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A new electrodeposition condition to produce Zn-Al LDH films was developed using nitrate solutions containing
Zn2+ and Al3+ ions. Deposition was achieved by reducing nitrate ions to generate hydroxide ions on the working
electrode. This elevates the local pH on the working electrode, resulting in precipitation of Zn-Al LDH films. The
effect of deposition potential, pH of the plating solution, and the Zn2+ to Al3+ ratio in the plating solution on the
purity and crystallinity of the LDH films deposited was systematically studied using X-ray diffraction and energy
dispersive spectroscopy (EDS). The optimum deposition potential to deposit pure and well-ordered Zn-Al LDH
films was E ) -1.65V versus a Ag/AgCl in 4 M KCl reference electrode at room temperature using a solution
containing 12.5 mM Zn(NO3)2 · 6H2O and 7.5 mM Al(NO3)3 · 9H2O with pH adjusted to 3.8. The resulting film contained
39 atomic %Al3+ ions replacing Zn2+ ions, leading to a composition of Zn0.61Al0.39(OH)2(NO3)0.39 · xH2O. Increasing
or decreasing the aluminum concentration in the plating solution resulted in the formation of aluminum- or zinc-
containing impurities, respectively, instead of varying aluminum content incorporated into the LDH phase. Choosing
an optimum deposition potential was important to obtain LDH as a pure phase in the film. When the potential more
negative than the optimum potential is used, zinc metal or zinc hydroxide was deposited as a side product, whereas
making the potential less negative than the optimum potential resulted in the formation of zinc oxide as the major
phase. The pH condition of the plating solution was also critical, as increasing pH destabilizes the formation of the
LDH phase while decreasing pH promoted deposition of other impurities.

Introduction

Layered double hydroxides (LDHs) are a group of
inorganic materials that contain positively charged layers and
charge balancing interlayer regions.1 The composition of the
main layer can be written as [M(II)1-xM′(III)x(OH)2], with
the positive charge on the main layer resulting from the
replacement of divalent ions with trivalent ions. Both divalent
and trivalent ions are located at the center of octahedra
composed of OH- ions; M(OH)6 and M′(OH)6 octahedral
units share edges forming 2D layers. The interlayer incor-
porates anions and water molecules to maintain charge
neutrality.

Because of its ability to accommodate various chemical
species in the interlayer region, LDHs can serve as host
materials to form a variety of intercalated and nanocomposite

compounds.2 This ability can be used for a wide range of
applications including catalysis, sensors, and drug/gene
delivery.3–5 In particular, LDHs have been extensively used
to prepare sensors to detect chemical and biological species
(e.g., glucose, cholesterol, hydrogen peroxide, urea, and
lactate).6–9 Using LDHs for sensing applications requires
preparation of film-type LDH electrodes or adhesion of LDH
powders to conducting substrates. The former can be
achieved by spin coating or the Langmuir-Blodgett method,
whereas the latter involves evaporation of colloidal LDH
suspensions or use of carbon paste to glue powder-type LDHs
to the electrode surface.6–14 These methods require a two-
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step procedure involving synthesis of the LDH (e.g., copre-
cipitation method) followed by assembly of the electrodes.

In this study, we report a one-step electrochemical
procedure to grow film-type Zn-Al LDH directly from a
conducting substrate, which may allow for better physical
adhesion between the LDH particles and the conducting
substrate in addition to simplifying the assembly procedure.
This method is based on electrochemical generation of OH-

by reduction of nitrate ions (NO3
- + H2O + 2e- f NO2

-

+ 2OH-).15,16 As the local pH on the working electrode
increases, it provides for precipitation of the LDH only on
the working electrode to form films. This method has been
used previously by Kamath et al. to prepare Ni-Al, Ni-Mn,
Mg-Al, and Mg-Cr LDHs and by Scavetta et al. to prepare
Ni-Al LDH.17,18 However, zinc-based LDHs such as Zn-Al
LDH, which have been used for sensing phenol, urea, and
Ca2+ ions among others,7–9,19 have not been prepared by
electrochemical deposition. This is mainly because electro-
chemical deposition of zinc-based LDHs interferes strongly
with deposition of zinc metal and zinc oxide. In this study,
we systematically investigated synthetic conditions that can
enhance the purity and crystallinity of Zn-Al LDH during
electrodeposition while suppressing deposition of other zinc-
containing phases (e.g., ZnO, Zn(OH)2, Zn). The study offers
a foundation to establish conditions to prepare composite
Zn-Al LDH electrodes containing various interlayer species
by a one-step procedure.

Experimental Section

Electrodeposition. Zn-Al LDH films were electrodeposited
using aqueous solutions containing 10-17.5 mM Zn(NO3)2 ·6H2O
(Aldrich, 98% purity) as the Zn2+ source and 2.5-10 mM
Al(NO3)3 ·9H2O (Alfa Aesar, 98% purity) as the Al3+ source. The
solutions used in this work were prepared with DI water further
purified with a Millipore Milli-Q purification system (resistivity
g18 MΩ). The pH of the solutions was adjusted by adding NaOH
and HNO3 when necessary. A conventional three-electrode setup
in an undivided cell was used (Princeton Applied Research VMP2
Multichannel Potentiostat/Galvanostat). Working electrodes were
prepared by e-beam evaporation of 200 Å titanium and 600 Å of
platinum, followed by 2000 Å gold on a cleaned glass substrate.
For the counter electrode, a platinum foil electrode was used. The
reference electrode was a Ag/AgCl electrode in 4 M KCl solution,
against which all the potentials reported here were measured.
Cathodic depositions were carried out at room temperature without
stirring using -0.8. V e E e -1.8 V. After each deposition, the

resulting film was thoroughly rinsed with deionized water and dried
with a gentle stream of nitrogen gas.

Characterization. X-ray diffraction (XRD) patterns were
recorded on a Scintag X2 diffractometer (Cu KR radiation).
Scanning electron microscopy (SEM) images were obtained
using a JEOL JSM-840 scanning electron microscope operated
at 5 kV. The films were coated with gold and palladium using
a thermal evaporator before imaging to minimize charging
problems. Quantitative microprobe analysis was performed with
a FEI-NOVA NanoSEM scanning electron microscope equipped
with an Oxford Inca 250 EDS energy-dispersive spectroscopy
detector to assess the amounts of zinc and aluminum present in
as-deposited films. Fourier transform infrared (FTIR) spectra
were collected using a PerkinElmer FTIR Spectrometer, model
Paragon 500. The samples were prepared by scratching the film
off the electrode and grinding it with oven-dried KBr (J.T. Baker)
and pressed into a disk.

Results and Discussion

Deposition of Zn-Al LDH as a pure phase can be
achieved when deposition of zinc metal and zinc oxide
are effectively suppressed. Deposition of zinc metal
involves reduction of Zn2+ ions while deposition of LDH
requires generation of OH- ions by reduction of NO3

-.
The standard reduction potentials of Zn2+ and NO3

- are
shown in eqs 1 and 2.15,20

Zn2++ 2e-S Zn(s) E0 )-0.763 V (1)

NO3
-+ H2O + 2e-SNO2

-+ 2OH- E0 ) 0.01 V (2)

The reduction of zinc metal requires a more negative
potential than the reduction of NO3

- ions. Therefore,
deposition of pure Zn-Al LDHs can be achieved by
selecting a potential that is sufficient to reduce NO3

- ions
but not enough to reduce Zn2+ ions for a given plating
medium. The appropriate deposition potential must to be
determined based on the concentrations of Zn2+ and NO3

-

ions as well as the solution pH because all of these factors
can cause a significant shift in the reduction potentials of
Zn2+ and NO3

- ions. It should be noted that in addition
to nitrate reduction, hydrogen evolution reaction may also
contribute to the decrease in pH by consuming H+ ions
or generating OH- ions (2H+ + 2e- w H2, 2H2O + 2e-

w H2 + 2OH-).15

Avoiding deposition of ZnO is less straightforward than
avoiding deposition of zinc metal because deposition of
both ZnO and Zn(OH)2 (the parent structure of Zn-Al
LDH) is based on the reduction of NO3

- ions as shown
below.

Zn(NO3)2w Zn2++NO3
- (3)

NO3
-+ H2O + 2e-wNO2

-+ 2OH- (4)

Zn2++ 2OH-wZn(OH)2 (5)

Zn(OH)2wZnO + H2O (6)

The only difference between the formation of ZnO and
Zn(OH)2is the dehydration step (eq 6). This dehydration
process is spontaneous and may not be explicitly controlled
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by deposition potential. However, a recent study by Matsuoka
and co-workers revealed that the formation of ZnO becomes
more favorable as deposition temperature increases.21 Thus,
for our intention to deposit Zn-Al LDHs, we investigated
deposition conditions at room temperature.

In general, the ratio of the divalent to trivalent ions
necessary to form a stable LDH phase ranges from 1:0.25
to 1:0.67.1 As for Zn-Al LDH, the most commonly observed
Zn2+ to Al3+ ratio is 1:0.33 to 1:0.5.13,22–24 Therefore, a
solution containing 15 mM Zn(NO3)2 ions and 5 mM
Al(NO3)3 ions (Zn2+/Al3+ ) 3:1) was prepared and used as
the initial plating solution. The pH of the as-prepared plating
solution was 3.8. Potentiostatic depositions were carried out
at room temperature using various deposition potentials (-0.8
V e E e -1.8 V) to study the effect of the deposition
potential on the phases of the deposits.

The film obtained at -0.8 V is white, and its XRD pattern
shows two sharp peaks that are attributed to the wurtzite
ZnO structure (part a of Figure 1). When the applied potential
becomes more negative (-1.2 V e E e -1.4 V), the ZnO
peak gradually decreases and a broad peak centered at
approximately 2θ ) 10.5° appears (parts b and c of Figure
1). This peak was assigned as the (003) reflection of Zn-Al
LDH (space group R -3m; 00l reflections with l * 3n are
systematically absent) containing nitrate ions in the interlayer
regions (nitrate ions are the only anions available in the
plating solution that can be incorporated). The previous
reported Zn-Al-NO3 LDHs prepared by the solution co-
precipitation method showed that a (003) reflection appeared
at 9.8° e 2θ e 10.2°.22–24

When the deposition potential reached -1.6 V, the color
of the resulting film became gray. The XRD pattern of this
film shows significantly enhanced (003) and (006) reflections
of the LDH phase, confirming that this film contains Zn-Al
LDH as the major phase (part d of Figure 1). This film,
however, contains a new impurity phase, best assigned as
hydrated zinc hydroxide (Zn(OH)2 ·0.5H2O) in addition to a
trace amount of ZnO still present. Having only zinc-
containing impurities at this condition suggests that the
plating solution may lack Al3+ ions to form a pure Zn-Al
LDH phase.

When the deposition potential was further increased to
-1.8 V, both the peaks from Zn-Al LDH and zinc
hydroxide gained intensity, whereas ZnO disappears, indicat-
ing that formation of hydroxide phases (both LDH and zinc
hydroxide) becomes more favorable at more negative
potentials (part e of Figure 1). At this potential, reduction
of Zn2+ ions to zinc metal also occurred, and a new
unidentifiable impurity peak appeared at 2θ ) 44.6°. These
results suggest that the deposition potential of E ) -1.6 V

is optimal to inhibit the formation of impurity phases (e.g.,
zinc oxide, zinc hydroxide, and zinc) and to produce the
purest Zn-Al LDH for a given plating solution. Therefore,
we used the deposition potential of E ) -1.6 V for further
experiments to study the effect of pH and the composition
of plating solutions on the purity and crystallinity of Zn-Al
LDH films deposited.

The effect of the plating solution pH on the formation of
the Zn-Al LDH phase was investigated by altering only the
pH condition of the plating solution used in the previous
section (pH 3.8). The pH was altered by adding either NaOH
or HNO3. The XRD patterns of the films obtained from pH
4.3 and 3.0 are shown in Figure 2 in comparison with that
from pH 3.8. At pH 4.3, 00l reflections of the LDH phase
are no longer present, suggesting that increasing pH has an
adverse effect on the stabilization of the LDH phase (parts
a and b of Figure 2) at E ) -1.6 V. At pH ) 3.0, the
intensity of ZnO peaks is slightly reduced but other impurity
phases appeared (e.g., zinc hydroxide, part c of Figure 2).
The impurity peak appearing at 2θ ) 44.6° is most likely
generated by an aluminum-based or aluminum-rich phase,
judging from the fact that this peak appears only when a
significant amount of zinc-base impurities are formed (e.g.,
zinc hydroxide or zinc metal). The above results suggest that
pH 3.8 is close to an optimum pH to form a pure and
crystalline Zn-Al LDH phase and that increasing or
decreasing pH from 3.8 may not be an effective way to
suppress the formation of undesired impurities. This led to
a supposition that increasing Al3+ concentration in a plating
solution would be the most straightforward way to eliminate
the zinc-related impurities (ZnO and Zn(OH)2).

On the basis of this assumption, two new plating solutions
with a higher Al3+ content (solution II, Zn2+/Al3+ ) 1:0.60
and solution III, Zn2+/Al3+ ) 1:0.77) were prepared. The
original solution (Zn2+/Al3+ ) 1:0.33) is referred to as
solution I. The detailed compositions of solutions I-III are
summarized in Table 1. The pH values of the as-prepared
solutions were not consistent because the pH decreases as
the amount of Al(NO3)3 increases. Therefore, the pH of these
solutions was adjusted to 3.8 by adding a proper amount of
NaOH before deposition. This assured that any changes
observed in the resulting films were only due to varying the
Zn2+/Al3+ ratio in the plating solutions and not due to any
other factors. Depositions were carried out potentiostatically
using a fixed potential of E ) -1.6 V at 25 °C.

The XRD patterns of the resulting films show two
distinctive changes caused by increasing the amount of Al3+

in the plating solution (Figure 3). First, ZnO and
Zn(OH)2 ·0.5H2O impurities diminished, and both of the films
obtained from solutions II and III exhibited XRD peaks
originated from only the LDH phase. Second, the crystallinity
of the LDH phase improves significantly, judging from the
full width at half-maxima (fwhm) of the (003) and (006)
reflection of LDH phase. This is due to the formation of a
better-ordered LDH phase with more uniform basal spacings.
When considering only the fwhm, solution III appeared to
produce a Zn-Al film of a slightly better quality. However,
to identify an optimum plating solution, elemental analysis
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of the resulting films is necessary to confirm that these films
do not contain any amorphous impurities that cannot be
detected by XRD.

Results of the EDS analysis for films obtained from
solutions I-III are summarized in Table 1. The film obtained
from solution I shows a zinc to aluminum ratio of 1:0.33.
Because the XRD pattern of this film shows the presence of
zinc oxide and zinc hydroxide impurities in the addition to
Zn-Al LDH (part a of Figure 3), some portion of zinc

Figure 1. XRD of films deposited using a solution containing 1.5 mM
Zn(NO3)2 and 0.5 mM Al(NO3)3 at (a) -0.8 V, (b) E ) -1.2 V, (c) E )
-1.4 V, (d) E ) -1.6 V, and (e) E ) -1.8 V. Peaks generated by the gold
substrate are marked as (•), whereas peaks generated by Zn(OH)2 ·0.5H2O
are indicated by (*).

Figure 2. XRD of films deposited using a solution containing 1.5 mM
Zn(NO3)2 and 0.5 mM Al(NO3)3 with pH adjusted to (a) 4.3, (b) 3.8, and
(c) 3.0. The deposition was carried out at E ) -1.6 V. The XRD patterns
shown in part b of Figure 2 and in part d of Figure 1 are identical, but this
pattern is shown again here for easy comparison for the effect of pH. Peaks
generated by the gold substrate are marked as (•), whereas the peaks
generated by Zn(OH)2 ·0.5H2O are indicated by (*).

Table 1. Compositions of Plating Solutions and EDS Results of the
Resulting Film Deposited from Each Solution

Vol (mL) Used

solution
no.

0.02 M
Zn(NO3)2

0.02 M
Al(NO3)3

molar ratio of
Zn/Al in solution

atomic ratio of
Zn/Al in film

1 60 20 1:0.33 1:0.33
2 50 30 1:0.60 1:0.65
3 45 35 1:0.77 1:0.86
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detected by EDS in this film is not from the LDH phase but
from zinc-related impurities. Therefore, the actual zinc to
aluminum ratio in the LDH film obtained from solution I
should be smaller than 1:0.33 (i.e., more Al3+ per Zn2+).
The films prepared from solutions II and III both appear pure
in the XRD patterns, but the EDS results show considerably
different zinc to aluminum ratios for these films. Whereas
the film from solution II contains a zinc to aluminum ratio
of 1:0.65, the film from solution III contains a zinc to
aluminum ratio of 1:0.86. If we assume that both of these
films are pure Zn-Al LDH, their formulas are
Zn0.61Al0.39(OH)2(NO3)0.39 and Zn0.54Al0.46(OH)2(NO3)0.46, re-
spectively. The Zn2+ to Al3+ ratio of the film obtained from
solution III is outside the typical divalent to trivalent ion
ratio to form an LDH phase with reliable purity.1 This
suggests that this film may contain amorphous aluminum-
containing impurities (i.e., aluminum hydroxide), although
there is also a possibility that this film is composed of a

pure LDH phase with an unusually high aluminum content.
Unfortunately, there is no straightforward method to know
which case is true. Therefore, solution II, which generated
Zn-Al LDH films with a Zn/Al ratio within the most reliable
limit to form an LDH structure, was used to further improve
the ordering of the LDH films (i.e., fwhm, crystallinity).1

The very broad 00l peaks of the Zn-Al LDH films are
due to fluctuations in the basal spacing, which is most likely
due to the inhomogeneous incorporation of aluminum into
the layers and the resulting uneven content and distribution
of the anions in the interlayer regions. To achieve a better
ordering of LDH layers, the effect of deposition potential
was investigated using solution II. Changing deposition
potential allows for altering the rate of OH- generation and
therefore the local pH near the working electrode, which in
turn can affect the precipitation rates of Zn2+ and Al3+ ions.
Figure 4 shows XRD patterns of the LDH films deposited
at varying deposition potentials (-1.5, -1.6, -1.65, and
-1.7 V). Decreasing the potential to -1.5 V did not cause
any noticeable change in the purity and quality of the LDH
phase. On the other hand, increasing it to -1.65 V
significantly enhanced the intensity and the sharpness of the
LDH peaks. Further potential increases to -1.7 V deterio-
rated the purity and ordering of the LDH films. Therefore,
the best potential to deposit the purest and the most
crystalline Zn-Al LDH film is -1.65 V.

The SEM images of the side and front views of the film
deposited at -1.65 V using solution II are shown in Figure
5. The thickness of the LDH film can be controlled by
deposition time. Typically, 3 min deposition results in a film
of 4-5 µm thick under the given conditions. This clearly
demonstrates the high deposition efficiency of producing
LDH films by electrodeposition. The front view shows that
the film has a smooth and featureless surface composed of
domains of the lateral size of 200-300 nm.

FTIR spectra of the Zn-Al LDH film shows the presence
of only nitrate ions and water in the interlayer region (Figure
6).25,26 The absorption peaks at 1384 and 832 cm-1 are due
to the presence of nitrate ions, whereas the absorption peak
at 1602 cm-1 is due to the presence of H2O molecules in
the interlayer region. A broad peak centered at 3453 cm-1

is generated by the O-H stretching of the LDH layer as
well as interlayer water molecules.

The EDS analysis shows that the ratio between Zn2+ to
Al3+ in the film is 1:0.65. Combining the results from FTIR
and EDS analysis, the composition of the film is best
described as Zn0.61Al0.39(OH)2(NO3)0.39 · xH2O. The Zn2+ to
Al3+ ratio in this film appears to be the only Zn2+ to Al3+

ratio that can be obtained by our condition. Any attempt to
decrease the Al3+ content in the film by increasing the Zn2+

to Al3+ ratios in the plating solution resulted in the formation
of zinc-containing impurities (zinc oxide and zinc hydroxide).
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Figure 3. XRD of the films deposited from (a) solution I, (b) solution II,
and (c) solution III at E ) -1.6 V. The XRD patterns shown in part a of
Figure 3 and part d of Figure 1 are identical, but this pattern is shown
again here for easy comparison for the effect of solution compositions. Peaks
generated by the gold substrate are marked as (•).
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Conclusions

We have identified an electrochemical condition to produce
Zn-Al LDH films. Obtaining pure Zn-Al LDH films
required successfully suppressing deposition of zinc oxide
and zinc hydroxide in addition to zinc metal and aluminum
impurities. Deposition was carried out at room temperature,
which favors deposition of zinc hydroxide over deposition

of zinc oxide in general. The deposition potential was chosen
to allow for the reduction of nitrate ions but not for the
reduction of Zn2+ or Al3+ ions. Hydroxide phases were
obtained as the major phase between E ) -1.5 V and E )
-1.65 V. Making the deposition potential more positive or
negative resulted in deposition of zinc oxide or zinc metal,
respectively. Forming a pure Zn-Al LDH phase required
an appropriate Zn2+ to Al3+ ratio in the plating solution.
Deviation from the optimum solution composition resulted
in formation of Zn- or Al-containing impurities in the films.
The most crystalline and pure Zn-Al LDH film was obtained

Figure 4. XRD of the films deposited from Solution II at (a) -1.5 V, (b)
E ) -1.6 V, (c) E ) -1.65 V, and (d) E ) -1.7 V. The XRD patterns
shown in part b of Figure 4 and in part b of Figure 3 are identical, but this
pattern is shown again here for easy comparison of the effect of deposition
potential. Peaks generated by the gold substrate are marked as (•).

Figure 5. SEM images showing (a) the side view and (b) top view of
Zn-Al LDH films deposited from solution II (pH 3.8) at E ) -1.65 V.

Figure 6. FTIR spectrum of the LDH film deposited from solution II (pH
3.8) at E ) -1.65 V.
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at E ) -1.65 V, using a solution containing 12.5 mM
Zn(NO3)2 ·6H2O and 7.5 mM Al(NO3)3 ·9H2O (pH was
adjusted to 3.8). The resulting film contained 39 atomic
%Al3+ ions replacing Zn2+ ions, leading to a composition
of Zn0.61Al0.39(OH)2(NO3)0.39 · xH2O.

The synthesis method described here provides a facile and
efficient way to produce Zn-Al LDH films. The optimum
condition identified in this study can further be modified to

obtain desired nano- and microscale morphologies of LDH
films (domain size, packing orientation, porosity, surface
texture), which is an important issue to address to enhance
desired reactivities or stabilities of LDH films.27–31 In
addition, this electrodeposition method can create new
opportunities to prepare composite Zn-Al electrodes con-
taining various interlayer species by a facile one-step
procedure.
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