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A B S T R A C T   

Layered double hydroxide (LDH) offer great potentialities to design functional coatings with customizable 
properties by exploiting their anion exchange properties. We investigated the anion exchange properties and 
expansion capacity of the interlayer space relating to the starting film morphology. ZnAl LDH coatings of 
different thicknesses and morphologies were first obtained by an in situ method using Al-based substrates. When 
the anion to intercalate is relatively bigger than the starting nitrates, the intercalation may be constrained by the 
initial LDH particle size and density composing the film. After optimising the morphology, the intercalation of 
three functional anions with potential antimicrobial properties was successfully achieved with an expansion of 
the interlayer space up to 150 % while holding the coating integrity. The release of the guest anion was studied 
by immersion in physiological saline solution. Finally, the possibility to regenerate the coating was demonstrated 
supporting the potential of these hybrid coatings for applications.   

1. Introduction 

Layered double hydroxides (LDH), also known as hydrotalcite-like 
compounds, consist of positively-charged brucite-like layers and 
charged-compensating anions. The general formula of LDH is given by 
[MII

1-x MIII
x (OH)2]x + [(An-

x/n). M H2O]x− where MII (Mg2+, Zn2+, Fe2+, 
Ni2+, Co2+ ….) and MIII (Al3+, Fe3+, Cr3+ …) are metal cations, An− the 
interlayer anion and x defines the charge density of the layers. LDH are 
most commonly named as MIIMIII LDH defining the nature of the two 
metal cations and sometimes additionally the nature of the anion (MII

MIII-A). The possibility to vary the nature of metal cations, the MII/MIII 

molar ratio, as well as the intercalated anions results in a large 
compositional flexibility for LDH with tuneable chemical and physical 
properties. This attractive feature has opened a large number of appli
cations for LDH in different fields as catalysis [1,2], energy [3], water 
purification [4], and medicine [5]. 

For some applications in practical devices or functional coatings, 
LDH must be fabricated into supported films or self-supported mem
branes to maximize their functionalities while controlling the surface 
properties. This step can be very challenging as the synthesis methods 
developed for powder samples to control the material composition are 
not always transposable to the films. 

There are two different approaches to elaborate LDH films. The 
former is a one-step method implying the LDH growth directly onto the 
support surface which can be achieved via several procedures. Inspired 
by the work of Clause et al. [6,7] on the LDH co-precipitate formation 
during γ-alumina impregnation with M2+ at neutral pH, Duan et al. [8] 
developed an in situ growth method for which the NiAl LDH grow 
directly from an aluminum-based substrate in presence of M2+ cations 
and ammonia as precipitant. The resulting films with thicknesses of 
several microns displayed crystallites with the ab-faces perpendicular to 
the substrate and very good adhesion to the substrate. The same method 
was used to elaborate MgAl [9] and ZnAl [10] LDH film on Al-based 
surface and have been extended to other metal-based surfaces yielding 
divalent ions upon oxidation such as zinc and copper [11], magnesium 
[12], and nickel [13]. As the metal support is the precursor of the M(II) 
or M(III) cations, the LDH film is dependent on the nature of the support 
restricting the achievable compositions. Urea was also used as precipi
tant to grow LDH film either on a metal substrate or other substrates 
[14–16] but only MgAl LDH films were obtained with this method. 
Moreover, as urea hydrolysis releases a mixture of ammonia and car
bonate ions, the obtained films intercalated carbonate anions which 
cannot be easily replaced. Electrogeneration is an alternative way to 
grow LDH directly at an electrode surface through potentiostatic 
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reduction of nitrate or sulphate ions, leading to hydroxide ions gener
ation and LDH precipitation. Choosing an optimum deposition potential, 
salt concentrations and the pH of the plating solution are important 
parameters to control in order to obtain LDH as a pure phase in the film 
[17,18]. 

Another approach to elaborate LDH films is a two-step method 
requiring first the synthesis of LDH as nanoparticles or nanosheets in 
suspension and then the deposition using physical methods. Whereas 
there is no limitation in terms of LDH chemical composition or the na
ture of the substrate, the particles tend to orient parallel to the substrate 
and the adhesion is relatively low [19]. 

The perpendicular orientation offered by the LDH films elaborated 
by the in situ growth method can be advantageous for encapsulating and 
releasing active compounds. Moreover, such coatings can be prepared 
with nitrate anions intercalated in the interlayer galleries (LDH-NO3). 
Nitrate anions are easily displaced due to the low interaction with the 
hydroxide layers [20] opening possibilities for film functionalisation. 

LDH coatings have been widely reported for corrosion protection of 
metal surfaces such as Al, Mg, and their alloys. Besides their role as a 
physical protective film, the LDH coatings were used to trap aggressive 
chloride ions and release inhibitor ions based on the anion exchange 
capacity [21]. 

Tedim et al. [22] reported the beneficial corrosion protection of 
aluminum alloy 2024 (AA2024) with LDH-VOx (prepared by anion ex
change) compared to LDH-NO3 and bare substrate under immersion in 
NaCl aqueous solution. Interestingly, the authors demonstrated that the 
active corrosion protection provided by vanadate ions did not clearly 
follow an expected ‘concentration effect’, with thin LDH films being 
more effective than thicker ones grown directly on the substrate. Un
fortunately, the morphology of the film after intercalation of vanadates 
and after immersion was not characterised. They proposed the effect 
may be directly related to the stability of the underlying aluminum oxide 
film providing the high adhesion strength between the LDH film and the 
substrate. 

The intercalation of low surface energy compounds like aliphatic 
carboxylates was also explored to obtain superhydrophobic surfaces and 
enhance the corrosion resistance. By intercalating sodium laurate into 
ZnAl–NO3 LDH film grown on Al, the film morphology was greatly 
modified [23]. The film was demonstrated to be stable despite the 
presence of microscale hemispherical protrusions which were shown to 
not be attached to the substrate. Other studies [24,25] have reported 
morphological modifications due to the intercalation of laurate anions 
from a packed sheet to flowerlike structure, and platelets perpendicular 
to the surface were then disordered on the surface of Al substrate. 
Clearly, the intercalation of anions into LDH coating can significantly 
affect the film morphology and structure that must be controlled to have 
effective functional properties. 

Despite these smart coatings have proven functionalities, the concept 
of LDH-container layers has not been widely extended to other field 
whereas they could have potential e.g. for biomedical applications. The 
main advantage of intercalating such compounds into LDH is a safer and 
more prolonged functionality. The intercalation of biologically active 
compounds into LDH films have been barely reported whereas many 
examples were found on LDH (nano)particles [26–30]. Liu et al. [31] 
have prepared an LDH coating intercalating an agent with anticancer 
and antibacterial abilities via a simple one-step hydrothermal method. 
The designed coating implant was effective at killing tumors and bac
teria, inhibiting metastasis and resisting inflammation. The elaboration 
of a multifunctional LDH-based coating with anticorrosion and biocidal 
properties have also been investigated recently [32]. Even if the biocidal 
effect observed was consistent with the release of 2-mercaptobenzothia
zole species as verified by a biological assay, the intercalation in the 
interlayer space had not been clearly demonstrated. 

More generally, most of these studies dealing with the intercalation 
of anions into in situ grown LDH coatings demonstrated partial or total 
anion exchange but they almost did not address the influence of the film 

microstructure and morphology on the intercalating properties. 
In this work, the exchange properties of ZnAl–NO3 LDH films grown 

in situ onto Al-based substrates were investigated. The morphology of 
the LDH coating was controlled by varying the thickness of the Al- 
precursor layer. The intercalation of three organic anions (benzoate, 
cefotaxime and octanoate) was studied regarding their different size and 
potential functionalities. Antimicrobial, antiadhesive or antifouling 
properties could be obtained by developing the functionalisation of 
these surfaces which would be of great interest either as a release/up
take system or active coating for food packaging, self-disinfecting sur
faces in medicine, waste-water treatment or marine environments. 

The anion exchange properties were specifically investigated 
depending on the film thickness following the exchange dynamics, the 
structural and morphological modifications by Scanning Electron Mi
croscopy (SEM), X-Ray Diffraction (XRD), Raman and Infrared (IR) 
spectroscopies. After optimising the starting film morphology, the 
expansion capacity of the interlayer space was studied at different scales 
(from the macroscopic to the atomic scale) with the intercalation of the 
organic anions. The stability of the functionalised coatings was 
addressed in physiological saline solution following the anion release 
kinetics. Finally, the reloading capacity of the film was evaluated as it 
could be a key parameter for practical applications. This experimental 
work should provide a fundamental understanding on the structural and 
dynamic behaviour of the interlayer space of layered double hydroxides 
coatings which would largely open the possibilities of applications. 

2. Experimental section 

2.1. Chemicals 

Benzoic acid (97 %) and ammonium nitrate (98 %) were purchased 
from Acros Organics. Octanoic acid (>99 %) and zinc nitrate hexahy
drate (98 %) were purchased from Sigma Aldrich, and cefotaxime so
dium salt (98 %) from Alfa Aesar. 1 M sodium hydroxide solution was 
purchased from Carl Roth and NaCl (99.9 %) was purchased from VWR 
chemicals. Ammonia solution (1 wt%) was prepared from an ammonia 
solution (35 wt%) purchased from Fisher. 

2.2. Synthesis of ZnAl–NO3 LDH films 

ZnAl–NO3 LDH films were synthesized on aluminum coated silicon 
or glass substrates (13 mm diameter) using the in situ growth method 
adapted from Zhang et al. [10] with slight modifications. Silicon/glass 
substrates were washed with piranha solution and then coated with 
aluminum (both sides) using plasma sputtering (Q15OT S, Quorum). 
The thickness of the aluminium layer was varied: 30, 65 and 140 nm by 
modulating the deposition time. 

An aqueous solution of 0.05 M of zinc nitrate and 0.6 M of ammo
nium nitrate was prepared and the pH was adjusted to 6.5 using 1 wt% 
ammonia solution. The solution was then transferred to a stainless-steel 
autoclave with a Teflon lining containing the aluminum-coated sub
strates hold vertically. The hydrothermal growth was carried out at 
120 ◦C while adapting the time depending on the aluminum thickness 
(from 2 h to 5 h). The obtained LDH films were then washed with 
deionized water and ethanol and then dried using N2 flow. The nitrate 
intercalated LDH film obtained from the Al-30, Al-65 and Al-140 sub
strate will be identified as ZnAl(30)-NO3, ZnAl(65)-NO3 and ZnAl(140)- 
NO3. 

2.3. Anion exchange with functional compounds 

Nitrate anions occupying the interlayer space in the ZnAl LDH films 
were exchanged with three functional compounds (SI-Table 1). Benzo
ate, cefotaxime and octanoate anions were used in large excess to ach
ieve the intercalation. For the intercalation of benzoate and octanoate 
anions, a solution (50 mL) of 1.6 mM of the corresponding organic acid 
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(benzoic or octanoic acid) was prepared adjusting the pH around 6 with 
1 M sodium hydroxide. After 1 h of exchange under stirring and N2 flow, 
the ZnAl-BZ or ZnAl–C8 film was rinsed with ethanol and dried using N2 
flow. 

For the exchange with cefotaxime, ZnAl(65)-NO3 LDH film was 
immersed into an aqueous solution (50 mL) of cefotaxime sodium salt 
(5.10− 4 M, pH = 5) under stirring and N2 flow. After 1 h, the film named 
ZnAl(65)-CFX, was rinsed with decarbonated water and dried using N2 
flow. 

Each anion exchange experiment was repeated at least three times to 
ensure the reproducibility of the data. 

2.4. Stability of the coating 

The stability of the different hybrid coatings was studied by 
immersing vertically the samples into a 0.9 wt% NaCl aqueous solution 
(7 mL, pH around 6) under stirring. The release kinetics of benzoate and 
cefotaxime was monitored by UV–visible spectrophotometry measuring 
the absorbance in the 200–400 nm range. Aliquots (800 μL) of the so
lution were taken at regular times intervals over 3 h and then put back in 
the medium. 

2.5. Reloading capacity 

After 3 h immersion in 0.9 wt% NaCl solution, the benzoate anions in 
the ZnAl(65)-BZ coating were fully replaced by carbonates. The coating 
regeneration was attempted using the method proposed by Iyi et al. [33] 
using an acid-alcohol mixed solution to exchange the carbonates with 
nitrates. 

The coating was immersed vertically in 50 mL of ethanol with 140 μL 
of a 0.15 M HNO3 solution under stirring and N2 flux for 45 min. The 
coating was then rinsed with ethanol and dried under N2 flow. 

2.6. Characterisation 

Scanning electron microscopy (SEM) imaging. The morphology of 
LDH films was examined by using a JEOL JSM-IT500HR, with a field 
emission gun (FEG) and a voltage of 5–10 kV. Secondary electron de
tector (SED) was used for imaging. The elemental composition and Zn:Al 
molar ratio of LDH films was determined by Electron dispersive X-ray 
Spectroscopy using an Ultim Max 170 Oxford EDS detector coupled to 
the SEM. The accelerating voltage was set to 5 kV and the working 
distance to 10 mm. 

X-ray Diffraction (XRD). The XRD measurements were performed 
using a Panalytical X’Pert Pro diffractometer equipped with a Cu tube, a 
Ge (111) incident-beam monochromator (Kα1 = 1.5406 Å), and a 
X’Celerator detector mounted with the Bragg− Brentano geometry and 
automatic divergence slits. XRD patterns of the LDH films were 
measured in the ranges of 3–28◦ and 29–70◦, with a step of 0,0167◦ for 
about 18 h. The size of the coherent domains in the directions perpen
dicular (L (003)) to the hydroxide layers of the obtained LDH were 
estimated from the full width at half maximum (FWHM) values of the 
respective diffraction reflections (003) using the Scherrer equation: L =
K. λ/β. Cosθ where K is the Scherrer constant (0.9), λ is incident ray 
wavelength, β is the full width at half maximum in radians, and θ is the 
Bragg angle (rad). 

Vibrational spectroscopies. The infrared analyses were performed on 
a Thermo Nicolet 8700 FT-IR and on a Bruker Vertex 70 v spectrometer, 
equipped with a KBr beam splitter and a DTGS detector. The infrared 
spectra of the LDH films were recorded under nitrogen flow in trans
mission mode. The spectral resolution was 4 cm− 1 and the number of 
scans was 50 corresponding to a 1 min accumulation. Reference spectra 
of the anions in aqueous solution were recorded in the attenuated total 
reflection mode (ATR) between 4000 and 800 cm− 1 using a nine- 
reflection diamond ATR accessory. The resolution of the single beam 
spectra was 4 cm− 1 and the number of scans was 200, which corresponds 

to a 2 min accumulation. 
Raman spectra were collected in the range of 50–4000 cm− 1 with a 

Renishaw inVia Qontor spectrometer equipped with a Leica confocal 
microscope. Measurements were recorded using an Olympus × 50 
objective. The instrument was equipped with an Edge filter to eliminate 
the Rayleigh scattering, 2400 grooves per millimetre grating, and the 
Renishaw Centrus detector. The excitation source was at 532 nm and the 
power was 3 mW at the sample. Spectra were baseline corrected with a 
polynomial function from Wire 5.4 software. The LDH film grown from 
Al-coated glass substrates were used for Raman characterisation to avoid 
the strong signal of Si in the Raman spectra. Each sample was analysed at 
several areas to check the uniformity of the coating. 

X-ray Photoelectron spectroscopy (XPS). XPS measurements were 
recorded on a Kratos Axis Ultra X-Ray photoelectron spectrometer 
equipped with a microfocused (300 × 700 μm2) monochromatic radia
tion (Al Kα source, 1486.6 eV) operating at 120 W under a residual 
pressure of about 10− 9 mbar. The spectra were collected at a take-off 
angle of 90◦ with a pass energy of 20 eV. Charge compensation was 
applied by flooding low-energy electrons. All spectra were energy- 
calibrated assigning the adventitious carbon C 1s a binding energy of 
285.0 eV. Spectra were mathematically fitted with Casa XPS software 
using a least-squares algorithm and a nonlinear Shirley-type back
ground. The fitting peaks of the experimental curves were defined by a 
combination of Gaussian (70 %) and Lorentzian (30 %) distributions. 

Chemical analysis. To quantitatively evaluate the amount of LDH 
grown on the substrates, the amount of zinc and aluminum were 
measured by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS, 
Agilent-7800). After the film dissolution into 25 mL of 1 wt% HNO3 
under sonication, each solution was diluted 50 times before analysis. 
The calibration curve in the range 20–400 ppb has been established 
using zinc (Sigma-Aldrich) and aluminium (SCP Science) standards for 
ICP. The detected isotopes were 66Zn and 27Al. 

UV–visible spectrophotometry. The concentration of organic anions 
released when studying the coating stability was quantified when 
possible by UV–visible spectrophotometry. The absorbance of the me
dium was measured with a Cary6000i spectrometer in the UV range 
200–400 nm with a spectral bandwidth of 2 nm using quartz cells (5 
mm). The concentration was evaluated considering the absorbance 
measured at 224 nm for benzoate and 234 nm for cefotaxime solutions. 

3. Results and discussion 

3.1. Control of the coating morphology 

Nitrate intercalated ZnAl LDH films (ZnAl–NO3 LDH) were prepared 
by adapting an in situ growth method described elsewhere [10]. While 
the film morphology and thickness can be controlled by varying the 
concentration of Zn salt and the hydrothermal conditions [34] (tem
perature and time) using Al-based substrates, another possible approach 
is to tune the thickness of the aluminum layer, which is the Al precursor 
for the LDH co-precipitation. 

SEM images of ZnAl–NO3 LDH films, named ZnAl(30)-NO3, ZnAl 
(65)-NO3, ZnAl(140)-NO3, obtained from the different Al-coated Si 
substrates (30 nm, 65 nm and 140 nm, respectively) are shown in Fig. 1. 
The films showed the typical morphology observed when using the in 
situ growth method with slightly curved platelets mainly oriented 
perpendicular to the substrate [8]. By increasing the Al layer thickness, 
the film became denser with more and larger particles. This evolution 
had already been observed by Cao et al. [34] when modulating the 
hydrothermal time during the growth of ZnAl LDH on aluminum plates. 
In fact, the thicker the Al layer is, the higher the amount of Al3+ ions 
released in solution is. Higher Al(III) concentration lead to a significant 
increase of the film thickness (related to the particles size) from 1.5 μm 
to 1.9 μm and 2.4 μm starting with 30 nm, 65 nm and 140 nm thick Al 
layer (Fig. 1 d-f), respectively, whereas the platelets thickness slightly 
changed. The growth rate higher in the ab-direction compared to the 
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c-direction favoured the perpendicular orientation for ZnAl(140)-NO3 
(Fig. 1c,f) in accordance with the proposed “evolution selection” growth 
mechanism [10]. Looking at higher magnification at the cross-section 
SEM images (SI-Fig.1), one can distinguish the interlayer between the 
film and the substrate showing the Al precursor layer had not totally 
reacted and served as an adhesive layer to the substrate. 

Fig. 2 presents the XRD patterns of the ZnAl–NO3 LDH films. The 

characteristic reflections of LDH materials were observed and indexed 
assuming R-3m space group. The (003) and (006) basal reflections were 
located at 9.98◦ and 19.96◦ with a basal spacing of 8.87 Å in accordance 
with the intercalation of nitrate anions [23]. The calculated d003 sug
gested a “tilt-lying” orientation for the nitrate anions in the interlayer 
galleries [35,36]. The lattice parameter a, corresponding to metal-metal 
distance was evaluated at 3.07 Å with the (110) reflections. As the film 

Fig. 1. SEM top view and cross section images of ZnAl(30)-NO3 (a, d), ZnAl(65)-NO3 (b, e) and ZnAl(140)-NO3 (c, f).  

Fig. 2. XRD patterns of (a) the Si substrate, (b) ZnAl(30)-NO3, (c) ZnAl(65)-NO3 and (d) ZnAl(140)-NO3. Peaks associated with the Si substrate (*) and the XRD 
sample holder (#) are labelled in the patterns. 
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became thicker, the FWHM of the 00l reflections decreased showing the 
slight increase of particle thickness with the film growth (Table 1). Using 
the Debye Scherrer equation, the size of the coherent domains relative to 
the c-direction was evaluated for the different films (Table 1). Sizes 
between 38 and 50 nm were calculated in agreement with the evolution 
observed on SEM images. 

The nature of the interlayer anion was confirmed by Raman spec
troscopy. Raman spectra (Fig. 3) show bands at 492 and 550 cm− 1 

assigned to the vibrational modes of the brucitic sheets [37]. Several 
vibrations modes associated with nitrate anions were also evidenced: at 
1056 cm− 1 and 1382 cm− 1 assigned to the symmetric (ν1) and anti
symmetric (ν3) stretching modes, respectively, and at 718 cm− 1 corre
sponding to a deformation mode ν4

38. The presence of carbonate anions 
was excluded as the symmetric stretching of CO3

2− expected at 1062 
cm− 1 was not present (SI-Fig. 2). From XRD and Raman spectroscopy, 
one can conclude that only nitrate anions occupied the interlayer space 
of the ZnAl LDH coatings with a “tilt-lying” configuration. 

Finally, the chemical composition of the ZnAl(65)-NO3 coating was 
determined by EDX and XPS. The Zn:Al ratio was estimated close to 2 as 
shown in SI-Figs. 3 and 4. ICP-MS was also used to evaluate the amount 
of LDH on each substrate. Zn and Al were quantified after dissolution of 
the whole coating in acidic solution (SI-Table 2). The calculated Zn:Al 
ratios were between 1.1 and 1.4 (lower than the expected value of 2) 
demonstrating again that a layer of Al was still present between the 
substrate and the film. This interlayer was demonstrated to play an 
important role in the adhesion properties of the LDH coating [10] and 
would need a precise control for practical applications. 

3.2. Intercalation properties 

3.2.1. Effect of the LDH film thickness 
When functionalising LDH coatings, the concentration of anion that 

could be intercalated is an important parameter to consider as it will 
dictate the following properties and efficiency of the modified coating. 
This concentration may be adjusted either by modulating the charge of 
the LDH sheets or by tuning the coating thickness. The thicker the 
coating is, the more functional anions will be intercalated. It could also 
be an advantage for extending the release time of a functional compound 
considering the diffusion into the film. 

For this reason, the intercalation was attempted using the different 
ZnAl–NO3 films. Nitrate intercalated LDH were commonly used as pre
cursors for anion exchange considering their low affinity towards the 
sheets [20]. The intercalation of benzoate anions was first attempted in 
view of its size (SI-Table 1) but mostly considering its proven antibac
terial and antifungal activity regarding different strains [38–41]. 

After anion exchange with benzoate anions (BZ) and washing, the 
ZnAl(30)-BZ and ZnAl(65)-BZ films did not change visually. However, 
when the ZnAl(140)-NO3 film was considered for anion exchange, the 
detachment of the LDH film from the substrate was observed after a few 
minutes. After washing, the film was almost entirely removed (SI-Fig. 5). 

Morphological changes resulting from the intercalation of benzoates 
within ZnAl(140)-NO3 film were evaluated by SEM (Fig. 4a-b). The 
images showed the film was pulled out during the anion exchange. The 
mechanical stress induced by the intercalation of larger molecules than 
nitrate anions started with the appearance of cracks on the film surface. 

In the following, we therefore focus on the behaviour of the ZnAl(30) 
and ZnAl(65) films. 

For ZnAl(30) (SI-Fig. 6) and ZnAl(65) (Fig. 5a, d) films, the micro
structure of the film was not modified by the anion exchange. The film 
surface appeared homogeneous with no sign of mechanical stress. The 
platelet thickness slightly increased with the benzoate intercalation 
from 60 nm to 90 nm approximately (from SEM images) suggesting an 
increase of the interlayer space. 

After anion exchange (Fig. 6 and SI-Fig. 7), the (003) and (006) basal 
reflections shifted down from 9.98◦ and 19.96◦ to 5.75◦ and 11.49◦ for 
the ZnAl(30) and ZnAl(65) coatings (Table 2) and higher order (00l) 
reflections appeared resulting from the interlayer space expansion. The 
intercalation of benzoate led to an increased disorder in the stacking 
sequence as depicted by the broadening of the reflections in the 30◦–40◦

region. The (003) basal reflection at 9.98◦ corresponding to ZnAl–NO3 
was still noticed after exchange on both films. Considering its low in
tensity, only a few nitrate anions, probably those located deep into the 
film, were not exchanged and remained in the films. The d-values 
calculated for ZnAl-BZ films (around 15.37 Å, Table 2) were in agree
ment with previous works reporting the formation of intertwined single 
layers of benzoate molecules with their anionic groups attached to the 
OH of the layers via strong hydrogen bonds [42–44]. Whereas ZnAl(30) 
and ZnAl(65) LDH films were able to withstand an increase of 73 % in 
d spacing, ZnAl(140) coating did not stand such an expansion due to 
higher density of particles and their thickness. Note that the (003) 
reflection was broader than the (006) one suggesting a degree of dis
order of the intertwinned layers of benzoate anions in the interlayer 
space. As a consequence, the evolution of the size of the coherent do
mains with the intercalation of larger anions was difficult to relate to the 
change in particle size. 

To confirm the anion exchange, infrared transmission spectra of the 
films on its substrate were recorded before and after intercalation (Fig. 7 
and SI-Fig. 8). The vibrational signatures of the LDH matrix was char
acterized by the O–H stretching band between 3200 and 3600 cm− 1, and 
by a group of bands between 400 and 800 cm− 1 corresponding to the 
vibrational modes of the brucitic sheets [37]. A small band at 1647 cm− 1 

can be seen in all spectra and corresponds to the H2O bending mode of 
the interlayer water molecules. 

Before exchange (Fig. 7a), the presence of nitrate anions was char
acterized by several bands: one at 822 cm− 1 corresponding to an out-of- 
plane deformation mode (ν2), one at 1054 cm− 1 corresponding to a 
symmetric stretching mode (ν1) and two bands at 1358 cm− 1 and 1438 
cm− 1 assigned to antisymmetric stretching vibrations (ν3) of hydrated 
ions [36,45]. The activation of the ν1 mode and the splitting of the ν3 
mode proved the “tilt-lying” configuration of the nitrate anions with C2v 
symmetry [35,36]. Those bands disappeared for the LDH films after 
anion exchange (Fig. 7b) attesting that less than 5 % of nitrate remained 
in the material. 

After anion exchange with benzoate anions (Fig. 7 b and SI-Fig. 8a), 
three intense bands can be seen: at 1399 and 1535 cm− 1 assigned to the 
symmetric and antisymmetric stretching modes of the carboxylate group 
[43] and at 1594 cm− 1 assigned to the a ring stretching vibration of the 
aromatic ring. These three bands are slightly asymmetric suggesting the 
presence of carboxylates interacting in different ways with the hydrox
ide sheets. The shoulder emerging at 3619 cm− 1 could be assigned to 
hydroxyl stretching with weak H-bonding interaction. 

The exchange between nitrate and benzoate anions was effective into 
ZnAl(30) and ZnAl(65) LDH films. Note that the anion exchange in the 
ZnAl(140) LDH was also evidenced by IR spectroscopy (SI-Fig. 8b) 
confirming the film detachment resulted from the intercalation of bigger 
anions. 

3.2.2. Effect of the anion size 
As we evidenced the intercalation of anions into LDH films can be 

constrained by the film morphology, the intercalation of larger mono
valent anions was tested into ZnAl(65)-LDH films. In LDH materials, the 

Table 1 
FWHM of the (003) reflection and sizes of the coherent domains (L003) deter
mined from XRD using Debye-Scherrer equation for the different ZnAl–NO3 
coatings.   

FWHM (003) 
(degrees) 

L003 (Å) 

ZnAl(30)-NO3 0.210 379 
ZnAl(65)-NO3 0.194 411 
ZnAl(140)-NO3 0.160 498  
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space between layers is related to both the size and the arrangement 
mode of the interlayer anions. The anion exchange with cefotaxime (SI- 
Table 1), which is an antibiotic recommended for the treatment of many 

kinds of bacterial infections, was attempted. The SEM images of the ZnAl 
(65)-CFX (Fig. 5b, e) evidenced the microstructure was maintained with 
the exchange but the LDH platelets appeared clearly thicker suggesting 
the expansion of the interlayer space. 

Looking at the XRD pattern of ZnAl(65)-CFX (Fig. 6b, e), the main 
basal reflections (003) and (006) shifted down to 5.10◦ and 10.00◦ and 
(009) and (0012) reflections appeared all proving the expansion of the 
interlayer space (Table 2). The associated FWHM had increased 
compared to the pristine film implying either higher disorder and/or the 
decrease of the size of the coherent domains with cefotaxime interca
lation. The latter phenomenon had already been observed in LDH 
powders with the intercalation of vanadates leading to a mechanical 
fragmentation of the crystallites [46]. The XRD pattern showed an 
additional peak at 9.45◦ which may be associated with nitrates. The 
calculated d-value of 17.50 Å for ZnAl(65)-CFX (Table 2) was signifi
cantly lower compared to the one we previously reported for ZnAl LDH 
particles intercalating cefotaxime (around 20.80 Å) [26]. The molecular 
form of cefotaxime may have changed with the intercalation in the ZnAl 
(65)-LDH film or either there could be different hydrated state for this 
compound or different conformation of the anion in the interlayer space. 
After exchanging the nitrate anions with cefotaxime, the appearance of 
multiple bands in the 1000–1800 cm− 1 region, corresponding to 

Fig. 3. Raman spectra of (a) ZnAl(30)-NO3, (b) ZnAl(65)-NO3 and (c) ZnAl(140)-NO3.  

Fig. 4. SEM images of ZnAl(140)-BZ at (a) low and (b) high magnification after intercalation.  

Table 2 
XRD characteristics measured from the XRD patterns: 2θ values (◦) for the (003) 
and (006) reflections, the corresponding d-value calculated using the Bragg 
equation, the anion orientation and the interlayer space expansion.  

Sample 
name 

2θ003 

(◦) 
2θ006 

(◦) 
d-value 
(Å) 

Corresponding 
interlayer anion 

% 
expansion 

ZnAl(65)- 
NO3 

9.98 19.96 8.87 “tilt-lying” nitrate – 

ZnAl(65)- 
BZ 

5.75 11.49 15.37 Intertwined single 
layer of benzoate 
“tilt-lying” nitrate 

73 
9.98 – 8.86 – 

ZnAl(65)- 
CFX 

5.10 10.00 17.50 Hydrolysis product of 
cefotaxime 
Nitrate 

98 
9.45 – 9.35 – 

ZnAl(65)- 
C8 

3.88◦ 7.76◦ 22.75 Hydrated monolayer 
of octanoate 
Monolayer of 
octanoate 
“tilt-lying” nitrate 

157 
4.46◦ 9.26◦ 19.54 120 
9.99◦ – 8.85 –  
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vibration modes of cefotaxime (Fig. 7c) were observed. Two main sig
nals changed by comparison with the spectrum of the cefotaxime salt in 
solution (SI-Fig. 9b). First, the intensity of the band at 1761 cm− 1 related 
to the C––O bond of the β-lactam was decreased. Moreover, the signals at 
around 1250 cm− 1 assigned to C–O stretching vibrations were signifi
cantly lower for the intercalated anion. 

XRD and IR spectroscopy both suggested the intercalated anion in 
ZnAl(65)-LDH was different from the native cefotaxime sodium salt. The 
hydrolysis of the β-lactam ring leading to its opening was previously 
studied [47] and Zn(II) complexes were reported to catalyse the reaction 
[48]. However, as we did not observe this effect when intercalating 
cefotaxime into ZnAl LDH particles, the constrained dynamics of LDH 
sheets could explain the change in molecular structure. 

To investigate further the limitation in terms of interlayer space 
expansion in the ZnAl(65) film, the intercalation of octanoate was 
studied (SI-Table 1). The intercalation of such anion could be interesting 
for obtaining superhydrophobic properties and limit the adhesion and 
fouling of the coating. The intercalation of laurate anions had already 
been reported for ZnAl–NO3 LDH film grown on Al substrates [23,24] 
proving the interlamellar space can be expanded to d-values as high as 
34 Å depending on the starting film. However, it always resulted in 
morphological changes of the LDH film. 

While the main microstructure was preserved after anion exchange 
with octanoate as shown by SEM images (Fig. 5c, f), the platelet thick
ness noticeably increased and at the same time delamination seemed to 
appear leading to a more disordered the surface. The XRD pattern 

Fig. 5. SEM images at low and high magnification of the functionalised films ZnAl(65)-BZ (a, d), ZnAl(65)-CFX (b, e) and ZnAl(65)-C8 (c, f) and the corresponding 
image (g, h, i) after immersion for 3 h in physiological saline solution. 

Fig. 6. XRD patterns and a zoom in the 2–25◦ region of ZnAl(65)-BZ (a, d), ZnAl(65)-CFX (b, e) and ZnAl(65)-C8 (c, f).  
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(Fig. 6c, f) showed one large peak around 4◦ with several low intensity 
reflections in the range 6–14◦. Two sets of (00l) basal reflections were 
identified with again the presence of the (003) reflections associated 

with nitrate anions (Table 2). The calculated d-values were 19.54 Å and 
22.75 Å. The former value was in agreement with the literature [49,50], 
and it was assigned to a monolayer arrangement of the anion. The latter 
could correspond to another hydration state of the anion. The broadness 
of the (00l) reflections with relatively low intensity may be the result of a 
disordered arrangement of the octanoate anions in the interlayer space. 

The FTIR spectrum (Fig. 7d) displayed an intense couple of bands 
around ~2930 and 2860 cm− 1 corresponding to the symmetric and the 
antisymmetric stretching of CH2 and CH3 with the scissoring mode 
δ(CH2) at 1464 cm− 1. The absorption bands at 1547 cm− 1 and 1410 
cm− 1 were assigned to the stretching modes of the carboxylate group. 
The spectrum revealed no remaining intercalated nitrate. The sharp 
band at 3669 cm− 1, as already seen for ZnAl(65)-BZ (Fig. 7b), was 
attributed to the stretching of hydroxyl groups with less interaction with 
the octanoate anions. 

3.3. Stability of the functionalised coatings 

The stability of the functionalised films was then investigated by 
immersion in physiological saline solution (0.9 wt % NaCl). The ex
change kinetics were followed by the recording of UV spectra of the 
solution and the acquisition of IR transmission spectra of the film on its 
substrate after 3 h of immersion. 

For ZnAl(65)-BZ, a burst release of benzoate was observed and after 
20 min, a plateau was reached evidencing the fast exchange kinetics and 
release of the benzoate anions in solution (Fig. 8). Based on the esti
mated Zn amount in ZnAl(65) LDH film by ICP-MS (SI-Table 2), all 
benzoate anions were exchanged. The release process was not limited by 
diffusion through the particle forming the film. The coating micro
structure was not modified but the thickness of the particles decreased 
(to around 60 nm from SEM) suggesting the interlayer space was 
reduced with the exchange (Fig. 5g). 

The bands associated with benzoate anions disappeared on the IR 
spectrum and a new band at 1354 cm− 1 was evidenced corresponding to 
the antisymmetric stretching of carbonates (Fig. 9a). Chloride anions 
may have also been intercalated. The exchange process from the ZnAl 

Fig. 7. FTIR transmission spectra of (a) ZnAl(65)-NO3, (b) ZnAl(65)-BZ, (c) 
ZnAl(65)-CFX and (d) ZnAl(65)-C8. 

Fig. 8. Anion exchange kinetics evaluated from UV spectrophotometry for ZnAl 
(65)-BZ (circles) and ZnAl(65)-CFX (triangles). 

Fig. 9. FTIR transmission spectra of (a) ZnAl(65)-BZ, (b) ZnAl(65)-CFX and (c) 
ZnAl(65)-C8 after 3 h of immersion in physiological saline solution. 
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(65)-BZ coating was significantly different compared to the one 
observed for LDH powders. Indeed, Zhang et al. [40] demonstrated a 
slow and sustained release process of benzoate anions from ZnAl LDH 
nanoparticles in NaCl 3.5 wt% without total exchange. However, release 
properties of LDH can be significantly affected by the aggregation state 
[51], the particle size [52] and also the packing mode of the anions. In 
fact, a complex interplay between the anion-host interactions, 
anion-anion interactions in the interlayer space, and anion affinity to
wards the medium governed the anions release in LDH materials [53]. 
Considering (i) the saline solution was not carbonate-free and (ii) the 
low amount of anion to exchange in the coating, the rapid release of 
benzoate anions from ZnAl(65)-BZ was not surprising. 

When immersing ZnAl(65)-CFX, only few anions (around 10 %) were 
released from the interlayer space after 3 h. Prolonging the immersion to 
18 h did not result in a higher release (data not shown). The coating did 
not change after immersion (Fig. 5h). Notably the thickness of the 
platelet was preserved. The IR spectrum (Fig. 9b) evidenced a decrease 
in intensity of the main bands located in the region 1000-1900 cm− 1 

associated with cefotaxime. However, its spectral signature was still 
present supporting the partial hydrolysis of the starting cefotaxime 
leading to an anion with stronger interaction with the hydroxide layers 
limiting the exchange with the external medium. 

For ZnAl(65)-C8, the anion exchange was monitored only from the 
film features by IR spectroscopy, octanoate having no UV absorbance in 
the range 200–400 nm. With the immersion time (SI-Fig. 10), one can 
see the intensity of the main bands corresponding to octanoate anions 
decreasing while a new band appeared at 1354 cm− 1 attributed to car
bonates. After 3 h of immersion (Fig. 9c), almost all octanoate anions 
had been replaced. The release rate in this case was lower compared to 
ZnAl(65)-BZ which may be related to the lower solubility. The film 
microstructure was slightly altered by the octanoate release (Fig. 5i). 
The platelet thickness decreased in accordance with the intercalation of 
the smaller carbonate anions but at the same time, some particles were 
detached as evidenced by areas on where the substrate was visible. 
Longer-term stability was achieved by the groups of Cao [24] and Duan 
[8] with ZnAl-laurate films which could be the result of better anion 
arrangement in the interlayer space as suggested by XRD. 

Even the relatively rapid release occurred for ZnAl(65)-BZ and ZnAl 
(65)-C8, physical modifications could allow to either slow down the rate 
(i.e. by depositing a polymer upper layer) or stop the anion exchange 
process (i.e. by grafting). 

3.4. Reloading capacity 

The possibility to reload the film for release systems or to regenerate 
the coating when using for uptake could be very important for practical 
applications. The coating regeneration was attempted using the method 
proposed by Iyi et al. [33] using an acid-alcohol mixed solution. While 
taking advantage of the higher acid resistance of the LDH in alcohols 
than in water, this method allows a complete decarbonation yielding 
LDH containing the conjugated base anions of the acids used. The SEM 
images after immersion into an ethanol-HNO3 solution displayed an 
LDH coating with a morphology and microstructure similar to the 
starting ZnAl(65)-NO3 (SI-Fig. 11). On the IR spectrum (SI-Fig. 12), the 
band associated with carbonate anions disappeared and two new bands 
located at 1358 cm− 1 and 1441 cm− 1 corresponding to the stretching 
vibration of hydrated nitrate anions. The regeneration of the coating was 
successful and functionalisation could be completed again. 

4. Conclusions 

ZnAl LDH coatings with controlled morphology and thickness were 
synthesized by an in situ approach. The density of particles as well as the 
particle size were adjusted by varying the thickness of the Al-precursor 
layer. The anion exchange properties and dynamics were then studied 
using SEM, XRD and IR spectroscopy. The influence of the initial film 

morphology on the anion exchange in such films was highlighted. After 
optimising the starting film morphology, the intercalation of three 
functional anions with potential antimicrobials properties was success
fully achieved with the possibility to expand the interlayer space up to 
150 % while holding the film integrity. The rapid release of the inter
calated anions upon immersion in aqueous solution could be improved 
by physical modifications depending of the target application (polymer 
upper layer, anion immobilization by grafting). The regeneration ca
pacity of the film was demonstrated as it could be key for practical ap
plications. The objective of this work was to study from a fundamental 
perspective the intercalation properties of such LDH films but additional 
work will be necessary to demonstrate the application and determine the 
functionality of the loaded and released anions. 
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