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This present work highlights the successful preparation of the ternary series of (Mg/Al + Fe)-CO3

layered double hydroxides with a constant ratio of Mg/(Al + Fe) ¼ 2 : 1 and their application for

photocatalytic hydrogen generation from water. At Mg/(Al + Fe) ¼ 2 : 1, the Al : Fe ratio was varied

from 1 : 4 to lower the concentration of iron in the synthetic gel, in order to get samples with different

amounts of iron in the brucite layers, and to find out the role of iron in photocatalytic activity. The

presence of a hydrotalcite structure in the catalysts was clearly demonstrated from the powder X-ray

diffraction (PXRD) pattern. The shifting of the diffraction plane d110 towards lower angles clearly

indicated the amount of Fe3+ substitution in the brucite layer increases with increasing addendum (Fe3+)

concentration up to a certain limit and thereafter shows a decreasing trend. Further characterizations

like Fourier transform infrared (FTIR), thermogravimetry (TG) and differential thermal analysis

(DTA) described the formation of amorphous Fe2O3 upon addition of a higher amount of Fe3+ than the

optimum amount that can be accommodated in the brucite layer. Other characterizations like UV–Vis

DRS, BET surface area, transmission electron microscopy (TEM), photoluminescence spectra (PL)

and X-ray photoelectron spectral studies (XPS) were performed to detect the efficiency of the catalysts

towards H2 evolution. Among all the prepared photocatalysts, LDH1(Mg/Al + Fe ¼ 10 : 4 + 1),

containing the highest amount of iron in the brucite layer, was found to be the most promising towards

hydrogen evolution (301 mmol g�1 h�1) under visible light irradiation, which was attributed to the

favourable surface structure and higher crystalline nature of hydrotalcites.
Introduction

Keeping in view the impending energy crisis and the huge

amount of gaseous pollutants emitted by the burning of fossil

fuels for energy production, a new renewable energy source

(hydrogen energy) through huge area harvesting of solar light for

water splitting has been predicted. Since the pioneering discovery

of Fujishima and Honda in the year 1972, TiO2 has been

considered as an effective UV active photocatalyst for H2

evolution.1 Detecting the inefficiency of this catalyst over l > 350

nm, further developments on new photocatalytic materials have

stepped forward.

Considering the advantages of large scale and reproducible

preparation methods, layered double hydroxides (LDHs)

became the challenge. Layered double hydroxides (LDHs), also

known as hydrotalcite-like compounds or anionic clays are

formed when a fraction of the divalent cations in a brucite-like

lattice are isomorphously substituted by trivalent cations,

introducing a positive charge into the layers. This extra positive
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† Electronic supplementary information (ESI) available. See DOI:
10.1039/c2jm15658j

7350 | J. Mater. Chem., 2012, 22, 7350–7357
charge is electrically balanced by anions present in the inter-

layer region, along with the water molecules. They are repre-

sented by the general formula: [MII
(1�x)M

III
x(OH)2]

An�
x/n$mH2O, where MII includes divalent metal cations like

Mg2+, Co2+, Cu2+, Ni2+, Zn2+, etc.; MIII may be Al3+, Cr3+, Ga3+,

Fe3+, and An� might be any organic and/or inorganic anions.2–4

Many ternary LDHs involving mixtures of different divalent

and/or trivalent metal ions were also prepared.5,6 Works on

ternary hydrotalcites have extended to certain applications like

catalysts in the field of organic transformation reactions and

fluorescence sensitivity.7–9

LDHs with a cation doping capacity at the octahedral sites of

the brucite layers reflected the properties of a doped semi-

conductor towards photocatalysis.10 Layered double hydroxides

(LDHs) have received much attention in the past decades due to

their applicability as photocatalysts.11–14 Still, the use of hydro-

talcites as visible light absorbing catalysts for photocatalytic H2

generation from water has not had many illustrations in previous

research. After the prediction of Silva et.al.,15 Gunjakar et.al.16

also asserted the role of nanohybrids of layered Zn/Cr-LDH and

layered titanate in the field of visible light induced oxygen

generation. Since then, no additional studies in these essential

fields, by using LDH (especially ternary LDH) as a direct pho-

tocatalyst for water reduction have been performed.
This journal is ª The Royal Society of Chemistry 2012
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The present work concerns the energy evolution under visible

light irradiation, by using the ternary series of Mg/Al + Fe-CO3

LDHs prepared through the simplest co-precipitation method.

Using samples with Mg : (Al + Fe) molar ratios of 2 : 1, with the

total Al + Fe ¼ 5 and by changing the amount of two trivalent

metal ions like (Mg/Al + Fe), samples such as 10 : 4 + 1 (LDH1),

10 : 3 + 2 (LDH2), 10 : 2 + 3 (LDH3), 10 : 1 + 4 (LDH4),

10 : 4.2 + 0.8 (LDH5), 10 : 4.4 + 0.6 (LDH6), 10 : 4.6 + 0.4

(LDH7), 10 : 4.8 + 0.2 (LDH8) and 10 : 5 + 0 (LDH9), were

prepared, characterised and evaluated for visible light water

splitting to investigate the role of the Fe3+ concentration in the

brucite framework. A proper explanation of the photo-activity of

the proposed materials is visualized in the results and discussion

section. The result may provide a directional guide for the

tentative study of other members of the LDH family of materials.

Experimental

Material preparation

Mg(NO3)2$6H2O from S.D. Fine Chemicals, Al(NO3)3$6H2O

and Fe(NO3)3$9H2O from Across Organics were used for the

preparation of materials, as received and with no further purifi-

cation. Sodium hydroxide and sodium carbonate were obtained

from S.D. Fine Chemicals, India. Double distilled water was

used for the preparation of the solutions.

Mixed salt solutions of Mg(NO3)2$6H2O, Al(NO3)3$6H2O,

and Fe(NO3)3$9H2O were prepared with Mg(II) : Al(III) + Fe(III)

ratio of 2 : 1 and by changing the Al3+ : Fe3+ concentration in a

proportionate way so that the Mg : (Al + Fe) ratios were

10 : 4 + 1 (LDH1), 10 : 3 + 2 (LDH2), 10 : 2 + 3 (LDH3), 10 : 1 +

4 (LDH4), 10 : 4.2 + 0.8 (LDH5), 10 : 4.4 + 0.6 (LDH6),

10 : 4.6 + 0.4 (LDH7), 10 : 4.8 + 0.2 (LDH8) and 10 : 5 + 0

(LDH9). The preparation was followed as per the literature17

using the co-precipitation method by adding the mixed salt

solutions to the prepared basic solution of NaOH + Na2CO3

(2 M) in a dropwise manner, maintaining a constant pH of 9.5 at

room temperature with continuous stirring over 5–6 h. The

resulting suspension was filtered with 0.2 mm membranes, rinsed

with deionized water thoroughly to remove any excess salt and

then dried at 80 �C.

Material characterisations

The samples were characterized by PXRD, FTIR, DRUV–Vis,

TG–DTA, BET Surface area, TEM, PL and XPS techniques.

Powder X-ray diffraction (PXRD) measurements were per-

formed on a Rigaku D/MAX III VC diffractometer, using Cu-

Ka radiation at 40 kV, a scanning rate of 5� min�1, and a 2q angle

ranging from 2� to 80�. Fourier transform infrared (FTIR)

spectra of the samples were recorded on a Varian FTIR spec-

trophotometer (FTS-800) at room temperature taking KBr as the

reference in the range of 400–4000 cm�1. Diffused reflectance

UV–Vis (DRUV–Vis) spectra of the samples were taken with

a Varian Cary IE UV–Vis spectrophotometer (model EL

96043181) equipped with a diffuse reflectance accessory in the

region 200–800 nm with boric acid as reference. The TG–DTA

thermograms were recorded on a Perkin-Elmer thermal analyser

in the temperature range from 30 to 800 �C at a heating rate of

10 �C min�1 in nitrogen atmosphere. BET surface area of the
This journal is ª The Royal Society of Chemistry 2012
samples was analyzed by the multipoint N2 adsorption–desorp-

tion method at liquid nitrogen temperature (�196 �C) by an

ASAP 2020 (Micromeritics) instrument. Prior to the analysis, the

samples were degassed at 110 �C and 5 � 10�4 Torr for 5 h to

evacuate the physically adsorbed moisture. Transmission elec-

tron microscopic (TEM) images were obtained on a Philips

TECHNAI G2 operated at 200 kV, in which samples were

prepared by dispersing the powdered samples in ethanol by

sonication for 15 min and then drop-drying on a copper grid

coated with carbon film. Photoluminescence spectra were

recorded with excitation at 300 nm and measurements were

performed on a Perkin-Elmer (PTP-1 Fluroscence Peltier

System) L555 Fluorescence spectrophotometer. X-Ray photo-

electron spectroscopy (XPS) measurements were performed on

a VG Microtech Multilab ESCA 3000 spectrometer with a non-

monochromatised Mg-Ka X-ray source. The energy resolution

of the spectrometer was set at 0.8 eV. The binding energy

correction was performed using the C 1s peak of carbon at

284.9 eV as a reference.The elemental analysis of the catalysts

was determined by using atomic absorption spectroscopy (Per-

kin-Elmer AAS 300) with an acetylene (C2H2) flame.
Photocatalytic water splitting procedure

The catalytic activity and deactivation of the catalysts were

studied in a batch reactor. About 0.02 g of the LDH catalyst was

suspended in 20 ml of an aqueous solution containing 10 vol% of

methanol. The solution was kept under constant stirring with

a magnetic stirrer, preventing the settling down of particles at the

bottom of the reactor. Prior to irradiation, the reaction mixture

was purged with argon to eliminate the dissolved gases. A 125 W

medium pressure Hg lamp (l > 420 nm) was used as the visible

light source with 1 M NaNO2 solution as the UV filter. The

evolved gas was collected by downward displacement of water

and was analyzed on a GC-17A (Shimadzu) using a 5 �A molec-

ular sieve column and a thermal conductivity detector (TCD).

After comparing the retention time of the only peak that

appeared on the chromatogram with the standard we confirmed

the gas was hydrogen only.
Results and discussion

The X-ray diffraction patterns of the prepared series of ternary

Mg/Al + Fe-CO3 LDHs with different Al3+ : Fe3+ molar ratios

are shown in Fig. 1. The presence of d003 in the particular posi-

tions of the plots illustrated the layered structure in all of the

samples. However the other typical peaks encountered for the

LDH structure like d006, d009 and d110 are also ascribed from

the plot and are indexed into a hexagonal lattice.18 The position

of the diffraction plane (003) for a 3R packing of the octahedrally

arranged brucite sheets has been used to calculate the lattice

parameter c as c¼ 3d003, whereas the parameter a, corresponding

to the average metal–metal distance in the framework was

calculated from the diffraction plane (110), as a ¼ 2d110.
19 The

lattice parameters for all the samples are given in Table 1. Due to

the variation in the molar proportion of the Fe3+ (ionic radius ¼
78.5 pm in octahedral coordination) and consequent isomor-

phous substitution by Al3+ (ionic radius ¼ 67.5 pm in octahedral

coordination) in the brucite layer, the d110 value shifts to
J. Mater. Chem., 2012, 22, 7350–7357 | 7351
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Fig. 1 X-Ray diffraction patterns of Mg/Al/Fe-CO3 LDHs with

different molar ratios.

Table 1 Cell parameters and band gap energy values of Mg/Al + Fe-
CO3 LDHs with different molar ratios

LDH

Lattice parameters/�Aa

Band gap energy/eVbd003 c a

LDH1 7. 6 22.69 3.09 2.8
LDH2 7.6 22.69 3.079 1.9
LDH3 7.6 22.69 3.065 1.89
LDH4 7.6 22.69 3.059 1.86
LDH5 7.6 22.69 3.08 2.9
LDH6 7.6 22.69 3.072 3.0
LDH7 7.6 22.69 3.07 3.1
LDH8 7.6 22.69 3.065 3.2
LDH9 7.6 22.69 3.06 3.5

a Calculated from XRD patterns. b UV–Vis DRS.

Fig. 2 FTIR spectra of (a) LDH1, LDH2, LDH3, LDH4 materials and

(b) LDH5, LDH6, LDH7, LDH8, LDH9 materials.
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a slightly higher 2q value (as shown in Fig. S1†), presenting

a small steady decrease of the cell parameter a from LDH1 to

LDH4 and then from LDH5 to LDH9. Slightly lower 2q values

confirmed the substitution of Fe3+ in the brucite layer.20 As

described in a recent paper,21 the chemistry of LDHs containing

Fe3+ in brucite is more complex than that of LDHs containing

ions such as Al3+. This has been ascribed to the solubility product

of Fe(OH)3 (10�33) which is a large extent lower than that for

Mg(OH)2 (10�10).22 It is observed that, even though the hydro-

talcite structure is typically assumed to be stable for M2+ : M3+ ¼
2, for Fe-LDH when the iron content is increased to a limit after

which it cannot be incorporated into the LDH crystal, but it

should be present in the form of amorphous iron oxides or

oxohydroxides owing to the excess of unsubstituted Fe3+. As

a result no other crystalline phase is distinguished in the samples

despite the quantitative precipitation of the salt solutions. It is

reasonable to think that the amount of iron in the brucite layer

increases up to a certain limit and a higher concentration of iron

in the synthetic gel does not result in a higher amount of iron in

the brucite layer. Evidently any other phases (iron oxide or

oxohydroxide) cannot be detected from the XRD data because of

the low intensity and broadened nature of their diffraction peaks,

hence all excess iron has been proposed to be present as Fe2O3.
7352 | J. Mater. Chem., 2012, 22, 7350–7357
Another important observation found from the XRD data is that

the intensities of the maxima show noticeable decreases with the

increase of iron amount, drastically affecting the crystallinity of

the samples.23 Along with the increase of iron in the samples, the

content of amorphous Fe2O3 increases and consequently the

crystallinity decreases from LDH1 to LDH4. The crystallite size

(D) of the LDHs was determined by employing the Scherrer

formula ((eqn. 1) where l is the wavelength of the X-ray

(Cu-Ka), b is the full width at half-maximum (FWHM) of the

diffraction peak, K is a shape factor (0.94), and q is the angle of

diffraction) and listed in Table 1. The crystallite size is one of the

essential factors which played a vital role for the catalytic

activity. TheD values found in this case, have a trend of LDH4 >

LDH3 > LDH2 > LDH1 and the trend of photocatalytic activity

is the reverse as shown in Table S1.†

D ¼ Kl

b cosq
(1)

The FTIR spectra for the nine LDH samples are shown in

Fig. 2(a) and Fig. 2(b). The FTIR spectra are expected to be of

use to determine the actual bonding type in the expected

compounds and to determine the substitution of Fe3+ in the

brucite layer. The broad band centered around 3500 cm�1 is due

to the stretching mode of hydroxyl groups, both those in the
This journal is ª The Royal Society of Chemistry 2012
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brucite-like layers and from the interlayer water molecules of the

hydrotalcite structure; the broadness of the band indicates that

hydrogen bonds with a wide range of strength exist. The medium

band at 1650 cm�1 is due to the deformation mode of water

molecules;24 the presence of different amounts of Mg2+, Al3+ and

Fe3+ in the brucite-like layers in the different samples would

account for different relative intensities of these bands in the

different spectra. The broad absorption band observed at 1370–

1390 cm�1 is assigned to the presence of carbonate ions.25 The

bands below 1000 cm�1 are due to M–O vibration modes. Bands

observed near lower wave numbers (580–690 cm�1) might be

attributed to the stretching vibrations of M–O, M–O–M, and O–

M–O bands in the layer as well as the asymmetric stretching

frequencies of interlayer carbonates.26 LDH1 exhibits only one

peak at 680 cm�1 which is characteristic of a crystalline and phase

pure hydrotalcite. This single peak is explained on the basis of the

isomorphous substitution of Al3+ by Fe3+, leading to the change

in the element in the brucite layer. However, as the amount of

Fe3+ ion increases in the LDHs, the single peak changes into two

peaks in the range of 580–690 cm�1. The characteristic absorp-

tion band at 586 cm�1 for LDH4 powder is assigned to a-Fe2O3.
27

For the detection of the photocatalytic activity, investigation

of the optical absorption behaviour of the catalyst is indispens-

able. The UV–Vis diffuse reflectance spectra of the as prepared

samples are shown in Fig. 3 (a) and 3(b). Mg/Al-CO3 LDH (2 : 1)
Fig. 3 UV–Vis diffuse reflectance spectra of (a) LDH1, LDH2, LDH3

and LDH4 materials and (b) LDH5, LDH6, LDH7, LDH8, and LDH9

materials.

This journal is ª The Royal Society of Chemistry 2012
is clearly an UV-active species. The red shift of the absorption

edges increases in the order: LDH9 < LDH8 < LDH7 < LDH6 <

LDH5 < LDH1 < LDH2 < LDH3 < LDH4 and is ascribed to the

increase in concentration of Fe3+.28 Absorbance in the visible

region for all the prepared LDHs proves that all of them are

capable of absorbing photons within the visible range except

LDH7, LDH8 and LDH9 which are UV active. Conversely all of

them cannot be used as catalysts for water splitting. The band

gap energy values were calculated by eqn (2) and are given in

Table 1.

EgðeVÞ ¼ 1240

lðnmÞ (2)

The order of photoactivity towards H2 evolution does not

follow the same trend as the absorption wavelength due to the

formation of amorphous iron oxide on the surface. The band

edge potentials for (200 < l < 300 nm) can be explained on the

basis of charge transfer (LMCT) excitations occurring in the

MO6 octahedra of layered structure.29 However the absorbance

above 400 nm in the case of LDH1 is due to the d–d transition of

Fe3+. On the other hand, the red shift of absorption wavelength

l > 600 nm in LDH2 to LDH4 is due to the interband d–d

transitions of the Fe2O3 particles formed on the surface of

hydrotalcite phase.30

The TG–DTA plots detecting the measure of the weight loss

occurring in the LDHs due to temperature variation are shown in

Fig. 4. The TGA plots (Fig. 4(a)) for all of them except LDH4,

reveal the two step weight loss process, generally observed in case

of normal hydrotalcites. In all the three types of hydrotalcites

excluding LDH4, the first weight loss step (16%) up to 200–240
�C is due to the removal of the physisorbed and loosely bonded

interlayer water molecules. The second weight loss (41%) around

435–450 �C is attributed to the removal of water by

dehydroxylation of hydroxyl groups in the brucite-layers and

also corresponds to the decarboxylaton of interlayer CO3
2�

anions.31 In case of LDH4, the first step of weight loss (11%)

begins at 156 �C which indicated the surface adsorbed water

molecules and the loss of hydroxyls (21%) observed at 315 �C.
Further weight losses (33%, 38%) seen at 550 �C and 770 �C may

be due to the higher weight losses due to the formation of Fe2O3

as the hydrotalcite phase does not exist beyond a temperature of

500 �C.32 Differential thermal analysis curves for the prepared

samples, shown in Fig. 4(b) contribute peaks to the endothermic

weight loss. The first endothermic peak at 160 �C is associated

with the removal of interlayer water molecules and the second

peaks at 330 �C are due to removal of layer hydroxyls and

interlayer carbonates. The intensity of the second peak drasti-

cally decreases as the Fe content increases in the samples.33

Thenitrogenadsorption–desorption studieswereperformed for

further characterizing these samples and corresponding isotherms

are shown inFig. S2.†All of themfolloweda type IV isothermwith

a H3 hysteresis loop indicating aggregation of plate-like particles

with slit-like pores according to the IUPAC classification. The

BET-surface area values of the samples LDH1 to LDH4 were

given in Table S1.† The specific surface area was found to increase

fromLDH1 to LDH4which can be attributed to the deposition of

amorphous Fe2O3 aggregates on the LDH surface with the

increased iron amount. As the formation of the Fe2O3 phase

increases so the surface area increases from LDH1 to LDH4.34
J. Mater. Chem., 2012, 22, 7350–7357 | 7353
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Fig. 4 (a) TG curves of Mg/Al/Fe-CO3 LDHs with different molar

ratios. (b) DTA curves of Mg/Al/Fe-CO3 LDHs with different molar

ratios.

Fig. 5 (a) TEM images (b) SAED of all as prepared Mg/Al/Fe-CO3

LDHs.
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Fig. 5 shows the transmission electron microscopic images of

the hydrotalcite samples. They are small and irregular flakes with

well dispersed particles for LDH1. The particle size decreases

upon the incorporation of iron into the brucite-like layers. The

selected area electron diffraction (SAED) pattern taken from

these nano-crystalline particles shown in the figures clearly

reveals the presence of concentric diffraction rings of pure LDH

phases.35,36 The decrease in crystallinity from LDH1 to LDH4

can be clearly detected from the SAED patterns with the disap-

pearance of a number of concentric rings, fromwhich we can also

predict the growth of the amorphous Fe2O3 phase.

Effective inhibition of electron–hole pair recombination is very

much essential for an efficient photocatalyst, which is based on

the surface charge transfer phenomenon. Photoluminescence

emission results from the recombination of excited electrons and

holes, therefore lower PL intensity indicates lower rates of

recombination and fruitful photoactivity. As can be visualised

from Fig. 6, a PL study of the various LDH photocatalysts with

visible light at room temperature predicted a maximum recom-

bination rate for LDH4 due to a larger amount of amorphous

iron oxide formation. On the other hand, LDH1 showed a lower

intense emission suggesting the lowest recombination rate and

highest activity towards visible light driven H2 evolution. The

decreased recombination is mainly due to the favoured
7354 | J. Mater. Chem., 2012, 22, 7350–7357
substitution of Fe3+ at the brucite framework. The presence of

iron favours the migration of photoproduced electrons to the

conduction band and Fe3+ ions trap electrons, thus improving the

electron hole separation.37 The elemental analysis of all catalysts

are given in Table S1.†

The XPS survey scans were used to identify the surface

properties of the iron substituted LDH samples. XPS spectra of

the LDH1 substrate are shown in Fig. S3† suggesting their

existence in hydroxide form with carbonate in the interlayer

space. In the present study, the main peak of C 1s is observed at

a B.E. value of 285.0 eV and another one at 289.0 eV clearly

suggests the presence of carbonate anions in the structure of

LDH. Two values, 531.5 eV and 532.5 eV, for O 1s were

observed. The first one, with a very low intensity is attributed to

oxygen bonded to carbon species in the interlayer position of
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Photoluminescence spectra of Mg/Al/Fe-CO3 LDHs with

different molar ratios.

D
ow

nl
oa

de
d 

by
 C

he
ng

du
 L

ib
ra

ry
 o

f 
C

hi
ne

se
 A

ca
de

m
y 

of
 S

ci
en

ce
 o

n 
22

 A
ug

us
t 2

01
2

Pu
bl

is
he

d 
on

 0
6 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2J

M
15

65
8J

View Online
LDH, whereas the high intensity second peak corresponds to the

oxygen species in hydroxide form in the LDH structure. The Mg

(2p) value is found to be at 50.0 eV indicating that the Mg2+ is

present in the hydroxide form. The B.E of Al (2p) is observed at

73.6 eV, confirming the octahedral Al3+ is present in the brucite

layer of LDH. The presence of Fe 2p3/2 core level spectra at 712.5

eV in the LDH sample showed unambiguously the presence of

Fe3+ in the solids.38
Fig. 7 (a) Temporal changes in the amount of hydrogen evolved (mmol)

with different LDHs during irradiation. (b) Volume of hydrogen evolved

in three consecutive cycles run every 180 min.
Photocatalytic activity test

In the present work, photocatalytic H2 production activities of

the prepared LDHs were evaluated under visible-light irradiation

using methanol as a sacrificial reagent. Control experiments

(without photocatalysts) indicated that no appreciable hydrogen

production was detected in the absence of either irradiation or

photocatalyst, suggesting that hydrogen was produced by pho-

tocatalytic reactions. Fig. 7(a) shows the H2 evolution from

water with different LDH photocatalyst suspensions under

visible light irradiation without the loading of any co-catalyst.

The rate of H2 evolution in LDH1 was about 301 mmol g�1 h�1,

higher than LDH2 (493 mmol g�1 h�1), LDH3 (332 mmol g�1 h�1),

LDH4 (265 mmol g�1 h�1), LDH5 (68 mmol g�1 h�1), LDH6 (65

mmol g�1 h�1), LDH7 (29 mmol g�1 h�1), LDH8 (11 mmol g�1 h�1),

and LDH9 (6 mmol g�1 h�1) and continued for 3 h under ambient

conditions from which the abilities of different catalysts were

detected. Fig. 7(b) showed that H2 production stopped when the

light was turned off (dark region) and similar hydrogen

productions were observed in three repeated runs. This indicates

that water splitting in aqueous methanol solution on these

photocatalysts can be made repeatedly without deactivation.

In order to determine the effect of concentration of photo-

catalysts on hydrogen evolution for LDH1, experiments were

performed by varying the material concentrations from 0.2 to 1.5

g L�1. Fig. S4† presents the influence of the photocatalyst doses

on the initial rate of hydrogen generation where a concentration

of 1 g L�1 was found to give the highest photocatalytic activity

for the same system under these conditions. With a high dose of

photocatalyst, there will be a decrease in the penetration of light

due to an increase in turbidity of the suspension and hence the

photoactivated volume of the suspension decreases. Thus it can
This journal is ª The Royal Society of Chemistry 2012
be concluded that a higher dose of catalyst may not be good for

photocatalysis.

The H2 production rate is significantly greater in LDH1 than

for the other three LDH photocatalysts. This is attributed to

various factors. Mg/Al-CO3 LDH is an UV-active photocatalyst

and is inactive towards visible light effective water decomposi-

tion. However, the rigorous substitution of Fe3+ into the

framework makes it visible light active and results in a conse-

quent decrease of the band gap energy due to the formation of

Fe(OH)6 octahedral units. On the other hand from LDH1 to

LDH4 we cannot find a subsequent trend of activity. For samples

LDH2, LDH3 and LDH4, we found a decreasing trend for H2

evolution compared to LDH1. So, in this case the temporal

changes of the amount of evolved H2 with variation in samples

cannot be explained on the basis of the varying band gap energy

and surface area values. In order to explain the higher activity of

LDH1, the replacement of Fe3+ at an appropriate position in the

brucite framework is essential. LDHs act as doped semi-

conductors and Fe3+ has been shown to be a more effective

dopant for enhancing the photocatalytic activity of Mg/Al-

CO3LDH by shifting the light absorbance towards visible range.

By increasing the amount of iron content in the sample, growth

of amorphous iron oxide phases occurs, avoiding substitution at

brucite sites, which helps in absorbing a maximum amount of the

visible light and increasing the surface area as well as increasing

the recombination of the photoinduced e�s and h+s, thereby

decreasing the photocatalytic activity. Another important factor
J. Mater. Chem., 2012, 22, 7350–7357 | 7355
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is crystallite size. LDH1 has a smaller crystallite size (as detected

from the XRD pattern) than others. Also the hydroxide groups

present in the LDH surface capture the photoinduced holes (h+),

consequently preventing the recombination of the h+s and e�s, as

a result, improving the photocatalytic activity.

Fe substituted LDH had a significant influence on the pho-

tocatalytic activity. For LDH4 (greater amount of iron content

as amorphous iron oxides), a relatively low photocatalytic H2

production rate was observed, as expected, due to the rapid

recombination of conduction band (CB) electrons and valence

band (VB) holes as evidenced from the PL study. Due to the

presence of an optimum amount of Fe3+ in the experimental

solution, the activity of LDH1 is maximum towards hydrogen

evolution, since the amount of iron oxide was the lowest, and all

of the iron content occurred as cations doped into the brucite

sheet to enhance the hydrogen evolution.

An illustration mechanism was proposed to better understand

the photocatalytic activities of LDH1 in the presence of a sacri-

ficial reagent (eqn (3)–(9)). LDHs are constituted of sheets of

edge-sharing M(III)O6 octahedral units. Upon exposure to visible

light irradiation with an energy equal to or greater than the band

gap energy, the electron from the valence band of LDH1 (O 2p

orbital) was excited to the conduction band of Fe3+ (3d orbital)

and the H+ accepts the electrons in the conduction band,

producing hydrogen gas, as shown below eqn (3)–(5). Aqueous

methanol was used here as a hole scavenger.When the LDH

suspension was exposed to visible radiation in the presence of

10% aqueous methanol, there is a possibility that methanol

molecules can be oxidised to HCHO, HCOOH, CO2, H2 and also

CH4. But chromatographic analysis of the produced gases

revealed that CO2 is the only byproduct that is also present in

a very minor amount. It has also been found that a limited

amount of hydrogen gas evolved from the methanol. So, it is

reasonable to confirm that H2 evolved from the photocatalytic

process over LDH1 and the sacrificial reagent can protect the

photocatalysts from photocorrosion by providing sacrificial

electron donors to consume the photogenerated holes.39–43

Zn=Alþ Fe LDHðFEO6Þ ���������!hn; Catalyst
hþ þ e� (3)

2H2O / 2H+ + 2OH� (4)

2e�CB + 2H+ / H2 (5)

CH3OH
���������!hn; Catalyst

HCHOþH2 (6)

HCHOþH2O ���������!hn; Catalyst
HCO2HþH2 (7)

HCO2H ���������!hn;Catalyst
CO2 þH2 (8)

CO2 þH2O ���������!hn; Catalyst
CH4 (9)

Conclusions

Mg/(Al + Fe)-CO3 LDH (Fe-doped Mg/Al-CO3 LDH) materials

were prepared by a simple co-precipitation method and thor-

oughly characterized by structural, spectroscopic, textural,
7356 | J. Mater. Chem., 2012, 22, 7350–7357
optical and microscopic methods with powder X-ray diffraction

(PXRD), Fourier transform infrared (FTIR), X-ray photoelec-

tron spectral studies (XPS), thermogravimety (TG) and differ-

ential thermal analysis (DTA), UV–Vis DRS, BET surface area,

photoluminescence spectra (PL) and transmission electron

microscopy (TEM) methods. This may be the first report of the

use of Fe3+ as a dopant for Mg/Al-CO3 LDH which has all the

aspects needed to shift the absorption towards the visible light

region, utilising the ternary hydrotalcite as a relevant photo-

catalyst for water decomposition. By studying the visible-light

photocatalytic activity of all the LDH samples with different

proportions of doped Fe3+, the following conclusions can be

drawn: (i) LDH1 with a higher content of Fe3+ in the brucite

framework was well crystallised, possessed abundant surface

water and hydroxyl groups, and hence high photocatalytic effi-

ciency in the visible range; (ii) the concentration of the Fe3+ salt

solution has a significant effect on the nucleation and formation

of the LDH-phase. Excess iron in the synthetic gel, due to its

larger ionic radius compared to Al3+ may form amorphous Fe2O3

without substituting in the hydrotalcite brucite stalks. This

amorphous iron phase accelerates the recombination rate of the

photogenerated electrons and holes causing a decrease in H2

evolution. of visible light irradiated water splitting, LDH1

possessed promising characteristics for exploitation as a futur-

istic material.
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