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ABSTRACT

Layered double hydroxides (LDHs) are 2D ionic lamellar nanomaterials, which

attract increasing interest for applications in different fields. This paper shows

that their morphology is strongly affected by the microstructure of the substrate

on which they grow. Zn–Al LDHs were grown in the same conditions on Al

substrates with different microstructural features obtained from cold-rolled

sheets by annealing at 265 �C for increasing soaking time up to 1 h. LDH

morphology was then investigated through scanning electron microscopy

observations. The homogeneous distribution of petals on the substrate surface

mainly depends on grain size distribution. A bimodal grain size distribution in

the substrate leads to the formation of petal clusters and a not complete covering

of the surface. In the case of grains of large size the nucleation sites are the

dislocations forming the walls of the cells, while owing to their low density, the

dislocations inside the grains are not a relevant factor in determining the LDH

morphology.

Introduction

Layered double hydroxides (LDHs) are 2D ionic

lamellar materials [1, 2]. These materials are quite

interesting for industrial and medical applications

owing to the possibility to exchange water molecules

and several complex organic molecules within the

inter-lamellar space [3]. LDHs have been employed

as energy harvesting and conversion [4], anticorro-

sion coatings [2, 5, 6], catalysis [7], water treatment

and purification [7], super hydrophobic surfaces [1],

biomedical applications such as drug delivery and

biosensors [8, 9] and nanostructured-modified tex-

tiles [9].

There are many synthesis techniques, which can be

grouped into two main classes: direct and indirect

methods [10–21].

A widely used direct method is the in situ film

growth [18–21] that requires only immersion of the

substrate in the aqueous solution of the other metal

salt and a base for pH control. In principle, it should

allow the deposition of LDH films on any surface,

since it is sufficient to cover it with a layer of the

reacting metal.
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Literature data show that there is a large variety of

structures which can be obtained under different

preparation conditions, but a good control of com-

position and morphology of the deposited film is still

a challenging task. The main problem is a deep

understanding of the specific role played by different

parameters on nucleation and growth of LDHs; an

aspect of particular relevance is the microstructural

characteristics of the substrate.

Richetta et al. [22] deposited (Zn–Al) LDHs on Al

foils, observed the typical petal-like morphology and

evidenced through ultraviolet photoemission spec-

troscopy (UPS) and X-ray photo-electron spec-

troscopy (XPS) a correlation between the petal size

and Al content: as the Al content increases, the size of

petals is reduced; thus, Al was supposed to be con-

nected to the number of nucleation sites.

Forticaux et al. [23] demonstrated that the growth

of LDH nanostructures is due to a dislocation-driven

mechanism. This explanation is supported by recent

analyses of Richetta [24] on the petal growth kinetics.

Postulating that LDH growth rate is driven by Al

diffusion, the activation energy Q = 0.73 eV was

determined, namely a value lower than the Al self-

diffusion energy Qsd = 1.31 eV [25] and between the

pipe diffusion energy (Qp= 0.85 eV [26]) and the

grain boundaries diffusion energy (Qgb = 0.55 eV

[27]). Therefore, Q = 0.73 eV is an apparent activation

energy not depending on a single physical phe-

nomenon but on the diffusion along both grain

boundaries and dislocations. As a matter of fact, lat-

tice defects present in Al substrate seem to control the

LDH growth.

In order to prepare LDHs with well-defined

nanostructures and potentially improved properties,

the present work aims to: (1) assess whether substrate

microstructure plays a significant role on LDHs

characteristics, (2) if this is the case, correlate the

microstructural features of the substrate with those of

LDHs. Therefore, the same preparation conditions

(pH, temperature, etc.) were adopted for the experi-

ments of LDH growth on Al substrates with different

microstructural features obtained through heat

treatments at increasing time of cold-rolled sheets,

and LDH morphology was correlated with substrate

characteristics.

Material and experimental

The substrate material used in the present experi-

ments was Al 99.99%. The samples were 0.5-mm-

thick sheets obtained by cold rolling a plate with

reduction ratio of 98%.

Al was characterized through optical microscopy

(OM), transmission electron microscopy (TEM) and

x-ray diffraction (XRD). From XRDmeasurements the

average grain size after cold rolling resulted to be

0.3 lm. TEM observations show that dislocations

tend to form cells (Fig. 1a) while few dislocations are

observed inside the grains (Fig. 1b). In general after

relevant plastic deformation, the microstructure on

the scale of our TEM observations is not homoge-

neous; therefore, the micrographs are useful to

describe qualitatively the characteristic microstruc-

tural features, while average values of defects den-

sities have been determined through XRD as

described in detail in paragraph ‘‘Correlations

between substrate microstructural features and LDH

morphology’’.

To assess whether substrate microstructure plays a

significant role on LDHs characteristics, a sample was

deformed in a specific area through a punch of sin-

tered tungsten carbide. LDHs were grown on a single

sample to rule out external factors which could alter

the results in the case of experiments with different

samples (deformed and not deformed). A possible

contamination of the imprint due to punching pro-

cess has been verified through XPS measurements

made on the Al surface inside and outside the

imprint. The examined sample was previously sub-

mitted to the same preparation used to clean the

surface before LDHs deposition. The XPS experi-

ments were performed by using a monochromatized

spectrometer Escalab 250Xi (Thermo Fisher Scientific,

UK) equipped with six-channeltron detection system

for spectroscopic analysis. The diameter of the

examined area was about 1 mm. Spectroscopic data

were processed by the Avantage v.5 software.

To examine the specific effect of different substrate

microstructures on LDH growth, the cold-rolled

sheets were annealed in vacuum (10-3 Torr) at 265 �C
for increasing time up to 3600 s (1 h) with steps of

600 s. The treatments lead to recrystallization and

grain growth, and the microstructure evolution is

dependent on the annealing time.

The Al samples for metallographic observations

were prepared through mechanical and
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electrochemical polishing by using a 20% solution of

perchloric acid in ethanol, cathode stainless steel,

voltage 15 V and current density = 1 A/cm2. Suc-

cessive etching was made by means of the Barker’s

reagent (5 ml HBF4 (48%) ? 200 ml H2O), cathode

stainless steel, voltage 20 V and current density

0.2 A/cm2. OM observations were carried out with

polarized light.

XRD tests were performed using Cu-Ka radiation

(k = 0.15408 nm), and high precision peak profiles

were collected in step-scanning mode with 2H steps

of 0.005� and 5 s of counting time per step. The

Warren–Averbach method [28] was employed to

determine the mean size of crystalline domains

diffracting coherently and micro-strains due to lattice

defects.

For the in situ growth of the LDH films, the Al

substrates were first cleaned in distilled water and

soap. They were then sonicated in NaOH 0.1 M water

solution for about 1 min, rinsed with distilled water

and sonicated for 10 min in ethanol. After rinsing in

deionized water, the samples were immersed in a

nutrient solution consisting of zinc nitrate (5 mM)

and urea (15 mM) in a 500 ml of distilled water

(pH = 7) and kept at 90 �C for 12 h. Finally, the

samples were extracted from the reactor and rinsed

with ethanol and distilled water. The morphology of

LDHs deposited on substrates with different

microstructures has been investigated through scan-

ning electron microscopy (SEM) observations.

Results and discussion

Assessment of the effect of substrate
microstructure on LDH morphology

To assess whether the microstructure of the substrate

plays a significant role on the LDHs characteristics,

the following experiment has been carried out. As

schematically shown in Fig. 2, a sheet of Al treated

for 1 h at 450 �C has been submitted to heavy local

deformation through deep indentation by means of a

cylindrical punch [29, 30]. In fact, a specific area with

high density of lattice defects has been produced in a

fully recrystallized Al matrix with low defect density.

LDHs were then grown on this substrate to verify if

differences of morphology resulted in the heavy

deformed zone and matrix.

To assess possible contamination of the surface due

to punching process, XPS measurements were made

inside and outside the imprint. From the analysis of

XPS spectra the relative amounts of Al (metallic and

bond in Al2O3), C and O were determined. The

results reported in Table 1 do not evidence the

presence of W due to the contact with the WC punch

inside the imprint and relevant differences in the

amounts of other elements between measurements

performed inside and outside the imprint.

The Al substrate used in the experiment is dis-

played in the micrograph of Fig. 3a: the structure

exhibits grains of large size (* 70 lm) resulting from

recrystallization and grain growth. Figures 3b, c

show that LDH morphological features are quite

Figure 1 TEM micrographs

showing the microstructure of

the Al substrate after cold

rolling.
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different depending on the substrate microstructural

state. In the zone with high deformation inside the

imprint, petals exhibit a substantial homogeneous

distribution even if some small petal clusters are

observed (see Fig. 3b). Outside the imprint, petals

grow much more densely and many petal clusters of

large size are present (Fig. 3c). Although the results

of this experiment are merely qualitative, they clearly

demonstrate that the microstructure of substrate

strongly affects the morphology of LDHs grown on it.

On this basis the specific correlations between sub-

strate microstructural features and LDH morphology

have been investigated.

Correlations between substrate
microstructural features and LDH
morphology

To better understand the role played by the

microstructural characteristics of the substrate on the

LDH growth, samples cut from the same Al sheet and

treated at 265 �C for different times (up to 1 h) have

been used as substrates. In the cold-rolled sample

(without any heat treatment), the grains are too small

(* 0.3 lm) to be investigated through OM; thus,

their size was determined by XRD. Owing to its high

purity, after the first step of annealing at 265 �C
(600 s) Al is fully recrystallized and grain growth has

already started. Figure 4 shows a bimodal grain size

distribution with grains of larger (* 400 lm) and

smaller (* 15 lm) sizes; the last ones are assembled

in clusters formed by tens of grains. Furthermore, the

grains of smaller size are not homogeneously

distributed on the surface as evident from the com-

parison of Fig. 4a, b which shows two different areas

of the same sample.

Annealing for longer time leads to grains of pro-

gressively larger mean size; however, the bimodal

size distribution is preserved even if the material

tends to become more homogeneous and few clusters

of small grains are observed after 1800 s. For each

heat treatment the mean grain size D* has been

measured through image analysis carried out on 20

micrographs at the same magnification as those in

Figs. 4 and 5.

XRD spectra were recorded on samples with LDH

grown on different Al substrates, and in all the cases

the diffraction patterns clearly display the reflections

of both Al and LDH; an example is given in Fig. 6.

In Fig. 7 the mean grain size D* is plotted versus

the annealing time at 265 �C: it progressively increa-

ses and exhibits a significant slope change at 1800 s.

In correspondence of such change, all the XRD peak

profiles show a broadening maximum; for example,

the full width half maximum (b220) of the {220}

reflection is displayed. Since line broadening

depends on both the size of coherently diffracting

domains and micro-strains due to lattice defects, the

b maximum indicates that at least one of the two

contributions abruptly increases. Gondi et al. [31, 32]

demonstrated that grain growth of metals is not a

continuous process, but proceeds by successive steps.

These investigators performed internal friction mea-

surements during isothermal grain growth of Al and

other metals and detected some damping (Q-1)

maxima spaced in the time scale. In correspondence

Figure 2 Schematic view of

the Al substrate. An imprint

was produced through a

cylindrical punch of tungsten

carbide.

Table 1 Relative amounts

(at.%) of metallic Al, Al bond

in Al2O3, C and O obtained by

XPS spectra determined inside

and outside the imprint

Al metallic (at.%) Al bond in Al2O3 (at.%) C (at.%) O (at.%)

Inside the imprint 7.4 18.6 27.2 46.8

Outside the imprint 7.8 17.9 28.1 46.2
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of each maximum, they observed remarkable varia-

tions of the grain structure with the disappearing of

grains of lower size. Each step corresponds to the

formation of non-equilibrium grain boundaries

which then collapse emitting free dislocations. More

events (grain boundary collapse) occur in each step

contributing to change the structure and giving rise

to the damping maxima. The temporary increase in

dislocations inside the grains, due to grain boundary

collapse, causes the broadening of XRD peak profiles.

This is in agreement with the present results: slope

change in grain size curve and b maximum are con-

sistent with the occurrence of a grain growth step.

Owing to its high stacking fault energy

(* 160 mJ m-2), cold-rolled Al exhibits a structure

formed by dislocation cells whose size decreases as

deformation rate increases; during recrystallization

and grain growth the cellular structure is maintained

even if the cell size increases [33]. Therefore, to assess

possible correlations between microstructural fea-

tures and LDH morphology, it is important to know

not only the average grain size and the grain size

distribution but also the density of dislocations in the

cell walls and inside the cells because dislocations are

preferred nucleation sites for petals [23].

To get values of statistical relevance, the density of

dislocations inside the cells and in the cell walls has

been determined from the analyses of precision XRD

peak profiles (see Paragraph 2). The trend of mean

square strains he2i versus the atomic distances L has

been calculated through the Warren–Averbach

method. The he2i versus L curves have been then fit-

ted using the relationships determined by Wilkens

[34, 35] for some simple dislocation distributions, i.e.

free dislocations inside the cells (I) and dislocations

grouped in tilt boundaries (B). The total square strain

he2iT is the sum of the contributions he2iI and he2iB:
e2
� �

T
¼ e2
� �

I
þ e2
� �

B
ð1Þ

In the case of dislocations inside the grains, the

mean square strain he2iI can be written as:

e2
� �

I
¼ 1

4p2B0ðpÞ
log

1

p
þ 2� 3

2p
p� 1

8
p2

� �
b2

R=2ð Þ2

 !

ð2Þ

being R the distance between dislocations inside the

cells, p = 2L/R and

B0ðpÞ ¼ 1� 2

p
pþ 1

12p
p3 þ 1

320p
p5 ð3Þ

In the case of dislocations forming tilt boundaries,

he2iB is given by:

e2
� �

B
¼ 17b2

128p
1

Dd
log

d

L
þ c

� �
ð4Þ

Figure 3 Grain structure of the Al substrate used for the

experiment. LDH morphology in the zone with plastic

deformation inside the imprint (b), and in original material

outside the imprint (c).
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where D is the distance between the boundaries of

the cell and d is the distance between the dislocations

in the boundary (Fig. 8a), b = 0.28567 nm is the

modulus of Burgers vector and c = 1.376 is a con-

stant. An example is given in Fig. 8b where the he2iT
versus L curve (open circles) of the cold-rolled sam-

ple obtained from Warren–Averbach analysis is fitted

by he2iT, sum of he2iI and he2iB contributions.

The values of R, D and d giving the best fit of he2iT
versus L curves are reported in Table 2. From these

values the density of dislocations inside the cells (qI),
in tilt boundaries (qB) and the total density (qT) has
been calculated as:

qT ¼ qI þ qB ¼ 1

ð2RÞ2
þ 1

Dd
ð5Þ

XRD data in Table 2 show that the cell size D in-

creases with annealing time while the distance d be-

tween dislocations in cell walls remains nearly

constant. Putting together XRD and OM data, the

microstructural evolution following annealing at

increasing time can be described as follows:

1. after the first annealing step (600 s), the material

is fully recrystallized and grain growth has

already started;

2. grain growth is not a continuous process but

proceeds by steps: in the time/temperature range

examined here, a step is observed at 1800 s;

3. grain size exhibits a bimodal distribution;

4. both grain size D* and cell size D increase;

5. the number of cells in each grain increases as

shown by the D*/D ratio (Fig. 9);

6. the mean distance d between dislocations forming

the cell walls does not substantially change;

7. in the cold-rolled condition, the dislocation den-

sity inside the cells is quite low with respect to

that in cell walls and/or grain boundaries and

further decreases after annealing.

Figure 10 shows SEM micrographs of LDHs grown

on Al substrates in different conditions of annealing

at 265 �C, thus with different microstructures. LDH

morphology exhibits some small variability from

zone to zone on the surface of each single sample;

however, the images are substantially representative

of each sample and show great differences from

sample to sample. In the cold-rolled sample LDHs are

homogeneously distributed and completely cover the

surface; petals of large size (10–12 lm) are observed.

After the first step of annealing (600 s) the mor-

phology and surface distribution of LDHs remark-

ably change: there are areas free from LDHs, the

petals have a quite small size (1–2 lm), and several

petal clusters are observed. As annealing time

increases, the morphology tends to become more

homogeneous; in particular, after 1800 s a decreasing

number of clusters are observed. The LDH mor-

phology after 3000 s does not exhibit clusters at all.

Forticaux et al. [30] showed that the mechanism of

LDH petal nucleation is strictly connected to dislo-

cations and a dislocation-driven mechanism is gen-

erally responsible for the growth of LDH

nanostructures. According to these investigators,

complex structures such as petal clusters arise at a

second stage from uncontrolled overgrowth from

discrete dislocation-driven nanoplates and/or partial

detachment of spiral layers. On this basis, both free

Figure 4 Two different zones of the same sample annealed at 265 �C for 600 s with high (a) and low (b) number of small grains grouped

in clusters.
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dislocations inside the cells and dislocation networks

forming grain boundaries and cell boundaries must

be considered as preferred LDH nucleation sites.

Al is a high stacking fault metal, and its

microstructure after plastic deformation can be

described like a complex mosaic where each tessera

(the grain) is formed by many domains (the cells). Of

course, the dislocation density in grain boundaries is

higher than that in cell boundaries because of the

higher crystallographic misfit between grains than

between cells. Generally, the density of free disloca-

tions inside the cells is very low, but a temporary

increase is observed when grain boundaries collapse

during grain growth.

Figure 5 OM micrographs of the Al substrate after increasing time of annealing at 265 �C: 1200 s (a), 1800 s (b), 2400 s (c), 3000 s (d),

3600 s (e–f)).

J Mater Sci (2019) 54:12437–12449 12443



The chemical reactions leading to nucleation and

growth of LDH petals occur on the metal surface;

therefore, the distribution of nucleation preferred

sites, represented by dislocations inside the cells and

dislocations organized in grain and cell boundaries,

is of fundamental importance for LDH morphology.

The dislocation distribution is statistically described

by the following parameters: the mean grain size D*

(Fig. 7) and grain size distribution (see Figs. 4, 5), the

cell size D, the distance d between the dislocations in

cell boundaries and the distance R between disloca-

tions inside the cells (Table 2). The different mor-

phologies observed by growing LDHs on substrates

after different conditions of annealing can be dis-

cussed taking into account these parameters, and the

results lead to the following considerations.

1. In the conditions of the present experiments the

growth rate is dominant with respect to the

nucleation one since many hexagonal petals reach

a size much larger than that of grains. This is

evident in all the micrographs in Figs. 4 and 5; for

example, the cold-rolled sample has a mean grain

size of* 0.3 lm, but several hexagonal petals are

about 10 lm. Therefore, after nucleation LDH

crystals grow rapidly and tend to inhibit the

nucleation of other crystals from neighbouring

nucleation sites.

2. When more LDH crystals are nucleated at the

same time in neighbouring sites (dislocations),

the growing crystals impinge on each other and it

is reasonable that they could give rise to reactions

similar to those between the dislocations around

which they form; therefore, groups of grains of

small size involving a local high dislocation

density can give rise to structures like that shown

in Fig. 11a which is the initial stage for the

formation of a dome-shaped petal cluster. Such

clusters can then grow developing complex mor-

phologies (e.g. see Fig. 11b).

3. From the comparison of micrographs in Fig. 10,

the homogeneous distribution of petals on the

substrate surface seems to be strongly dependent

on grain size distribution. When the substrates

Figure 6 XRD pattern recorded from a sample where LDH was

grown on a substrate cold-rolled without annealing.

Figure 7 Mean grain size of Al substrate and full width half

maximum of the {220} XRD peak after different annealing times

at 265 �C.

Figure 8 a Schematic view of the dislocation walls forming a

cell. D is the distance between the cell boundaries and d the

distance between the dislocations in the boundary. b Open circles

indicate the values of he2iT versus the atomic distance

L determined from Warren–Averbach analysis. The interpolating

curve represents the best fit of he2iT obtained as the sum of the two

contributions, he2iI (dislocations inside the cells) and he2iB
(dislocations in tilt boundaries).
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have a bimodal grain size distribution and the

grains of smaller size are assembled in clusters,

LDHs exhibit clusters of petals and the surface is

not completely covered (e.g. see the samples

annealed for 600 s at 265 �C). This can be ascribed

to the not homogeneous distribution of nucle-

ation sites on the surface: a lot of dislocations in

grain boundaries are present in the zones with

the smaller grains and a lower density in those of

the larger ones. Therefore, petal clusters prefer-

entially form in the zones with smaller grains

because LDH crystals nucleating on neighbour-

ing dislocations have not the possibility to freely

grow and impingement soon occurs. In the zones

with grains of larger size, LDH crystals form

preferentially along the grain boundaries because

there are few dislocations inside the grains so

part of the surface remains uncovered.

4. In an advanced stage of grain growth (e.g. after

3000 s at 265 �C), the grains have a very large size

and even if bimodal size distribution is still

present, the smaller grains are no more cluster-

ized. In this condition the dislocations forming

the walls of the cells play an increasingly relevant

role as nucleation sites. The result is a substan-

tially homogeneous distribution of petals on the

surface without petal clusters.

5. An homogeneous distribution of petals is

observed also when the substrate is strongly

deformed, for instance, in the cold-rolled condi-

tion (Fig. 10). In this case the grain size is quite

small but the distribution is monomodal, namely

there is an high density of dislocations but

uniformly distributed on the surface.

6. Owing to their low density, the dislocations

inside the grains are not a relevant factor in

determining the LDH morphology.

From these considerations it is concluded that the

final LDH morphology mainly depends on grain size

distribution: the bimodal distribution typical of the

initial stage of grain growth leads to petal clusters

and partial surface covering, while a monomodal

distribution, independently on the grain size, does

not produce petal clusters.

On the basis of present results, one would also

likely expect the underlying crystal orientation to

have an effect since the number of dislocations

intersecting the surface and their geometry will be

affected by this. This aspect, which is not treated in

detail in this work, deserves to be deepened in the

future.

Table 2 Parameters giving

the best fit of he2i versus
L data and corresponding

dislocation densities of the Al

substrate

Treatment R (nm) D (nm) d (nm) qI (m
-2) qB (m-2) qT (m-2)

Cold-rolled 150 230 25 1.1 9 1013 1.74 9 1014 1.85 9 1014

600 s/265 �C 300 335 23 2.78 9 1012 1.30 9 1014 1.32 9 1014

1200 s/265 �C 280 630 28 3.19 9 1012 5.69 9 1013 5.99 9 1013

1800 s/265 �C 170 820 21 8.65 9 1012 5.81 9 1013 6.67 9 1013

2400 s/265 �C 290 1100 24 2.97 9 1012 3.79 9 1013 4.09 9 1013

3000 s/265 �C 400 1300 27 1.56 9 1012 2.85 9 1013 3.00 9 1013

3600 s/265 �C 780 1480 28 4.11 9 1011 2.41 9 1013 2.45 9 1013

R is the distance between dislocations inside the cells, D the distance between the cell boundaries,

d the distance between the dislocations in the boundary, qI the dislocation density inside the cells, qB
the dislocation density in tilt boundaries and qT = qI ? qB the total density

Figure 9 D*/D ratio versus annealing time at 265 �C.
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Figure 10 LDHs grown on Al substrates cold-rolled (a), and annealed at 265 �C for increasing time up to 1 h: 600 s (b), 1200 s (c),

1800 s (d), 2400 s (e), 3000 s (f), 3600 s (g).
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Conclusions

LDHs have been deposited on the surface of fully

recrystallized samples, which were previously sub-

mitted to plastic deformation in a localized area

through a cylindrical punch. LDH morphology, quite

different in deformed and not deformed areas,

demonstrates that the microstructure of the Al sub-

strate plays a relevant role on the characteristics of

LDHs grown on it.

To correlate the microstructural features of the

substrate with the LDH morphology, they were

grown on Al substrates with different microstructural

features obtained by annealing cold-rolled sheets for

increasing time at 265 �C.
Present results demonstrate that the distribution of

LDH nucleation preferred sites, represented by dis-

locations inside the cells and dislocations organized

in grain and cell boundaries, is the key parameter,

which determines the LDH morphology.

The bimodal grain size distribution leads to petal

clusters and a not complete surface covering. On the

contrary, the monomodal distribution, independently

on grain size, does not produce petal clusters and

gives rise to a homogeneous surface covering.

Dislocations inside the grains do not seem to be a

relevant factor in determining the LDH morphology.
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