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Altering the composition of layered double hydroxides (LDHs) is an effective method for changing their properties. In this study, LDH films
with different compositions were fabricated on conductive cloth by using a hydrothermal method. Electron microscopy, X-ray diffraction, and
UV-vis diffuse reflectance spectroscopy were used to investigate the morphology, crystal structure, and optical properties of the LDH films.
The photocatalytic activity of LDHs with different compositions in the degradation of methyl orange was investigated under visible light
irradiation. Our experimental results show that the reductive sites (Ni(Il) and Co(II)) of LDHs and the conductive substrate improve the
separation of photogenerated charges and prevent the particle aggregation of LDHs. LDH films (NiAl-LDHs, NiFe-LDHs, and CoAl-
LDHs) with reductive sites (Ni(II) and Co(Il)) exhibit higher visible light photocatalytic performance.

1. Introduction: Semiconductor photocatalysis offers the potential
for complete elimination of toxic chemicals through its efficiency
and potentially broad applicability. However, the fast
recombination rate of the photogenerated electron/hole pairs and
the low wuse of visible light limit its large-scale practical
application [1]. To overcome this limitation, various methods
have been carried out for improving the quantum efficiency, such
as doping and composite [2, 3]. However, for the charges to be
efficiently separated, these efforts generally require complicated
reaction steps and longer reaction time.

Compared to composites with different units, the properties of
layered double hydroxides (LDHs) can be changed by simply
varying their chemical compositions. The general formula of
LDHs is [M1" M (OH),](A" ")/’ yH>0, where M?" and M*" rep-
resent divalent and trivalent cations, respectively. The chemical
composition of LDHs can be varied by using different divalent
metal ions (such as Mg®*, Ni*", and Co*") and trivalent metal
ions (such as A", Fe**, and Cr’"). Studies have reported that re-
ductive sites can offer an effective pathway for electron—hole trans-
port [4, 5]. For example, the reductive Co(Il) sites in CoAl-LDHs
helped to capture leached Pd(Il) species through an in situ redox
reaction, resulting in monodispersed Pd nanoclusters on the
surface of the CoAl-LDHs. The obtained CoAl-LDH/Pd compo-
sites had excellent stability and recyclability [6]. The Cr** in Au/
Cr-substituted hydrotalcite (Au/Cr-HT) could form the Cr**—Cr®"
redox cycle and make Au/Cr-HT an efficient heterogeneous catalyst
for aerobic alcohol oxidation [7]. From this viewpoint, the reductive
sites (Co(Il), Ni(I)) in LDHs may provide a new means of captur-
ing and separating photogenerated electron—hole pairs and thus im-
proving the photocatalytic activity of LDHs. In addition, owing to
their charged layer structure, LDHs tend to aggregate during prep-
aration, which decreases their photocatalytic activity. Using a two-
dimensional structure with excellent carrier mobility as the substrate
is an effective approach for enhancing the photocatalytic efficiency
by preventing particle agglomeration and decreasing charge recom-
bination [8]. The present Letter illustrates a simple hydrothermal
method for preparing LDH films with different compositions
on the surface of conductive cloth. The activity of the films in the
degradation of methyl orange under visible light irradiation and
the effects of the reductive sites of LDHs on the photocatalytic
properties were investigated. The formation of LDH films on
the surface of the substrate was observed to facilitate sample
recycling.
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2. Experimental: To prepare NiAl-LDH films, Ni(NOj3),-6H,O
(0.15 mol/L), AI(NO;)3'9H,O (0.05 mol/L), NH4F (0.2 mol/L),
and urea (0.5 mol/L) were dissolved in deionised water and
stired to form a clear solution. The conductive cloth
(2 cm* 6 cm) was cleaned with a mixture solution (the volume
ratio of deionised water, ethanol and acetone was 1:1:1) in
an ultrasound bath for 30 min and then deionised water to ensure
the surface was cleaned. Then the conductive cloth was oriented
vertically in the solution at 110°C for 8 h without stirring.
After the reaction, a thin film formed on the bottom side of
the conductive cloth. For NiFe-LDH films, Fe(NO3);-9H,O
(0.05mol/L) was wused instead of AI(NO;);'9H,0. For
CoAIl-LDH films, Co(NO3),-6H,0O (0.15 mol/L) was used instead
of Ni(NO3),'6H,0. For MgAI-LDH films, Mg(NO;),'6H,O
(0.15mol/L) was used instead of Ni(NOs),'6H,O, and the
reaction temperature was increased to 140°C. For LDH films on
the surface of non-woven fabrics, non-woven fabrics were used
as the substrate instead of the conductive cloth.

X-ray powder diffraction (XRD) patterns were recorded using
a D8 ADVANCE X-ray diffractometer with Cu K, radiation
(A=1.5406 A). The scanning electron microscopy (SEM) images
were recorded on an FEI-Sirion200 field emission scanning electron
microscope. The transmission electron microscopy (TEM) images,
high-resolution transmission electron microscopy (HRTEM)
images and the energy dispersive spectroscopy (EDS) spectra
were taken with a JEOL JEM-2100F field emission transmission
electron microscope. The TEM samples were obtained by peeled
off LDHs from the substrate. Photocatalytic reactions were
carried out using a 300 W Xe lamp with 420 nm cutoff filter as
the light source. The UV-vis diffuse reflectance spectroscopy was
recorded by a UV—vis spectrophotometer (UV-3600, Shimadzu).
Fourier transform infrared (FTIR) spectroscopy was obtained on a
Thermo Nicolet 5700. Photoluminescence (PL) spectra at 385 nm
were investigated using Hitachi F-2500 FL spectrophotometer com-
prising of a Xe lamp as excitation source.

Photocatalytic property measurement: LDH film (2 cm x 6 cm)
was immersed in 40 mL of methyl orange solution (50 mg/L) and
kept in the dark for 30 min to ensure adsorption—desorption equilib-
rium. Analytical samples were removed from the reaction solution
after various visible light irradiation times and analysed using a
UV-vis spectrophotometer at 464 nm.

Adsorption property measurement: LDH film (2 cm % 6 cm) was
immersed in 40 mL of methyl orange solution with different initial
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concentrations (10, 30, 50, 70, 90 and 110 mg/L) at room tempera-
ture for 48 h. The amount of methyl orange adsorbed at equilibrium
(g, mg/g) was calculated from formula: g.=(Co— C.)V/m, where
Cy and C, represent the concentration of methyl orange (mg/L)
before and after removal process, respectively. V' is the solution
volume (0.04 L) and m is the weight of the adsorbent (g). The
weight of the adsorbent was calculated from formula m =m;—m,
where mo and m, represent the weight of substrate before and
after LDH growth, respectively.

3. Results and discussion: The crystal structure and phase com-
position of the as-prepared LDHs were confirmed from XRD pat-
terns (Fig. 1). The structures of all the samples match the typical
LDH lamellar structure well (JCPDS File No. 51-1525, 51-0463,
Figs. la—d). According to the (003) and (006) reflections, the
basal spacing values are 0.7797 nm (NiAl-LDHs), 0.7810 nm
(NiFe-LDHs), 0.7722nm  (CoAl-LDHs), and 0.7702 nm
(MgAI-LDHs), which coincide well with the values for NO3 inter-
calated LDH materials. In addition, MgAl-LDHs prepared at a high
reaction temperature (140°C) exhibit the highest crystallinity. For
MgAI-LDHps, if the reaction temperature was low (at 110°C), the
main phase was aluminium fluoride hydroxide (JCPDS File No.
41-0381, Fig. le). No layer structured LDHs was observed.

Fig. 2a shows the NiAl-LDH sheets intersecting and aligned ver-
tically on the conductive cloth. They coat the surface of the cloth
uniformly, have a porous structure, and are ~50 nm thick. The
lateral dimensions of the NiAI-LDH sheets are up to 100 nm
(Fig. 2e). The NiFe-LDH and MgAI-LDH films exhibit similar
sheet-like morphology, but the NiFe-LDH films are thicker
(~70 nm, Figs. 2b and ¢). When the M(II) of the LDHs is
changed from Ni** to Co®", the CoAl-LDHs exhibit a different
morphology, with a tightly connected structure and uniform
coating of the substrate (inset in Fig. 2d). The sheets are transparent
to the electron beam, suggesting that they are very thin (Fig. 24).
The CoAl-LDH sheets tend to roll up, forming a rod-like shape
(inset in Fig. 2h), consistent with the preceding SEM analysis.
All the HRTEM images taken from one sheet can be indexed to
the (012) plane, which matches the reported values of the hexagonal
LDH structure well (insets in Figs. 2e—h). EDS spectra (Fig. 15)
also confirmed the compositions of LDH film were Ni and Al
(for NiAI-LDH), Ni and Fe (for NiFe-LDH), Mg and Al (for
MgAI-LDH), and Co and Al (for Co-LDH), respectively.

Fig. 3a shows the room temperature UV—vis diffuse reflectance
spectra. The band gap energies calculated on the basis of the
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Fig. 1 XRD patterns

a NiAl-LDHs

b NiFe-LDHs

¢ CoAl-LDHs

d MgAl-LDHs

e MgAl-LDHs prepared at 110°C for 8 h
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corresponding absorption edges are 2.25eV (NiAl-LDHs),
2.16 eV (NiFe-LDHs), 2.01eV (CoAl-LDHs), and 2.86eV
(MgAI-LDHs). All of the LDH films were confirmed to be
visible-light-driven photocatalysts.

Fig. 2 SEM images

a NiAl-LDHs

b MgAI-LDHs

¢ NiFe-LDHs

d CoAl-LDHs, scale bar:500 nm; insets: low-magnification SEM images,
scale bar: 5 um. TEM images of

e NiAl-LDHs

fMgAI-LDHs

g NiFe-LDHs

h CoAl-LDHs, scale bar: 100 nm; insets: high-magnification TEM images,
scale bar: 2 nm. The lower left inset of Fig. 2A: high-magnification TEM
image
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Fig. 3 DRS spectra and adsorption ability
a Room temperature UV—-vis diffuse reflectance spectra
b Adsorption isotherms of methyl orange, solid lines refer to the linear fit
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In general, adsorption is the necessary prerequisite to the photo-
catalytic reaction. A blank experiment without the irradiation
demonstrated that only a small quantity of methyl orange was
adsorbed. The adsorption ratio was <6% for NiAl-LDHs,
NiFe-LDHs and CoAl-LDHs (Fig. 4a). CoAl-LDHs show a
higher adsorption rate within the first 40 min. The adsorption rate
remains constant with increasing time. To evaluate methyl orange
adsorption process of LDH film, the adsorption isotherm was con-
ducted (Fig. 3b). The experimental data fitted well to the Langmuir
adsorption model (1/g. = 1/(qmbC.) + 1/qy,). The regression coeffi-
cient (R?) was 0.969 (NiAl-LDHs), 0.966 (NiFe-LDHs) and 0.976
(CoAl-LDHs), respectively. The maximal methyl orange removal
capacity (¢,,) was 44.31 mg/g for NiAl-LDHs, 51.52 mg/g for
NiFe-LDHs, 52.35 mg/g for CoAl-LDHs within our experimental
range. NiAl-LDHs, NiFe-LDHs and CoAl-LDHs show the similar
methyl orange adsorption behaviour, which is a single layer adsorp-
tion process.

The photocatalytic activity in methyl orange photodegradation
under visible light irradiation was evaluated (Fig. 4a, Cy and C;
are the equilibrium concentrations of methyl orange before and
after irradiation). CoAl-LDH films show a rapid degradation ratio
within 40 min of irradiation. With increasing irradiation time, the
degradation ratio for CoAl-LDH, NiAl-LDH and NiFe-LDH
tends to the same. Combined with the above adsorption analysis,
the different adsorption ratio led to the different activity within
first 40 min irradiation. The degradation of methyl orange could
reach 91% in the presence of the NiAl-LDH films after 120 min
of irradiation. The NiFe-LDH and CoAl-LDH films exhibit photo-
catalytic activity similar to that of the NiAlI-LDH films. However,
the photocatalytic activity of the MgAI-LDH films is lower, and
the degradation ratio is 24.1%. The maximum degradation
rate (dC/df)ax (the maximum slope point of the fitted curves)
and the half degradation time #,,, are used to evaluate the catalyst
activity [9]. The (dC/df)yax is 2.412, 2.029, 2.198 and 0.538
for NiAl-LDHs, NiFe-LDHs, CoAl-LDHs and MgAIl-LDHs,
respectively. 1, are 20, 23, 22 and 31 min for NiAl-LDHs,
NiFe-LDHs, CoAl-LDHs and MgAI-LDHs, respectively. The
higher (dC/df)yax and the lower ¢;,, confirmed that NiAl-LDHs,
NiFe-LDHs and CoAl-LDHs exhibited the better photocatalytic
efficiency than that of MgAl-LDHs. The LDH films with Ni*"
(or Co*") in the M*" position exhibit higher photocatalytic activity.

We also used FTIR spectra to investigate LDHs film before and
after photocatalytic (and adsorption) experiments (Fig. 4b). Peaks at
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Fig. 4 Photocatalytic activity

a Photocatalytic activity under visible-light irradiation for LDH films grown
on the surface of conductive cloth, NiAl-w, NiFe-w and CoAl-w represent
the blank experiments adding photocatalysts without irradiation

b FTIR spectra of NiAl-LDH film (b1) before and (b2) after photocatalytic
experiments, (b3) After adsorption experiments
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3500 cm™" around and 1650 cm™" are the absorption from hydroxyl
stretching vibration, which represents the existing of —OH and
H,O. Peaks at 1370 cm™" confirmed that the interlayer ions for
LDHs films were NO3. After photocatalytic degradation of
methyl orange, the peak intensity of NO3 decreased and no
obvious peaks for methyl orange were observed. While LDHs
after adsorption experiments show some peaks for methyl orange.
The difference of FTIR spectra between photocatalytic experiments
and adsorption experiments confirmed that the degradation of
methyl orange in the presence of LDH films under irradiation was
not through adsorption.

In general, the photocatalytic activity of materials is related to the
particle size, exposed planes, and band gaps. According to the pre-
ceding analysis, MgAl-LDHs have poorer photocatalytic properties
compared with NiAl-LDHs and CoAl-LDHs even though they have
the same sheet-like shape and exposed planes ((012)). The main dif-
ference among them is their composition. The high recombination
rate of photogenerated electron—hole pairs hinders photocatalytic
activity. Introducing electron traps or hole traps by doping and pre-
paring composites are common methods for separating photogener-
ated electron—hole pairs.

In our experiments, electron—hole pair recombination was sup-
pressed by adjusting the composition of LDHs. Owing to the reduc-
tive nature of metal ions such as Ni(II) and Co(Il) in LDHs, the
reductive M(II) sites could act as photogenerated charge traps and
increase the charge separation [3, 7]. For comparison, LDH films
on the surface of non-woven fabrics were prepared. All of these
LDHs film grown on the surface of non-woven fabrics show the
similar morphology to that of LDH films on the surface of conduct-
ive cloth (Fig. 5). The structures of these films match the typical
LDH lamellar structure well (Fig. 6a). However, they showed
lower photocatalytic activity (Fig. 6b), which confirmed that the
substrate with high electroconductivity facilitates the efficient trans-
portation of photogenerated charges among the LDHs [10]. Studies
have reported that the recombination of photogenerated charges can

Fig. 5 SEM images of LDH films grown on the surface of non-woven fabrics
a NiAl-LDH film

b NiFe-LDH film

¢ CoAl-LDH film, scale bar: 1 um
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Fig. 6 Photocatalytic mechanism

a XRD patterns

b Photocatalytic activity under visible-light irradiation of LDH films grown
on the surface of non-woven fabrics

¢ Emission spectra at 385 nm for LDH films grown on the surface of
conductive cloth
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be investigated through PL spectroscopy [10, 11]. For band-band
PL emission, the lower the PL intensity is, the higher the separation
rate of the photogenerated charges. The emission intensity of
NiAl-LDHs was lower than that of MgAIl-LDHs, and hence, a
higher photocatalytic activity was observed, confirming that the re-
ductive sites (Co(II) and Ni(I)) of LDHs enhance their photocata-
lytic activity (Fig. 6¢).

4. Conclusion: LDH films with different compositions were
prepared using a hydrothermal method. All LDH films have a
sheet-like morphology and are aligned vertically on the
conductive cloth. For the degradation of methyl orange, LDH
films with reductive sites (Co or Ni) exhibit higher photocatalytic
activity, owing to the photogenerated carriers having a longer
lifetime for participating in photocatalytic reactions.
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