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Preparation of layered double hydroxide films using an
electrodeposition and subsequent crystal growth method
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Abstract

The surface coating of a gas reaction electrode with layered double hydroxides (LDHs) featuring various electrode catalyst activities was
prepared via electrodeposition and the subsequent crystal growth of LDHs. LDH formation was confirmed by X-ray diffraction and
Raman scattering measurements after subsequent crystal growth on respective electrodeposited precursor films in Ni-Fe and Zn-Al
LDH systems. However, the crystal growth of LDHs in Ni-Mn and Cu-Mn systems was observed on the Mg-Al LDH-electrodeposited
films. LDH films were also deposited on the surface of a carbon paper electrode with a rugged surface via electrodeposition and sub-
sequent crystal growth. Using the prepared LDH-coated carbon paper electrodes, the electrode catalytic activity for the oxygen reduction
reaction (ORR) was examined. For Ni-Mn, Ni-Al and Ni-Fe LDH-coated carbon paper electrodes, the threshold voltages of the ORR
decreased. Hence, the LDHs electrodeposited on a gas reaction electrode have high electrochemical catalytic activity for the ORR.

Keywords: coating on a porous electrode, electrode catalyst for oxygen reduction, electrodeposition, layered double hydroxide (LDH),
subsequent crystal growth
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Layered double hydroxides (LDHs), expressed by the general for-
mula (MII

xM
III
1–x(OH)2)(A

m–)x/m, are hydrotalcite-like materials
with a structure based on brucite (Morales et al., 2005; Guo
et al., 2010). The brucite layers are positively charged because
of the partial substitution of MII cations by MIII cations, and
Am– anions are inserted between the layers to neutralize the
total charge using specific amounts of water molecules. Various
chemical functions of LDHs arising from their characteristic
structure have been reported, e.g. as catalysts (Cavani et al.,
1991; Occelli & Robson, 1992), anion exchangers (Bish, 1980;
Miyata, 1983; Ulibarri et al., 1995) and anion conductors
(Furukawa et al., 2011; Miyazaki et al., 2013). Recently, the elec-
trochemical properties of LDHs have been investigated actively for
their application as cathode materials in nickel batteries (Hu et al.,
2013, 2015; Yan & Yang, 2016), as precursors for lithium battery
anode materials (Quan et al., 2013a, 2014; Sonoyama et al., 2021)
and as electrode catalysts with gaseous reactants such as oxygen
and hydrogen (Song & Hu, 2014; Trotochaud et al., 2014; Liu
et al., 2017). Among these, active electrode materials for gaseous
reactants find applications in sensors, fuel cell electrodes and air-
based batteries. For application in a gas reaction electrode, the
electrode catalyst should be uniformly supported on the surface
of a porous substrate. To coat LDHs on porous materials, the
main approaches used are the hydrothermal method (Cai et al.,
2015; Liang et al., 2015) and the nanosheet deposition method
(O’Leary et al., 2002; Ma et al., 2006, 2015). In the hydrothermal
method, LDHs are directly synthesized on the surface of the

electrode. However, in this method, the substrate materials
should be stable under hydrothermal conditions. In the nanosheet
deposition method, nanosheets obtained via the layer-by-layer
separation of LDHs are dispersed in solutions and allowed to per-
meate the porous materials, which are then dried. This method
requires considerable time and effort, and a uniform coating on
porous electrodes is difficult to achieve.

Electrodeposition is a well-known and efficient method for
coating the surface of electronic conducting materials. Our
research group has reported previously the electrodeposition of
metal oxides on the surfaces of gold and carbon substrates as pre-
cursors of lithium-ion battery cathode materials (Quan et al.,
2013b; Sonoyama et al., 2016). The advantage of the electrodepo-
sition method is that it allows for uniform coating even on the
rugged surfaces because deposition occurs over all parts of the
electrode surface that are in contact with the electrolyte solution.
Uniform LDH film formation on the surfaces of substrates would
be beneficial for obtaining electrodes with fine catalytic activity,
materials with improved optical characteristics via semiconductor
surface coating and materials that are suitable for water treatment.
The electrodeposition of several types of LDHs has been reported
previously (Indira et al., 1994; Scavetta et al., 2007, 2009, 2012;
Obayashi et al., 2012). The deposition of LDHs mainly includes
the following steps: hydrogen formation is induced at the surface
of a cathode dipped in an electrolyte solution containing MII and
MIII ions with specific counteranions via the application of a cur-
rent. This causes a partial increase in the pH of the electrolyte at
the surface of the substrate due to proton consumption. Thin
LDH films are deposited on the surface of the cathode. At the sur-
face of the counterelectrode, mainly oxygen is formed. In the pro-
cess of electrodeposition, few types of high-crystallinity LDH
films can be obtained (Indira et al., 1994) because limited crystal
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growth time is available for the electrodeposition process. Certain
specific types of LDHs are reported as exceptions, such as Zn-Al
(Scavetta et al., 2009) and Mn-Al LDHs (Obayashi et al., 2012). In
the present study, we attempted the synthesis of several types of
LDH films on the surfaces of flat gold and rugged carbon paper
electrodes using a simple and unified method: the electrodeposi-
tion of seed LDH crystals and subsequent crystal growth (homo-
crystal growth). Several types of thin LDH films cannot be
obtained via homo-crystal growth; therefore, crystal growth of a
different kind of LDH on the surface of a different base
LDH-electrodeposited film (hetero-crystal growth) was also
attempted. The syntheses of the following combinations of
LDHs were attempted in the present study, and the reasons for
their synthesis are also listed:

(1) Mg-Al LDH and Ni-Al LDH: their electrodeposition is facile
and the LDH films obtained are applicable seed crystals of
other LDHs.

(2) Ni-Fe LDH, Ni-Mn LDH and Cu-Mn LDH: these LDHs are
expected to be fine catalysts or electrodes with good electro-
catalytic activities due to their loading of two types of transi-
tion metal ions.

(3) Zn-Al LDH: this LDH is also expected to act as a semicon-
ductor material via simple sintering.

LDH surface coating was also attempted on the surface of the car-
bon paper with a rugged surface structure, and the electrochemical
performance of the LDH-coated carbon paper as a gas reaction
electrode for the oxygen reduction reaction (ORR) was examined.

Experimental

All deposition processes were carried out under the following
conditions: films were deposited on the surface of the cathodes,
with a flat gold substrate (10 mm × 10mm, thickness = 0.2 mm)
or with carbon paper (TGP-H-120, Toray, Japan; 10mm× 10mm,
t = 0.34 mm) with a rugged surface as the substrate, at a constant
current of 17 mA using a gold sheet as the counterelectrode. The
electrolyte solution contained the nitrate compound of MII and
MIII ions and NaNO3 at concentrations of 0.05, 0.025 and
1.0 M, respectively. The total electrolysis time was 10 min.
Variation of the MII-MIII ions was studied via combinations of
Ni-Al, Ni-Mn, Ni-Fe, Cu-Mn and Zn-Al. All chemicals were
purchased from Kishida Kagaku (Japan; Guaranteed Reagent
grade). After electrodeposition, crystal growth of the LDH film
was attempted. The electrodeposited films were dipped in a solu-
tion with the same components as the electrodeposition bath.
After adjusting the pH of the solution to 9.0 via the addition of
NaOH solution, the films were stored at 80°C under stirring for
3 days. For Mg-Al and Ni-Al LDH films, crystal growth was
attempted to prepare the substrate (seed crystals) for other system
baths, such as Ni-Mn and Cu-Al.

The films obtained were characterized using X-ray diffraction
(XRD; Ultima IV, Rigaku, Japan) with Cu-Kα radiation. The
monochromatization of the diffracted X-rays was carried out
using a Soller slit and a light receiving slit, and the diffracted
X-rays were detected using a scintillation counter. The morph-
ology of the film surface was observed using scanning electron
microscopy (SEM) and energy-dispersive spectroscopy (EDS;
JSM-6010LA, JEOL, Japan). The measurement conditions for
EDS were as follows: measurement time = 50 s, acceleration volt-
age = 8 kV, measurement area = 0.6 mm × 0.4 mm (maximum).

The molecular ratios of the transition metal ions in the films
obtained were determined using EDS.

The electrochemical properties of the films obtained were
examined using linear sweep voltammetry with film-deposited
carbon paper, Pt wire and Ni wire as the working electrode,
counter-electrode and quasi-reference electrode, respectively.
Measurements were carried out in a 6 M KOH aqueous solution
with oxygen bubbling using a potentiostat (HZ-7000, Hokuto,
Japan) and a gas reaction cell (ECC-Air, EL-CELL, Germany).

Results and discussion

The diffraction peak positions of 003 and 006 of the Mg-Al LDH
in the Inorganic Crystal Structure Database (ICSD; #81963) are
shown using blue lines in Fig. 1. A very weak and broad diffrac-
tion peak was observed at ∼11°2θ, which could be assigned to the
003 diffraction of LDH for Ni-Al and Mg-Al systems. The peak at
∼12.5°2θ observed for the Cu-Mn system was assigned to an
impurity, which is discussed later. Other characteristic diffraction
peaks of LDH were not obtained using the synthesis process
employed in this study. For other systems, very weak peaks
were observed corresponding to the 003 diffraction line for
LDHs and suggesting the unsuccessful formation of LDH films.
Figure 1b shows the XRD traces of the films after crystal growth.
The 003 and 006 diffraction peaks at 11–12°2θ and 23–24°2θ,
respectively, were observed for the Ni-Al, Mg-Al, Ni-Fe and
Zn-Al systems, but not for the Ni-Mn and Cu-Mn systems.
Other diffraction peaks of LDH were not observed after the crys-
tal-growth process. For the Ni-Al and Mg-Al systems, the 003 dif-
fraction line, which was originally observed before homo-crystal
growth, became more intense, and the 006 diffraction line, which
was not observed in the electrodeposited films, was detected.

For the Ni-Fe and Zn-Al systems, the 003 and 006 diffraction
lines that were not observed for the electrodeposited films were
observed after the homo-crystal growth process. Moreover, an
indeterminable amount of impurity (ZnO) was observed for the
Zn-Al system. These results suggest that the small seed crystals
of LDHs formed during the electrodeposition process grew in
the subsequent homo-crystal growth process. The peak at
∼12.5°2θ for the Cu-Mn system could be assigned to the impurity
phase. The space group of the Cu-Mn LDH is different from that
of the Mg-Al LDH (Zhang et al., 2021). The reason for this is dis-
cussed below. Other characteristic diffraction peaks of LDH were
not detected in this study.

Table 1 summarizes the interlayer diffraction peak positions,
d spacings and ratios of M1 and M2 contents estimated from
the EDS analyses. The differences in the peak positions and d spa-
cings for the obtained LDHs are not significant. By contrast, dif-
ferences were observed in the M1/M2 ratios. For the Mn-Al and
Ni-Al systems, the M1/M2 ratios were almost identical, but their
values did not agree with the M1/M2 ratio in the electrolyte solu-
tion. During the electrodeposition process, LDH is formed due to
the rapid pH increase at the surface of the electrode induced by
the conversion of protons to hydrogen. Due to this rapid crystal
formation in a non-equilibrium state, an LDH with a stable com-
position is formed.

In the Zn-Al system, the M1/M2 ratio obtained was too large
for LDH formation. This large M1/M2 ratio was due to the forma-
tion of the impurity phase, zinc oxide (ZnO), during the electro-
deposition process. The ZnO formed during the electrodeposition
process is evident in Fig. 1a. ZnO is formed easily due to the rapid
increase in pH during the LDH synthesis process. During
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electrodeposition, the pH at the electrode surface will increase
rapidly with the hydrogen formation that accompanies the con-
sumption of protons. This significant increase in pH induces
the formation of ZnO.

For the Ni-Mn and Cu-Mn systems, the M1/M2 ratios were
16.6% and 14.8%, respectively (after homo-crystal growth; not
shown in Table 1). These results suggest that Mn3+ is present to
only a very small degree in the electrodeposited film obtained.
The reason for this unsuccessful LDH formation is unclear.
One possibility is that the dissolution of Mn3+ might dissolve in
the electrolyte solution (Hirayama et al., 2010).

Figure 2 shows SEM images and EDS atomic mapping images of
the substrate surface after electrodeposition for the Ni-Fe system.

Small particles covering the surface of the substrate are clearly evi-
dent. Furthermore, from the EDS atomic mapping images, it can
be seen that the Ni2+ and Fe3+ ions are distributed uniformly over
the same area, suggesting that a solid solution of binary metal com-
pounds constitute the electrodeposition bath. Figure 2c shows a SEM
image of the substrate surface after electrodeposition for the Zn-Al
system. Particles of various shapes were deposited on the substrate,
and these particles seem to be those of the ZnO impurity.

Raman spectra of the electrodeposited films in the Ni-Fe and
Zn-Al systems are shown in Fig. 3. A scattering band observed at
1100 cm–1 was assigned to ν1 mode scattering for LDHs (De
Faria et al., 1998; Rives, 2001). For the Ni-Fe and Zn-Al systems,
well-defined interlayer diffraction peaks of LDH were not observed
after the electrodeposition process. The Raman spectra indicated
small seed crystal formation of Ni-Fe and Zn-Al LDHs during
the electrodeposition process. In other words, the crystal growth
of Ni-Fe and Zn-Al LDHs proceeds only to a very small degree dur-
ing electrodeposition. The crystal growth of LDHs depends on
many factors, such as the deposition pH values, the electron con-
ductivity of the deposited LDHs and OH– ion mobility. For such
systems, the seed crystals of LDHs grow only to a very small degree
during electrodeposition, and the subsequent crystal-growth pro-
cess would be effective for the synthesis of thin LDH films.

Figure 1c,d shows the XRD traces of the films after hetero-
crystal growth in the Cu-Mn and Ni-Mn solution baths on the
electrodeposited Ni-Al LDH and Mg-Al LDH films. For the

Table 1. The peak position of 003 diffraction lines, d spacings and M1
II/M2

III ratios
of various compound systems.

Compound system
Peak position of 003
diffraction line (°) d spacing (Å) M1

II/M2
III ratio

Mg-Al 11.5 7.69 1.43
Ni-Al 11.5 7.69 1.46
Zn-Al 11.7 7.56 5.30
Ni-Fe 11.5 7.69 1.49
Ni-Mn/Mg-Al LDH 11.2 7.89 –
Ni-Mn/Ni-Al LDH 11.1 7.96 –
Cu-Mn/Mg-Al LDH 11.2 7.89 –

° °

° °

(a)

(b)

(c)

(d)

Fig. 1. XRD traces of the electrodeposited thin film on gold substrate: (a) before subsequent crystal growth, (b) after subsequent crystal growth, (c) after hetero-
crystal growth on a thin Ni-Al LDH film and (d) after hetero-crystal growth on a thin Mg-Al LDH film. ‘ICSD_Mg2Al1-LDH’ refers to the XRD trace of Mg-Al LDH with a
Mg/Al ratio of 2.0 in the ICSD database.
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Ni-Mn system, an apparent increase in the 003 diffraction was
observed for both the Ni-Mn/Ni-Al LDH and Ni-Mn/Mg-Al
LDH films, suggesting the growth of Ni-Mn LDH on the surface
of Ni-Al LDH and Mg-Al LDH.

Figure 2e,f shows a SEM image and EDS atomic mapping of
the Ni-Mn LDH/Ni-Al LDH hybrid film after the hetero-crystal

growth process. Particles <1 μm in size appear to cover the sur-
face. The EDS atomic mapping images confirm that Ni, Mn
and O are distributed over the same regions, indicating the forma-
tion of Ni-Mn LDH. Moreover, Al, which is a component of the
base film, is observed on the surface of the film. The detection of
Al might have been caused by the translation of X-rays through

Ni

O

O

MnNi

Al

Al

Fe

Zn

(a)

(c)

(e) (f)

(d)

(b)

Fig. 2. SEM image and EDS atomic mapping images of substrate surfaces after electrodeposition in the: (a,b) Ni-Fe and (c,d) Zn-Al systems, respectively. (e) SEM
image and (f) EDS atomic mapping images of the Ni-Mn LDH/Ni-Al LDH hybrid film after the hetero-crystal growth process.
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the surface-covering Ni-Mn LDH layer over the Ni-Al LDH layer.
The molecular ratios of these elements are summarized in Table 2.
The composition of the thin film was estimated to be
Ni1.7Mn0.5Al0.5(OH)4.8(NO3)0.57. This composition is determined
from the average of the surface Ni-Mn LDH layer and the under-
lying Ni-Al LDH layer contents.

The XRD traces for the Cu-Mn films over Ni-Al LDH and
Mg-Al LDH films hetero-grown in the Cu-Mn bath are shown
in Fig. 1c,d. A peak of the impurity phase that was observed in
Fig. 1b appeared for the Ni-Al LDH seed layer after crystal
growth. For the Mg-Al LDH seed crystal shown in Fig. 1d there
is an apparent increase in the intensity of the interlayer diffrac-
tion, which agrees with the nature of the diffraction peak reported
by Zhang et al. (2021). At present, the reason for this inactivity of
the crystal growth of Cu-Mn LDH on Ni-Al LDH seed crystals is
not clear. However, a weak diffraction peak can be observed at the
interlayer diffraction position for the Cu-Mn LDH/Ni-Al LDH
system (Fig. 1c), suggesting the simultaneous crystal growth of
Cu-Mn LDH and the impurity phase. The molecular ratios of
Cu-Mn LDH/Mg-Al LDH are shown in Table 2. The M1/M2

ratio of Cu-Mn LDH is estimated to be 2.05, which is more suit-
able for a LDH than the value of 14.8 obtained via homo-crystal
growth (Fig. 1b).

Figure 4a shows a transmission electron microscopy image of
the Ni-Mn LDH crystal grown on an electrodeposited Ni-Al film.
A needle-shaped crystal with a different shape from that of the
base crystal (plane-shaped) was formed. This suggests that the
hetero-crystal growth does not proceed via epitaxial crystal growth.
It is suggested that once the second layer of crystals begins to be
deposited on the base crystal, the subsequent crystal growth pro-
ceeds in various directions in addition to the original direction.

To fabricate a gas reaction electrode supported with an elec-
trode catalyst (LDH), it is necessary to homogeneously coat cata-
lyst compounds over the surface of the porous electrode. However,

Fig. 3. Raman spectra for electrodeposited films on the gold substrate in
the Ni-Al and Zn-Al systems after electrodeposition and for film deposition
on the carbon paper substrate in the Ni-Fe system after homo-crystal
growth. Wavenumber (cm–1)

600 800 1000 1200

In
te

ns
ity

 (
a.

u.
)

Electrodeposited Ni-Fe LDH on gold substrate

Electrodeposited Zn-Al LDH on gold substrate

Ni-Fe LDH on carbon paper substrate

Table 2. Atomic contents of the LDH systems after the hetero-crystal growth
process.

Ni-Mn/Ni-Al LDH system (base LDH mol.% Ni:Al = 18.0:8.2)
Element Al Mn Ni O Total
Mol.% 4.1 4.9 15.6 75.4 100
Ni-Mn/Mg-Al LDH system (base LDH mol.% Mg:Al = 10.1:5.4)
Element Mg Al Mn Ni O Total
Mol.% 12.8 5.6 1.9 3.0 76.7 100
Cu-Mn/Mg-Al LDH system (base LDH mol.% Mg:Al = 8.1:7.2)
Element Mg Al Mn Cu O Total
Mol.% 6.5 6.1 3.4 7.0 77.0 100
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coating LDHs on the surfaces of porous materials is difficult. One of
the most popular methods of surface coating is nanosheet coating
(O’Leary et al., 2002; Ma et al., 2006). LDHs can be separated
layer by layer to disperse LDH nanosheets in a solution, which
can be coated over the electrode by dipping it in this dispersion.
However, achieving a homogeneous coating on a porous surface is
difficult, and some additives, such as dodecyl benzene sulfonate
(DBS) anions, which are the typical addition agents used to form
LDH nanosheet dispersions, are also loaded onto the electrodes.
DBS has low reactivity for sub-reactions. However, the presence of
DBS on the surface may reduce the reactivity of the electrode due
to its low electrical conductivity and large surface area.
Electrodeposition and subsequent crystal growth represent a simple

and appropriate method for covering a porous electrode surface with
LDHs because electrodeposition occurs at the surface of the elec-
trode that is in contact with the electrolyte solution, which is appro-
priate for coating an electrode catalyst or electrode active materials
over the surface. In a previous paper, we reported the coating of
LiCoO2 nanosized particles on the surface of a rugged electrode
(Sonoyama et al., 2016). In the present study, the electrodeposition
of LDHs on the surface of a rugged carbon paper electrode was
attempted using electrodeposition and subsequent crystal growth.

For thin films deposited on the rugged electrode, no XRD pro-
file could be obtained because a flat surface is necessary for XRD.
Figure 4b shows a SEM image of a carbon paper electrode surface
after Ni-Fe LDH synthesis via electrodeposition and subsequent

(a)

(b)

500 nm

(c)
Ni

OFe

100 µm SEI

SEI0.2mm
0.2mm

0.2mm 0.2mm O K

Ni K

Fe K

Fig. 4. (a) Transmission electron microscopy image of Ni-Mn LDH on Ni-Al LDH. (b) SEM image and (c) EDS atomic mapping images of a Ni-Fe LDH film on a carbon
paper substrate.
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crystal growth. LDH particles with sizes <100 nm were confirmed
to be deposited on the surface of the carbon paper. EDS atomic
mapping images of the Ni-Fe LDH-deposited surface are shown
in Fig. 4c. The distribution of these two metals in the same area
suggests the formation of a solid solution. The characteristic
band at 1100 cm–1 in the Raman scattering spectra shown in
Fig. 3 also indicates the successful formation of LDHs on the car-
bon paper electrodes via electrodeposition and subsequent crystal
growth.

To examine the reaction activity of LDH-coated carbon paper
electrodes with gaseous compounds, the ORR activity was esti-
mated using cyclic voltammetry (CV) under constant oxygen
flow. The CV curves for various LDH-coated carbon paper elec-
trodes are shown in Fig. 5. For Ni-Fe LDH-, Ni-Mn LDH- and
Ni-Al LDH-coated electrodes, a decrease in the polarized poten-
tial with an increase in the current for the ORR was observed,
which contrasts with the pristine and Mg-Al LDH-coated electro-
des that have no electrical conductivity. This result demonstrates
the catalytic activity of the LDH-coated electrodes for oxygen
reduction.

Conclusion

In the present study, it was demonstrated that electrodeposition
and subsequent crystal growth represent a useful method for
achieving various LDH coatings on the surfaces of rugged-surface
electrodes. This method can be applied for the preparation of gas-
diffusion electrodes that are suitable for use in ORR.
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