/s—'/;° Larger or smaller values may cause the
contaminant of hydroxide or hydrous oxides of a single
metal. In addition, x outside this range requires extremely
careful substantiation as some highly dispersed simple
hydroxide phases are not easily to detect especially for low
crystallinity or gel-like LDH samples, which is usually the case
for coprecipitated samples. A recent report on cation ordering
in coprecipitated Mg®*—AI** LDH, revealed by sophisticated
multinuclear NMR spectroscopy, showed that the cations might
be fully ordered for Mg**/Al** ratio of 2 (x = '/;) and that at
lower AP* content (x = '/, '/;), a nonrandom cation
distribution on a microscopic level persists with no AI**—AI**
close contacts, i.e., coexisting neutral domains of brucite, and
charged domains of LDH with Mg**/AP" ratio of 2.*
However, for well-defined M**—AP** LDH crystallites prepared
from homogeneous precipitation, there is no success claim of
M?>*/AIP* cation ratio other than 2 (x = 1 3) except a rare case
reported in hydrothermal homogeneous precipitation of Ni**—
AP* LDHs.*' These contradictions reflect that a further
understanding of M**/M>* arrangement, more exactly cation
ratio and ordering in LDH structure, is very necessary.

Unlike coprecipitation, the topochemical transformation was
established on monodisperse, large-sized, and highly crystalline
samples, an apparent advantage for the precise control on both
the metallic composition and interlayer content, which would
endow a unique insight into the thermodynamics and kinetics
of LDH formation. In this work, on the basis of the
experimental observations focusing on staging phenomena
and the correlation with metallic composition/ratio in host
sheets in the topochemical transformation from brucites to
LDHs, a detailed scenario on plausible charge hopping
mechanism and staged anion intercalation is presented, which
is vital not only in portraying the underlying aspects of this
particular oxidative intercalation reaction, but also in under-
standing the redox behavior in transition-metal hydroxides.
More importantly, it sheds light on general principles governing
the formation of a stable LDH structure when M**/M?*" cation
ratio and ordering, host layer charge, and phase evolution are
concerned.

B EXPERIMENTAL SECTION

Highly crystalline hexagonal platelets of brucite hydroxides Co(OH),,
Co,,Fe,(OH), (x ='/¢, /s, '/4 '/3), and Co™,3Ni**| ;;(OH), were
synthesized via refluxing a dilute aqueous solution of divalent cobalt
and/or ferrous (nickel) cations with HMT as hydrolysis agent under
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nitrogen gas protection. Similar to our earlier reports,zs_29 all the
synthesis yielded precipitates exhibiting a clear anisotropic stream
under stirring, implying a large aspect ratio of the platelet products.
Designed amount of halogen agent (typically x mol iodine or
bromine) was dissolved in 100 cm® of organic solvent (iodine in
chloroform or bromine in acetonitrile). As-prepared brucite sample
(typically 0.186 g, 2 mmol) was dispersed and magnetically stirred in
the halogen solution at room temperature for 24 h for a stoichiometric
reaction. For further oxidation, an excessive amount of halogen agents
(>10 X x mol) was used, and the reaction was maintained from 24 h to
1 week. All reacted product were collected by filtering, and washing
repeatedly with anhydrous ethanol until the filtrate appeared colorless.
X-ray diffraction (XRD) data were recorded on a Rigaku Rint-2200
diffractometer with monochromatic Cu Ka radiation (4 = 0.154 05
nm). Morphology of the synthesized products was examined using a
JEOL JSM-6700F field emission scanning electron microscope (FE-
SEM). The metallic contents in the samples were determined either by
inductively coupled plasma (ICP) atomic emission spectroscopy
(Seiko SPS1700HVR) after dissolving a weighed amount of sample
with an aqueous HCI solution or were quantified on a JEOL JEM—
3100F energy-filtering (Omega type) transmission electron micro-
scope attached with energy dispersive X-ray spectrometer (EDS).

B RESULTS AND DISCUSSION

A representative XRD pattern for the starting brucite hydroxide
(Co(OH),, CoyFe,(OH), (x = '/ '/ '/y '/3) and
Co®™,3Ni**| ;(OH),) is shown in Figure 2. All the diffraction
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Figure 2. Typical XRD pattern of synthesized brucite hydroxide
Cos4Fe;/4(OH),.

peaks can be readily indexed in a hexagonal unit cell with lattice
parameters of a ~ 3.1 A and ¢ ~ 4.6 A. A basal spacing of ~4.6
A is characteristic of brucite-type phase without intercalated
agents. Sharp reflections in the XRD pattern reveal a high
crystallinity of the sample. Figure 3 shows representative SEM
images of the as-prepared samples. The products typically
consist of uniform hexagonal platelets with a mean lateral size
of ~2 ym and a thickness of approximately ~100 nm. No
impurity in other morphology was observed in the samples.
The ratio of metallic contents (Co/Fe, Co/Ni) in the brucite-

like product was quantified and found consistent with the
designed molar ratio in the starting solution.

Taking Co, Fe,(OH), as an example, the oxidative
intercalation of Co, Fe (OH), is initiated from the oxidation
of ferrous cations (Fe®") into ferric ones (Fe®*), as a result of
lower oxidation potential of Fe** in comparison with that of
Co’* (Fe(OH),/Fe(OH),, —0.58 V; Co(OH),/Co(OH);, 0.17
V), by donating electrons to iodine and simultaneous
intercalation of in situ produced iodide (I,/I7, 0.535 V). The
host layer charge or unit cell charge of resultant LDH product
is determined by the ratio «.

2+
Co™ ",

Fe** (OH), + glz & Co** Fe** (OH),I,
When a stoichiometric amount of iodine was used, only
Co™,/sFe™ 5(OH), (x '/, in Co?* Fe** (OH),) was
completely transformed into a pure LDH phase, characteristic
with a basal spacing of ~8.3 A (8.3/4.15 A series) (Figure 4a).
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Figure 4. XRD patterns for the transformed products of 2 mmol
Co, Fe,(OH), (x = /5, Y4, /s, /s) after treatment with
stoichiometric iodine (x mmol L,): (a) Co,/;Fe,s(OH), (x = '/3),
(b) C03/4Fel/4(OH)2 (x =14, (c) CoyysFeys(OH), (x = Y/s), (d)
C05/6Fel/6(OH)2 (x =19

It indicates the formation of Co,/;**—Fe,;** LDH with an
expanded iodide-intercalated gallery ~8.3 A (c'/3; LDH is a
rhombohedral structure (¢’ ~ 24.9 A) in contrast with simple
hexagonal brucite (¢ ~ 4.6 A)).>**’ The same treatment on
C°2+3/4F92+1/4(0H)2; Coz+4/5Fe2+1/5(OH)2, and
Co?*s,6Fe’" | ,c(OH), (x V4, /s, and /4 in
Co**} ,Fe*",(OH),) yielded mixed-phase products, namely I"-
intercalated LDH (8.3/4.15 A), a new series of basal spacing
(12.9/6.5/4.3 A) together with residual brucite (4.6 A) (Figure
4b—d). The new spacing of 12.9 A reveals the occurrence of
second staging, corresponding to an alternated stacking of I"-

Figure 3. (a) Typical SEM images of as-synthesized uniform hexagonal platelets of brucite hydroxide Cos,,Fe;,,(OH),. (b) Some platelets are tilted
and become nearly perpendicular, showing an estimated thickness of ~100 nm.
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intercalated slab (8.3 A) and brucite slab (4.6 A). Further
carefully comparing the patterns, a notable difference is the
absence of the reflection series of 8.3/4.15 A for the product
started from Co’*s/cFe**, s(OH), alone (Figure 4d). It implies
that, for this particular composition, any I -intercalated slab
seems always adjacent with a brucite slab. In other words, there
is no consecutive stacking of I -intercalated slabs. These
observations point toward a possible correlation between the
Fe/Co ratio in the host sheets and I”-content in the interlayer
gallery, producing different staging phenomena. In addition,
residual brucite observed in Co?*; Fe*,(OH), with less Fe
content (x < '/;) appears to be a possible result of kinetic
oxidation condition arising from stoichiometric dose of iodine
as well as crystallography positions of Fe" in starting brucite
hydroxide deemed unfavorable for the oxidation into Fe',
which will be discussed later. Increasing the dose of iodine,
which facilitates the kinetic oxidation of Fe?*, will decrease the
portion of residual brucite. However, it correspondingly
increases the portion of LDH segment (8.3/4.15 A) due to
an enhanced opportunit%r for the oxidation of Co’* rather than
a sole oxidation of Fe?*.* In practice, it proves very difficult to
obtain a pure second-staging product from this reaction.

On the other hand, for pure Co(OH), under stoichiometric
treatment of iodine, there was no observation of any staging
phenomena; instead there is a phase segregation or physical
mixture of negligible LDH component (8.3/4.15 A) and major
unreacted brucite (4.6 A) (see Figure Sa) due to insufficient
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Figure 5. XRD patterns for the transformed products of 2 mmol
Co(OH), (a) after treatment with stoichiometric iodine ('/; mol 1,),
(b) after treatment with stoichiometric bromine (!/; mol Br,).

power of stoichiometric iodine for the oxidation of Co®'.
Furthermore, as shown in Figure Sb, there was no staging
product observed for Co(OH), under similar treatment of
more powerful oxidizing bromine (Br,/Br~, 1.065 V) either,
though the LDH segments intercalating bromide (7.7/3.85 A)
are significantly increased. The absence of a staging phase was
also confirmed for Co*",/;Ni**| 3(OH), in the reaction with
bromine, affirming that LDH phase evolution is again
associated with different metallic composition/ratio in starting
brucite hydroxides.

The above experimental results concerning possible stacking
sequence and phase segregation may be summarized by a
schematic model shown in Figure 6. The lowest limit of host
layer charge to prop up a hydroxide gallery is generally taken as
1/, ** approximately about 20% oxidation of M>* into M*', and
there were various reports on coprecipitated LDH products
with M>*/M?** ratio between '/ and !/ 3.3 However, for the
current topochemical synthesis, the experimental evidence
seem not supporting the formation of pure LDH products with
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Figure 6. Proposed model for different staging products and phase
segregation correlating with the metallic composition/ratio or host
layer charge.

any host layer charge lower than '/; (33% oxidation of M** into
M3+).

As already mentioned above in Figure 1, the topochemical
transformation from brucite into LDH would likely involve a
rapid oxidation of outermost M** edge sites with an inward
advance of oxidation front and charge propagation within the
brucite sheet. The charge propagation may be realized by
charge transfer or valence interchange between adjacent donor
and acceptor sites, ie., electron or hole hopping. Generally,
hopping model is regarded suitable when there are valence-
variable ions (transition-metal cations here), and the ions with
different valences locate at the same crystallographic position
(all sites are equivalent in the brucite sheet). If an M** is
oxidized into M’*, a valence interchange reaction, between
adjacent M** and M?*" sites, which are connected by hydroxyl
(oxygen) bridges, should be possible. In this viewpoint, for any
outermost M** site that is oxidized into M>*' via electron
transfer to halogen agents, the site can be reduced back to M**
by accepting an electron from adjacent M** sites and relaying
the hole through the lattice away from the particular site. This
provides a reasonable mechanism for restoration of electron
donor sites at the interface between brucite crystallites and
halogen agents for a continual reaction.

The study on green rust (Fe?*,Fe’*(OH)eA™;,)" * has
demonstrated that the connectivity and crystallographic
bonding geometry between the donor and the acceptor cations
have a strong influence on the electron hopping mobility. The
charge hopping or replenish process is supposed to be strongly
directional, with much greater tendency to operate along basal
directions within the sheets than across the interlayer gallery.
The Hartree—Fock calculations of the Fe**—Fe®" valence
interchange rates show that, among different iron-to-iron hops
in basal directions within a white rust (Fe(OH),) sheet, a hop
to next-nearest neighbors at an intermediate distance is the
fastest. The predicted hopping rate is on the order of 10" s~
(at 300 K), whereas all other possibilities, including those to the
first ring of six nearest neighboring sites surrounding the
transient Fe3* site, are predicted to be slower than 10° s~ 1% In
the current case, the crystallography feature of starting brucite
and corresponding LDH are very similar to that of white rust
and corresponding green rust. Therefore, high electron mobility
in the host sheet, allowing long-range charge transport, would
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be considered as the prerequisite for the oxidative intercalation
transformation to proceed. Different metallic composition and
ratio, which actually determine attainable host layer charge and
affect hopping rate as well, would fundamentally impact the
reaction kinetics.

Accompanying the propagation of positive electrical charge
in the host sheets, reduced halide anions are intercalated and
diffused into the gallery. The intercalation of halide will increase
the repulsion between neighboring galleries because of the
relatively small thickness of the hydroxide layer, which might
increase the probability in forming a staging product with
alternated stacking of filled and empty galleries; i.e., adjacent
galleries are not opened when host layer charge is compensated
within one gallery. In comparison with graphite intercalation
where the facile sheet flexibility allows for buckling of layers on
edge opening at different intercalations sites by creating
localized domain islands of guest occupancy, the proposed
model for staging phase in LDH system usually excludes
buckling of layers given the inherent rigid nature.***>*” No
further high-order staging besides the second-order one was
observed in the current study, similar to previous cases of LDH
system. This may hint that relatively few edge nucleation sites
spread along the edges rapidly in an ordered manner; i.e., the
initial edge opening rate might be accelerated when there are
adjacent (or nearly adjacent) expanded galleries. On the other
hand, the intersheet charge transfer across the gallery may also
facilitate the reaction in a progressive manner. The intersheet
hopping through vacuum is predicted to be extremely slow
(1078 57" at 300 K).*® However, the interlayer constituents may
provide a plausible means for increasing the electronic
interaction across the gallery. During the topochemical
transformation, we expect that intercalated halide anions and
water molecules might offer a structural configuration for
increasing the rate of charge hopping to an adjacent sheet,
which is supposed to be helpful in forming a pure LDH phase.
Such a counter balance appears to be the driving mechanism for
the transformation into either pure LDH or staging product
dependent on the reaction conditions.

On the basis of the above assumptions, plausible charge
propagation paths are schematically drawn in Figure 7. It can be
seen from the schematic model that a hopping to next-nearest
neighbors at an intermediate distance of \/éa (537 A, red
arrows) in fact produces a most preferable propagation path for
the development and distribution of charge centers M*". If all
the charge hopping occurs in the fastest rate, a supercell

Figure 7. (a) Plausible edge-inward charge propagation directions
from outermost edge site in a brucite sheet. Red arrows represent most
preferable next-nearest neighboring hopping whereas gray arrows
indicate less favorable nearest neighboring ones. (b) Charge
propagation along the fastest next-nearest neighboring hopping to
attain host layer charge of '/;. (c) Charge propagation to attain host
layer charge of '/, Green dashed lines in parts b and c enclose a
supercell containing one positive electric charge. The locations of M**
(orange spheres) are based on an ordered distribution of Fe cations in
Co,.,Fe,(OH), (x = 1/3; '/6)-

containing two M*" sites and one M*' sites is naturally
achieved, without direct nearest neighboring of charge center
M?*" (Figure 7b). As a precondition, it is reasonable to assume
that, in a heterometallic (Co/Fe) brucite-type hydroxide, the
divalent metal cations will orderly distribute in the host sheet
following their molar fraction. Such an ordering may be derived
from the size, bonding nature, or spin state of different cations.
That is to say that a corresponding supercell containing one Fe
cation and (1 — x)/x Co cations (x = '/5, '/¢) would be
expected. As a result, a pure phase of Co**—Fe** LDH, which
occurs in x = '/; case (Figure 4a), coincides with the
assumption that one Fe*" and two Co®" are neatly ordered in a
supercell, achieving the highest host layer charge (all Fe** are
oxidized) while avoiding direct nearest neighboring of Fe*". As
the electron transport in the host sheet would be concurred
with the diffusion of iodide anion in the interlayer gallery, each
oxidized Fe®" will produce one anionic site in the interlayer
gallery. Each intercalated iodide anion will share/balance its
charge with one Fe® cation in the layer above and/or
underneath, representing a uniform intercalation of iodide
(one per supercell) in the gallery. Therefore, a supercell
containing one positive electric charge will be balanced by a
spherical iodide separated by a distance of \/ 3a (537 A),
commensurate with the cationic ordering in the host layer.” It
is the most ideal scenario for effectively separating apart host
sheets and achieving a complete phase transformation from
brucite into pure LDH.

For x = /¢ case, in comparison with x = '/, only half of sites
locating along the fastest hopping routes are occupied by Fe*
cations, whereas the other half would be Co** cations, which
may act as relaying points for charge propagation. Co®" at these
relaying sites may be transiently oxidized into Co®* and
eventually reduced back to Co®" by diffusion of the hole to
available Fe*" sites (see Figure 7c). All sites participating in a
charge transport process, permanent or transient, still locate
along the fastest hopping directions, and the reaction is thus
supposed to be not significantly different from the case of x =
'/;. Nevertheless, for a host layer charge of '/, two adjacent
layers yield a combined charge sum of '/4 + /4 = '/5. This
means that overall host layer charge, the layer above and
underneath, may be completely saturated/canceled out by
intercalating an iodide per supercell in the gallery. No
intercalation would be expected to occur in the directly
adjacent gallery (see schematic model Coj/¢Fe, s in Figure 6).
This inevitably produces an ordered stacking of LDH slabs
(iodide-intercalated gallery) and brucite (empty gallery)
resulting in a basal spacing of 12.9 A, whereas no consecutive
stacking of LDH component (8.3 A) would be possible. It thus
well explains the XRD results on the second staging product
started from Co’*/cFe’"| (OH), with the absence of 8.3 A
reflection peak in Figure 4d.

For other intermediate compositions of x = '/,, '/ falling
between the two boundaries of lowest !/ ¢ and highest 1 5 the
charge propagation has to involve the hopping to direct nearest
neighboring sites at a cation—cation distance of ~3.1 A (gray
arrows in Figure 8a,b) if similar supercells containing one Fe
cation and (1 — x)/x Co cations (x = '/,, /) are presumed. As
a consequence, some Fe?* might not be readily oxidized into
Fe®* as they are not sitting on the fastest charge propagation
sites. This raises the possibility for the presence of Co®* due to
aforementioned required symmetry in the fastest charge
distribution. It actually brings up a dilemma of whether to
exactly follow the fastest charge propagation path (partially
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Figure 8. Plausible charge propagation route to attain (a) '/, host
layer charge, and (b) '/; host layer charge based on forming uniform
supercells in Co, Fe,(OH), (x = '/,, '/;). (c) Alternative intergrowth
model of two '/; and one '/ supercells to yield a combined three
electric charge as 12 cations in total are counted (green dashed lines),
i.e.,, a nominal layer charge of '/,. The labels are the same with those in
Figure 7.

producing Co®") or to exactly reflect the lower oxidation
potential of Fe*" in comparison with Co®" (only yielding Fe**).
The phase transformation is therefore somewhat complicated
and does not necessarily straightforwardly reflect the Fe/Co
ratio in starting brucite hydroxides. An alternative interpreta-
tion is that an intergrowth of supercells as described in Figure
7b (x = '/,) and Figure 7c (x = '/4), might yield host sheets
with nominal composition of x = '/, and '/;. During the
topochemical transformation, these intergrown supecells might
be directly evolved into mosaic domains with host layer charge
of '/5 or '/, respectively. Figure 8c illustrates an example for
the possible intergrowth of two '/; and one '/, supercells to
yield a combined three positive electric charge as 12 cations in
total are counted, ie, '/, layer charge. In other words, the
charge propagation in the host sheet, accordingly the anion
diffusion in the gallery, may be regarded as a mosaic effect of
the above scenarios already discussed for x = '/; and /4 cases.
As a result, LDH segment (8.3 A) as well as second staging
product of LDH and brucite (12.9 A) are both likely formed in
the transformed product from starting nominal compositions of
x ="/, and '/, consistent with the XRD observations in Figure
4.

When excessive oxidizing agents are supplied, it creates the
capacity of oxidizing Co** to Co’', in addition to a sole
oxidation of Fe®', to attain an overall layer charge of '/; in all
host sheets regardless the Fe/Co ratio. In fact, wet chemical
analyses also determined that host layer charge in all as-
transformed single LDH phase was invariably close to /5. This
evidence strongly supports that some Co** may be oxidized
into Co*" if the Fe** content alone cannot reach the '/; charge
threshold, e.g., in Co,sFe s or Cos/,Fe ), under further
oxidation (Figure 6). Accordingly, a fully developed host layer
charge of '/, may be taken as the general requirement to form a
single LDH phase in the current oxidative intercalation
reaction.

Then the remaining question turns to why staging
phenomena were not observed for monometallic Co(OH),
and bimetallic Co,/3Ni;/;(OH), in the same transformation.
Unlike Co, Fe (OH), (x = '/, '/, '/4) which needs hetero-
oxidation of both Fe** and Co®" to reach an ideal layer charge
of '/5, and therefore the reaction may be somewhat sluggish,

the transformation of Co(OH), and bimetallic
Co,/3Ni;;3(OH), into LDHs is dependent on sole oxidation
of Co** into Co®*. In both Co(OH), and bimetallic
Co,,3Ni;/;(OH),, there are sufficient Co®" sites sitting on the
favorable charge propagation route to attain the highest layer
charge of '/ It also implies that once the oxidation of an
outermost edge Co®" site is initiated, the reaction and positive
electric charge would probably propagate along the fastest
hopping directions (Figure 7b), always attaining an ideal charge
of !/; in the host sheet and simultaneous to a full intercalation
of anions, similar to the case on Co,;Fe;,;(OH), with a sole
oxidation of Fe** into Fe®*. The reaction may be expressed as

1
Co**(OH), + gA2 & Co’*,,3Co’" ;(OH),A, /5

(A =1, Br)

As a result, every host layer charge is perfectly balanced/
saturated by the halide anions diffused above/beneath. If the
oxidation potential of halogen agent is not high enough or the
dose is not sufficient, it results in some portion of transformed
LDH (with an ideal layer charge of !/;) and residual brucite
(Figure Sb). Once the dose of oxidizing halogen agent is
sufficient and the reaction kinetics is ensured (ie. extended
reaction time), a single LDH phase is attainable.””*®

From the above discussion, it can be seen that the
topochemical transformation from brucite to LDH appears to
strongly support a reasonable assumption for a charged host
sheet: no direct nearest neighboring of M3*—M>3*, which echoes
the discussion on cation ordering in LDH structure in
literature.**** On the basis of such a principle, a host layer
charge of '/ (i.e, M**/M?" = 2:1) is the most ideal condition
for the formation of a most stable LDH structure. Though
conventional coprecipitation procedure claimed the preparation
of LDH with M?*/M?3* ratio other than 2, the possibility is high
that the microscopic structure would be mosaic domain islands
of both brucite (neutral) and LDH with M**/M>* ratios of 2,
producing a nominal layer charge lower than '/5. On the other
hand, the current topochemical transformation, similar to
homogeneous precipitation, might be very difficult, if it is not
impossible, in obtaining a single LDH phase with a host layer
charge lower than '/;. This may be ascribed to a more
thermodynamic equilibrated condition for both topochemical
transformation and homogeneous precipitation than that of
conventional coprecipitation, which precludes the formation of
mosaic domains in LDH host sheets. The underlying aspects
revealed in this topochemical transformation therefore provide
new insights into structure evolution of general LDH structure,
particularly concerning host layer charge, M**/M*" cation
arrangement, and phase evolution.

It is also worth adding that the understanding of charge
transport or valence interchange in LDH may be important for
some practical applications. Since charge transport in a
redoxable transition-metal brucite/LDH sheet seems facile, it
raises the prospect of transferring electrons (charges) out of
hydroxide sheets, which might be essential in utilizing them as
active materials for electrochemical energy storage or
adsorption/degradation of redox-active contaminant species
for environmental purpose, etc.

B CONCLUSIONS

In summary, the topochemical transformation from brucite
(Co,Fe,(OH),, Co(OH),, Co*", Ni** (OH),) to corre-
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sponding LDHs under halogen agents (iodine, bromine) seems
not to be able to produce a single LDH phase with any host
layer charge lower than /5, in stark contrast with conventional
coprecipitation process. Especially, for Co, Fe ,(OH), (x = '/,
'/, '/4), second staging products were observed. On the other
hand, for pure Co(OH), or Co**| Ni** (OH),, there was no
observation of staging phenomena, instead a phase segregation
or physical mixture for any unfulfilled transformation. On the
basis of a plausible charge (electron, hole) hopping scenario in
brucite sheets, the metallic composition/ratio actually deter-
mines the attainable layer charge and also affects charge
hopping rate, fundamentally impacting the reaction kinetics. A
correlation between the metallic composition/ratio in the host
sheets and anion content in the interlayer gallery was proposed
to well explain the phase evolution observed. The study helps
to develop an in-depth understanding of this important
topochemical reaction and redox behavior in transition-metal
hydroxides. It also sheds light on some important structural
aspects of LDHs in general, e.g, precise composition control,
host layer charge, phase evolution, etc. Among them, no direct
nearest neighboring of M**—M?>* charge centers in host sheets
under equilibrium conditions seems to be affirmed as one of the
most important principles governing the formation of a stable
and pure LDH structure. This work therefore not only
illustrates the underlying aspects for the topochemical trans-
formation itself, but also presents new insights into structural
evolution of LDH, particularly a clear understanding of host
layer charge, cation ratio, and cation ordering.
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