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Layered Double Hydroxide Precursor and their Application in 
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Andronescu,[d] Joachim Landers,[c] Heiko Wende,[c] Wolfgang Schuhmann,[d] Martin Muhler,[b] Thomas 
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Abstract: Monocrystalline, yet porous mosaic platelets of cobalt 

ferrite, CoFe2O4, can be synthesized from a layered double 

hydroxide (LDH) precursor by thermal decomposition. Using an 

equimolar mixture of Fe2+, Co2+ and Fe3+ during co-precipitation, a 

mixture of LDH, (FeIICoII)2/3FeIII
1/3(OH)2(CO3)1/6  m H2O, and the 

target spinel CoFe2O4 can be obtained in the precursor. During 

calcination, the remaining FeII fraction of the LDH is oxidized to FeIII 

leading to an overall Co2+:Fe3+ ratio of 1:2 as required for spinel 

crystallization. This pre-adjustment of the spinel composition in the 

LDH precursor suggests a topotactic crystallization of cobalt ferrite 

and yields phase pure spinel in unusual anisotropic platelet 

morphology. The preferred topotactic relationship in most particles is 

[111]Spinel||[001]LDH. Due to the anion decomposition, holes are 

formed throughout the quasi monocrystalline platelets. This 

synthesis approach can be used for different ferrites and the unique 

microstructure leads to unusual chemical properties as shown by the 

application of the ex-LDH cobalt ferrite as catalyst in the selective 

oxidation of 2-propanol. Compared to commercial cobalt ferrite, 

which mainly catalyzes the oxidative dehydrogenation to acetone, 

the main reaction over the novel ex-LDH cobalt is dehydration to 

propene. Moreover, the OER activity of the ex-LDH catalyst was 

markedly higher compared to the commercial material. 

Cobalt ferrite, CoFe2O4, is a highly interesting compound due its 
ferrimagnetic properties,[1] (electro-)chemical reactivity[2] and 
catalytic activity.[3] For example, recent reports have highlighted 
the potential of cobalt ferrite as component in multiferroic 
ceramics,[4] as electrode material in Lithium batteries,[5] and as 
water oxidation catalyst in electrolysis.[6] Cobalt ferrite is a 
hopping semi-conductor and crystallizes in an inverse spinel 
structure, which, due to its cubic symmetry is highly isotropic. 
The typical habitus of spinel-type crystals are small (truncated) 
octahedra or cubes. All of the above-mentioned applications can 
be affected by the morphology and/or size of the cobalt ferrite 
crystals possibly leading to small diffusion paths,[7] stable 
magnetic suspensions,[8] or exposure of distinct crystal facets. It 
is thus interesting to control the size and shape of cobalt ferrite 
crystals during its synthesis. Size control of ferrites has been 
practiced for instance by micelle approaches leading to small 
crystallite sizes, but typically isotropic shapes.[9] 
One effective way to manipulate the shape of oxide particles is 
their synthesis through the mild thermal decomposition of an 
anisotropic precursor compound. Oxide particles can be 
obtained as pseudo-morphs of the decomposable precursor. 
Important examples are layered double hydroxides (LDH), also 
called hydrotalcite-like materials. LDHs typically crystallize in 
form of thin hexagonal platelets due to their 2D layered crystal 
structure and can be easily synthesized with carbonate anions 
by co-precipitation. Carbonate-LDH have the general 
composition MII

1-xMIII
x(OH)2(CO3)x/2mH2O. They consist of 

brucite-like layers MII/III(OH)2 with edge-sharing MO6 octahedra. 
The excess positive charges of the MIII cations are compensated 
by the carbonate anions in the inter-layer space, where also the 
crystal water molecules reside. Upon mild calcination of an LDH 
precursor, the anions decompose at moderate temperature and 
the resulting oxide particles often retain the anisotropic platelet 
morphology irrespective of the usually preferred habitus. LDHs 
can incorporate many different M2+ and M3+ cations and are 
widely applied in materials chemistry[10] and catalysis,[11] for 
instance as basic catalysts,[12] electrocatalysts,[13] catalyst 
precursor materials,[14] or flame retardants.[15] 
Generally, the formation of a phase-pure spinel from a single 
LDH precursor is hindered by the compositional incompatibility 
between precursor and target compound. Stable LDHs require a 
MII/MIII ratio between approximately 2:1 and 4:1 (0.20 ≤ x ≤ 0.33). 
Spinels MIIMIII

2O4, however, usually need a MII/MIII ratio of 1:2. 
Thus, typically poorly crystalline mixtures of spinel and additional 
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MIIO are obtained by LDH calcination, often in form of a 
nanoscale composite of isotropic primary particles aggregated in 
form of platelets as for example described in detail for 
ZnO/ZnAl2O4 mixed oxides derived from Zn,Al-LDH.[16] Herein, 
we report the formation of phase-pure cobalt ferrite from an 
LDH-containing precursor precipitate in a unique form of 
monocrystalline, but porous platelets and demonstrate the 
potential of this new material in the catalytic oxidation of alcohols 
and water. By comparison with conventional commercial cobalt 
ferrite, it is shown that the novel ex-LDH cobalt ferrite exhibits 
unique and interesting properties.  
In the proposed co-precipitation synthesis, the above-mentioned 
compositional constraint was overcome by using a mixture of 
Fe2+ and Fe3+ for the synthesis of the LDH precursor at constant 
pH value and under the exclusion of air (Fig. S1). The target 
composition of the co-precipitate was 
FeII

1/3CoII
1/3FeIII

1/3(OH)2(CO3)1/6mH2O in accordance with the 
MII/MIII requirement of 2:1 (x = 0.33) for LDHs. The presence of 
the LDH structure was confirmed by XRD, however a substantial 
fraction of a spinel by-phase was also detected (Fig. 1a). 
Rietveld refinement did not show any indication for an additional 
phase (Tab. S1, S2). The phase composition was 45% LDH and 
55% spinel. The lattice parameter of the spinel phase was 
8.381(4) Å and thus very close to 8.3806 Å, a value expected for 
CoFe2O4, (ICSD No. 98553) as compared to 8.0850 Å for Co3O4, 
(ICSD No. 63165) or 8.3941 Å for Fe3O4 (ICSD No. 26410).  
 

a) b)  

Figure 1. XRD patterns and Rietveld fits of the precursor co-precipitate (a) and 
of the calcined material (b). The co-precipitate consists of the phase-mixture of 
45% LDH and 55% spinel. The calcination product is phase-pure CoFe2O4 
(black: experimental data; red: calculated pattern; blue: difference; 
orange/green: Bragg peak position of LDH/CoFe2O4). 

We thus conclude that during co-precipitation, washing and 
drying a significant amount of LDH has already been pre-
maturely transformed into the target spinel phase – likely a result 
of the imperfect exclusion of air during the two latter steps. 
Thorough washing was required to remove Na impurities below 
a level of 0.05% as determined by AAS (see SI). SEM 
micrographs of the co-precipitate further suggest the presence 
of two different types of material. In addition to the platelet 
particles of the LDH phase, which exhibit lateral sizes around 
0.5-1 µm and a thickness of about a few tens of nanometers, 
also smaller and roundish particles can be observed, tentatively 
assigned to the spinel by-phase (Fig. S2a). Mössbauer spectra 
of the precursor support the presence of CoFe2O4 (Fig. S3). In 
addition to magnetically ordered CoFe2O4, a contribution of 
superparamagnetic CoFe2O4 crystallites and/or FeIII from the 
LDH was also detected. At low temperature and high field there 
is complete magnetic ordering, but strong spin canting indicates 
low crystallinity of the pre-maturely formed small CoFe2O4 
particles. No clear indication of paramagnetic FeII was 

detected,[17] which might be a result of the instability of FeII 
during the relatively long storage time between synthesis and 
the Mössbauer measurements.  
Upon calcination in air, all FeII is oxidized to FeIII, thus fully 
changing the overall MII/MIII ratio from initially 2:1 
([FeII+CoII]/[FeIII]) to 1:2 required for spinel crystallization 
([CoII]/[2FeIII]). Calcination at 873 K leads to a complete 
decomposition of the precursor (Fig. S4) and indeed yields a 
phase-pure cobalt ferrite according to XRD (Fig. 1b). Based on a 
Rietveld refinement of the calcined material, additional 
crystalline phases can be excluded and the lattice parameter of 
the CoFe2O4 was determined as 8.385(13) Å in good agreement 
with the literature value and the spinel fraction in the precursor 
(Fig. S5, Tab. S1, S2). Raman spectroscopy, which is highly 
sensitive for hematite, also did not show any indication for the 
presence of impurities (Fig. S6). The superparamagnetic 
contribution has vanished from the room temperature 
Mössbauer spectrum indicating CoFe2O4 crystallite sizes beyond 
the superparamagnetic limit as a result of calcination (Fig. S3). 
At low temperature and high field, the expected subspectra of 
the spinel structure can be distinguished[18] due to a much lower 
spin-canting compared to the precursor suggesting improved 
crystallinity of CoFe2O4. Magnetometry shows the usual 
behavior of CoFe2O4 with an increase in the saturation 
magnetization and coercive field compared to the precursor 
likely due to the increasing phase fraction and crystallinity as a 
result of calcination (Fig S7).  
SEM investigation of the calcination product show the presence 
of rather uniform aggregated platelets, which are pseudo-
morphs of the LDH precursor (Fig. 2a and Fig. S2b). 
Interestingly, the SEM image clearly shows the presence of 
intra-particular pores or holes in the individual platelets. These 
likely have formed during the decomposition of the hydroxide 
and carbonate anions leading to a shrinkage of the solid. Such 
“slice of Swiss cheese” morphology is untypical for LDH 
decomposition into mixtures of MIIMIII

2O4 and MIIO in other 
systems. While the retention of the platelet morphology is 
common, shrinkage usually leads to a uniform size reduction of 
the platelets, and not to the formation of holes. The specific 
surface area of the ex-LDH CoFe2O4 amounts to 31 m2g-1 with 
pore sizes between 2 and 38 nm in good agreement with Fig. 2 
(Fig. S8). It is noted that the small particles assigned to the by-
phase are still seen as brighter spots in Fig. 2b, but in the SEM 
images (Fig. 2a and S2b), they are no longer as clearly 
observed after calcination, which might indicate that the smaller 
nanoparticles have partially reacted with the larger cobalt ferrite 
platelets upon heating to 873 K.  
The HAADF-STEM image in Figure 2b shows the hexagonal 
shape of a single platelet inherited from the LDH precursor with 
the holes formed during decomposition and crystallization of the 
spinel-type cobalt ferrite. Interestingly, high resolution (HR)TEM 
and selected area electron diffraction (SAED) investigation 
revealed that individual parts of the holey platelets, which are 
not covered by spinel impurities are monocrystalline (Fig. 3). In 
contrast, SAED patterns of aggregates of multiple platelets 
appear polycrystalline. For single platelets that are covered by 
spinel nanoparticles, additional spots arise in the otherwise 
monocrystalline diffraction pattern (Fig. S9a,b). On the 
nanoscale, the HRTEM images in Fig. 4 show that the porous 
crystals are composed of a concerted arrangement of mosaic 
block-like domains that are formed by aligned lattice defects. 
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These defects add strain to the sample and may alter their 
catalytic performance.[19]  
 

  

Figure 2. SEM micrograph of the calcined LDH precursor showing aggregates 
of porous platelets (a) and HAADF-STEM image of one individual platelet (b). 

Careful inspection of the HRTEM images shows that the 
crystalline orientation of the cobalt ferrite platelets remained 
unchanged even when being interrupted by a pore hole (Fig. 4). 
In addition, the pore edges as well as the 2D lattice defects are 
oriented with respect to each other at distinct angles (e.g., 0°, 
60° or 120°), which strengthens the picture of a monocrystalline 
particle rather than a polycrystalline aggregate. Based on the 
zone axis of the SAED and the indexing of the Fourier 
Transform (FT) patterns (Fig. 3, insets), the viewing direction 
perpendicular to the lateral dimensions is identified as [111] of 
the spinel lattice for most crystals studied suggesting that 111 
facets are the major surface termination. However, at one 
occasion a [110] zone axis was also observed (Fig. S9c). 
The majority of these observations indicate that the thermal 
decomposition proceeds via a topotactical crystallization of the 
cobalt ferrite, where the [111] zone axis is preferably related to 
the c-axis of the LDH, which is the stacking axis of the layers 
oriented perpendicular to the lateral dimensions of the platelets: 
[111]Spinel||[001]LDH. A topotactic crystallization mechanism of 
oxides formed from LDHs during calcination has been 
proposed.[20] However, due to poor crystallinity and multiple 
phases of the decomposition product, it turned out to be difficult 
to establish a clear topotactic crystallization in a straightforward 
manner for other LDH precursors.  
We propose that the unique microstructure and morphology of 
the ex-LDH CoFe2O4 is related to the successful pre-adjustment 
of the cationic composition in the precursor. Using the LDH 
approach, the cations are initially located in an atomically perfect 
distribution in the solid solution type precursor. Upon oxidation of 
FeII, also the proper ratio of MII/MIII is pre-adjusted throughout 
the whole solid. Under these conditions, not met in conventional 
LDHs without oxidizable FeII, crystallization of the CoFe2O4 
requires hardly any solid-state diffusion of the cations and can 
proceed readily in a topotactic manner preferably under 
retention of the orientation of the close-packed oxygen layers in 
(001) in the trigonal LDH and (111) in the cubic spinel, 
respectively. In particular, no phase segregation is required as a 
single oxide phase can be formed. This easy crystallization of 
the thermally stable spinel phase presumably leads to the early 
formation of an oxide backbone in the typically not favored 
anisotropic platelet form and to the formation of holey pores as 
the anions decompose and H2O and CO2 diffuse out of the solid. 
It is noted that mesoporous single crystals of spinel-type Co3O4 
are accessible via a closely related route by topotactic 

crystallization from brucite-type Co(OH)2 precursors and found 
to be highly interesting electrode materials for lithium ion 
batteries.[21] We highlight that our synthesis procedure yields 
binary mixed spinels and is based on the utilization of mixed 
Fe2+ and Fe3+ solutions and that it should be generally applicable 
for the synthesis of many kinds of ferrite spinels by combination 
of Fe2+/Fe3+ with various LDH-forming cations M2+. For instance, 
we have recently reported ex-LDH MgFe2O4 spinels as 
precursors for Fe-based catalysts in ammonia synthesis and 
decomposition.[22] If synthesized from a 
FeII

1/3Mg1/3FeIII
1/3(OH)2(CO3)1/6mH2O LDH precursor, holey 

platelets of the resulting MgFe2O4 can be found by SEM also in 
this material (Fig. S10), showing the versatility of the proposed 
synthesis approach. 
 

 

Figure 3. TEM image of a porous CoFe2O4 platelet (a) and corresponding 
SAED pattern (inset), HRTEM image of the edge region of such a platelet (b) 
and corresponding FT with indexing of the cubic spinel structure and zone axis 
[111] (inset).  

To demonstrate that the unique structural properties of the ex-
LDH CoFe2O4 are related to interesting chemical properties, we 
here briefly introduce two application examples to compare the 
new material to commercial CoFe2O4 (purchased from Sigma-
Aldrich). Cobalt ferrite is known as an oxidation catalyst showing 
high activity, e.g., in the electrocatalytic oxygen evolution 
reaction (OER),[23] in the gas phase oxidation of CO[3] or in the 
selective oxidation of terpenes.[24] We have used the ex-LDH 
CoFe2O4 and commercial CoFe2O4 in the temperature-
programmed oxidation of 2-propanol and in the OER. It is noted 
that neither XRD nor N2 physisorption revealed major 
differences in the crystallinity or specific surface area of the two 
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catalysts that could easily explain large differences in catalysis 
(Fig. S8, S11).  
The results of the 2-propanol oxidation experiments are shown 
in Figure 5 and Table S3. The commercial catalyst exhibits a 
higher activity at low temperatures in the first heating cycle. 
Upon cooling back down, however, the temperature profile of the 
2-propanol conversion is very similar for both catalysts (gray 
open symbols in Fig. 5) in agreement with the similar specific 
surface area. It remained almost unchanged in further heating 
cycles (Fig. S12). Interestingly, at 573 K the conversion in 2-
propanol is similar for both catalysts, while the oxygen 
conversion and the product selectivity are markedly different. 
The commercial material is highly selective to acetone indicating 
that the oxidative dehydrogenation (1) is the major reaction over 
this catalyst. This agrees with the conversion in oxygen reaching 
similar values like that in alcohol. Contrarily, the major product 
over the ex-LDH catalyst is propene (52% selectivity), indicating 
that the dehydration reaction (2) is favored over this catalyst. 
The selectivity to acetone was 40%, which corresponds roughly 
to the conversion in oxygen. Only little total oxidation (3) was 
observed in both cases and the extent was lesser for the ex-
LDH catalyst.  
 

2 C3H7OH + O2 → 2 C3H6O + 2H2O   (1) 
C3H7OH (+ O2) → C3H6 + H2O   (2) 
2 C3H7OH + 9 O2 → 6 CO2 + 8 H2O  (3) 

 
These findings suggest differences in acid-base or redox 
properties of the cobalt ferrite surface in the two catalysts. The 
dehydration activity of 2-propanol over metal oxides towards 
propylene is affected by the number, the nature, and the 
strength of acid sites.[25] In contrast, the dehydrogenation 
pathway yielding acetone through a concerted mechanism over 
acid-base pairs proceeds independent of their intrinsic strength. 
Furthermore, the nature of the metal oxide and the carrier gas 
type can modify the product selectivities.[26] In case of NiFe2O4, 
significant differences in the product distribution have been 
linked to variations in the Ni/Fe surface ratio.[27]  
The OER experiments for the ex-LDH and commercial CoFe2O4 
are presented in Figure 6. The ex-LDH CoFe2O4 shows higher 
catalytic activity towards OER, a current density of 10 mA cm-2 
being reached at just 0.43 V overpotential, while for the 
commercial CoFe2O4, 0.59 mV overpotential is required to reach 
the same current density. Ex-LDH CoFe2O4 shows also a lower 
Tafel slope (57 mV/dec) as compared with the commercial 
material (128 mV/dec) which indicates that the electron transfer 
is facilitated in the case of the ex-LDH material. The slope of the 
current curve in Figure 6a suggests a higher conductivity of the 
mono-crystalline platelets, which likely is an important 
contribution to the electocatalytic activity. Stability 
measurements (Fig. S13) did not indicate decay of the activity or 
severe structural changes of the particles at the electrode during 
OER (Fig. S14).  
For a full explanation of the different catalytic performances, a 
detailed study of the surface chemistry is required, which is 
beyond the scope of the present communication. In addition to 
the preferred 111 termination and the unique morphology, also 
alkaline residues such as surface OH groups or surface 
segregation might play a role here. However, first HR scanning 
TEM images of the surface region of the ex-LDH are shown in 

Figure S9c and show high crystallinity not suggesting severe 
surface segregation.  
 

 

Figure 4. HRTEM image of a CoFe2O4 platelet showing a region with many 
aligned lattice defects and the distorted hexagonal shape of the holey pores. 
The zoom in the lower panel (b) shows the crystalline surrounding of one pore 
and the undisturbed monocrystalline ordering at both sides of the hole 
(compare FT 1 and 2).  

 

 

Figure 5. Conversions (upper panels) and yields (lower panels) of the 
commercial CoFe2O4 (left hand panels) and ex-LDH CoFe2O4 (right hand 
panels) upon heating (closed symbols) and cooling (open symbols) in the 
oxidation of 2-propanol as a function of temperature. 
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In summary, the synthetic approach reported herein provides 
access to porous ferrites with for well-crystalline spinels 
relatively high porosity. In catalysis, such anisotropic materials 
may bridge the gap between model catalysts with low surface 
area and structurally highly complex real-world catalysts. They, 
therefore, exhibit potential to contribute to a better 
understanding in heterogeneous oxidation catalysis. To a first 
approximation, the differences in catalytic properties reported 
here seem to be best explained by different acid/base properties, 
surface terminations and conductivity, but further work on these 
questions is required, and is currently under way in our labs. 
One specific aim is to fully control the topotacticity. In addition to 
heterogeneous oxidation catalysis, these novel materials may 
also play an important role in many other fields of materials 
chemistry, in which ferrites are used, acting as a promising 
materials basis for studying the role of particle anisotropy.[21d]  
 

a) b)  

Figure 6. Linear sweep voltammograms (a) and Tafel slopes (b) of commercial 
CoFe2O4 (red) and ex-LDH CoFe2O4 (black) recorded in O2-saturated KOH 
(1 M) at a scan rate of 5 mV s-1 and 1600 rpm. 

Experimental Section 

All experimental details are compiled in the supporting information. 
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