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a  b  s  t  r  a  c  t

Photocatalytic  decomposition  of  methylene  blue  was  attempted  over as-prepared  Mn(II)Cr(III)-layered
double  hydroxide  (LDH)  containing  Mn(II)  and  Cr(III)  in  2:1 molar  ratio.  The  LDH  was  prepared  by the
co-precipitation  method,  and  was  found  to  form  at pH =  10  and  at 80 ◦C following  24  h  hydrothermal  treat-
ment.  The  Mn2Cr-LDH  thus  obtained  was  structurally  characterized  by  X-ray  diffractometry,  scanning
electron  microscopy  and energy-dispersive  X-ray  spectroscopy.  The  Mn2Cr-LDH  displayed  significant
photocatalytic  activity  in  the  degradation  of  methylene  blue  under  illumination  with  UV–vis  light. The
eywords:
ayered double hydroxide
eterogeneous photocatalysis
hotodegradation of methylene blue
V–vis light irradiation

photocatalytic  performance  of  the phase-pure  and  uncalcined  Mn2Cr-LDH  is  practically  identical  to  that
of  the  commercially  available  Degussa  P25  TiO2, and  it was  found  to remain  unaltered  over  five  con-
secutive  photocatalytic  runs.  The  presence  of the  LDH  structure  in  the  composite  is the  prerequisite  of
the photocatalytic  activity.  Applying  increasing  calcination  temperature,  the  LDH  structure  gradually
collapses,  and  the  Mn2Cr-LDH  transforms  to  photocatalytically  inactive  double  oxide.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The use of heterogeneous photocatalysis in various industrial
rocesses steadily increases, and photocatalysts are in the process
f becoming more and more popular in a variety of practical appli-
ations. Even though traditional (non-photoactive) catalysts are
till predominate and are produced in much higher amounts, pho-
ocatalysts offer a viable and environmentally friendly alternative
n, e.g.,  cleaning industrial sewage [1,2].

Certain types of composite materials are capable of catalysing
ransformations of both organic and inorganic compounds in a pho-
ocatalytic way [3]. Layered double hydroxides (LDHs) were among

hose tested. At the early stage of these studies, it was  shown
hat both the treatment of the composite compound before the
eaction and the reaction conditions play crucial role in the pho-

∗ Corresponding author at: Department of Inorganic and Analytical Chemistry,
niversity of Szeged, Dóm tér 7, Szeged, H−6720 Hungary.

E-mail address: sipos@chem.u-szeged.hu (P. Sipos).

ttp://dx.doi.org/10.1016/j.cattod.2016.12.037
920-5861/© 2016 Elsevier B.V. All rights reserved.
tocatalytic efficiency [4,5]. Transition metal-containing LDHs are
usually poorly crystalline materials [6,7], and as long as this is the
case, photocatalysts of poor performance was  possible to be pre-
pared of them. On the other hand, with increasing crystallinity,
the specific surface area of the photocatalyst inevitably decreases,
which may  also exert an adverse effect on the photoactivity [8,9].

In this work, our aims were (i) the synthesis of manganese-
chromium containing LDH samples with optimal crystallinity and
(ii) their use as photocatalysts in the degradation of methylene blue,
as model compound.

The trivalent cation of choice was Cr(III), because of its expected
photoactivity [10]. It has been already shown that ZnCr-LDHs,
due to the presence of Cr(III), displays photocatalytic activity [10],
which can be enhanced by doping it with Tb(III) [11] or includ-
ing graphene in the composite [12]. Although the divalent cationic
partner is most often Zn(II) in the layers, some examples for apply-

ing Cu(II), Ni(II) and even Mg(II) are known [10,13,14]. It is to be
noted, however, that Cr(III)-containing LDHs were only seldom
made [15,16] and details about the synthesis is even more scarcely

dx.doi.org/10.1016/j.cattod.2016.12.037
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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ommunicated [16]. The reason is probably the difficulty in prepar-
ng phase-pure material [15].

Methylene blue is a cationic dye easily adsorbed over various
aterials like titanate nanowires [17], titanate nanotubes [18,19].

t was our choice in testing the photocatalytic activity of our MnCr-
DH preparation, since it proved to be useful substance in probing
he photocatalytic properties of various LDH composite materials
20,21], recently.

. Experimental

For obtaining sufficiently crystalline LDH, the synthesis param-
ters were necessary to be optimized first. The pH and the
emperature used during the synthesis of the LDHs and the molar
atio of the two metal ions were suspected to be critical factors in
erms of the efficiency of the photocatalyst prepared, but other pro-
essing parameters like those of the hydrothermal treatment are
lso known to greatly influence crystallization and photocatalytic
fficiency. Accordingly, the following experimental parameters
ere systematically varied during the preparation: pH (from 8

o 11); the preparation temperature (from 25 to 80 ◦C), the ratio
etween the di-and the trivalent ions (from 2:1 to 4:1).1 Both
itrate and chloride salts were used for the syntheses; however,
hloride salts were omitted, as it was observed that the LDH did not
recipitate from the reaction mixture if chloride salts were utilized.
uring a typical, e.g., Mn2Cr-LDH, synthesis via co-precipitation,

 mixture of analytical grade Mn(NO3)2 × 4H2O (30 mmol) and
r(NO3)3 × 9H2O (15 mmol) (both are Reanal products) was  dis-
olved in 100 mL  of distilled water, and was stirred at pH = 10 for
4 h. The pH was adjusted via adding a solution of 3 M NaOH to the
ystem, the pH of which was monitored with a calibrated glass elec-
rode. The suspension was filtered, washed with distilled water and
he blackish-blue crystals were dried for 24 h in vacuo over P2O5.
ydrothermal treatment [22] was carried out in a closed Pyrex
lass vessel at 80 ± 3 ◦C, using continuous stirring. The resulting
uspension was filtered and dried for 24 h in vacuo over P2O5.

The materials prepared were characterized by various methods.
X-ray diffractometry (XRD) was used to verify the success (or

he failure) of the preparation of the LDHs, since LDHs are known
o have characteristic XRD patterns. The XRD traces of the various
amples were recorded on a Rigaku XRD-6000 diffractometer, using
uK� radiation (� = 0.15418 nm)  at 40 kV, 30 mA.

Scanning electron microscopy (SEM) was also employed to
ake the characteristic hexagonal morphology of the LDHs visi-

le. The morphology of thin films was investigated using a Hitachi
-4700 scanning electron microscope with the accelerating voltage
f 10–18 kV.

Energy dispersive X-ray (EDX) microspectroscopy gives a
semi)quantitative picture of the components in the material
ynthesized. EDX data were obtained on a Röntec QX2 energy
ispersive microanalytical system from two different parts of the
ample. The system was coupled to the SEM, and provided with the
lemental map  of the chosen region of the sample.

To identify interlayer anions, IR spectra of some selected
amples were recorded. For this, a BIO-RAD Digilab Division FTS-
5A/896 FT-IR spectrophotometer with 4 cm−1 resolution, using
RS technique was employed. Spectra in the 4000–600 cm−1

avenumber range were recorded, but the most relevant
850–600 cm−1 range will be displayed and discussed. 256 scans

ere collected for each spectrum.

The band gap of the material prepared was determined from the
V–vis spectrum registered on Ocean Optics USB4000 spectrome-

1 In the acronym used for the LDHs prepared, i.e., MnnCr, n stands for the Mn:Cr
olar ratio in the solid.
Fig. 1. XRD patterns for the solid substances obtained from a solution containing
Mn(II) and Cr(III) in a molar ratio of 2:1 at various pH-s: A: pH = 9, B: pH = 10, C:
pH  = 11; the temperature of the reaction mixture was  T = 25 ◦C.

ter with a DH-2000-BAL UV–vis-NIR light source measuring diffuse
reflectance mode and using BaSO4 as reference. The spectrum was
analyzed with the SpectraSuite package. The band-gap energy was
determined from the extrapolation of the straight section of the
modified Kubelka-Munk function plotted vs. energy of the incident
light. Bandgap determination was done only for the phase pure
LDH, as this specimen was exclusively used for the photocatalytic
tests.

For the photocatalytic tests, 1 mg of catalyst in 200 mL  solu-
tion was used, the pH was controlled by a buffer based on KH2PO4
(0.15 M).  To determine the best parameter set for the photocat-
alytic degradation, the pH of the solution (7–10), the temperature of
the reaction mixture (8–50 ◦C) and the concentration of substrate,
methylene blue that is (product of Aldrich Chemicals) were system-
atically varied. The photoreactor was  an open Pyrex glass vessel. An
OSRAM Power Star HCl-TC 70 W/WDL  lamp (� = 360–800 nm) was
applied at a fixed position) for irradiating the reactor; the irradi-
ation took place from vertical position, ca. 10 cm from the inlet of
the vessel. The degradation of the dye was followed by UV–vis spec-
trometry on a Shimadzu UV–1650 spectrophotometer. Absorbance
values at absorption maximum of methylene blue (665 nm) were
recorded.

The X-ray photoelectron spectra (XPS) of the freshly pre-
pared and the used samples were taken with a SPECS instrument
equipped with a PHOIBOS 150 MCD  9 hemispherical electron
energy analyzer (Germany) operated in the FAT mode. The exci-
tation source was the K� radiation of magnesium (h�  = 1253.6 eV)
and aluminum (h�  = 1486.3 eV) anodes. The X-ray gun was  oper-
ated at 180 W power (12 kV, 15 mA). The pass energy was set to
20 eV, the step size was 25 meV, and the collection time in one
channel was 150 ms.

3. Results and discussion

3.1. Preparation and structural characteristics of the Mn2Cr-LDH
samples

During the preparative work, first, the synthesis of MnnCr-
LDH with appreciable crystallinity was aimed at. As simple

co-precipitation without hydrothermal post-treatment is reported
to be a very efficient way of LDH preparation in general, there-
fore, this trivial synthesis route was  initially employed [22,23]. As
it is shown in Figs. 1–3 , via using this preparation method, the
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Fig. 2. XRD patterns for the solid substances obtained from a solution containing
Mn(II) and Cr(III) at various molar ratios: A: 2:1; B: 3:1; C: 4:1. The syntheses were
performed at pH = 10 and T = 25 ◦C throughout.

Fig. 3. XRD patterns for the solid obtained from a solution containing Mn(II) and
Cr(III) in a molar ratio of 2:1 at various temperatures: A: T = 40 ◦C, B: T = 60 ◦C, C:
T
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Fig. 4. XRD patterns for the solid substances obtained from a solution containing

within 6 h; however, those reactions were performed under acidic
 = 80 ◦C. The pH of the reaction mixture was 10 throughout. The weak feature at 2�
 12◦ denoted by (003) is likely to be a reflection stemming from some Mn2Cr-LDH.

esired LDH formation could not be observed either via system-
tically changing the pH (Fig. 1), the reactant ratio (Fig. 2) or the
emperature (Fig. 3). The lack of the characteristic (003) reflection of
he LDHs around 2� ≈ 12◦ (except for the weak feature correspond-
ng to in Fig. 3C, see below) unambiguously prove, that the use of
hese (otherwise commonly employed) synthesis parameters did
ot lead to pure and highly crystalline MnnCr-LDH.

In Fig. 3C, under superambient conditions (T = 80 ◦C), the for-
ation of some Mn2Cr-LDH could be observed. Accordingly, it was

ypothesised, that a longer hydrothermal treatment may  lead to
he formation of the desired Mn2Cr-LDH. Upon using hydrother-

al  treatment at 80 ◦C for 24 h, the appearance of the XRD patterns
haracteristic to the LDH (Fig. 4) could be observed. From this, it can
lso be stated that the by-products also disappeared, and the basal
pacing was calculated as d = 0.744 nm (with estimated a [14,24]
nd calculated c lattice parameters of 4.7 nm and 2.23 nm,  respec-

ively [24]). On the basis of the XRD patterns, the sample obtained
ould be considered as phase pure. The XRD pattern and the BET
urface area (56.4 m2/g) of the successfully prepared sample did
Mn(II) and Cr(III) in a molar ratio of 2:1, subjected to hydrothermal treatment for
24  h at various temperatures: A: T = 40 ◦C, B: T = 60 ◦C, C: T = 80 ◦C. The pH of the
reaction mixture was 10 throughout.

not change within two months from the synthesis indicating con-
siderably stability. The average thickness of the LDH particles were
calculated from the Debye-Scherrer equation and was found to be
3.1 nm.

For the phase-pure Mn2Cr-LDH specimen, the XRD pattern of
which is shown in Fig. 4C, the SEM images were also recorded. From
the pictures, the laminar hexagonally-shaped morphology, typical
of LDHs can be observed (Fig. 5).

The SEM–EDX elemental map  obtained for the phase-pure
Mn2Cr-LDH sample is displayed in Fig. 6. It shows that both the
manganese and chromium are evenly distributed.

The IR spectrum of the phase-pure Mn2Cr-LDH (Fig. 7) shows the
characteristic vibration of the intercalated NO3

− ion at 1405 cm−1

[25]. As the IR band of the carbonate ion appears very close to that of
nitrate, some contribution from possible carbonate contamination
may also be present in this signal. The other two  distinct vibration
bands correspond to the LDH structure, and are associated with
�-OH (1630 cm−1) [26] and Cr−O (780 cm−1) modes [25].

DRS spectrum of the as-prepared phase pure Mn2Cr-LDH was
also recorded (Fig. 8). Assuming direct band gap transition and
extrapolating the straight section of the modified Kubelka-Munk
function plotted vs. energy of the incident light resulted in bandgap
energy of 1.46 eV. This corresponds to 850 nm wavelength, which
is consistent with the blackish-blue colour of the specimen. Tak-
ing indirect band gap transition, its energy was  not possible to be
accurately computed (being at ca. 0.8 eV and therefore falling out-
side the measurement range of the instrument). Comparing the two
types of band gap energies, direct band gap transition seems to be
more realistic for the phase pure Mn2Cr-LDH semiconductor.

3.2. Photocatalysis of methylene blue over Mn2Cr-LDH

The photocatalytic activity of the phase-pure Mn2Cr-LDH com-
posite was  tested in the photodegradation of methylene blue (MB)
under UV–vis light irradiation. In the absence of the catalyst, it was
observed that the decomposition of MB  was  negligible even after
an extended period of time. It was  reported previously by others
that upon UV–vis irradiation, more than 10% of the MB  decomposed
conditions [27]. At the beginning of the catalytic experiments, MB
was allowed to adsorb over the surface of the catalysts; in each
case, one hour “dark time” was  allowed, before switching the illu-
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Fig. 5. SEM images for Mn2Cr-LDH (hydrothermally treated at T = 80 ◦C for 24 h at pH = 10).
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Fig. 6. SEM–EDX elemental maps for the phase-pure Mn2

ination on. The initial decrease of the MB  concentration prior to
witching on the light source is most probably associated with this
urface absorption of the substrate.

.2.1. The effect of pH during the reaction
The most important parameter that affect degradation was

ound to be the pH of the solution (Fig. 9). It was found that the
hotoreaction commenced with an induction period at each pH,
nd was the faster, when the pH of the solution was adjusted to 9.
nder these conditions, the degradation of the MB  reached >80%
fter 120 min. At higher and at lower pH, the reaction rate was
ignificantly lower. At pH = 7, apparently the c/c0 vs. time curve
tarts increasing after ca. 60 min  (Fig. 9A), most probably, due to

he formation of some intermediate, which also absorbs the light at
he detection wavelength. These observations strongly suggest that
he mechanism of the photodegradation of MB  over Mn2Cr-LDH
omposite is strongly pH-dependent [28].
H (hydrothermally treated at T = 80 ◦C for 24 h at pH = 10).

3.2.2. Effect of MB concentration
The initial concentration of the MB  can be an important factor

in the photodegradation reaction. Therefore, in further experi-
ments, its concentration was systematically changed from 20 mg/L
to 40 mg/L. Fig. 10 attests that the degree of degradation varied
in the 70–92% range. Taking into consideration the errors in these
photocatalytic test measurements, it seems reasonable to suggest,
that in the MB  concentration range covered, the reaction rate is
roughly independent of the substrate concentration. In the sub-
sequent measurements, c0 = 30 mg/L substrate concentration was
employed.

3.2.3. Effect of photocatalyst calcination
During the subsequent experiments, the phase-pure Mn2Cr-

LDH composite was  subjected to annealing at various temperatures

(250, 500 and 750 ◦C) for 24 h. Following this calcination procedure,
the photodegradation experiments were repeated using the opti-
mized decomposition conditions (c0 = 30 mg/L, pH = 9, T = 25 ◦C).
The effect of the various calcination temperatures on the photo-
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Fig. 7. IR spectrum of phase-pure Mn2Cr–LDH.

Fig. 8. Tauc plot of the phase pure Mn2Cr-LDH.

Fig. 9. The photodegration of MB expressed as c/c0 as a function of illumination
time over phase-pure Mn2Cr-LDH composite at various pH values and at 25 ◦C. A:
pH  = 7, B: pH = 9, C: pH = 10 (initial concentration of MB:  c0 = 30 mg/L).

Fig. 10. The photodegration of MB  expressed as c/c0 as a function of illumination
time over phase-pure Mn2Cr-LDH composite at various initial concentration of MB.
A:  20 mg/L; B: 30 mg/L; C: 40 mg/L pH = 9, T = 25 ◦C.

Fig. 11. The photodegration of MB  expressed as c/c0 as a function of illumination
time over phase-pure Mn2Cr-LDH composite calcined at various temperatures for

24 h. Calcination temperatures: A: no calcination; B: 250 ◦C; C: 500 ◦C; D: 750 ◦C.
Conditions of photodegradation: c0 = 30 mg/L; pH = 9, T = 25 ◦C.

catalytic activity are displayed in Fig. 11, while the XRD patterns of
the calcined phase-pure Mn2Cr-LDH composite is shown in Fig. 12.

It was observed that among the Mn2Cr-LDH samples, the uncal-
cined photocatalyst exhibited the highest photocatalytic activity.
Increasing the calcination temperature resulted in a drastic and
systematic decrease in the photocatalytic activity. Calcination at
750 ◦C for 24 h resulted in a material, which had practically no pho-
tocatalytic activity whatsoever. From Fig. 12, it is apparent that
the increasing calcination temperature resulted in a gradual col-
lapse of the LDH structure, and (most probably) resulted in the
progressive formation of some sort of double oxide. Latter com-
posite has no photocatalytic activity, as opposed to the composite
having the layered structure. The photocatalytic activity of the var-
ious Mn2Cr-LDH samples clearly correlate with the proportion of
the layered structure remaining after calcination. This observation
strongly suggests that the presence of the ordered layered structure
is advantageous for the photocatalytic activity of these composites

in MB  degradation; the highly regular structure helps in preserving
the oxidation state of the cationic components of the as-prepared
LDH.
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Fig. 12. XRD patterns of phase-pure Mn2Cr-LDH samples calcined at various tem-
peratures for 24 h. Calcination temperatures: A: uncalcined sample, B: 250 ◦C, C:
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Fig. 13. The photodegration of MB expressed as c/c0 as a function of illumination
time. A: No photocatalyst added; B: over Degussa P25 TiO2; C: over phase-pure,
uncalcined Mn2Cr-LDH composite. Conditions of photodegradation: c0 = 30 mg/L;
pH = 9, T = 25 ◦C.

4. Conclusions
00 ◦C, D: 750 ◦C.

To compare the performance of our best Mn2Cr-LDH sample
ith that of the commercially available Degussa P25 TiO2, MB
hotodegradation experiments were performed (Fig. 13) under

dentical conditions employing 1 mg  photocatalyst of both solids in
00 cm3 test solution. From this graph, it is apparent that the pho-
ocatalytic performance of the Mn2Cr-LDH composite was almost
he same as that of P25.

The stability of the Mn2Cr-LDH photocatalyst was  tested by
eusing the samples five times in the MB  degradation experiment,
mploying the optimal degradation conditions. After each run,
he photocatalyst was removed via filtration and dried over P2O5
n vacuo,  in the usual way. As shown in Fig. 14, the degradation effi-
iency did not change significantly after five cycles, suggesting that
he photocatalyst prepared by us is reasonably stable and resistant
o photocorrosion.

.2.4. The XPS analysis of the as-prepared and the used catalyst
The oxidation of the cationic components of the LDH was studied

ith X-ray photoelectron spectroscopy before and after the reac-

ion (Fig. 15). The photoelectron spectra revealed that the oxidation
tate of neither cationic component changed during the catalytic
eaction.

Fig. 15. The X-ray photoelectron spectra of the Mn2
Fig. 14. The photodegration of MB  expressed as c/c0 as a function of illumina-
tion  time over five consecutive runs, denoted by A, B, C, D and E. Conditions of
photodegradation: c0 = 30 mg/L; pH = 9, T = 25 ◦C.
In search for a layered double hydroxide that has appreciable
heterogeneous photocatalytic activity, first the synthesis of crys-

Cr-LDH catalyst as-prepared (A) and used (B).



s Toda

t
f
r
h
s
w
i
t
w
a
a
p
c

A

H
0

R

[

[

[

[

[

[

[
[

[

[

[

[

[

[
[

[
[26] M.  Mora, M.I. López, C. Jiménez-Sanchidrián, J.R. Ruiz, Solid State Sci. 13

(2011) 101–105.
Z. Timár et al. / Catalysi

alline Mn2Cr-LDH was attempted. Phase-pure LDH was isolated
rom solutions containing the Mn(II) and Cr(III) in a 2:1 molar
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