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Abstract A comparative study of chromium oxide clus-

ters grafted on mesoporous silica SBA-15 was carried out

using samples synthesized by one-pot, impregnation and

Cr-polycation sol grafting methods. The nature of CrOx

species incorporated into SBA-15 by direct hydrothermal

one-pot method as well as impregnation of Cr(NO3)3�9H2O

and Cr-polycation precursors was characterized by XRD,

BET isotherms, UV–Vis DRS, FTIR, TGA, O1s XPS,
29Si-MAS NMR, H2-TPR, NH3-TPD, SEM and TEM. Powder

XRD did not show the presence of Cr2O3 in the calcined

samples obtained by one-pot method. It, however, shows

the rhombohedral clusters of a-Cr2O3 dispersed over

SBA-15 for CrOx/SBA-15 samples prepared by impreg-

nation and polycation sol grafting methods. The absorption

band at 296 nm, observed for Cr3? in solution, is absent for

the aqueous Cr-polycation sol. There is evidence that the

presence of chromium precursor in the reaction medium

can influence the morphology of SBA-15 as seen in the

SEM micrographs. Charge transfer transitions demonstrate

the insertion of CrOx species on SBA-15 matrix synthe-

sized by one-pot method. Cr-polycation grafted SBA-15

sample shows unique vibrational features at 573 and

624 cm-1 attributed to extra-framework CrOx species. The

ratio of Cr6?/Cr3? species present in CrOx/SBA-15 sam-

ples depends on the Cr-precursor employed for grafting on

SBA-15. One-pot synthesized samples predominantly

contain coordinated water (dH–O–H at 1,635 cm-1) on

SBA-15 while impregnated samples show water molecules

associated with CrOx species (dH–O–H at 1,594 cm-1).

Keywords Ordered mesoporous silica � Cr-containing

SBA-15 � Chromia � UV–Vis DRS � Polycation sol

1 Introduction

Synthesis and application of silica-based hierarchical por-

ous structures, and various mesoporous metal oxides using

nonionic block copolymers have been the topics of interest

in porous materials chemistry [1–6]. These materials con-

tain highly ordered, large and uniform mesopore structures

(2–50 nm diameter) with surface areas greater than

900 m2/g. Mesoporous silica materials are rich in isolated,

germinal and hydrogen bonded surface silanol groups

which can be functionalized and used in catalysis,

adsorption, separation and biology [2, 4, 5, 7]. The silicate

mesoporous structures are often used as templates to design

ordered mesoporous carbons and porous metal oxides such

as chromia [2, 8] and metal nanowires of *6 nm diameter

[2]. The structures of mesoporous silicates are often

directed by the properties of surfactant molecules

employed for the synthesis. The nature of liquid crystal

template, formed between the organic surfactants and

inorganic silicate species by cooperative self-assembly

mechanism, determines the pore architecture of the mate-

rial. Consequently porous materials exhibit narrow pore

size distribution, diverse range of pore and cage symme-

tries and morphologies. Designing the ordered mesoporous

materials in a tunable manner with control over pore size,

morphology and composition is the task of synthetic inor-

ganic chemistry. Using biodegradable surfactant (Pluronic

P123, PEO20PPO70PEO20) as a template, 2D hexagonal

structured mesoporous silica SBA-15 has been synthesized

with good hydrothermal stability, high crystallinity and

uniform pores [1, 2].
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Highly ordered mesoporous silicates are advantageous

in heterogeneous catalysis in terms of mass transfer through

large pores, high concentration of active sites due to large

surface area, ordered pores acting as nano-reactors and

thus reducing the undesirable side reactions. However

mesoporous silicates do not exhibit acid–base or redox

properties which are often introduced to facilitate catalytic

reactions. Modification of mesoporous silicate systems is

governed by the nature of application. Incorporation of

metal centers [9–11], metal oxides [12–14], acid-base

groups [15–17], and organic functional groups [4, 18] have

been done by either direct one-pot synthesis (co-condensation)

or post synthesis (impregnation/grafting) methods. How-

ever, ordered mesoporous solids are advantageous in sta-

bilizing metal or metal-oxide particles as they cannot grow

larger than the pore sizes. The method of introducing metal

in the silica matrix also influences the activity of the porous

material for the intended reactions [17]. The presence of

multivalent transition metal cations in the framework can

create isolated redox centers. Since the active sites are

easily accessible to the reactant and solvent molecules

during the reactions, high conversion rates are possible in

the pores. Direct synthesis provides uniform distribution

and improves the active site accessibilities in heteroge-

neous catalysts. Hence the incorporation of heteroatom into

the silica structure by direct synthesis is more desirable to

obtain well dispersed metal species. The acid templating

route leads to lowest-energy-surface particle morphologies.

Addition of a variety of electrolytes to the highly acidic

reaction mixture has recently been shown to modify the

macro-morphologies of the SBA-15 materials [19]. Iso-

morphic substitution of heteroatom via a co-condensation

process with silicon species is very difficult since the metal

ion will exist as corresponding oxo-species under strong

acidic conditions.

Chromium ion in the 3d series has variable oxidation

states, coordination numbers and molecular structure. It

forms variety of molecular species in aqueous media and

on oxide surfaces depending on the pH and chemical

environment [20]. Supported chromium oxide catalysts are

widely used in various chemical reactions, such as dehy-

drogenation of hydrocarbons [20, 21], selective catalytic

reduction of nitrous oxide [3] and oxidation of organic

compounds [22, 23]. Silica and SBA-15 supported Cr2O3

have been studied for ethylene polymerization and dehy-

drogenation catalysis [24, 25]. Carrado and his co-workers

have studied the decane cracking by using hydroxy-chro-

mium cations in pillared clays as catalysts [26]. Typically

the polycations endure dehydration and dehyroxylation

during intercalation in clays and impart Brønsted acidity.

During hydrolysis the charge of the chromium oligomers

can be controlled by the solution chemistry [27]. Partial

hydrolysis and polymerization of Cr(H2O)6
3? can take place

rapidly in aqueous solution of pH 2.5–3.5 around 95 �C

forming the polycation species such as the dimer

[Cr2(OH)2(H2O)8]4? and trimer [Cr3(OH)4(H2O)9]5? as

given below:

CrðH2OÞ3þ6 þ H2O  �������������!
pH¼2:5�3:5

� 100
�C

½CrðH2OÞ5OH�2þ þ H3Oþ

2½CrðH2OÞ5OH�2þ  �������������!
dimerization ½Cr2ðH2OÞ8ðOHÞ2�

4þ þ 2H2O

3½CrðH2OÞ5OH�2þ  �������������!
polymerization ½Cr3ðH2OÞ9ðOHÞ4�

5þ

þ 4H2Oþ H3Oþ

The aqueous equilibria shift rapidly towards the right

side with increase in temperature up to 100 �C and OH/Cr

ratio higher than unity facilitating the dimerization and

polymerization of Cr3? species generating cationic poly-

oxychromium oligmers of type [Cr4(OH)6(H2O)11]6? and

[Cr4(OH)5O(H2O)10]5? [28–30]. Therefore higher loading

of uniform chromia clusters on silicate matrix can be

achieved by using the polymerized Cr-polycations containing

2–4 metallic atoms than direct loading of metal oxide by

impregnating Cr(H2O)6
3?. Polycation method of grafting

can also produce defects, and Cr3?, Cr6? and possibly Cr5?

surface species on chromia surface.

In general, polycations of metals such as Cr, Al, Zr, V, Ti,

and Fe are widely used for pillaring process in various clays

and layered materials [28, 30–32]. However the literature

suggests that these polycations actively participate in cata-

lytic reactions. Since a vast literature is available on catalytic

applications for various impregnated catalysts, using poly-

cations for impregnation is a novel method to generate high

acidic species in the mesopores. In this report, first of its kind

Cr-polycation sol was grafted on SBA-15 and their molec-

ular interactions with the support were studied. Chromia

grafted on SBA-15 by polycation method, and its effect on

the structure and reducibility of CrOx/SBA-15 materials as

well as the nature Cr-species grafted on SBA-15 are dis-

cussed in detail. The CrOx/SBA-15 materials have been

synthesized by (1) one-pot hydrothermal co-condensation

method under highly acidic conditions (pH \ 2), (2) Cr-

polycation grafting method, and (3) wet impregnation

method using Cr(NO3)3.

2 Experimental

2.1 Synthesis of CrOx-grafted SBA-15 materials

This section describes the preparation of mesoporous silica

SBA-15, Cr-incorporated SBA-15 by direct hydrothermal

co-condensation synthesis and by grafting of Cr-polyca-

tions. SBA-15 materials were hydrothermally synthesized

by following the procedure reported by Zhao et al. [1]
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using triblock copolymer P123 (EO20PO70EO20) as a

template material. Two CrOx/SBA-15 samples with initial

gel composition containing Cr/Si mole ratio of 0.05 and

0.01 were prepared by one-pot synthesis. In this method, Cr

species was added simultaneously with tetraethylorthosili-

cate (TEOS). In a typical synthesis, 4 g of P123 was dis-

solved in 30 ml of water at room temperature and then

120 mL of 2 M HCl was added under stirring. The required

amount of Cr(NO3)3�9H2O dissolved in 10 mL of ethanol

was added to 8.5 g of TEOS and the mixture was sonicated

for 10 min. The Cr-TEOS mixture was then added to the

P123 polymer solution under constant stirring at room

temperature. The mole composition of the gel for 4 g of

P123 was 1:0.017:x:5.6:208 (TEOS:P123:Cr3?, x = 0.05

or 0.01:HCl:H2O). The resultant solution was stirred for

20 h at 40 �C, followed by aging at 100 �C for 48 h under

static conditions. The solid product was filtered, washed

with water and ethanol, air dried at 80 �C overnight, and

then calcined in nitrogen at 550 �C for 6 h. The calcined

samples prepared by one-pot synthesis are denoted as SBA-

15-c, Cr/Si(0.01)/SBA-15-c and Cr/Si(0.05)/SBA-15-c.

100 mL of 10 mmol Cr-polycations were prepared in

aqueous solution using Cr(NO3)3�9H2O as Cr-source and

Na2CO3 as base [29]. 50 ml 0.2 M Cr(NO3)3�9H2O was

hydrolyzed by drop wise slowly adding 50 mL of 0.021 M

Na2CO3 solution while stirring continuously at room tem-

perature (CO3
2-/Cr = 2.1 meq/mmol). Oligomerization of

Cr3? has been done by refluxing the mixture at 95 �C for

72 h. The final pH obtained for the Cr-polycation solution

was about 3.4 which is similar to the pH values reported

[20, 33]. The cooled Cr-polycation solution was grafted on

1 g of SBA-15 (10 mmol of Cr/g) by impregnation

method. In this method, 1 g of SBA-15 was dispersed in

100 ml of cooled Cr-polycation solution whilst constant

stirring for 6 h at room temperature. The mixture was dried

in oven at 80 �C until the solvent was completely evapo-

rated. The dried product was washed thoroughly with dis-

tilled water until nitrate free, then dried in oven at 80 �C

and finally calcined in air at 400 �C for 3 h. This calcined

sample is denoted as CrOx-poly/SBA-15-c.

Similarly, 20 wt% CrOx/SBA-15 material was prepared

by wet impregnation method using Cr(NO3)3�9H2O. The

required amount of metal precursor was dissolved in 20 ml

of H2O and the solution was added slowly to 1 g of SBA-

15 powder. The slurry formed by the addition of Cr(NO3)3

solution to SBA-15 was stirred continuously for 6 h at

room temperature. It was then dried in oven at 80 �C to

evaporate H2O completely. The dried product was calcined

in air at 400 �C for 3 h. The calcined sample is denoted as

CrOx-imp/SBA-15-c. For comparison, Cr(OH)3 was pre-

pared by precipitating 0.1 M Cr(NO3)3�9H2O with 5 M

NaOH at pH = 10. Further the chromium hydroxide was

calcined in air at 400 �C for 3 h to obtain green Cr2O3. All

the above uncalcined samples are denoted as SBA-15-uc,

Cr/Si(0.01)/SBA-15-uc, Cr/Si(0.05)/SBA-15-uc, CrOx-poly/

SBA-15-uc and CrOx-imp/SBA-15-uc.

2.2 Characterization

The powder samples were characterized by low angle

X-ray powder diffraction (XRD). The XRD pattern were

recorded in the low angle region (2h = 0.5�–3�) and wide

angle region (2h = 10�–80�) using a Bruker D8Advance

X-ray diffractometer employing nickel filtered CuKa

radiation (1.5418 Å) at a scan rate of 0.1� s-1. The sur-

face areas of the samples were measured using Brunauer–

Emmett–Telleller (BET) method by N2 adsorption and

desorption at 77 K in a Micromeritics ASAP2000 system.

The samples were pretreated by degassing at 473 K under

vacuum for 12 h. The mean pore diameter and pore size

distribution were determined from the desorption branch

of the isotherm using Barrett–Joyner–Halenda (BJH)

method. The specific surface area was calculated by

(BET) model. The micropore surface area and micropore

volume are obtained by t-plot using Harkins and Jura (HJ)

method.

Diffuse reflectance UV–Vis spectra were collected from

200 to 700 nm on a JASCO V-570 spectrophotometer

equipped with an integrating sphere. A halon white

reflectance standard was used as a reference material.

1.0 cm path length quartz cuvettes were used for analyzing

solutions. The sample morphology of the silicate samples

was studied by both scanning and transmission electron

microscopy (FEI Quanta 200 and JEOL 3010 HRTEM).

SEM and TEM micrographs were obtained from the

powder samples dispersed on carbon tape and carbon-

coated copper grids, respectively.

NH3-TPD and H2-TPR experiments were carried out on

Micromeritics Chemisorb 2750 apparatus using TCD

detector and a fixed-bed flow micro-reactor in the tem-

perature range of 25–750 �C. The temperature of the

reactor was measured by a K-type thermocouple located in

a quartz capillary immersed in the sample bed. Before

conducting the NH3-TPD experiment, 100 mg of each

calcined sample was outgassed at 500 �C for 1 h in 20 mL/

min He flow, and cooled to room temperature and saturated

in a flow of 4.5 vol% NH3 in He (20 mL/min) for 30 min.

The sample was then purged in He flow for about 35 min

until a constant baseline level was attained. NH3-desorp-

tion experiment was carried out by raising the temperature

linearly at the rate of 10 �C/min in 20 mL/min He flow.

For H2-TPR experiments, 100 mg of each calcined sample

was degassed at 500 �C for 1 h in 20 mL/min oxygen flow.

The sample was cooled to room temperature and the

H2-TPR experiment was carried out in a flow of H2 gas

(5% H2 in Ar, 20 mL/min) at a heating rate of 20 �C/min
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up to 750 �C. A gas condenser trap at -80 �C is placed

prior to the TCD to remove water.

The thermogravimetric analysis (TGA) was done on

Q-500 Quantachrome (TA-Instruments) in the range of

40–800 �C. Fourier transform infrared (FTIR) spectra were

recorded on a Shimadzu FTIR-8100 spectrophotometer

using thin wafer containing 1% of sample in KBr. X-ray

photoelectron spectroscopy (XPS) measurements were

performed on Omicron Nanotechnology spectrometer with

MgKa monochromatic source operating at 15 kV and

20 mA. The spectra were recorded using 100 eV analyzer

pass energy and corrected with respect to C1s at 285 eV.

The 29Si MAS NMR spectra of SBA-15 and CrOx grafted

SBA-15 materials prepared by one-pot method were

recorded using Bruker Avance 400 spectrometer at reso-

nance frequency of 79.49 MHz for 29Si nuclei. All the

chemical shifts are reported in ppm (d) relative to external

tetramethylsilane (TMS). The 29Si MAS NMR spectra

were recorded with a sample spinning rate of 8 kHz.

3 Results and discussion

3.1 Structure of CrOx-SBA-15 samples

The low angle XRD patterns of both SBA-15 and Cr-mod-

ified SBA-15 calcined samples are shown in Fig. 1. The

samples show characteristic intense peak around 2h = 1.0�
corresponding to (100) reflection followed by two weaker

peaks related to (110) and (200) reflections, typical of a

hexagonal lattice with p6 mm symmetry of SBA-15. In

general, isomorphic substitution is done with the species

having similar ionic radius of Si4? (0.40 Å) with tetrahedral

geometry. Cr3? ion (0.62 Å) is larger than Si4? and prefers

octahedral coordination as in Cr2O3, and it is hard to

incorporate in silica framework. However, Cr6? (0.44 Å)

with tetrahedral geometry can be substituted in silica

framework resulting in increased lattice parameter of SBA-

15. But the efficiency of isomorphic incorporation of metal

ions into the silica framework by direct-synthesis is always

low because of the dissolution of metal ions into the solution

at very low pH (\ 2). Under these conditions the corre-

sponding hydrolysis and condensation rates of metal ions

differ with respect to Si4?. Therefore the increment in the

unit cell constants is trivial in Cr/Si(0.01)/SBA-15-c and

Cr/Si(0.05)/SBA-15-c (99 and 98 Å respectively) samples as

compared to SBA-15-c (97 Å). However, well resolved

intense peaks indicate that both Cr/Si(0.01)/SBA-15-c and

Cr/Si(0.05)/SBA-15-c samples clearly maintain the same

structural symmetry of SBA-15 matrix. The lattice param-

eters for all the samples are determined by the equation

ao = 2d/H3 for a primitive hexagonal lattice, where d is the

inter-planar distance of (100) plane. The textural parameters

deduced by XRD and BET isotherms are given in Table 1.

Both the impregnated samples, CrOx-imp/SBA-15-c and

CrOx-poly/SBA-15-c, also exhibit characteristic pattern of

SBA-15, and chromia loading do not affect the frame work

of SBA-15. However, the polycation grafted sample,

CrOx-poly/SBA-15-c, seems to have higher wall thickness

compared to other samples. This is due to the anchoring of

polycations and their transformation to uniform chromia

coating on SBA walls by calcination. The wide angle XRD

patterns of Cr-modified calcined SBA-15 samples are shown

in the Fig. 2. The XRD pattern of a-Cr2O3 sample is also

included for comparison. The diffraction peaks of chromia

crystallites in CrOx-imp/SBA-15-c and CrOx-poly/SBA-15-

c samples match with reflections at 24.5�, 33.6�, 36.2�,

41.6�, 50.3�, 54.9�, 63.5� and 65.2� of bulk rhombohedral

phase of a-Cr2O3 (JCPDS No.: 84-1616). This confirms the

formation of a-Cr2O3 crystallites in SBA-15 matrix in both

the impregnated samples. The CrOx crystallite sizes in

CrOx-imp/SBA-15-c and CrOx-poly/SBA-15-c samples are

about 4.2 and 10.5 Å, respectively. The crystallite size is

larger when Cr-polycation source is used in the impregna-

tion, as expected. However, there is no XRD evidence of
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Fig. 1 Low angle XRD patterns of SBA-15 and Cr-modified SBA-15

calcined samples: a SBA-15-c, b Cr/Si(0.01)/SBA-15-c, c Cr/

Si(0.05)/SBA-15-c, d CrOx-imp/SBA-15-c, e CrOx-poly/SBA-15-c
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a-Cr2O3 crystallites existing in Cr/Si(0.01)/SBA-15-c and

Cr/Si(0.05)/SBA-15-c samples prepared by one-pot syn-

thesis. In these cases chromia does not form crystallites but

spread out in amorphous form on SBA-15 matrix. There is a

clear difference in chromia dispersion which is affected by

the polycation sol or aqueous Cr-source (polycation and

nitrate) and used and preparative method employed.

3.2 SEM and TEM studies

The electron micrographs of calcined SBA-15 and

Cr-modified SBA-15 prepared by co-condensation (one-pot)

methods are shown in Fig. 3. SEM images of SBA-15-c

depict the typical rod like hexagonal morphology of few

microns length Fig. 3A1, A2. The sample Cr/Si(0.01)/

SBA-15-c, however, shows two different morphologies.

One is of agglomerated spheres Fig. 3B1, B2 and the other

is normal 2D-hexagonal rod-like morphology Fig. 3B3, B4,

similar to pure SBA-15. The factors such as pH, electrolyte

and aging temperature can affect the interaction between

the surfactant micelles and the inorganic silica precursor

through (S0H?)(X-I?) mechanism which decides the final

structure of mesoporous materials during the self-assembly

process [1, 34, 35]. At pH \ 2 and low concentration of

Cr3? ions, the metal ions can interact with ethoxy groups

of the nonionic surfactant and facilitate partial formation of

spherical silica particles due to reduced interactions

between the silica source and surfactant leading to incom-

plete condensation. However, at higher concentration of

Cr3? ions, Cr/Si(0.05)/SBA-15-c material shows only rod-

like hexagonal morphology (Fig. 3C1,C2).T
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Fig. 2 Wide angle XRD patterns of SBA-15 and Cr-modified SBA-
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The transmission electron microscopic images clearly

reveal uniform channels of pores with long range ordered

arrays for all the SBA-15 materials. They show parallel

directions in Fig. 3A3, B5, C3 and perpendicular directions

in Fig. 3A4, B6, C4 characteristic to SBA-15 pore system

having long range ordered 2D pores with honey comb

structure. These images confirm the structural features of

the SBA-15 silicate matrix and there is no evidence for the

agglomerated chromia particles in the pores. This suggests

that chromia is finely dispersed in the porous structure of

SBA-15.

3.3 Thermo gravimetric analysis

The weight loss pattern of uncalcined samples, SBA-15-uc,

Cr/Si(0.01)/SBA-15-uc, Cr/Si(0.05)/SBA-15-uc, CrOx-imp/

SBA-15-uc and CrOx-poly/SBA-15-uc, have been studied

by thermogravimetry. The TG curves of uncalcined SBA-15

and Cr-modified SBA-15 materials are shown in the Fig. 4.

The one-pot synthesized samples SBA-15-uc, Cr/Si(0.01)/

SBA-15-uc and Cr/Si(0.05)/SBA-15-uc exhibit similar loss

patterns which are typical of SBA-15 [1]. The initial weight

loss of about 12% in all these samples below 200 �C is due to

desorption of condensed water. Decomposition of surfactant

molecules in these samples is observed above 200 �C. As

synthesized SBA-15 materials are known to show different

weight losses above 200 �C depending on the washing

methods employed using water and ethanol alternately. The

surfactant removal is not uniform during the washing pro-

cedures and often reflected in TGA [36].

Both the impregnated samples, CrOx-imp/SBA-15-uc

and CrOx-poly/SBA-15-uc, however, show sharp and

considerable initial weight loss below 100 �C due to the

desorption of large amount of physisorbed condensed water

Fig. 3 SEM and TEM micrographs of calcined SBA-15 and Cr-modified SBA-15 samples prepared by one-pot synthesis: (A1–A4) SBA-15-c,

(B1–B6) Cr/Si(0.01)/SBA-15-c, (C1–C4) Cr/Si(0.05)/SBA-15-c
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in the pores. The saturation of second weight loss for CrOx-

imp/SBA-15-uc is due to nitrate decomposition around

400 �C followed by a weight loss of about 2% between 520

and 750 �C signifies complete conversion to a-Cr2O3

phase. In the case of CrOx-poly/SBA-15-uc sample, the

Cr-polycation species is converted to a-Cr2O3 phase by

losing the coordinated water between 100 and 500 �C.

3.4 Textural analysis

Figure 5 displays the nitrogen adsorption–desorption iso-

therms of all chromia containing calcined SBA-15 samples

viz., Cr/Si(0.01)/SBA-15-c and Cr/Si(0.05)/SBA-15-c,

CrOx-imp/SBA-15-c, CrOx-poly/SBA-15-c compared to

calcined SBA-15-c sample. The N2 adsorption–desorption

isotherms obtained are of type IV according to the IUPAC

classification and exhibited a H1-type broad hysteresis

loop, which is typical of large-pore mesoporous solids.

Isotherms exhibited a sharp increase at capillary conden-

sation steps at relative pressure range between 0.50 and

0.80, indicating the presence of uniform mesopores

(52–64 nm). The inset in Fig. 5 shows the mesoporous

materials having the mean pore diameters ranging from 5.1

to 6.4 nm obtained from the desorption branches of iso-

therms using BJH method. The narrow pore size distribu-

tion implies uniform pores for materials synthesized by

one-pot method (b and c in Fig. 5). The BET specific

surface areas obtained for calcined samples of SBA-15-c,

Cr/Si(0.01)/SBA-15-c and Cr/Si(0.05)/SBA-15-c are 664,

831 and 983 m2/g respectively (Table 1). The increase in

surface area and total pore volume with increased Cr

content indicate considerable influence of chromium ions

in one-pot synthesis method where Cr ions seem to facil-

itate the condensation of silicate groups forming extended

silica frameworks.

Considerable decrease in total BET surface area for

CrOx-imp/SBA-15-c and CrOx-poly/SBA-15-c materials

elucidate the grafting of chromium oxide crystallites in

SBA-15 pores (Table 1). Diminution of micropore area and

volume of these materials demonstrate the inclusion of

chromium oxide crystallites into the pores of SBA-15. The
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loading is exhibited by a broad shoulder towards the

lower pore diameter for both CrOx-imp/SBA-15-c and

CrOx-poly/SBA-15-c materials.

3.5 UV–DRS study

DR UV–vis spectroscopy has been a very useful tool to

identify the chemical environment and coordination states of

chromium ions [20]. In general the oxidation states of

chromium vary from ?2 to ?6. Typically Cr3? (d3) and Cr6?

(d0) ions are stable with octahedral and tetrahedral symme-

tries respectively. In acid solution, Cr3? ions exhibit octa-

hedral symmetry and hydrolyze with increase in pH. The

tetrahedral coordinated Cr6? ions exist as polyoxoanions at

very low pH such as chromate (CrO4
2-), dichromate

(Cr2O7
2-), trichromate (Cr3O10

2-) and polychromates. The

charge-transfer and d–d transitions of Cr can be probed

using DRS spectroscopy in the range 200–800 nm

(50,000–12,500 cm-1) which is useful to diagnose Cr6? in

tetrahedral and Cr3? in octahedral symmetry. Both these

transitions are characteristic to the oxidation state of Cr and

the geometry of Cr ions in the coordination sphere of oxygen

ions, in chromia clusters. The LM charge-transfer transitions

are of the type O2- ? Cr6? which are typical for Cr6? ions

in chromate and dichromate ions. Cr3? ions show charac-

teristic d–d transitions which are weaker than the charge

transfer transitions. All the transitions exhibited by SBA-15

and Cr-modified samples prepared by both one-pot and

impregnation methods are summarized in the Table 2. Fig. 6

shows two typical characteristic d–d transitions for Cr3? at

409 nm (4A2g ? 4T1g), 575 nm (4A2g ? 4T2g) and an

additional band at 296 nm when Cr(NO3)3�9H2O dissolved

in water is blue in colour. When Cr3? is polymerized, the

296 nm band has disappeared and the d–d transitions red-

shifted to 419 and 580 nm respectively. These changes

indicate that the green colour Cr-polycation solution con-

tains Cr3? oligomers essentially in the form of dimers [33].

Figure 7 displays the UV–vis spectra of calcined and as-

synthesized SBA-15, Cr/Si(0.01)/SBA-15 and Cr/Si(0.05)/

SBA-15 materials. All these three samples are white in

colour. Both calcined Cr-SBA-15 materials exhibit electron

excitations from the ligand orbitals into the empty

eg dz2 ; dx2�y2

� �
and t2gðdxy; dxz; dyzÞ orbitals of Cr6? with a

broad band around 348 nm and a weak shoulder around

454 nm [37]. The weak shoulder at higher wavelength

(*450 nm) indicates the presence of dichromate species

and the broad band 320–390 nm is due to mono-chromate

species [20, 38–40]. At pH \ 2, polymerized chromium

oxide species are favourable and the polymerization seems

to be restricted to dichromate formation inside the pores.

The uncalcined SBA-15-uc shows very intense band at

211 nm which lost intensity after the calcination. Three

clear DRS bands are seen at 211, 250 and 292 nm for

calcined SBA-15. These bands are attributed to O ? Si4?

charge transfer transitions related to SBA framework

with different condensations of SBA-15 and Cr-SBA-15

samples.

The UV–Vis DR spectra for the impregnated uncalcined

and calcined samples of CrOx-imp/SBA-15 and CrOx-poly/

SBA-15 in comparison to Cr(OH)3 and Cr2O3 are shown

in the Fig. 8. Both calcined and uncalcined impregnated

samples are light-green in colour. The uncalcined

CrOx-imp/SBA-15 and CrOx-poly/SBA-15 samples display

DRS bands at 298 nm, 420 nm, 594 nm characteristic of

octahedral coordinated Cr3? ions in solid similar to that of

Cr(OH)3. Upon calcination these samples show DRS bands

at 266, 295, 344, 370, 459, 470 and 605 nm and the

spectral features show subtle differences in nitrate (Fig. 8d)

and polycation (Fig. 8e) impregnated samples. Both the

samples show transitions related to Cr3? and Cr6? ions

Table 2 UV–Vis DR spectra of SBA-15 and Cr-modified SBA-15 materials synthesized by one-pot and impregnation methods; UV-Vis spectral

transitions of aqueous solutions of Cr(NO3)3 and Cr-polycation sol are given in the last two rows

Sample Uncalcined samples Calcined samples

SBA frame work (nm) d–d transitions (nm) SBA frame work (nm) CT-1 (nm) CT-2 (nm)

4A2g ? 1T2g
4A2g ? 1T2g

SBA-15 210, 262, 293 – – 213, 250, 292 – –

Cr/Si(0.01)/SBA-15 210, 262, 293 – – 211, 250, 293 348 454

Cr/Si(0.05)/SBA-15 210, 262, 293 – – 211, 250, 293 348 454

CrOx-imp/SBA-15 210, 262, 295 421 582 211, 250, 292 352 467

CrOx-poly/SBA-15 210, 295 421 593 211, 250, 292 356 468, 605

Cr(OH)3 – 421 593 – – –

Cr2O3 – – – – 356, 468 605

Cr(NO3)3 solution – 409 575 – 296 –

Cr-polycation sol – 419 580 – – –
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present on the surfaces. The polycation sample shows

additional band at 605 nm due to the octahedrally coordi-

nated Cr3? in Cr2O3 clusters. This implies that upon cal-

cination the nitrate and polycation precursors give rise to

different chromia species for which the Cr3?/Cr6? ratios

vary. The red shift in the DRS bands observed in calcined

samples (Fig. 8a–c) with respect to uncalcined samples

(Fig. 8d–f) has originated from the pseudo-ocatahedral

symmetry of Cr3? ion in the solid state [41].

3.6 29Si MAS-NMR study of CrOx-SBA-15 samples

prepared by one-pot method

The extent of silica condensation in the presence of Cr is

studied by 29Si MAS NMR. The degree of condensation in

SBA materials has been investigated by 29Si chemical

shifts in the range of -60 to -120 ppm in which a variety

of silicate species, Qn = Si(OSi)n(OH)4-n, n = 0–4, are

identified in the final products [42]. Figure 9 shows 29Si

MAS NMR spectra of calcined SBA-15-c, Cr/Si(0.01)/

SBA-15-c and Cr/Si(0.05)/SBA-15-c samples. SBA-15-c

sample shows broad 29Si feature in Fig. 9a with three

different degrees of condensation at -88 ppm (Q2),

-100 ppm (Q3) and -105 ppm (Q4) [1, 42]. The broad

peaks indicate local disorder present in the silica frame-

work. However, unlike in SBA-15-c sample, chromia

modified SBA-15 materials show well resolved peaks Fig.

9b and c. Addition of chromium precursor to the initial

silica gel resulted in highly dense condensed silica product

which shows no Q2 peak. This shows that there is high

degree of condensation in the presence of chromium which

can decrease the number of geminal silanol, Si-(OH)2,

groups in SBA-15 walls. The Q3 and Q4 peaks became

sharper and shifted to upfields, respectively, at -104 and

-114 ppm for Cr/Si(0.01)/SBA-15-c and Cr/Si(0.05)/

SBA-15-c samples. This can happen in the confined elec-

tronic environment at the interface of CrOx anchored to

silica matrix of SBA-15 [42]. Hence an increased upfield

shift with increase in the amount of chromium precursor

loading signifies more CrOx grafted over silanol groups of

SBA-15, which is consistent with the UV–Vis DRS study.

3.7 XPS O1s region of SBA-15 materials

The O1s lines of materials such as SiO2 and Al2O3 are

known to produce broad energy loss features in XPS. The

SBA-15 materials are studied for the occurrence of such

features which may show some differences in Cr-grafted on
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surfaces of SBA-15. Figure 10 shows the O1s spectra of

Cr-SBA-15 samples. All the samples display broad humps

at around 22 eV from the intense main O1s peaks at

532.8–533.5 eV. The high energy broad features occur

because of the energy loss due to the interaction of O1s

photoelectrons with the electrons in the surface region of

the SBA walls. The main O1s peaks around 533 eV also

corroborates the presence of sub-monolayers of surface

chromia chemically bonded to silanol groups [5]. This

study however shows that there is no significant effect of

surface CrOx grafting on the energy loss peaks.

3.8 H2-TPR study

The redox mechanism in chemical transformations depends

upon the ease of the reducibility of oxide particles. Chromia

samples show complex reduction profiles and there are

discrepancies in H2-TPRs of chromia in the literature [5, 43].

The reduction profiles of chromia depend on parameters

such as method of preparation, calcination temperature,

support material, nature of interaction of chromia with

supports and the type of chromium species (i.e. isolated

CrO3, CrO4
2-, Cr2O7

2-, polychromates and crystalline

a-Cr2O3) grafted on the surface. The relative stability of

Cr-species in different oxidation states strongly depends on

the nature of interaction between chromia and SBA-15

through the surface silanol groups. The redox nature of the

chromia present in Cr-SBA-15 samples has been studied by

H2-TPR and the profiles of the calcined samples are

displayed in Fig. 11. No reduction band is detected for the

SBA-15 support. It is reasonably established from earlier

studies that Cr6??Cr3? and Cr3??Cr2? reductions occur

below and above 410 �C respectively [43]. These reduction

regions are clearly distinguished in our study but profiles are

very different. The one-pot synthesized samples show small

Cr6??Cr3? reduction profiles at 300–375 �C due to surface

chromium species (Fig. 11b, c). The impregnated samples

show intense TPR profiles between 300 and 520 �C indi-

cating the reduction of both Cr6? and Cr3? ions. It appears

that the Cr6?/Cr3? ratio is higher in polycation impregnated

sample than the nitrate impregnated sample. By comparing

the DRS and TPR results it is concluded that Cr6? is present

in all the calcined samples while Cr3? species occurs pre-

dominantly in the impregnated samples.

3.9 FTIR study

Like SiO2, SBA-15 has a covalent framework which can be

severely hydroxylated. It can predominantly stabilize

Brønsted acidic groups such as isolated (single), (O)3-Si–OH

and geminal (O)2-Si–(OH)2 silanol groups on its surface.

The presence of these groups is indicated in the 29Si MAS

NMR spectra (Fig. 9). These surface silanol groups are

important for grafting chromia species on SBA-15. Further

in IR study, calcined SBA-15 and Cr-modified SBA-15

samples show various silicate framework vibrations in the

region 400–1,300 cm-1 with Si–O–Si bending modes

around 465 cm-1, Si–O–Si symmetric stretch at 806 cm-1

Fig. 9 29Si-MAS NMR spectra

of Cr-modified SBA-15

calcined samples prepared by

one-pot method: a SBA-15-c,

b Cr-SBA-15(0.01)-c, c Cr-

SBA-15(0.05)-c
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and Si–O–Si asymmetric stretch around 1,083 cm-1 [7, 11].

A broad envelope around 3,450 cm-1 is bonded O–H

stretching vibrations of adsorbed water as well as surface

and bridged hydroxyl groups (full spectra not shown).

Similarly the vibrational band at 1,635 cm-1 represents the

H–O–H bending vibrations (dH–O–H) of free water molecules

attached to SBA-15 [7, 32]. Figure 12 shows the IR spectral

regions at 500–700 and 1,400–1,700 cm-1. These spectra

distinguish the –OH groups associated with SBA-15 and

hydrated CrOx species. The bands at 573 and * 620 cm-1

are due to extra framework hydrated CrOx species present on

the pore surfaces which are rarely reported in the literature

[44]. However, Cr-polycation impregnated sample shows

uniquely intense band at 573 cm-1 compared to all other

samples. The bending region (dH–O–H) also distinguishes the

hydroxyl groups associated with SBA-15 framework and

chromia species (Fig. 12). In the case of one-pot synthesized

samples, chromia is present on SBA-15 in the form of iso-

lated and dehydrated CrOx species in the submonolayer

regime, while in the impregnated samples, chromia is graf-

ted as hydrated a-Cr2O3 crystallites [45]. The molecular

nature of various chromia species is shown in Fig. 13.

3.10 Temperature programmed desorption (NH3-TPD)

The adsorption of NH3 on SBA-15 can occur through

hydrogen bonding with the oxygen of silanol group or

through hydrogen bond between the nitrogen atom and the

hydrogen of silanol group. Therefore, the silanol groups are

responsible for mild Brønsted acidity. Ammonia desorption

from SBA-15 is reported to occur below 150 �C depending

on the experimental conditions [3, 4, 46]. Figure 14 illus-

trates the NH3 desorption beahviour of various SBA-15

samples which show strong NH3 desorption below 150 �C.

The desorption peak at 90 �C is attributed to physisorbed

NH3 attached to the weak acidic sites on SBA-15 by

hydrogen bonding. However, there is almost no NH3

desorption observed above this temperature due to the fact

that SBA-15 does not possess strong acid sites. There are

weak NH3 desorption features observed in the range of

200–700 �C by CrOx/SBA-15 samples shown in the inset

of Fig. 14. The amount of NH3 desorbed above 200 �C is

insignificant compared to the desorption peaks at 90 �C.

Though weak, there two broad desorption regions that can

be identified at 250–450 �C and above 450 �C (inset of

Fig. 14). The first one is due to NH3 desorption from
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SBA-15 walls and isolated CrOx species attached to these

walls. The broad NH3 desorption features above 450 �C

and centered around 507 and 588 �C, in addition to the

weak features at 244 and 458 �C, are attributed to chromia

clusters present on CrOx/SBA-15 samples. The growth of

chromia clusters appears to be significant on samples pre-

pared by impregnation methods (spectra d and e) than by

one-pot synthesis method. Chromia clusters can offer sur-

face Lewis acid sites such as Cr6? and Cr3? ions where

NH3 can coordinate and desorb. This study can broadly

distinguish between the Brønsted acidic sites (Si–OH) and

Lewis acid sites (Cr6?/Cr3?) on CrOx/SBA-15 samples

prepared by Cr-polycation sol and other approaches.

4 Conclusions

Chromia species grafted on mesoporous SBA-15 by vari-

ous methods including Cr-polycation sol precursor have

been analyzed. The Cr3? and Cr-polycation solutions are

also studied by UV–Vis spectroscopy. The blue aqueous

Cr3? shows there absorption bands at 296, 409 and

575 nm. The green Cr-polycation shows only two absorp-

tion bands at 419 and 580 nm. Analysis of CrOx/SBA-15

samples obtained by one-pot synthesis approach shows

isolated CrOx species in the submonolayer regime essen-

tially containing Cr6? species. These species are not

detectable in PXRD but show O2- ? Cr6? charge transfer

transition in UV-Vis DRS. They undergo reduction below

410 �C in H2-TPR. The bulk-like hydrated Cr2O3 clusters

formed by Cr-polycation as well as direct impregnation

method are reduced above 410 �C in H2-TPR. The one-pot

method seems to induce spherical as well as hexagonal

morphologies of SBA-15 when Cr/Si ratio is 0.01. The final

samples obtained by using Cr(NO3)3 and Cr-polycations as

precursor solutions show transitions related to Cr3? and

Cr6? ions. The polycation sample shows additional band at

605 nm due to the octahedrally coordinated Cr3? in Cr2O3

Fig. 12 FTIR spectra of SBA-

15 and Cr-modified SBA-15

samples: a SBA-15-c, b Cr/

Si(0.01)/SBA-15-c, c Cr/

Si(0.05)/SBA-15-c, d CrOx-

imp/SBA-15-c, e CrOx-poly/

SBA-15-c, f Cr(OH)3, g Cr2O3;

samples a–c calcined at 550 �C

and d, e and g calcined at

400 �C

Fig. 13 Molecular chromium species grafted on SBA-15: isolated

Cr-species attached to geminal silanol groups (a), and single silanol

groups (b); dehydrated CrOx dimer (c) and trimer (d) on single silanol

groups; hydrated Cr3? species (e) and (f)
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clusters indicating different Cr3?/Cr6? ratio. This is also

corroborated by the H2-TPR experiments. One-pot syn-

thesized samples predominantly contain Si–OH groups

(1,635 cm-1) while impregnated samples show –OH

groups associated with CrOx species (1,594 cm-1) in the

dHOH region, distinguishing the water molecules associated

with silica surface and chromia clusters. The unique IR

features at 573 and 624 cm-1 have been identified due to

the extra-framework CrOx species, exclusively obtained in

the case of Cr-polycation precursor sample. NH3-TPD

spectra show strong desorption of physisorbed NH3 around

90 �C from silanol groups of SBA-15, and almost negli-

gible but measurable NH3 desorption above 200 �C

essentially from the chromia species present on SBA-15.
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