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Research on two-dimensional (2D) materials is one of the most active fields in materials science and nanotechnology. Among the members 
of the 2D family, layered hydroxides (LHs) represent an exceptional case of study due their unparalleled chemical versatility which allows 
the modulation of their physicochemical properties at will. Nowadays, LHs based on earth-abundant metals are key materials in the areas of 
energy conversion and storage, hybrid materials or magnetism. ɑ-Co hydroxides (Simonkolleite-like structures) are promising phases with 
tuneable electronic and magnetic properties by ligand modification. However, even in the simple case of ɑ-CoII hydroxychlorides, the 
preparation of well-defined large 2D crystals is not straightforward, hindering the development of fundamental studies. Herein, we present 
the synthesis of 2D hexagonal crystals with outstanding size-thickness relationship (diameter > 5 μm and thickness of 20±7 nm) by a simple 
homogeneous synthesis taking place at room temperature. In structural terms, no differences are observed between our nanomaterials and 
those obtained hydrothermally. However, dynamic susceptibility measurements alert about different arrangements of the magnetic 
sublattices, which have been rationalized with structural DFT calculations. This work provides an extremely easy bottom-up method to obtain 
high-quality 2D crystals based on ɑ-CoII hydroxides, paving the way for the development of fundamental studies and applications. 

 
Since the discovery of graphene, the field of two dimensional (2D) 
materials has become one of the most active research areas in 
materials science and nanotechnology.[1,2] As representative 
members of the 2D family, graphene, silicene, germanene and, 
more recently the pnictogens (black phosphorus, arsenene, 
antimonene, bismuthene) are among the most studied 
monoelemental materials.[3–5] Other van der Waals layered 
systems have been intensively investigated such as boron nitride 
or transition metal dichalcogenides.[6,7] 
In the line of multi-elemental 2D materials, layered hydroxides 
(LHs) –that can clearly be regarded as 2D materials, as the in-
plane growth is controllable while the thickness can be maintained 
to stay in the few-layer limit– provide a fascinating case of study, 
given the ability to tune either the chemistry of the inorganic layer 
and/or the (in)organic nature of the interlayer space, placing them 
in a prime position for energy storage and conversion, hybrid 
materials and magnetic devices.[8–12] Layered double hydroxides 
(LDHs) spotlight as one of the few examples of positively charged 
2D materials, consisting of both MII and MIII octahedral cations 
with purely electrostatic sheet-anion interaction.[13,14] These 
features have allowed to preparation of multifunctional LDHs 
owing a plethora of properties which result in their application in 
different fields such as energy storage, catalysis, anion exchange, 
or magnetism, among others.[15] In contrast, other members of the 
LHs family much less studied, such as α– and β–hydroxides, 
present exclusively van der Waals interactions . The former ones, 
depict very interesting features such as expanded structures with 

a rich interlayer chemistry (as in the case of LDHs), being among 
the most important electroactive phases based on earth-abundant 
metals for application in water splitting and supercapacitive 
devices.[16] However, unlike LDHs, ɑ–hydroxides consist in non-
charged layers. Moreover, concerning the magnetism, α-
hydroxides present a versatile 2D magnetic behaviour showing 
considerably higher ordering temperatures, remnant 
magnetizations and coercive fields than the analogous LDHs. 
Therefore, they are appealing building blocks for the construction 
of multi-functional hybrid architectures.[17,18] 
The structure of ɑ-Co hydroxides (or Simonkolleite-like structures, 
a basic salt) consists of layers with CoII cations located in 
octahedral –CoII(Oh)– and tetrahedral –CoII(Td)– coordination 
environments (Scheme 1). While CoII(Oh) are placed within the 
layers, CoII(Td) are attached to the inorganic sheets on both sides 
of the basal plane through 3 OH bridges. The fourth position, 
considered as a chemical functionalization, can be used to graft 
different ligands, ranging from inorganic to organic molecules 
(Scheme 1C).[19] Interestingly, the electronic and magnetic 
properties of ɑ-Co hydroxides can be chemically modulated by 
controlling the grafted molecules and/or CoII(Td) ratio, resulting in 
systems with tuneable band gaps, mainly due to ligand to metal 
charge transfer.[20,21] Additionally, this kind of phases, and those 
containing Co and Ni, are very promising electroactive earth-
abundant systems for energy storage and conversion.[16] 
However, the synthesis of α-Co hydroxides with a precise control 
of the morphology is far from being straightforward, as 

 
Scheme 1. Bottom up approach for the synthesis of a 2D hexagonal crystalline α-CoII hydroxychloride phase. The synthetic method is based on the mild 
homogeneous reaction taking place at room temperature by the nucleophilic attack of chloride over glycidol: the epoxide route (A). The alkalinization reaction 
can be adjusted by changing both glycidol and chloride concentrations (B). The crystalline structure of this 2D layered hydroxide consists in layers, composed 
by CoII in octahedral (pink) and tetrahedral (purple) coordination environments, connected by hydroxy bridges (oxygen in red, hydrogen in white). The grafted 
ligand is chloride (green). These 2D ferrimagnets present both, in-plane ferromagnetic (F) and antiferromagnetic (AF) interactions (C) 
 



polycrystalline 3D flower-like morphologies are the most reported 
ones.[22–26] When it comes to 2D layers, the state-of-the-art 
synthetic method involves ammonia releasing reagents (ARRs), 
which require temperatures higher than 90 ºC and an inert 
atmosphere.[27] 
Herein, we provide a straightforward, reproducible, one-pot room 
temperature approach to obtain 2D, highly crystalline, 
hexagonally shaped α-CoII hydroxychloride with enormous 
anisotropy (aspect ratio > 250, length > 5 μm, thickness < 20 nm). 
This is possible thanks to a controllable increment of the pH by a 
simple chemical reaction in aqueous solution between chloride 
anions (a nucleophile) and glycidol (an epoxide): the so-called 
epoxide route.[28] 
Furthermore, we have characterized the magnetic properties 
exhibiting almost identical magnetic behaviour as the previously 
reported α-CoII hydroxychlorides. Indeed, they show similar 
spontaneous magnetization temperatures, saturation 
magnetization and coercive fields. Slight differences arise in the 
dynamic susceptibility, which we attribute to different Co(Td) 
distribution, i.e.: CoTd clustering. To shed light on this clustering 
behaviour we have complemented our experimental results with 
a microscopic structural description based on DFT calculations.  
In overall, this work provides a highly reproducible straightforward 
synthetic approach to obtain α-CoII layered hydroxides of valuable 
interest for energy and magnetism, among others. 
 
The 2D α-CoII hydroxychloride hexagonal particles were obtained 
thanks to the epoxide route.[28] This mild homogeneous 
alkalinization method is based on a nucleophilic attack of chloride 
anions (a nucleophile) over the electrophilic carbon of glycidol (an 
epoxide), as depicted in Scheme 1. In contrast to the hydrolysis 
of ammonia releasing reagents (ARRs),[29] this reaction increases 
the pH, even at room temperature and atmospheric conditions, 
triggering the precipitation of several layered hydroxides and their 
hybrid forms.[30] The alkalinization rate, and subsequent 
precipitation, can be modulated easily by changing either the 
chloride or glycidol concentrations. Hence, the rate factor, defined 
as the product between both concentrations (𝑓𝑓𝑣𝑣𝑣𝑣𝑣𝑣 = [𝐶𝐶𝐶𝐶−][𝐺𝐺𝐺𝐺𝐺𝐺]), 
can be used to control the precipitation time (Scheme 1). 
We have previously demonstrated the obtaining of flower-like α-
CoII and NiII hydroxychloride phases by employing high 𝑓𝑓𝑣𝑣𝑣𝑣𝑣𝑣 and 
chloride concentration.[23] Moreover, we reported the synthesis of 
the entire family of α-CoII hydroxyhalides (with F, Cl, Br and I) in 

the form of single-crystalline hexagonal platelets of 1–3 μm 
diameter, with a variable degree of coalescence or twinning, at 
low halide and glycidol concentrations.[20] It is important to remark 
that syntheses based on ARRs do not allow the isolation of pure 
α-CoII hydroxides, containing other anions than chlorides, 
pinpointing the epoxide route in a privileged position for the 
synthesis of α-CoII hydroxides.[20,31] 
We hypothesize that by reducing both, 𝑓𝑓𝑣𝑣𝑣𝑣𝑣𝑣 and the ionic strength 
(i.e.: chloride concentration), a better morphological control will be 
possible leading to highly anisotropic 2D hexagonal particles, as 
in the case of the report of Sasaki’s team.[27] Therefore, four 
synthetic scenarios were evaluated (see Table S1), employing 
chloride and glycidol concentrations in the range of 50–500 and 
100–400 mM, respectively. In all the cases, the CoII concentration 
was fixed to be 10 mM (see Experimental Section in SI). 
In contrast to hydrothermal methods, the syntheses based on the 
epoxide route are fairly simple. Only three steps are required: (i) 
preparation of stock solutions of CoCl2.6H2O and NaCl at 250 and 
2000 mM, respectively, adjusted to pH=3 with HCl. (ii) Mixing the 
stock solutions to obtain the desired initial concentrations. (iii) 
Finally, adding glycidol under continuous magnetic stirring. It is 
important to note that the reaction starts with the addition of the 
glycidol. The synthesis can be carried out either in plastic or glass 
flasks and without appreciable changes by increasing the volume 
(we have successfully carried out experiments from 1 mL to 10 L). 
To assess the morphology of the materials we conducted a 
microscopic characterization (SEM and TEM), presented in 
Figure 1. Upon variation of the rate factor 𝑓𝑓𝑣𝑣𝑣𝑣𝑣𝑣 and chloride 
concentration, the hexagonal form of the crystals is maintained for 
α-Co-1 to α-Co-3 (Figure 1A-C, E-G). However, in the case of α-
Co-4, at higher chloride concentration (500 mM), mainly flower-
like aggregates are observed (Fig. 1D, H). In bright field (BF) TEM 
(Fig. 1E-H) clear bend contours are an indication of deformation 
of the crystals, owed to their extremely low thicknesses. For all 
investigated materials the lateral sizes exceed 5 µm. 
Samples α-Co-1 (hexagonal crystals) and α-Co-4 (flower-like 
crystals), synthetized at room temperature, were characterized 
and compared to α-Co(HT)-H (hexagonal crystals) and α-Co(HT)-
F (flower-like), obtained by employing a hydrothermal process 
based on ARR.[27] The characterization of all samples can be 
found in the SI. 
Figure 2A depicts the PXRD patterns where it is possible to 
confirm the occurrence of Simonkolleite-like structure in all cases. 

 
Figure 1. SEM (upper panel) and TEM (lower panel) characterization of samples α-Co-1 (A, E) α-Co-2 (B, F), α-Co-3 (C, G) and α-Co-4 (D, H). The lateral 
sizes of the obtained hexagonal particles exceed 5 µm in diameter with α-Co-4 being an exception of showing a flowerlike morphology. All the samples were 
synthesized at room temperature by employing the epoxide route, experimental conditions are summarized in Table S1. 
 



From the (00l) and (110) reflections, basal space and intralayer (a 
parameter) distances of 8.06 Å and 3.14 Å are obtained. Figure 
S1 compiles the PXRD patterns of the other samples synthesized 
at room temperature. Remarkably, despite the samples were 
obtained at room temperature, the quality of the diffractograms 
reveal highly crystalline layered materials, as it is possible to 
confirm in comparison with samples from the hydrothermal 
process (>90 ºC). This fact is attributed to the high rate constant 
for water exchange in the case of CoII,[32] which ensures the 
crystallization of Co-based hydroxides even without a 
recrystallization process.[20,22,23,30,31,33] 
We performed X-ray photoelectron spectroscopy (XPS) to gain 
further information about the chemical speciation and composition 
of the samples (Figure 2B). The presence of CoII is supported by 
its main peaks at 780.7±0.1 eV (2p3/2) and 796.7±0.1 eV (2p1/2), 
and their satellites at 786.1±0.1 eV and 802.6±0.1 eV, 
respectively (for more details regarding the XPS fittings, see 
Figure S2-3 and Table S2).[34] No differences are observed either 
by changing the initial conditions or in respect to the hydrothermal 
samples (Figure S4). In order to provide more information related 
to the coordination environments for CoII, octahedral and 
tetrahedral sites, LHs, containing only CoII(Oh) were synthetized 
hydrothermally. Figure S5 present the XPS spectra for β-Co(OH)2 
and CoAl LDH in comparison to sample α-Co-1. No appreciable 
differences are noticeable, suggesting that XPS is not the most 
appropriate technique to identify CoII coordination environments 
in LHs. 
Thus, we employed UV-Vis diffuse reflectance spectroscopy to 
gain further insight into the different coordination environments for 

CoII (Figure 2C). In all cases, a broad and almost indistinguishable 
band around 470–530 nm can be assigned to CoII(Oh). Moreover, 
the appearance of a strong band with twin-peaks centred at 628 
nm and 668 nm confirms the presence of CoII(Td) in all the cases 
(Figure S6).[19,20,22,35] Hence, due to the high sensitivity of this 
CoII(Td) absorption band with respect to the coordinated anion, 
this technique qualifies as the most suitable tool to identify either 
cationic coordination environments[30,35] and/or the nature of the 
functionalized and/or coordinated anion[20,31] in Co-based LHs. 
To gain further information regarding the thermal stability of the α-
CoII hydroxychlorides, we carried out TGA measurements. We 
followed the thermal decomposition under inert atmosphere (He, 
20 mL/min) from room temperature up to 900 ºC at 10 ºC/min. 
After the TG measurements, for all samples, PXRD patterns of 
the remnant solids confirm the generation of crystalline fcc CoII 
oxide (CoO). XPS confirms the absence of chloride (data not 
shown), in agreement with previous reports on hydroxyhalide 
phases under oxidizing conditions.[20,27] The thermograms are 
practically identical in all cases, denoting three well-defined mass 
loss steps (Figure 2D). The first mass loss, ascribable to the 
physisorbed water, takes place at 90±2 ºC, in concordance with 
previous reports for purely inorganic[20] or hybrid[31,36] α-CoII 
hydroxide phases. The second step takes place in a wide 
temperature range from ca. 150 to 375 ºC, being related to the 
dehydroxylation of the structural OH groups belonging to the 
layered phases, triggering the collapse of the layered 
structure.[20,36,37] The analysis of the first derivative confirms the 
presence of three less-defined processes taking place in this 
second step at 191±7, 240±8 and 326±5 ºC, respectively (see 

 
Figure 2. PXRD patterns indexed according to reference 18 (A), high resolution XPS for Co 2p (2p3/2 and 2p1/2) in the range 810 – 775 eV (B), and UV-Vis 
diffuse reflectance spectra for α-Co samples. TGA thermograms under inert atmosphere (He, 20 mL/min) for α-Co samples. Mass loss step are assigned to 
the: dehydration (I), dehydroxylation (II), and chloride release (III) processes. In all the case the final product corresponds to ffc CoO. 
 



Figure S7-8 and Table S3). Finally, at 620±19 ºC, the last mass 
loss step can be assigned to the chloride atoms departure.[20] Only 
in this case we noted a slight shift to higher temperature of less 
than 40 ºC, for samples obtained hydrothermally which is 
probably related to the layer thicknesses of those samples (Figure 
3D, S8 and Table S3). Additionally, for TGA measurements 
carried out under oxidizing atmosphere (synthetic air, 100 
mL/min), analogous profiles are observed, while the whole 
decomposition process, resulting in the generation of Co3O4, 
occurs at temperatures lower than 350 ºC (Figure S9).[27] 
All techniques confirm pure Simonkolleite-like α-CoII 
hydroxychloride phases without differences between our samples 
and those synthesized hydrothermally. To assess the Cl:Co ratio, 
ICP is not a suitable technique, therefore we used the averages 
of EDS and XPS techniques[22] to estimate the amount of CoII(Td) 
being 27±3 %, for all cases (see Table S4). To summarize, the 
establishment of α-CoII layered hydroxides in the form of 
𝐶𝐶𝐶𝐶0.73

𝑂𝑂ℎ 𝐶𝐶𝐶𝐶0.27
𝑇𝑇𝑇𝑇 (𝑂𝑂𝑂𝑂)1.73𝐶𝐶𝐶𝐶0.27 · 0.5𝐻𝐻2𝑂𝑂 can be safely concluded. 

Once identified that our samples are pure α-CoII hydroxychloride 
we chose α-Co-1 as a representative member of the α-Co family 
and subjected it to further investigation with microscopic 
techniques, summarized in Figure 3. Figure 3A shows a BF-TEM 
image of one hexagonal particle highlighting with a circle selected 
area for the electron diffraction (SAED) analysis shown in Figure 
3B. The SAED pattern, taken along [00l] direction, clearly reveals 
the single crystalline structure of the nanosheet, resembling a 
hexagonal ordering within the basal plane. The inset in Figure 3B 
shows a filtered and colorized HRTEM image of the hexagonal 
lattice at atomic resolution, confirming the structure on the atomic 
scale. In Figure 3C the EDS spectrum, acquired over one 
hexagonal particle in TEM confirms the composition of the 
material, showing O, Co and Cl (mind the Au-M and Au-L signals 
marked with asterisk, stemming from the employed Au-TEM grid). 
The AFM data in Figure 3D indicates a thickness of 19 nm, while 

the length exceeds 5 µm. A step of 3 nm thickness indicates the 
presence of an additional few-layer α-Co-1 nanosheet. The 
analysis over >30 nanosheets reveal an average thickness of 
20±7 nm. Interestingly, by comparing edge-to-egde (6.4±1.7µm) 
and side-to-side (5.7±1.5µm) measurements we can confirm 
highly symmetric hexagonal particles with an edge-to-side ratio of 
ca. 0.89 (see Figure S10-11 and Table S5). This results in an 
impressive size-thickness relationship (2.6·107 nm2 per 25 atomic 
layers), clearly outperforming in three orders of magnitude any 
previous liquid phase exfoliated layered hydroxide reported to 
date.[38,39] In Figure 3E, a spatially resolved Raman mapping and 
the corresponding optical microscopy image as inset are shown. 
The colour scale is based on a least square fitting of reference 
spectra extracted from the respective regions (Si wafer, outer rim 
and inner triangular adlayer). The extracted spectrum from the α-
Co-1 hexagonal particle on a Si wafer is compared to the bulk 
material in Figure 3F, where the asterisks in the red spectrum of 
the individual hexagonal particle indicate Raman signals 
ascribable to the SiOx substrate (see SI for further information). 
Unfortunately, almost the whole fingerprint region of α-Co-1 is 
overlapped by the SiOx induced signals. Nevertheless, the peak 
at 105 cm-1 gives a clear handle on identifying the material. We 
compared these results with the Raman spectra from CoO and 
Co3O4 to avoid the assignment of the spectra to the oxidized 
species (Figure S12) and can clearly state that observed material 
can be regarded as α-Co-1 without measurable oxidation. 
Regarding the magnetism, this layered structure is quite 
interesting. Generally, there are two main contributions 
associated with the magnetism in layered hydroxides: first, purely 
in-plane intralayer magnetic coupling between the cations, 
mediated by superexchange interactions through hydroxy 
bridges. Secondly, a less intense out-of-plane interlayer dipolar 
interaction, strongly dependent on the dBS. Nevertheless, α-CoII 
hydroxides are characterized by presenting a more complex 

 
Figure 3. BF-TEM of individual α-Co-1 hexagonal particle, circle indicates position for the placement of the SA aperture (A). SAED pattern showing hexagonal 
in-plane order. Inset shows a FFT-filtered HRTEM image reproducing the hexagonal order of the crystalline lattice (B). EDS spectrum acquired in TEM, 
indicating O, Co and Cl as the main constituents (peaks marked with an asteriks are stray signals from the TEM Au grid) (C). AFM image revealing a 
homogenous thickness of ca. 19 nm over the whole hexagonal particle with an additional layer of 3 nm thickness (D). Scanning Raman mapping of individual 
hexagonal particle with optical microscopy image as insert. In the central region an additional triangular layer on the hexagonal flake can be noticed (E). 
Raman point spectra comparing an individual α-Co-1 hexagonal particle on Si (red, asteriks indicates signals from SiOx wafer) to the bulk material (black). 
Peaks located at Raman shifts >200 cm-1 overlap with the SiOx substrate while the signal at 105 cm-1 is a clear indication for the probing of α-Co-1 (F). 
 



behaviour, mainly by the occurrence of different magnetic 
sublattices arising from the diverse Co environments.[20,40] 
Precisely, ferromagnetic (F) interactions between Co in identical 
coordination environments (Oh−Oh and Td−Td) and 
antiferromagnetic (AF) interactions between Co in different 
environments (Oh−Td) are expected (see Scheme 1C). The 
uncompensated moments inherent to this scenario, also known 
as triple deck structures,[17] result in ferrimagnetic layers.[40] As it 
was reported for α-CoII hydroxychlorides and α-CoII 
hydroxyhalides, the overall magnetism depend mainly on the 

amount of CoII(Td).[20] Nevertheless, as we have recently reported, 
in the case of hybrid α-CoII hydroxydicarboxylates, 
𝐶𝐶𝐶𝐶5 (𝑂𝑂𝑂𝑂)8 [(𝐶𝐶𝐻𝐻2)𝑛𝑛(𝐶𝐶𝐶𝐶𝐶𝐶)2] with n from 1 to 8, the magnetic 
behaviour can be dramatically modified by changing the parity of 
the organic linker: while odd members present TM < 20 K the even 
ones have TM > 55 K, exclusively, even with a fixed amount of 
CoII(Td). This is related to the torsions in the orientation of the 
carboxylic groups and the CoTd-OCOO distances.[31] 
The magnetic experimental results for each sample are 
summarized in Figures S13-18 and Table S6, while Figure 4 and 

 
Figure 4. Magnetic characterization for α-Co-01 (left panel, green) and α-Co(HT)-H (right panel, grey) samples containing chloride as interlayer anion. 
Magnetic susceptibility as a function of temperature (𝜒𝜒M vs T) with an external applied field of 1000 Oe; the inset represents the thermal dependence of 
𝜒𝜒M·T and the fitting of the 1/𝜒𝜒M to a Curie–Weiss law (A and E). FC/ZFC with an external applied field of 100 Oe (B and F). Hysteresis cycle at 2 K; the 
inset depicts the low field region (C and G). Thermal dependence of dynamic susceptibility for the in-phase (𝜒𝜒M’) and’ the out-of-phase (𝜒𝜒M’’) signals at 1, 
10, 110, 332 and 997 Hz (D and H). 
 



Table 1 compile the main relevant parameters for the hexagonal 
particles, α-Co-1 vs α-Co(HT)-H. It is important to point out that 
the magnetism of this hydrothermally synthesized crystal has 
never been reported before. Generally, all samples present a 
similar magnetic behaviour (Table S6), as expected according to 
the structural characterization. The DC susceptibility 
measurements (χM) exhibit a continuous increase upon cooling, 
with a pronounced growth starting at ca. 45 K. Moreover, the χM·T 
product also increases, exhibiting a sharp peak at around 34 K 
(Figure 4A and 4E). From the temperature-independent 
component in χM·T, the absence of extrinsic magnetic impurities 
such as CoIII spinels can be confirmed, highlighting the phase 
purity in all the cases (Figure 4, inset).[41,42] 
To gain deeper insights into the magnetic behaviour, the inverse 
of the magnetic susceptibility (1/χ) can be fitted according to a 
Curie–Weiss law in the 200–300 K region (Figure 4, inset). In all 
cases an overall ferromagnetic behaviour can be deduced by θCW 
> 0, in agreement with previous reports for α-CoII 
hydroxychlorides with CoII(Td) lower than 0.3 (Table 1).[20,40] 
Furthermore, by plotting the data for C and θCW according to 
equation (1): 

𝐶𝐶
𝜒𝜒|𝜃𝜃𝐶𝐶𝐶𝐶| + 𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝐶𝐶𝐶𝐶) =

𝑇𝑇
𝜃𝜃𝐶𝐶𝐶𝐶

 (eq.1) 

positive and negative deflections from the ideal θCW behaviour can 
be clearly observed, which are indicative of compensated and 
uncompensated interactions, respectively.[40] In all cases, the 
observed compensated interactions suggest AF coupling 
between the layers (Figure S19).[20,40] From field-cooled and zero 
field-cooled (FC/FZC) DC measurements we extracted blocking 
temperatures (TB) centred around 32 K (Figure 4B and 4F). In 
dynamic AC susceptibility measurements (in-phase and out-of-
phase), magnetization temperatures below 40 K are determined 
(Figure 4D and 4H, TM, defined as the point in which χ''M ≠ 0). 
Hysteresis loops recorded at 2 K further confirm the spontaneous 
magnetization, where a large spin-orbit coupling is evidenced by 
the magnitude of the coercive field (Hc). In all cases we observed 
Hc higher than 3400 Oe (Figure 4C and G).[43] 

So far, all the samples seem to be identical in terms of the overall 
magnetic behaviour without clear correlations either by the initial 
synthetic conditions nor the recrystallization process, in perfect 
agreement with previous reports.[20,40] 
However, by analysing in detail the FC/ZFC and in-phase/out-of-
phase dynamic AC susceptibility, different magnetic features can 
be observed, highlighting the complex magnetic structure of this 
type of compounds.[40] Indeed, while sample α-Co-1 presents 
three peaks at 9, 25 and 34 K, in the case of sample α-Co(HT)-H 
the broad peak at 25 K is missing. Additionally, different 
dependences with the frequency are observed. These results 
suggest the presence of different sublattices or microdomains,[40] 
which could be modified due to the synthetic conditions, even for 
an identical chemical composition. 
Taking advantage of our previous experience in the description of 
these layered hydroxides by DFT+U simulations,[20,21,31,35,44] we 
decided to tackle this complex structural scenario studying the 
possibility of having different CoII(Td) spatial distributions within 
the layers, i.e.: in-plane CoTd-clustering. In this line, a supercell 
with the general formula 𝐶𝐶𝐶𝐶13𝑂𝑂ℎ𝐶𝐶𝐶𝐶6𝑇𝑇𝑇𝑇(𝑂𝑂𝑂𝑂)32𝐶𝐶𝐶𝐶6 was employed to 
generate different CoTd-clusters. In all cases, F coupling between 
Co atoms in the same environment, and AF coupling between the 
CoII(Td) and CoII(Oh) atoms were contemplated. Considering 
symmetry restrictions, we identified eight representative 
superstructures (i.e.: CoTd-clusters). Due to the high energy for 
neighbouring CoTd sites as a consequence of the Cl–Cl steric 
repulsion (~150 meV), those clusters were excluded.[31] After 
performing the atomic relaxation of the structures, the relative 
energy for each CoTd-cluster, expressed per Co atom (meV/Co), 
provides a tool to divide them in three groups (A, B and C). Figure 
5 compiles the simulated structures; the energy values can be 
found in Table S7. While group A presents the lowest relative 
energies (<0.5 meV), groups B and C depict energy values higher 
than 20 meV. These results seem to suggest that the stability of 
the CoTd-clusters is strongly correlated with the distance between 
the CoII(Td) moieties, mainly affected by Cl–Cl steric repulsion. 
However, taking into account that the energy differences between 
these three cluster groups (A, B and C) are around the thermal 
energy at room temperature (kT ~ 25 meV), all of them represent 
accessible conformations/states for the system from a 
thermodynamic point of view. Hence, the synthetic conditions 
(alkalinization rate, chloride concentration, temperature) can 
modify the CoTd clustering. These results are in line with the report 
of Nielson et al. who showed the presence of distinct clustering in 
α-CoII hydroxychlorides synthesized at room temperature when 
different CoTd:CoOh ratios are compared, by employing 
synchrotron X-ray total scattering.[45] 
Clustering in LHs is an interesting topic that deserves to be 
explored. For instance, in the case of NiFe LDHs, FeIII-clustering 
results in a spin frustration[46] which affects the catalytic behaviour 
of Fe centres for the water splitting reaction.[47] In fact, in the case 
of ZnAl LDHs, Nielsen et al. have reported how the effect of the 
synthesis (pH, metal ion concentration, and post-synthesis 
treatment) can affect the local (atomic) and global structure.[48] By 
employing solid state 1H, 27Al and 67Zn NMR, they have 
demonstrated that a careful pH control, followed by hydrothermal 
treatment is the most appropriated pathway to avoid Al-rich 
phases (AlIII-clustering). Hence, the magnetic transition at ca. 35 
K observed for α-CoII hydroxychlorides hydrothermally 
synthesized could suggest that under high temperature conditions 
the system is able to recrystallize toward the most stable scenario, 

 
Figure 5. Relative energy expressed as meV/Co as a function of the 
different evaluated CoTd-clusters. According to the relative energy of each 
of one, three groups are defined. 

Table 1. Main magnetic data and parameters for α-CoII hydroxychloride phases. χ·TRT value at room temperature; experimental Curie 
constant (C); Weiss constant (θ); temperature of the divergence of the ZFC and FC magnetic susceptibility (TB); temperature for the onset 
of spontaneous magnetization extracted from the χ″M plot (TM); saturation magnetization (MS); remanence magnetization (MR); coercive 
field (HC). 
 

Samples χ·TRT 

(emu·K/mol) 
C 

(emu·K/mol) 
θ 

(K) 
TB 
(K) 

TM 
(K) 

MS 
(μB) 

MR 
(μB) 

HC 
(Oe) 

α-Co-01 2.64 2.8 21.2 31.5 33.8 1.06 0.47 3428 
α-Co(HT)-H 2.75 3.1 38.7 32.7 36.5 1.00 0.45 3938 

 



minimizing the clustering (i.e.: Cl–Cl steric repulsion). In any case, 
these results would need to be contrasted with other techniques, 
especially studying individual single crystals, trying to understand 
the role of the CoTd-clustering on the electronic structure, which 
might affect magnetism or electrocatalytic performance. 
 
In conclusion, we presented the room temperature bottom-up 
synthesis of ultrathin layered hexagonal magnets based on α-CoII 
hydroxychlorides exhibiting diameters higher than 5 μm and 
thicknesses of 20±7nm, with a very high aspect ratio of >250. This 
synthetic approach, based on the epoxide route is extremely 
easy, highly reproducible, and scalable. In addition, by tuning the 
initial synthetic conditions, other particle shapes and sizes can be 
obtained. These 2D multilayers behave as ferrimagnets with 
magnetization temperatures of ca. 33K and coercive fields >3400 
Oe. Interestingly, even if the initial conditions do not affect the 
chemical composition, magnetic characterization and DFT+U 
calculations alert about different magnetic sublattices or 
microdomains as a consequence of distinct CoTd clustering. 
This work outperforms any liquid phase exfoliated layered 
hydroxide reported to date in terms of size-thickness relationship 
by at least three orders of magnitude,[38,39] thus paving the way for 
the development of 2D ɑ-CoII nanomaterials applications.  
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