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double hydroxides evolve? First in
situ insights into their synthesis processes†

G. Doungmo, ab A. F. Morais, c D. Mustafa, c T. Kamgaing, b E. Njanja, b

M. Etter, d I. K. Tonlé *b and H. Terraschke *a

Despite the importance of layered double hydroxides (LDHs) in catalysis, medicine and water treatment, the

crystallisation process of these materials is seldom investigated. In this study, in situ characterisation

techniques granted unprecedented experimental access to the formation dynamics of carbonate-

intercalated Mg2+/Al3+ LDHs as model system when applying the most relevant co-precipitation

approaches by exploring the effects of temperature and concentration of reactants. For this purpose,

a combinatorial multi-modal characterisation approach was applied involving in situ measurements of

pH, ion conductivity and light scattering, as well as synchrotron-based in situ X-ray diffraction (XRD).

Shortly after beginning the addition of basic solutions (i.e., sodium carbonate and sodium hydroxide) to

the solutions of magnesium nitrate hexahydrate and aluminium nitrate nonahydrate, a stable pH was

reached due to the uptake of hydroxyl ions for nuclei formation. Shortly after, crystal growth phase was

detected by an increase in the light scattering signal and confirmed via in situ XRD. Increasing the

concentration of reactants accelerated the onset of crystal growth by 70% without significantly changing

the crystallite size. On the other hand, increasing the temperature up to 65 °C showed a smaller

influence on the reaction kinetics but resulted in a two-fold increase in crystallite size. Adding the

solution of metal precursors to the basic solution, saturation was rapidly reached, without an induction

period, favouring the formation of very small crystallites of approximately 10 nm.
1. Introduction

Layered double hydroxides (LDHs), also known as anionic clays
or hydrotalcite-like compounds, are an important class of ionic
lamellar solids.1 Structurally, LDHs consist of positively charged
metal hydroxide sheets that are intercalated by anions and
water molecules.2 The general chemical formula of these
lamellar solids can be expressed as [M1−x

2+Mx
3+(OH)2]

x+[(An−)x/
n$yH2O] (abbreviated as M1−x

2+Mx
3+–A), where M2+/3+ are the

divalent/trivalent metal cations within the brucite-like layers
and An− are the charge-balancing anions.3 The identities of M2+,
M3+ and An− can be varied over a wide range of possibilities,
giving rise to a large class of multi-functional materials with
potential applications in catalysis,4a drug delivery,4b environ-
mental remediation,4c ion exchange,4d etc.
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A variety of methods, including co-precipitation,5a,b ion
exchange5c and the reconstruction of LDHs from calcined pre-
cursors,5d have been reported for the synthesis of LDHs. Co-
precipitation is the simplest, least expensive and most utilised
technique. Briey, an aqueous solution with the metal
precursor salts and a basic solution with the interlayer anion to
be incorporated into the LDH are used. Typically applied M2+/
M3+ metals are Mg2+, Fe2+, Co2+, Cu2+, Ni2+, Zn2+, Al3+, Cr3+,
Ga3+, In3+, Mn3+ and Fe3+.3a,6 Examples of interlayer anions are
F−, Cl−, Br−, CO3

2−, NO3
−, SO4

2−, MnO4
−, V10O28

6− and
Mo7O24

6−.7

Co-precipitation for LDH formation can be employed under
high and low supersaturation conditions. Co-precipitation at
low supersaturation conditions involves one of two approaches:
(i) the basic solution containing the desired interlayer anion is
slowly transferred into a vessel containing the solution with the
metal precursors;8 (ii) the solution with the metal precursors
and the basic solution are simultaneously transferred into the
reaction vessel containing water. In the latter case, the basic
solution is also used to regulate andmaintain a desired pH.9 Co-
precipitation at high supersaturation conditions involves the
addition of the solution with the metal precursors into the basic
solution.10

In situ characterisation techniques are important for gaining
insights on the effects of crucial reaction parameters on the
RSC Adv., 2022, 12, 33469–33478 | 33469
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formation of a targeted product; and for obtaining real-time
information on the processes involved in the nucleation and
crystal growth of solid materials. This allows a better control
over the crystallisation process and endowment of the desired
structure-related properties of the synthesised materials.11 In
situ characterisation techniques have been extensively applied
for studying the formation of metal–organic frameworks,12

luminescent complexes,11a,b quantum dots,13 thiostanates,14 etc.
Their application in the synthesis of LDHs is limited almost
exclusively to their post-synthetic modications. One example is
the application of in situ diffuse reectance infrared Fourier-
transform spectroscopy for investigating the changes of the
functional groups in LDH during the intercalation of organic
molecules such as (1-[2S]-3-mercapto-2-methylpropionyl)-L-
proline and 4-vinylbenzenesulfonate.15 Other important exam-
ples are time-resolved in situ energy-dispersive X-ray diffraction
(XRD)16 and in situ high-temperature XRD studies for moni-
toring the post-synthetic structural evolution of LDHs during
thermal treatments.17

In the present study, we investigated the formation of
Mg0.75Al0.25–CO3

2− LDH by applying in situ measurements of
pH, ion conductivity, light scattering and synchrotron-based
XRD. This combinatorial multi-modal approach is important
for acquiring fundamental insights into the crystallisation
processes of the LDHs at low and high supersaturation regimes
as well as understanding the effects of temperature and
precursor concentration on LDH nucleation and growth. To the
best of our knowledge, this is the rst study to report an in situ
investigation of the formation processes of LDHs during
synthesis.

2. Experimental
2.1. Materials

Magnesium nitrate hexahydrate (Mg(NO3)2$6H2O, 99.999%),
aluminium nitrate nonahydrate (Al(NO3)3$9H2O, 99.997%),
sodium hydroxide (NaOH, 97%), sodium carbonate (Na2CO3,
99.99%), iron(II) sulphate heptahydrate (FeSO4$7H2O 99.0%)
and sulphuric acid (H2SO4, 99.999%) were purchased from
Sigma-Aldrich (Darmstadt, Germany). All the chemicals were
used without further purication.
Table 1 Experimental conditions for the synthesis of Mg0.75Al0.25–CO3
2

Sample ID S1X Ag–S1X A

Approach A A A
Measurement set-up I II I
NaOH concentration (mol L−1) 0.2 0.2 0
Na2CO3 concentration (mol L−1) 0.02 0.02 0
Volume of basic solution (mL) 15 15 1
Volume of metal precursor solution (mL) 30 30 3
Mg(NO3)2$6H2O concentration (mol L−1) 0.06 0.06 0
Al(NO3)3$9H2O concentration (mol L−1) 0.02 0.02 0
Reaction temperature (°C) 25 25 2
Addition rate in (mL min−1) 0.5 0.5 0
Aging temperature (°C) RT 65 6
Aging time (h) 24 1 1

33470 | RSC Adv., 2022, 12, 33469–33478
2.2. Synthesis procedures

2.2.1. Approach A: dosing the basic solution into the metal
precursor solution. In approach A (Fig. S1, ESI†), 15 mL of an
aqueous Na2CO3 and NaOH solution (Na2CO3 : NaOH ratio 1 :
10) were added to the reaction vessel containing the aqueous
solution of Mg(NO3)2$6H2O and Al(NO3)3$9H2O. The concen-
trations, volumes, dosing rates and temperatures used for each
experiment are summarised in Table 1. Following co-
precipitation, the reaction solution was aged. This treatment
was applied to samples S1X, Ag–S1x–3X and Ag–S40–65°C. Sample
S1X was aged at room temperature (RT) for 24 h.18 The abbre-
viation “Ag” in some sample names indicates an alternative
aging step performed at 65 °C for 1 h. The abbreviations “1×”,
“2×” and “3×” represent the increases in the concentrations of
the reactants, for instance, by a factor of 1, 2 and 3, respectively,
while the superscripted values “40 °C” and “65 °C” indicate the
additionally applied reaction temperatures.

2.2.2. Approach B: dosing the metal precursor solution
into a pH-controlled basic solution. In approach B (Fig. S1†),
the metal precursor solution was dosed into the reaction vessel
at a rate of 0.5 mL min−1 and the basic solution was dosed
automatically to maintain a target pH of 10 (experiment SB,
Table 1). Aer dosing, an aging step at RT for 24 h was
conducted.

2.2.3. Approach C: dosing the metal solution into the basic
solution with no pH control. In approach C (Fig. S1†), the metal
precursor solution was dosed into the solution containing
Na2CO3 and NaOH (experiment SC, Table 1). Aer dosing, an
aging step at 65 °C for 1 h was performed.

2.2.4. Washing step. For all the syntheses conducted, the
nal solutions were centrifuged and the solid LDH materials
were washed with deionised water until the pH of the ltrate
was neutral and no NO3

− ions were detected during the brown
ring test.19 This test was performed by adding 25 mg of iron(II)
sulphate to 15 mL of the ltrate, followed by the slow addition
of approximately 3 mL of concentrated sulphuric acid. Aer 1 h,
a brown ring would form in the solution if NO3

− ions are
present (Fig. S2†). Aer washing, the solid products were dried
at 90 °C for 24 h.
− LDHs

g–S2X Ag–S3X Ag–S40°C Ag–S65°C SB SC

A A A B C
I I I II I

.4 0.6 0.2 0.2 0.2 0.2

.04 0.06 0.02 0.02 0.02 0.02
5 15 15 15 36.3 25
0 30 30 30 50 25
.12 0.18 0.06 0.06 0.06 0.06
.04 0.06 0.02 0.02 0.02 0.02
5 25 40 65 25 25
.5 0.5 0.5 0.5 0.5 0.5
5 65 65 65 RT 65

1 1 1 24 1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.3. Characterisation

2.3.1. Set-up I. Set-up I included an in situ crystallisation
cell (Mettler Toledo GmbH, Gieben, Germany, Fig. S3†) that
allowed the automatic control of temperature, stirring and
dosing. In situ measurements of pH and ion conductivity were
also possible. For the measurements of in situ light scattering,20

a light source (365 nm, Sahlmann Photochemical Solutions,
Germany) was positioned outside the reaction vessel and the
scattered light was collected using an optical bre submersed in
the reaction solution and coupled to a Fluorolog-3 spectrometer
FL322 (HORIBA Jobin Yvon GmbH, Unterhaching, Germany)
equipped with a Syncerity CCD detector, a R928P Photo-
multiplier and an iHR-320-FA triple grating imaging spectro-
graph. Set-up I was used in the investigations involving samples
S1X, Ag–S2X, Ag–S3X, Ag–S40°C, Ag–S65°C and SB.

2.3.2. Set-up II. Set-up II includes a Metrohm AG Titrando
dosing unit (Filderstadt, Germany, Fig. S3†) coupled to the in
situ measurements of pH and light scattering. Light scattering
measurements were performed using a 365 nm light source and
an optical bre submersed in the contents of the reaction
vessel, connected to a portable EPP2000 spectrometer (Stellar-
Net Inc., United States) equipped with a CCD-based detector. In
situ XRD measurements (60 keV) were performed at the P02.1
PETRA III beamline (Fig. S4†)21 at the Deutsches Elektronen-
Synchrotron (DESY, Hamburg, Germany) using a XRD1621
detector (2048 × 2048 pixels, 200 mm pixel size, PerkinElmer
Technologies, Walluf, Germany). As explained in detail in our
previous studies,22 a glass reaction vessel was adapted with
a concave cavity on one of its walls to decrease the path length of
the X-ray beam through the reaction volume. The glass vessel
was placed in a reactor holder equipped with an integrated
stirring system designed to exibly t on different beamlines
without requiring realignment aer each reaction. In the
reactor holder, two openings allowed for the passage of the X-
ray beam and ultraviolet light. The temperature of the reac-
tion solution was controlled using a LR 316 unit (JUMOGmbH &
Co. KG, Germany). Set-up II was used in the investigations
involving samples Ag–S1X and SC. For clarity, the in situ XRD
data was treated following the method suggested by Platero-
Prats et al.23 regarding the in situ pair-distribution function
measurements. Thus, our in situ XRD data were normalised to
overcome the oscillation of the intensity of the synchrotron X-
ray beam. A rst measurement was performed, prior to mix-
ing the precursor solutions, as a baseline for subtracting the
background caused by the reactor walls and solvent.24

2.3.3. Ex situ characterisation of powder samples. Ex situ
XRD patterns were collected using a STOE Stadi-p X-ray powder
diffractometer (STOE & Cie GmbH, Darmstadt, Germany) using
CuKa1 radiation (l = 1.54056 Å, Ge monochromator) in trans-
mission geometry with a DECTRIS® MYTHEN 1K detector
(DECTRIS, Baden-Daettwil, Switzerland). The ex situ XRD
patterns were used to estimate the crystallite size (D) along
a [hkl] crystal direction through the following form of the
Scherrer equation:

D ¼ 0:9 l

dð2qÞcos q ; (1)
© 2022 The Author(s). Published by the Royal Society of Chemistry
where q and d(2q) are, respectively, the position and the full
width at half maximum of the (hkl) Bragg reection observed in
the PXRD pattern of the concerned sample and l = 1.5418�A is
the CuKa wavelength. Fourier-transform infrared (FTIR) spec-
troscopy was performed on a Genesis FTIRTM spectrometer
(ATI Mattson) equipped with a DTGS (deuterated triglycine
sulphate) detector operating in transmission mode in the
spectral range from 400 to 4000 cm−1. The reection spectra
were recorded at room temperature with a Varian Techtron Pty
UV/Vis/NIR two-channel Cary 5000 spectrometer, using BaSO4

as a reference material. Thermogravimetric analysis was per-
formed using a Linseis STA PT1600 simultaneous thermoba-
lance, the samples were heated in a nitrogen atmosphere at
a rate of 4 K min−1. In addition, the samples were analysed
using a 300 kV Tecnai G2 F30 S-TWIN eld emission gun (FEG)
transmission electron microscope, equipped with a Si/Li
energy-dispersive X-ray spectroscopy detector.
3. Results and discussion
3.1. Co-precipitation under low supersaturation conditions

3.1.1. Approach A: dosing the base into the metal
precursor solution. Fig. 1a shows the time evolution of pH, the
intensity of scattered light and the total volume of the basic
solution dosed into the reactor during the synthesis of sample
S1X. The addition of the basic solution caused an increase in the
pH during the early stages of the synthesis. However, the pH did
not continue to increase at a rate similar to that of the addition
of the basic solution, which is expected for OH− uptake by the
LDH product. Additionally, a pH decrease was observed at the
end of dosing process, indicating the continuation of the reac-
tion even aer the dosing had been halted. These ndings are in
accordance with the in situ light scattering measurements. In
the early stages of the synthesis, the intensity of scattered light
did not signicantly change, suggesting that no particle or only
small nuclei are present in the suspension.25 Aer approxi-
mately t = 18 min, the pH reached 8.7 and the intensity of the
scattered light started to decrease. This occurred due to crystal
growth, which caused turbidity to increase beause of the
appearance of big particles that obstruct the passage of light
through the solution.11c Aer approximately t = 50 min, the pH
and scattered light intensity nearly reached plateaus.

The formation of carbonate-intercalated Mg0.75Al0.25–CO3
2−

LDHs via Approach A was conrmed using ex situ powder X-ray
diffraction (PXRD). Fig. 1b shows the PXRD pattern of sample
S1X, which has been indexed based on a 3-layer hexagonal unit
cell to facilitate comparison with LDHs in the literature.2a,b,26 At
11.47° 2q, the Bragg reection observed is related to the basal
spacing c0 of sample S1X. A value of co = d(003) = 7.6 Å, typical of
LDHs interspersed by carbonate ions,27 can be calculated using
Bragg's law. The Bragg peak around 60.6° 2q corresponded to
the (110) reection, whose interplanar spacing (d(110) = 1.53 Å)
was used to calculate the intermetallic distance (aMM) within the
hydroxide layers (aMM = 2d(110) = 3.06 Å).26 The full width at half
maximum (FWHM) of the (003) Bragg reection was d(2q) =
0.8°; therefore, the average crystallite size in the stacking
RSC Adv., 2022, 12, 33469–33478 | 33471
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Fig. 1 (a) Time dependence of the scattered light intensity at 365 nm (green), pH (blue) and dosed volume of the basic solution (black) during the
synthesis of sample S1X. Ex situ (b) XRD pattern, (c) FTIR spectrum and (d) UV/vis reflection spectroscopy.
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direction was estimated to be 15.4 nm, corresponding to the
stacking of 20 hydroxide layer slabs in average.

Characteristic vibrations on the IR spectrum of sample S1X

(Fig. 1c) further indicated LDH formation. The strong broad
absorbance band between 3000 and 3500 cm−1 corresponded to
the stretching vibration of hydrogen-bonded hydroxyl groups
from the hydroxide layers and interlayer water.27,28 The weak
band observed at approximately 1640 cm−1 was attributed to the
bending mode of H2O.29 IR absorptions at 749, 1358 and 548
cm−1 reect the v2, v3 and v4 stretching vibrations of interlayer
CO3

2− anions. In the low energy range, the band located at
approximately 395 cm−1 was attributed to the vibrations of O–
M2+/3+–O, Mg–OH and Al–OH in the hydroxide layers.30 No
additional band was observed between 1390 and 1425 cm−1,
indicating that NO3

− ions from the metal precursors were
successfully substituted by CO3

2− ions.30 Ultraviolet-Visible
reectance spectroscopy (Fig. 1d) showed that the formed
LDH reects nearly 100% of the light in the visible range. For
wavelengths below 400 nm, the reectance decreased,
Fig. 2 (a) TEM image, (b) EDX results, electron diffraction pattern (inset),
The asterisks (*) identify the Cu signal from the TEM grid.

33472 | RSC Adv., 2022, 12, 33469–33478
indicating an increase in optical absorbance in this area, with
the highest absorbance observed at approximately 300 nm.

The very thin aspect of the layer slabs was conrmed by
transmission electron microscopy (Fig. 2a), which revealed that
sample S1X is composed by extremely thin akes extended
between approximately 30 nm and 100 nm. Energy-dispersive X-
ray spectroscopy (Fig. 2b) conrmed the S1X composition con-
taining the Mg/Al ratio of 3 : 1, besides C and O. Even though
the sample morphology remained unchanged, the exposition to
the electron beam caused the decomposition of the CO3

2−

anions, indicated by the low C concentration as well as the
partial conversion of S1X to MgO, shown by the electron
diffraction patterns (Fig. 2b, inset).

Thermal analyses revealed two main endothermic peaks in
the intervals 150–250 °C and 250–450 °C, observed during the
thermal decomposition of the sample S1X (Fig. 2c). The rst
peak occurs due to the loss of water molecules contained in the
interlayer space. The peak at 400 °C contain a shoulder at 370 °
C, attributed in the literature to the loss of hydroxyl groups
(c) thermogravimetric and differential thermal analyses of Sample S1X.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) In situ measurements of light scattering at 375 nm (green), temperature (blue), normalised XRD intensity at 2q = 0.15° (purple) and
volume of the basic solution dosed into the reaction vessel (black). (b) In situ XRD during the synthesis of sample Ag–S1X (synchrotron radiation, l
= 0.20738 Å, 60 keV).

Fig. 4 Time evolution of in situ light scattering at 365 nm, ion
conductivity, pH, temperature (magenta) and dosed volume of the
basic solution obtained during the synthesis of the samples Ag–S2X

and Ag–S3X. Measurements of ion conductivity during the synthesis of
Ag–S2X at t < 12 min and t > 95 min were saturated.
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bound to Al, while the main peak at 400 °C is generated by the
loss of hydroxyl groups bound to Mg together with the removal
of intercalated carbonate anions.31

To gain additional insight on the time evolution of LDH
formation, in situ XRD and light scattering measurements were
simultaneously performed during the synthesis of sample Ag–
S1X (set-up II at DESY, Fig. 3a), synthesised under similar
conditions as those used for obtaining sample S1X. Similar to
S1X, the plateau observed for the green curve at t < 10 min
suggests the formation of nuclei that are too small to scatter the
365 nm green light,25 which is in-line with the plateau observed
during the in situ pHmeasurements (Fig. 1a). At approximately t
= 10 min, 4 mL of the basic solution have been dosed into the
metal precursor solution, the synthesis solution became
heterogeneous and a steep increase in the scattered light
intensity is observed. During the synchrotron-based in situ XRD
measurements, the background of the small-angle range (0.15°
2q) started to increase. This result was assigned to the formation
low-crystallinity materials, such as amorphous compounds or
nanoparticles,32 in accordance with the increase of light scat-
tering in this reaction period. The low crystallinity of the
product was also indicated by the broad Bragg reections of the
synthesised LDHs in the XRD pattern in Fig. 1b. At approxi-
mately t = 20–25 min, both a steep increase in the small-angle
signal (Fig. 3b) and drastic decrease in the scattered light
intensity (Fig. 3a) were observed, indicating the further growth
of the LDH crystallites. The decrease in light scattering aer
approximately t = 20 min can be explained by the increase in
turbidity caused by the crystal growth, until reaching saturation
at approximately t= 34min. The increase in temperature to 65 °
C at approximately t = 42 min did not signicantly affect
product formation as suggested by the in situ XRD
measurements.

3.1.1.1 Inuence of the concentrations of reactants. To eval-
uate the inuence of the concentration of reactants on the
crystallisation of LDHs, the results for samples Ag–S2X and Ag–
S3X were analysed simultaneously (Fig. 4). These samples
respectively correspond to a 2-fold and 3-fold increase in the
concentration of the basic solution and metal precursor solu-
tion in comparison with sample Ag–S1X. The increase in
concentration caused the initiation of the nucleation and
growth processes earlier, as seen from the scattered light
© 2022 The Author(s). Published by the Royal Society of Chemistry
intensity, which started to increase over shorter time intervals
for Ag–S2X and Ag–S3X in comparison with S1X and Ag–S1X. This
feature is explained by the faster achievement of the critical
saturation level when the reactants are dosed at higher
concentrations. Moreover, the maximum scattered light inten-
sity occurs at approximately 20, 12 and 6min for S1X, Ag–S2X and
Ag–S3X, respectively, inversely following the 1 : 2 : 3 scaling of
the reactant concentrations. Apart from the shorter raising time
of the scattered light intensity curves, this inverse scaling is
expected from a nucleation process that only starts aer
a particular critical supersaturation level is achieved.

Aer 90 min of reaction, the temperature was raised from
room temperature to 65 °C. For Ag–S2X (Fig. 4), this led to
RSC Adv., 2022, 12, 33469–33478 | 33473
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a decrease in the turbidity of the suspension as indicated by the
scattered light intensity curve, implying the initiation of Ost-
wald ripening via the dissolution of small particles in the
suspension. In situ measurements of ion conductivity of the
solution have conrmed the intense crystal growth at approxi-
mately t = 12 min. Before this period, the curve was strongly
saturated, while the conductivity sharply decreased aerwards
due to the uptake of ions from the solution for further growth of
the LDH. In accordance with the in situ pH (Fig. 1 and 3) and in
situ XRD (Fig. 3) measurements, the conductivity changes
slightly aer nishing the dosing process, indicating that the
reaction has not reached completion.

Interestingly, samples Ag–S1X, Ag–S2X and Ag–S3X have very
similar ex situ XRD patterns (Fig. S5a†), which provides an easy
upscaling route via Approach A for which higher amounts of
LDHs can be produced without drastically changing the crys-
talline properties of the product. Indeed, the FWHM of the (003)
Bragg reections of samples Ag–S1X, Ag–S2X and Ag–S3X were
1.67, 1.62 and 1.64° 2q (l = 1.54060 Å), corresponding to
Scherrer crystallite sizes of 5.0, 5.2 and 5.1 nm, respectively.

3.1.1.2 Inuence of reaction temperature. To evaluate the
inuence of the nucleation temperature (Fig. 5a) on the crys-
tallisation of LDHs, the results for the in situ measurements of
light scattering, ion conductivity and pH were plotted for
samples S1X, Ag–S40°C and Ag–S65°C, which were synthesised at
25, 40 and 65 °C, respectively. In Fig. 5b, despite the high noise
within the nucleation range (marked in grey), in situ light
scattering measurements demonstrated in general the inu-
ence of the reaction temperature on LDH formation. For
example, the decrease in light scattering caused by the strong
turbidity resulting from LDH crystal growth started at
Fig. 5 In situ measurements of (a) temperature, (b) light scattering, (c) i
(green), Ag–S40°C (blue) and Ag–S65°C (grey). The ionic conductivity value
to metallic solutions applied at this experiment was the same one as sho

33474 | RSC Adv., 2022, 12, 33469–33478
approximately t = 20 min at 25 °C, t = 14 min at 40 °C and t =
11 min at 65 °C. These results agreed with the ones obtained
during the in situ conductivity measurements. For the reaction
at 25 °C (S1X), the ion conductivity decreased in two steps: The
rst step, until approximately t = 13 min, was assigned to the
uptake of ions for the formation of LDH nuclei, which did not
signicantly inuence light transmission. The second step (t z
13–15 min) was faster and assigned to crystal growth, which
caused the increase of the scattering signal because of the
increased dispersion of light by the newly formed particles
before causing the decrease on light scattering due to the
increase on turbidity, as indicated by in situ XRD results (Fig. 3).
Interestingly, Fig. 5c shows that aer approximately t = 20 min,
the conductivity did not change signicantly, suggesting that
the crystal growth occurring within this reaction period may
take place in parallel with the dissolution of small particles in
the suspension. Similar to the light scattering measurements,
the temperature rise shortened the time in which the conduc-
tivity stopped decreasing from approximately t = 19 min at 25 °
C, t = 15 min at 40 °C and t = 13 min for 65 °C. Fig. 5d shows
that the pH also increases at different rates aer approximately t
= 19 min at 25 °C, t = 15 min at 40 °C and t = 13 min for 65 °C,
conrming the inuence of temperature on LDH formation.

In line with the classical nucleation theory,33 a maximum
nucleation rate is reached at a particular temperature (Tmax),
above which growth is increasingly favoured over nucleation.
This effect can be partially rationalised based on the large
critical size of the nucleus and the expected increase in the
solubility product of the solid phase with increasing tempera-
ture. The latter leads to a decrease in the supersaturation ratio.
This drastically decreases the rate of nucleation when compared
onic conductivity and (d) pH value during synthesis of the samples S1X

s at 65 °C reached saturation for t < 12 min. The dosing rate of the basic
wn in Fig. 1–3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with the decrease in growth rate, leading to fewer nuclei and
larger particles. The effect of this on the turbidity of the solution
is immediate, as the scattered intensity is known to scale with
the 6th-power of the particle size.34 Thus, the behaviour
observed for the scattered light intensities obtained for S1X, Ag–
S40°C and Ag–S65°C (Fig. 5b) can be explained by assuming that
the reaction temperatures used for these samples were above
Tmax. This assumption was further supported by recent obser-
vations by Tathod et al.,33 indicating a Tmax value that is lower
than or approximately −15 °C.

The effect of an increased reaction temperature can also be
seen in the ex situ XRD patterns of samples Ag–S1X, Ag–S40°C and
Ag–S65°C (Fig. S6†). With the increase in reaction/aging
temperature, sharper Bragg reections were observed, indi-
cating an increase in crystallite dimensions in the stacking
direction and hydroxide plane. Indeed, along the stacking
direction, the analysis of the (003) Bragg reections for samples
Ag–S1X, Ag–S40°C and Ag–S65°C gives FWHM values of 1.67, 1.27
and 0.74° 2q (l = 1.54060 Å), corresponding to Scherrer crys-
tallite sizes of 5.0, 6.6 and 11.3 nm, respectively. This trend
repeats in the hydroxide plane and Gaussian ttings for the
(110) Bragg reections, which gives FWHM values of 1.18, 0.89
Fig. 6 Time evolution of the (a) dosed volume of themetal precursor solu
in situ measurements of (b) pH and (c) light scattering during the synth
removed during the aging step.

Fig. 7 Time evolution of the (a) dosing of the metal precursors solution,
the synthesis of the sample SC. (f) FTIR measurement of the final produc
and at t > 85 min.

© 2022 The Author(s). Published by the Royal Society of Chemistry
and 0.62° 2q for Ag–S1X, Ag–S40°C and Ag–S65°C, which corre-
spond to crystallite sizes of 8.2, 10.9 and 15.5 nm, respectively.

3.1.2. Approach B: dosing the metal precursor and basic
solutions at a constant pH value. Additional experiments were
carried out for the in situmonitoring of LDH formation but now
exploring the simultaneous addition of the metal precursor and
basic solutions (approach B, Fig. S1†). In approach B, the metal
precursor solution was added to the reaction vessel at a xed
rate (Table 1, Fig. 6a), while the basic solution was dosed into
the vessel to maintain a target pH of approximately 10 (Fig. 6b).
At this pH, the suspension started to become turbid aer
around t = 3 min, as observed in the light scattering curve
(Fig. 6c). The short plateau at t < 3 min in the light transmission
curve relates to a time before critical supersaturation is ach-
ieved and before particle growth commences. The light scat-
tering results further revealed that the growth process
continues until the dosing of the metal precursor solution is
complete, with an ever-increasing turbidity of the suspension.
Ex situ XRD analysis (Fig. 6d) shows the onset of LDH formation
at t = 30 min and during the aging step at t = 4 h until nal
product formation. The formation of the LDH product for
tion (blue) and dosed volume of the basic solution (black) as well as the
esis of sample SB, with (d) ex situ XRD results obtained from aliquots

(b) temperature, (c) pH value, (d) conductivity, (e) light scattering during
t. The ion conductivity measurements reached saturation at t < 10 min

RSC Adv., 2022, 12, 33469–33478 | 33475
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sample SB was also supported by additional FTIR measure-
ments (Fig. S7†).
3.2. Approach C: dosing the metal precursor solution into
a concentrated NaOH solution

Fig. 7 shows the time evolution of pH, the intensity of the light
scattered by the synthesis solution, ion conductivity and the
dosed volume of the metal precursor solution during the
formation and aging step at 65 °C of sample SC as well as the
respective FTIR results. At a high starting pH of 14.5, critical
supersaturation is reached very rapidly. Indeed, no induction
period is observed from the light transmission results, with the
reaction solution becoming turbid from the beginning of the
dosing process, as indicated by the monotonic decrease of the
scattered light intensity at t < 12 min. Approach C produces
LDHs with the sharpest (110) Bragg reections in comparison
with those of the other prepared samples. With a FWHM of 0.6°,
a crystallite dimension of approximately 16 nm in the hydroxide
plane of the LDHs is obtained from the Scherrer equation. Also,
a high crystallinity is attained along the stacking direction, with
the (003) Bragg reection (Fig. S8†) having a FWHM of 0.8°,
corresponding to a Scherrer crystallite size of approximately
10 nm. The high crystallinity of SC is attributed to the combi-
nation of aging and a higher supersaturation rate (when
compared with those of the other samples). As known from the
classical nucleation theory,33,35 higher supersaturation rates
favour nucleation over crystal growth, thereby forming smaller
particles by the end of the dosing. However, in the aging step,
these small crystals are more likely to be dissolved by the
suspension. These redissolved cations can then be recrystal-
lised at high temperatures at a lower supersaturation ratio,
which would favour crystal growth.33 Under this mechanism,
a suspension with a high fraction of small crystals would be
easily converted to a suspension of highly crystalline particles
during the aging step. This interpretation is further supported
by the very sharp (110) and (113) Bragg reections of sample SC,
indicating high crystallinity in the ab-plane of the LDHs, which
is expected to benet most from Ostwald ripening due to the
higher defect density in the edges of the ab-planes.
4. Conclusion

The application of in situ characterisation techniques granted
experimental access to the crystallisation dynamics of LDHs.
The nucleation process and initiation of crystal growth were
both monitored via in situ light scattering measurements. The
increase in turbidity could be correlated to the rate of crystal
growth in the suspension, and in a more direct way, the
appearance of the rst LDH particles could be followed using
synchrotron-based in situ XRD.

Here, three different co-precipitation procedures were
investigated. When the basic solution was dosed into the metal
precursor solution (approach A), crystal growth was shown to be
kinetically favoured over nucleation as the reaction temperature
increased, resulting in the formation of large LDH crystallites.
This outcome was correlated to the rapid turbidity of the
33476 | RSC Adv., 2022, 12, 33469–33478
suspension at high temperatures as the scattered intensity
scales with the 6th-power of particle size.

Under an increase in the reactant concentration, the initia-
tion of the nucleation and growth processes was brought
forward because of the faster achievement of the critical
supersaturation level. Under the evaluated conditions of this
study, this effect had no impact on the crystalline properties of
the nal LDH products as observed by ex situ PXRD.

The pH played a vital role in determining the crystallisation
kinetics of LDHs. At high pH, here exemplied by approach C
(pH between 12.5 and 14.5) in contrast to approach B (pH 10),
a higher supersaturation level was achieved for similar dosing
rates. Higher supersaturation increasingly favours nucleation
over crystal growth, leading to the formation of smaller crystals.
By aging at high temperatures, these crystals then underwent
Ostwald ripening, being dissolved and recrystallised at lower
supersaturation and leading to the formation of LDH particles
with high crystallinity.

In summary, in situ characterisation techniques are powerful
tools for analysing how parameters such as temperature, reac-
tant concentration and pH inuence the nucleation and growth
of LDHs. Careful interpretation of the experimental results,
considering the classical nucleation theory, can produce a more
rational understanding of how to optimise the synthesis
parameters of these materials towards the desired physico-
chemical properties.
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Schürmann for the TEM images. D. M. and A. F. M. acknowl-
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