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Abstract

Research on two-dimensional materials is one of the most relevant fields in materials science. Layered double hydroxides (LDHs),
a versatile class of anionic clays, exhibit great potential in photocatalysis, energy storage and conversion, and environmental appli-
cations. However, its implementation in real-life devices requires the development of efficient and reproducible large-scale synthe-
sis processes. Unfortunately, reliable methods that allow for the production of large quantities of two-dimensional LDHs with well-
defined morphologies and high crystallinity are very scarce. In this work, we carry out a scale-up of the urea-based CoAl-LDH syn-
thesis method. We thoroughly study the effects of the mass scale-up (25-fold: up to 375 mM) and the volumetric scale-up (20-fold:
up to 2 L). For this, we use a combination of several structural (XRD, TGA, and N; and CO; isotherms), microscopic (SEM, TEM,
and AFM), magnetic (SQUID), and spectroscopic techniques (ATR-FTIR, UV-vis, XPS, ICP-MS, and XANES-EXAFS). In the
case of the volumetric scale-up, a reduction of 45% in the lateral dimensions of the crystals (from 3.7 to 2.0 um) is observed as the
reaction volume increases. This fact is related to modified heating processes affecting the alkalinization rates and, concomitantly,
the precipitation, even under recrystallization at high temperatures. In contrast, for the tenfold mass scale-up, similar morphologi-
cal features were observed and assigned to changes in nucleation and growth. However, at higher concentrations, simonkolleite-like
Co-based layered hydroxide impurities are formed, indicating a phase competition during the precipitation related to the thermo-
dynamic stability of the growing phases. Overall, this work demonstrates that it is possible to upscale the synthesis of high-quality
hexagonal CoAl-LDH in a reproducible manner. It highlights the most critical synthesis aspects that must be controlled and
provides various fingerprints to trace the quality of these materials. These results will contribute to bringing the use of these 2D lay-

ered materials closer to reality in different applications of interest.
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Introduction

Since the discovery of graphene [1], research on two-dimen-
sional (2D) materials has become one of the most relevant
topics in physics, chemistry, and (nano)materials science [2-4].
These materials play a key role both from a fundamental point
of view and regarding potential applications in electronic
devices, drug delivery, and energy storage and conversion, to

name a few [5-8].

Layered materials range from monoelementals (i.e., graphene,
silicene, germanene, or pnictogens (P, As, Sb and Bi)) to multi-
elementals (e.g., boron nitrate, metal dichalcogenides, MXenes,
layered metal/covalent organic frameworks, or layered hydrox-
ides/oxides) [9-11]. These systems exhibit an enormous vari-
ability in their physicochemical properties, which are defined

by their layer-to-layer interactions and chemical composition.

One of the most interesting families is that of layered double
hydroxides (LDHs), which are characterized by having a posi-
tive charge, hence the name “anionic clays”. This family exhib-
its hydrotalcite-like structures consisting of infinite positively
charged layers containing M and M octahedral cations
connected by p3-OH bridges that interact electrostatically with
interlayer anions. Typically, LDHs can be represented by the
chemical formula [Mln,xMLH (OH)]** (A”f)x/,,(Sv)m, where M
represents cations (e.g., Mg, Zn, Co, Ni, Cu, Al, Fe, or Cr) and
x the metallic ratio (typically, 0.20 < x < 0.33). A"~ symbolizes
a constituent ranging from (in)organic anions to macromole-
cules, and Sv stands for solvent molecules. This general compo-
sition leads to a plethora of highly tunable systems [12-16] with
relevance in environmental applications [17], photocatalysis
[18], energy storage and conversion [19-21], quantum materials
[22,23], and others [24]. This wide range of potential applica-
tions makes the development of reliable scaling processes

crucial.

Usually, LDHs are obtained by different synthesis procedures
such as co-precipitation [25], hydrothermal synthesis [13],
sol-gel methods [26], mechanochemistry [27], or the epoxide
route [28], to name a few [29]. Among them, hydrothermal
methods based on ammonium-releasing reagents (ARRs), com-
monly urea or hexamethylenetetramine, are especially interest-
ing since they allow one to obtain large and highly crystalline
particles [30-32]. The ARR decomposes at temperatures above
70 °C, which leads to the alkalinization of a solution containing
cation reagents, eventually triggering the precipitation of LDHs
[13,33-35]. The experimental conditions (concentration, sol-
vent mixture, and temperature) will define the alkalinization
rate, which (mainly) controls the nucleation and growth pro-
cesses, and therefore particle size, morphology, and crys-
tallinity [33,36,37].
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Attempts to upscale the production of LDHs included incre-
menting the concentration of the reactants [38,39], the use of
large-scale reactors [40,41], byway co-precipitation, and
mechanochemical approaches [27]. Although these methods can
produce materials on a large scale, they are very limited in pro-
viding materials with controlled morphology, size, or crys-
tallinity [42]. This issue can be partially solved using continu-
ous flow techniques [43,44]. Yet, reliable scaling methods that
allow for the production of large quantities of two-dimensional
LDHs with well-defined morphologies and high crystallinity are
Very scarce.

Herein, we thoroughly study the scale-up of CoAl-LDH synthe-
sis by a urea alkalization method. We explore both volumetric
(increment in reactor size) and mass (increment in the reagent
concentration) scale-up processes. In the mass scale-up process,
the increment in the concentration (25-fold that of the reference
condition) triggers the appereance of simonkolleite-like
Co-based impurities due to phase competition during the precip-
itation process (thermodynamic aspects). In the volumetric ap-
proach, pure CoAl-based LDHs are obtained, size and shape
(edge sharpness) of which highly depend on the heating proce-
dure, even after 48 h of recrystallization (kinetic aspects). Our
results suggest that either an up to tenfold mass scale-up or a
20-fold volumetric scale-up can provide pure CoAl-based LDH

materials exhibiting comparable morphology and crystallinity.

Interestingly, while in the case of the volumetric scale-up, the
kinetic issues could be solved by a better control over the
heating process, the thermodynamic aspects (phase competi-
tion) [30,45] exclusively depend on the nature of the involved

cations.

Results and Discussion

In order to analyse the effect of the scale-up on the obtained
LDH materials, we have selected as reference the experimental
conditions for the synthesis of CoAl-LDHs reported by Liu et
al. [13], which currently arises as one of the most cited papers
describing the synthesis of LDH phases. The aforementioned
experimental conditions have been labeled as “x1”. The experi-
ments featuring an increment in the initial volume (i.e., volu-
metric scale-up) or initial reagent concentration (i.e., mass
scale-up) will be designated as xYV and xYM, respectively.
Here, Y is the factor of the scale-up. In the case of the mass
scale-up, a 100 mL two-necked round bottom flask was em-
ployed. For the volumetric scale-up, different two-neck round
bottom flasks ranging from 500 to 2000 mL were used. In all
experiments, the same hotplate stirrer RET Basic (IKA,
Germany) was used to keep the temperature at 97 °C. The

whole synthesis process (heating, precipitation and cooldown)
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was carried out under stirring (750 rpm). Scheme 1 depicts the
experimental approach of this work, highlighting key structural
parameters of the CoAl-based LDH structure.

Figure 1A depicts the PXRD patterns for the obtained pale pink
solid samples. The pattern of reference sample x1 exhibits the
typical reflections expected for a CoAl-LDH structure. Specifi-
cally, the two main signals located at 11.72° and 23.62°,
indexed as (003) and (006), are assigned to the interlayer reflec-
tions, revealing a basal space distance (dgg) of 7.56 A. This
value is in perfect agreement with a CoAl LDH phase contain-
ing carbonate as interlayer anion [13]. Furthermore, from the
signal at around 60°, corresponding to the (110) planes, the pa-
rameter a (related to the M—O distance) can be estimated to a
value of 3.07 A, which is in agreement with a CoAl-based LDH
exhibiting a Co/Al ratio of 2:1 [13,15]. The scale-up samples
depict PXRD patterns similar to that of reference x1, suggesting
the formation of analogous CoAl LDH phases. However, in the
case of sample x25M, the existence of a second set of inter-
layer reflections (denoted with asterisks in Figure 1A), corre-
sponding to a layered structure with dgg = 7.8 A, suggests the
presence of an impurity. Also, the (003) reflection of x10M ex-
hibits an asymmetry in comparison to samples x1 and x10V
(see Figure S1 and Figure S2, Supporting Information File 1).
Table S1 summarizes the values of dgg and parameter a for all

samples.
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Attenuated total reflectance Fourier-transform infrared spectros-
copy (ATR-FTIR) provides valuable information about the
nature of the layered hydroxide structure and the intercalated
anions (Figure 1B). In the case of the reference x1, the spec-
trum displays a broad signal at ca. 3400 cm™', which corre-
sponds to the OH stretching vibrations typically attributed to
interlayer water molecules, as confirmed by the extra signal at
1600 cm™! (water bending mode). The presence of carbonate as
interlayer anion is confirmed by the vibration bands centered at
1350 and 775 cm™!. Finally, peaks below 750 cm™! are related
to the Co/Al-O vibrational bands [13,46,47]. Overall, a CoAl-
LDH containing carbonate as interlayer anion is observed.
Interestingly, in the case of sample x25M, a shift in the
carbonate bending signal (from 775 to 740 cm™!, denoted with a
diamond) and the appearance of a shoulder at 581 cm™!
(denoted with an asterisk) indicate the presence of the impurity
already observed by PXRD (see also Supporting Information

File 1, Figure S3) [48].

Aiming to determine the identity of the impurity observed in
sample x25M, X-ray photoelectron spectroscopy (XPS) was
conducted (Figure 1C). In the case of reference x1, the ob-
served main peaks at 781.23 eV (Co 23/2) and 797.36 eV
(Co 21/2), as well as their satellites at 783.13 and 798.83 eV,
confirm the occurrence of Col [15,49]. The XPS spectra of the
samples x20V and x25M are indistinguishable from that of

V= x10V, V= x20V,
[Al=[A]

[A]Z:z\éi[Ai]

£ -

i V= V'\
[A]=x5[A]

[Al=x10[A]

Scheme 1: Right: Schematic representation of volumetric and mass scale-up approaches. Left: LDH structure highlighting both crystal facets, xy (in-
plane) and z (out-of-plane) views and the crystallographic parameters basal space distance (dgs) and parameter a.
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Figure 1: (A) PXRD patterns exhibit the layered nature of the obtained samples. Indexation according to [13]. (B) ATR-FTIR spectra. (C) High-resolu-
tion XPS spectra for Co 2p (2ps/2 and 2p4,2) in the range of 810-770 eV. (D) UV-vis spectra pointing out the marked differences between the octahe-
dral Co'l(Oh) and tetrahedral environments Co'!(Td) of cobalt for the scale-up samples.

reference x1, suggesting the lack of Colll

in the impurity of
sample x25M. Supporting Information File 1, Table S2 com-

piles further information related to the XPS signals.

Finally, UV—-vis spectroscopy has demonstrated to be a power-
ful technique for layered hydroxide characterization, especially
in the case of earth-abundant 3d cations where this technique
can provide information about coordination environments and
oxidation states [50]. The spectrum of reference x1 depicts a
main signal at 525 nm containing high-left and low-right shoul-
ders around 492 and 450 nm. The shape and the position of
these d—d electronic transition bands are assigned to the
4T 5 =*T (P) and *Tj,—*A,,(F) transitions in octahedral
divalent cobalt cations (Co'!(Oh)) [31,51,52]. However, the
sample x25M contains an extra band with a double peak around
650 nm resembling that of Co-based simonkolleite-like struc-
tures, also known as a-Co LH [31]. Indeed, this signal can be
ascribed to the *A,(F)—*T;(P) transition, corresponding to
Co'l(Td), where the exact position depends on the nature of the
coordinated anions [53]. Sample x10M also exhibits this extra
band, but less intense and only noticeable when the values of
absorbance are normalized (Supporting Information File 1,
Figure S4). Thus, considering the peaks at 610 and 665 nm, the

impurity could be associated to a simonkolleite-like a-Co!! LH
structure (see control experiments and further characterization
in Figure S5 and Figure S6, Supporting Information File 1).
Regarding sample x10M, the asymmetry of the (003) reflection
observed in PXRD can be an indicator of the presence of an
impurity. Furthermore, we have characterized these samples by
conventional SQUID magnetic measurements. Despite the acute
differences in the magnetic behavior of Co-based LDH and
simonkolleite-like a-LH [46,54,55], the impurities do not lead
to significant changes beyond slight variations in the DC mag-
netic susceptibility and the out-of-phase contribution of the
dynamic susceptibility (Figure S7 and Figure S8, Supporting
Information File 1).

The appearance of a-Co LH with increasing reagent concentra-
tion (sample x25M) indicates a typical precipitation competi-
tion scenario, where the initial conditions can modify the rela-
tive thermodynamic stability of the growing phases. Indeed, the
occurrence of a-Co LH as an impurity in the early precipitation
stages has been already reported in the case of the synthesis of
B-Co(OH), [30] and CoAl-based LDHs [45]. Since this phase
competition is ruled by thermodynamic aspects, its occurrence

will depend on the chemical identity of the involved cations
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[30,45,56-58]. This has been observed in different large-scale
approaches, where different phases besides hydroxides have

been observed at high concentrations [59,60].

In order to provide a comprehensive understanding of the elec-
tronic and structural features resulting from the scale-up process
and aiming to quantify the amount of this Co-based a-LH impu-
rity, X-ray absorption spectroscopy (XAS) measurements were
performed at the CLASS BL22 beamline at the ALBA synchro-
tron. Figure 2A depicts the X-ray absorption near-edge struc-
ture (XANES) spectra for the Co K edge. In all samples, the
presence of Coll is confirmed regardless of the synthesis condi-
tions [31,50,61]. Nevertheless, sample x25M shows differences
in the intensity of the white line and in the resonances behind
the absorption edge, compared to the other samples studied. At
first glance, this would indicate that, although all Co atoms are
in the same oxidation state (2+), they would be found in differ-
ent environments, as suggested by PXRD and confirmed by
UV-vis spectroscopy. This means the presence of the a-Coll
LH impurity. To quantify its fraction, the spectrum of sample
x25M was reproduced by using a linear combination of CoAl-
LDH and a-Co™ LH reference spectra. Figure 2B depicts the
result of the fits, where excellent agreement is achieved using
57% of LDH and 43% of a-Co™ LH. This analysis is an excel-
lent example to show that XANES is a useful technique for LH
structure quantification. A detailed description of the structural
features of the scale-up samples determined by extended X-ray
absorption fine structure (EXAFS) measurements, the used
model, and the corresponding fits can be found in Supporting
Information File 1 (Figure S9 and Table S3).

A

Beilstein J. Nanotechnol. 2023, 14, 927-938.

Thermal decomposition in both inert (nitrogen) and oxidative
(air) atmospheres was measured through thermogravimetric
analysis (TGA). Typically, the decomposition of layered
hydroxide structures consists of at least two main mass loss
steps. The first, below 200 °C, is related to the release of physi-
sorbed and interlayer water. The second one consists of the loss/
decomposition of the interlayer anion and the concomitant
dehydroxylation process, which leads to the collapse of the lay-
ered hydroxide structure [13,54]. The TGA curve of reference
x1 in air (Figure 3) shows a first mass loss step of ca. 12% at
207 °C and a second one of around 14% at 276 °C, which are in

agreement with the literature [13,15]. All pure scale-up sam-

x25M

X10M

X5M N

x1 10%

0,
5V 17%

R
R

300

Mass (a.u.)

100 200 400 500 600

Temperature (°C)

Figure 3: TGA analysis using a heating rate of 5 °C-min~" in air of the
scale-up samples.

B .
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Figure 2: (A) Normalized XANES spectra at the Co K edge for the obtained samples. The grey line depicts the position of the absorption edge charac-
teristic to Co!!. (B) Linear fit combination by employing CoAl-LDH and a-Co LH as references, suggesting fractions of 57% of LDH and 43% of the

impurity.
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ples exhibit the same TGA profile with only subtle differences
in terms of mass loss percentage and decomposition tempera-
ture (see Supporting Information File 1, Table S4), which in
principle could be related to morphological aspects, vide infra.
As expected, the PXRD analysis of the calcined solids con-
firmed the formation of Co,AlOy4 spinel (see Figure S10, Sup-
porting Information File 1) [62]. Once again, sample x25M
shows differences in terms of thermal behavior, resembling
simonkolleite-like o-Co™! LH samples (see Figure S11, Support-
ing Information File 1) [30,52,55]. TGA curves in inert atmo-
sphere can be found in Supporting Information File 1, Figure
S12.

Inductively coupled plasma mass spectrometry (ICP-MS) was
employed to assess quantitatively the precipitation of the
cations. It confirmed a Co/Al ratio of 2.0 = 0.1. Hence, the for-
mation of pure CoAl LDH samples containing carbonate
as interlayer anion and exhibiting the chemical formula
[Cop 6l 54(OH),1(CO3)g,17(H,0)g 7 (see also Supporting
Information File 1, Table S5 ) can be safely confirmed for both
volumetric and mass scale-up approaches, up to 25-fold and

tenfold, respectively.

Considering the experimental conditions for the production of
pure CoAl-based LDH, we decided to compare the synthesis
performance in terms of the space—time yield (STY). The STY
value, defined as the amount of material (in kg) that can be pro-
duced per volume (in m3) per day, provides a good parameter to
compare different synthesis protocols, as it has been demon-
strated for metal-organic frameworks [63-65]. As expected,
no-changes in STY values for the volumetric scale-up are ob-
served, while in the case of the mass scale-up, there is a linear
relation between STY values and initial concentration (Table 1).
Supporting Information File 1, Table S6 compares the obtained
STY values with those ones from other synthesis approaches
such as co-precipitation and hydrothermal [39-41,65-69],
mechanochemistry [27], and continuous flow methods [43,44].

Table 1: Space-time yield (STY) values for the synthesis procedures
of pure CoAl-based LDH samples. In all cases, a synthesis time of

48 h is considered. Additionally, g-L=" and L-kg~ values are also provi-
ded.

Sample STY (kg'm3-day~") g-L-! Lkg™!
x1 0.23 0.46 2174
x5V 0.23 0.46 2174
x10V 0.23 0.46 2174
x20V 0.23 0.46 2174
X5M 1.15 2.3 434
x10M 23 4.6 217

Beilstein J. Nanotechnol. 2023, 14, 927-938.

After the limits for the scale-up of CoAl-based LDH synthesis
through an ARR method had been demonstrated, morphologi-
cal aspects were addressed by means of scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and atomic force microscopy (AFM) (Figure 4 and Figure 5).
For reference x1, well-defined hexagonal single crystals of
around 3.7 = 1.0 pm are observed, in good agreement with [13].
Interestingly, pure CoAl-based LDH scale-up samples exhibit a
reduction of around 45% in size and a lack of sharp edges,
regardless of the synthesis approach. In the case of mass scale-
up protocols, these differences can arise from differences in the
nucleation and growth processes because of increased concen-
tration and ionic strength of the reagents, modifying the whole
precipitation process [33]. However, the differences are
surprising in the case of the volumetric scale-up approach
where the initial concentrations were kept constant. Aiming to
provide further information, the temperatures of the solutions
were measured during the early stage of the volumetric experi-
ments. According to Figure S13 (Supporting Information
File 1), the required time to reach the final temperature in-
creases sixfold from reference x1 to sample x20V, evidencing
differences in heat transfer. Hence, considering that the precipi-
tation kinetics is controlled by the alkalization process (i.e., the
hydrolysis of urea, which depends on the temperature [35]),
modifications in the heating process can affect the final size and
shape of the particles [69]. This occurs surely through modifica-
tion of the pristine Al-based hydroxide seeds [28,45,61,70], but
even in processes where recrystallization can easily take place.
Figure S14 and Table S7 (Supporting Information File 1) sum-
marize the average size and standard deviation values as func-
tions of the experimental conditions extracted from SEM analy-
sis.

Besides slight differences in size and morphology (sharpness of
the edges), the AFM comparison of single hexagonal platelets
of reference x1 and sample x20V shows a similar thickness of
around 85 nm (Figure 5A,B and Supporting Information File 1,
Figure S15). Finally, textural properties were also evaluated by
N, and CO; adsorption—desorption isotherms to observe
possible changes in the surface area of the samples. Figure 5C
shows the N isotherms at 77 K. The samples present type-1V
adsorption isotherms (according to IUPAC classification) with
an H3 hysteresis loop [71-76] and a low specific surface area
(<50 m?/g) as previously reported [46]. Additional data, such as
pore contributions (micro-, meso- and macropores) and other
textural parameters, are compiled in Figure S16 and Table S8
(Supporting Information File 1).

To conclude, regarding the obtained pure CoAl-LDHs, both

scale-up processes lead to subtle modifications of the morpho-

logical aspects, which can be understood in terms of changes in
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Figure 4: Microscopic characterization of CoAl-based LDH samples through (left) SEM and (center) TEM, and (right) the respective average size
histograms.
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(C) Adsorption isotherms of samples x1 and x20V.

nucleation, growth and precipitation (mass scale-up), and differ-
ent alkalization rates (volumetric approach).

Conclusion
In this work, the effects of the scale-up of a CoAl-LDH synthe-

sis have been examined for both mass and volumetric ap-

Beilstein J. Nanotechnol. 2023, 14, 927-938.

proaches. Pure CoAl-LDH can be obtained up to a tenfold con-
centration increase with subtle morphological modifications,
related to changes in nucleation and growth (ionic strength
increment). At a 25-fold concentration increase (x25M), the for-
mation of a simonkolleite-like Co-based layered hydroxide
impurity is observed, indicating phase competition during
precipitation related to the thermodynamic stability of the
growing phases. In the case of the volumetric scale-up, a reduc-
tion of ca. 45% of the particle size is observed as the volume in-
creases. This feature is related to changes in the heating process
(heat transfer) modifying the alkalinization kinetics and the con-
comitant precipitation process, even after 48 h of recrystalliza-
tion. These results suggest that the final LDH morphology (size
and sharpness and thickness of edges) is closely related to the
growth of Al(OH)3-based seeds.

Hence, while the issues of the volumetric scale-up can be
solved by accurate control of the heating process during the
reaction, the drawbacks of the mass scale-up depend on the
nature of the involved cations, requiring their specific optimiza-
tion.

Overall, this work demonstrates, by means of several structural,
microscopic, and spectroscopic techniques (including XANES-
EXAFS synchrotron experiments), that the reproducible large-
scale synthesis of high-quality morphologically controlled
CoAIl-LDHs is feasible, pinpointing the most critical synthesis
aspects that should be controlled. Furthermore, this work offers
reliable characterization fingerprints for controlling the quality
and phase purity of these appealing anionic clays. These results
may pave the way for the use of these 2D layered materials in

different applications of great interest.

Experimental

Chemicals

Cobalt chloride hexahydrate (CoCly-6H,0), aluminium chlo-
ride hexahydrate (AlCl3-6H,0), urea, and ethanol (EtOH) were
purchased from Honeywell. All chemicals were used as
received. Milli-Q water was obtained from a Millipore Milli-Q

equipment.

Synthesis

Synthesis method based on urea hydrolysis

The synthesis of the CoAl layered double hydroxide phase was
carried out by hydrolysis of urea in a two-neck flask (with a
reflux condenser) using 50 mL of an aqueous solution of the
metal salts at 97 °C for 48 h under Ar atmosphere. The system
was continuously stirred (750 rpm) during the whole synthesis
process (heating, precipitation, and cooldown). Initial concen-
trations were fixed to [CoCl,] = 10 mM, [AICl3] = 5 mM, and
[urea] = 35 mM.
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Volumetric scale-up

The volumetric scale-up of the LDH synthesis was carried out
by using the same conditions as above, using two-neck round
bottom flasks of 500, 1000, and 2000 mL with reaction volumes
of 50, 250, 500, and 1000 mL, increasing the initial volume
fivefold, tenfold, and 20-fold, respectively.

Mass scale-up

The mass scale-up of the LDH synthesis was carried out by
using the same reaction volume as that of the urea hydrolysis,
but increasing the concentration of reagents fivefold, tenfold,
and 25-fold. The initial concentrations for each sample in the
scale-up were fixed to (1) X5M: [CoCl,] = 50 mM, [AICl3] =
25 mM, and [urea] = 175 mM; (2) X10M: [CoCl,] = 100 mM,
[AIC13] = 50 mM, and [urea] = 350 mM; and (3) X25M:
[CoCl,] = 250 mM, [AICI3] = 125 mM, and [urea] = 875 mM.
All obtained solids were filtered, washed three times with H,O,
H,O/EtOH, and finally with EtOH. The samples were dried at
room temperature and kept in desiccators until further charac-
terization.

Synthesis of a-Co layered hydroxide

The a-Co layered hydroxide synthesis was carried out at room
temperature by using the epoxide route for a period of 48 h
under constant stirring with solutions of [CoCl,] = 10 mM and
[NaCl] = 100 mM, in the presence of glycidol, [Gly] = 500 mM.

Chemical and structural characterization
Powder X-ray powder diffraction (PXRD) patterns were ob-
tained on a PANalytical Empyrean X-ray platform with a capil-
lary platform and copper radiation (Cu Ka = 1.54178 A).
Measurements were carried in triplicate in the 2-theta range of
2-70° with a step size of 0.02°/step and an integration time of
1s.

Attenuated total reflectance Fourier-transform infrared spectros-
copy (ATR-FTIR) spectra were collected on a Bruker alpha II
FTIR spectrometer in the 4000—400 cm™! range.

X-ray photoelectron spectroscopy (XPS) measurements were
recorded on a Thermo Scientific™ K-alpha X-ray photoelec-
tron spectrometer. Al Ka radiation was employed as X-ray
source. For all elements, more than 100 spectra were recorded
employing a step of 0.1 eV with a focused spot greater than
400 um. XPS data were analyzed with the Thermo Avantage
v5.9912 software. For the Co fits, FWHM values of 2.2, 2.9,
4.1, and 3.9 eV were employed for Py, P», Sy, and S,, respec-
tively.

UV-vis absorption spectra of the solid samples were recorded

in reflectance mode employing a Jasco V-670 spectrometer.
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Thermogravimetric analysis (TGA) was carried out on a
Netzsch TG 209 F1 Libra instrument in the 30-900 °C tempera-

ture range.

Magnetic data were collected over the bulk material with a
Quantum Design superconducting quantum interference device
(SQUID) MPMS-XL-5. The magnetic susceptibility of the sam-
ples was corrected considering the diamagnetic contributions of
their atomic constituents as deduced from Pascal’s constant
tables and the sample holder. The DC data were recorded under
external applied fields of 100 or 1000 Oe in the 2-300 K tem-
perature range. The AC data were collected under an applied
field of 3.95 Oe at 997, 333, 110, 10, and 1 Hz. All magnetic
measurements were carried out in eicosane, since this diamag-
netic material allows for a better immobilization of these small
anisotropic crystals, precluding any artefacts in the magnetic

measurements.

The porous texture of all prepared materials was characterized
by N, adsorption at 77 K and CO; at 273 K in an AUTOSORB-
6 apparatus. Prior to the measurements, the samples were
degassed for 4 h at 523 K and 5 x 107 bar. The desorption
branch of the N; isotherm was used to determine the pore size
distribution using the BJH method. The surface area was deter-
mined using the BET method. The micropores volumes were
determined by applying t-plot and DR methods.

X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) measurements were per-
formed at the BL-22 (CLASS) beamline of the ALBA synchro-
tron (Barcelona, Spain), proposal: 2022097096. XANES and
EXAFS Co K edge spectra were measured at room temperature
in transmission mode. Absorbents of as-synthesized fresh sam-
ples were prepared by paint spraying on carbon paper. The
optimum amount of material for the measurements was calcu-
lated by the program “Hephaestus”, which is part of the
Demeter package [77]. A Si(111) double-crystal monochro-
mator was used to obtain a monochromatic incident beam, and
the intensities of incident and transmitted X-rays were measured
using two ionization chambers. XAS spectra were collected
from 7590 to 8550 eV with a reduced step (0.2 eV) in the
XANES region (7690 to 7750 eV). The incident photon energy
was calibrated using the first inflection point of the Co K edge
(7709 eV) from a Co reference foil. For each sample, six spec-
tra were taken with exposure times of 4 min each to later be
averaged. XANES data treatment was performed by subtracting
the pre-edge background followed by normalization by extrapo-
lation of a quadratic polynomial fitted at the post-edge region of
the spectrum using the ATHENA AUTOBK background
removal algorithm [77]. The quantitative analysis of the

EXAFS results were performed by modeling and fitting the iso-
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lated EXAFS oscillations. The EXAFS oscillations x(k) were
extracted from the experimental data with standard procedures
using the Athena program part of the Demeter package. The
k2-weighted (k) data, to enhance the oscillations at higher k,
were Fourier-transformed. The Fourier transformation was
calculated using the sine filtering function. EXAFS modelling
was carried out using the ARTEMIS software [77]. Theoretical
scattering path amplitudes and phase shifts for all paths used in
the fits were calculated using the FEFF9 code [78]. The k range
was set from 2.3 to 12.1 A™L. The passive reduction factor Sg2
values were restrained to 0.8. This value was obtained from
fitting a standard foil of metallic Co and constraining the coor-
dination numbers to the corresponding structure.

Microscopy

Sample preparation

The dried solids were suspended in ethanol and drop cast onto
Au TEM grids covered with a lacy carbon film, and the solvent
was left to evaporate. SEM samples were prepared from the
same solution after 5 min of ultrasonication. The sonicated
suspension was spin-coated on a Si wafer (3000 rpm, 40 s),
washed with ethanol and dried afterward. For AFM, the sam-
ples were diluted in ethanol and drop-cast on a Si/SiO, wafer.
Si/Si0, wafers were washed by spin-coating ten droplets of
acetone and ten droplets of isopropanol prior to sample deposi-
tion.

Scanning electron microscopy (SEM)

Scanning electron microscopy data was acquired using a
Hitachi S-4800, with a beam energy of 5 keV. The samples on
silicon wafers were directly investigated without any surface
coating. Energy dispersive X-ray (EDS) spectroscopy studies
were performed on a Hitachi S-4800 microscope at an acceler-

ating voltage of 20 kV.

Atomic force microscopy (AFM)

AFM was carried out with a Bruker Dimension Icon micro-
scope in scan-assist-mode. A Bruker Scanasyst-Air silicon tip
with a diameter of around 10 nm was used to obtain images
with a resolution of 512 x 512 or 1024 x 1024 pixels. The
Gwyddion software was used for flattening and image correc-
tion.

Transmission electron microscopy (TEM)
Transmission electron microscopy was carried out using a
JEOL JEM-1010 at 100 kV accelerating voltage and a Tecnai
F20 operated at 200 kV. Images were acquired in bright-field
mode with an objective aperture selecting the unscattered
electrons. To record the images, an AMT RX80 8MP CCD
camera (JEOL JEM-1010) and a Gatan CCD 1k x 1k device
were used.
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Supporting Information

Supporting Information features additional structural,

spectroscopic, and magnetic characterization data.

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-14-76-S1.pdf]
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