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Abstract
H2O2 (hydrogen peroxide) is an effective and environmentally friendly material, and many studies have been carried out 
to develop new and efficient materials in recent years. Mesoporous silicas, especially KIT-6, is one of them, but there are 
few studies about it and its derivatives. In this study, KIT-6 silicas were synthesized hydrothermally using Pluronic P123 
as a surfactant and n-butanol as a co-solvent in a mildly acidic condition. The Zr@KIT-6 silicas, prepared with various Si/
Zr ratios (1.25, 2.5, 5, and 10 wt%), possess a high specific surface area (739–780 m2/g). The synthesized materials were 
characterized by SEM, TEM, FT-IR, NH3-TPD, H2-TPR, ICP-OES, N2 adsorption–desorption, and XRD methods. The 
surface area of the materials decreased with the increase of zirconium content in Zr@KIT-6. The high quality of cubic la3d 
silica was evaluated by TEM. Zr has effective and excellent performance for the H2O2 decomposition reaction. The results 
also showed that Zr-based KIT-6 silicas were stable and reusable materials over H2O2 decomposition tests. All the materials 
were found to be active (63–91% conversion) in the decomposition of H2O2 under mild conditions.
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1  Introduction

Hydrogen peroxide (H2O2) is an environmentally friendly 
chemical because its by-products are only oxygen and water 
[1, 2]. Due to this, it is generally used in wastewater treat-
ment, paper, petrochemical industries, fuel cells for space 
missions, etc. [3–5]. Metals such as Ag, Cu, Fe, Cr, Ni, Zr, 
Pt, Nb, and lanthanides or their silica form have been used 
for decomposition reactions [6–10]. The decomposition 
of the H2O2 reaction provides a clear route for producing 
unharmful and safe products [11, 12]. Homo- and heteroge-
neous catalysts have been widely used in the decomposition 
of H2O2 reactions [13–15]. This reaction is also technically 
important because of its energy conversion technology, such 
as aircraft jets, underwater vehicles, rockets, and missiles 
[16–18]. Peroxide has been utilized in increasing amounts 
in oxidation reactions that produce various fine and bulk 
chemicals [19]. Glycerol, cyclohexane, benzyl alcohol, 
and ethylbenzene are all extensively oxidized by hydrogen 

peroxide [20]. Since H2O2 usually occurs as an intermedi-
ate and participates in certain steps of the reaction pathway, 
its decomposition is important for study even in the context 
of other oxygen-based oxidations [21, 22]. The yield of the 
product reduces, and the reaction becomes limited when 
peroxide is broken down in water. Studying the role of the 
catalyst in peroxide decomposition is important for obtain-
ing increased peroxide usage and enhanced product yield 
in the oxidation process. Previous studies reported that the 
decomposition of H2O2 is faster with metal-supported cata-
lysts [9, 10, 23, 24]. The study gave an insight into the role 
of metals in the examination of the decomposition reaction 
to enhance its performance.

Porous silicas with high specific areas, such as MCM-
41, MCM-48, SBA-15, SBA-16, SBA-12, SBA-2, SBA-1, 
KIT-5, KIT-6, etc. [25–27], are very useful and have been 
developed over recent years. These materials contain tran-
sition metal ions due to a direct hydrothermal synthesis 
method that prevents pore blockages by distributing the 
heteroatoms uniformly throughout the framework instead 
of incorporating them as metal-oxide particles. Although 
MCM-41 and SBA-15 type silicas have received the most 
attention, we have recently demonstrated that KIT-6 struc-
tures with ordered 3D mesoporous silicate with cubic Ia3d 
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symmetry, tunable pore size, improved wall thickness, 
and excellent thermal/hydrothermal stability can easily 
incorporate metals such as W and Zr [28]. The study of 
porous materials containing Zr as solid acid catalysts has 
received more attention recently. We were motivated to 
investigate the direct incorporation of Zr species into the 
mesoporous KIT-6 framework with n-butanol and a suit-
able zirconium source, utilizing triblock copolymers as the 
structure-directing agent. Our investigation was based on 
these reported studies and their benefits. It was shown that 
the Zr-KIT-6 materials are extremely stable, selective, and 
active for alcohol dehydration. A potential advantage is 
that, in comparison to MCM-41-type materials, Zr-KIT-6 
materials with tunable pore sizes could provide better pore 
accessibility due to their large-pore Ia3d-type structure. In 
this study, effective, low-cost, eco-friendly KIT-6 silicas 
were synthesized under mild conditions. KIT-6 has phys-
icochemical properties such as a large surface area, a good 
ability to disperse active phases on catalysts, and good 
thermal-mechanical resistance [29]. Mesoporous KIT-6 
silicas have a la3d cubic structure with cylindrical pores 
and large 3-D mesopores with open channels, so they show 
efficient catalytic capacity.

The synthesis and characterization of Zr-based KIT-6 
silicas and their H2O2 decomposition capacities were 
reported. In mild conditions, high H2O2 decomposition 
capacity was observed. It is important to be suitable for all 
conditions. For the decomposition of H2O2, the combina-
tion of the high specific surface area and the metal parti-
cles in the KIT-6 was very important [30]. The researcher 
wishes to investigate the incorporation of Zr ions into 
KIT-6 under the hydrothermal method using triblock 
copolymer P123 in the n-butanol solvent for the reaction. 
Zr-containing mesoporous silicas have great consideration 
in most reactions and processes because of their effective, 
recyclable, and green material properties [31, 32]. The 
present work is focused on investigating the activity and 
selectivity of Zr@KIT-6 materials and on establishing the 
stability of such materials, employing the catalytic decom-
position of hydrogen peroxide as a test reaction. It is obvi-
ous that developing such a type of activity is key to their 
possible application as solid acid catalysts for significantly 
larger substrates. In the following studies, it is aimed to 
use the decomposition by-products for fuel-cell systems. 
The Zr-based KIT-6 silicas were characterized by Trans-
mission electron microscopy (TEM), Scanning electron 
microscopy (SEM), Fourier transform infrared spectros-
copy (FT-IR), Ammonia temperature-programmed des-
orption (NH3-TPD), Hydrogen temperature-programmed 
reduction (H2-TPR), N2 adsorption–desorption, X-ray dif-
fraction (XRD) and Inductively coupled plasma-optical 
emission spectrometry (ICP-OES) analysis.

2 � Experimental section

2.1 � Synthesis of Zr based KIT‑6 silicas

Zr@KIT-6 silicas with different metal contents were pre-
pared by the typical procedure [33]. Zr containing KIT-6 
mesoporous la3d structure materials with Si/metal 1.25, 
2.5, 5, 10 wt % were synthesized using Pluronic P123 
(Carbosynth) tri-block copolymer and n-butanol (Merck). 
5.0 g of P123 was dissolved in 161 ml of 0.5 M hydro-
chloric acid (Merck) at 35  °C. After dissolution was 
completed, 5.0 g of n-butanol was added and the result-
ing mixture was stirred for 1 h at 35 °C. Metal source Zr 
(Sigma-Aldrich) and the required amounts of TEOS (Abcr) 
were added to the mixture to obtain the desired molar ratio 
of 1.25, 2.5, 5, and 10 wt % and the mixture was stirred for 
24 h. Finally, the reaction mixture was poured into a 250 
ml Teflon autoclave for hydrothermal treatment (24 h at 
100 °C). The final solid was separated and dried at 100 °C 
overnight. The directing agent was removed by calcination 
in dry air at 550 °C for 5 h.

2.2 � Characterizations

The surface morphology of Zr-loaded KIT-6 mesoporous 
silicas was measured by TEM; JEOL 1220 JEM and SEM; 
Zeiss Supra 40 V device. The textural parameters (specific 
surface areas, porosities, and pore sizes) were obtained 
via N2 adsorption–desorption isotherms using BET and 
BJH methods (Micromeritics ASAP instrument). Before 
the measurements samples were outgassed at 250 °C and 
100 mmHg, overnight. FT-IR spectra of all the samples 
were recorded on a Cary 630 Fourier transform infrared 
spectrometer, equipped with a single reflection diamond 
attenuated total reflectance (ATR) accessory between 400 
and 4000 cm−1 employing diluted samples. XRD patterns 
of the samples were obtained by a Panalytical Empyrean 
instrument at 200 kV and 50 mA with 2ϴ values ranging 
between 5 and 80° and with a speed of 10 °C/min. Metal 
loading was determined from ICP-OES analyses; Perkin 
Elmer Optima 4300DV. To determine the distribution of 
acid sites of the samples, the temperature-programmed 
desorption of ammonia (NH3-TPD) was carried out in 
Autochem II-2920, Micromeritics. Before NH3-TPD, 
100 mg of samples were heated from room temperature 
to 250 °C to remove adsorbed water and cooled suddenly 
to 50 °C in a flow of helium (20 cm3 min−1). The samples 
were saturated with a flow of 15 (v/v) % NH3 in He at 
50 °C. Subsequently, NH3 was desorbed in a He flow of 25 
cm3 min−1 up to a temperature of 700 °C with a ramp rate 
of 10 K min−1, and the desorbed ammonia was recorded. 
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Temperature-programmed reduction with H2 (H2-TPR) of 
the samples was carried out in a Micromeritics Autochem 
II-2920. Before H2-TPR, 100 mg of samples were heated 
from room temperature to 600 °C with a ramp rate of 10 K 
min−1 in a He flow of 25 cm3 min−1 and cooled suddenly to 
50 °C in a flow of helium (20 cm3 min−1). Typically, TPR 
experiments were performed with a 5% H2 in Ar flow (50 
cm3 min−1) heating from 50 to 900 °C at a ramp rate of 
10 °C min−1. The H2 consumption was determined by a 
TCD detector.

2.3 � Decomposition of H2O2

The catalytic decomposition of H2O2 was performed in a 
standard volumetric flask including 5.5 g H2O2 (30%), 0.25 g 
material and the temperature is ~ 25 °C with stirring for 2 h. 
After that, 10 mL of the above solution was withdrawn at 
different time intervals and then titrated with a standard 
KMnO4 solution after the addition of 20 ml of 2 M H2SO4 
and 20 ml of water to determine the concentration of the 
remaining H2O2 [34]. Also, a control test was performed 
without a catalyst at the same reaction condition. The H2O2 
decomposition conversion was determined by the following 
Eq. (1):

where ao is the initial concentration of H2O2 and it is the 
concentration of H2O2 at the time (t). The catalytic stability 
of the KIT-6 silicas was investigated by a recycling test for 
four simultaneous reactions. After each H2O2 decomposition 
reaction, the catalyst was filtered, washed, dried, and then 
reused with a fresh H2O2 solution.

3 � Results and discussion

3.1 � Characterization of catalysts

Textural data for materials is illustrated in Table 1. Results 
indicated higher surface areas for KIT-6 silicas synthesized 
by this method. The BET-specific surface area decreased 
as the Zr content increased, going from 780 to 739 m2/g, 
respectively. This is explained by the possibility that Zr2O5 
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small clusters, which affect the KIT-6 structure, develop 
in the mesoporous channels of KIT-6. Pore volumes var-
ied between 0.6 and 1.0 cm3/g. It is thought that the reason 
for the change in pore volumes may be the metal distribu-
tion near the surface rather than inside the pores. It is also 
seen that this change may occur due to metal losses in the 
structure. Pore diameters varied between 4.5 and 5.5 nm. 
These sizes were in the vicinity of the threshold determin-
ing mesoporous structure. ICP-OES results indicated a loss 
of active Zr metal during synthesis (Table 1). It is thought 
that the metal percentage might be lost during the synthesis 
procedure or passed into the washing water during the wash-
ing procedure.

The surface morphology of Zr@KIT-6 silicas was investi-
gated by SEM images (Fig. 1). The spongy, porous structure 
of KIT-6 was shown in the images. Zirconium ions in the 
network affected the surface smoothness of the materials and 
agglomerated into small, irregular particles. The morphol-
ogy of the materials was also determined by TEM analysis 
(Fig. 2).

It was confirmed by HR-TEM images (Fig. 2) that Zr@
KIT-6 silica, such as KIT-6, possesses Ia3d cubic struc-
ture and that these channels are well-ordered cubic 3D 
mesoporous. TEM images confirmed these ordered pore 
structures consistent with other metal-incorporated KIT-6 
materials. The result exhibited the well-ordered arrays of 
mesoporous channels and well-ordered pore structures of 
mesopores.

The structural properties of Zr@KIT-6 silicas were meas-
ured between 4000−400 cm−1 with FT-IR (Fig. 3a). The 
characteristic peak of the Si-O-Si bond appeared at about 
1074 cm−1 for all samples due to symmetrical stretching 
vibrations. The peaks at 455 cm−1 and 806 cm−1 correspond 
to the bending of the Si–O bond and the asymmetrical bend-
ing of the Si–O–Si bond, respectively. Symmetric stretch-
ing of Si–OH was observed around 952 cm−1. Besides the 
band at about 3392 cm−1, the peaks around 1645–1650 cm−1 
show –OH stretching vibrations related to adsorbed water 
molecules that readily allow surface modification [25], [31], 
[35, 36]. The results were similar to our previous study [10]. 
The calcined KIT-6’s FTIR spectrum showed a broad band 
at 3467 cm−1, which was caused by defective –OH groups 
and water’s –OH stretching vibration (Fig. 3b). The bending 
vibration of water occurred at 1642 cm−1. At 1083 cm−1, 

Table 1   Textural data of Zr@
KIT-6 silicas

Catalyst SBET (m2/g) Vpore (cm3/g) Pore size (nm) ICP-OES 
(% loss)

Si/Zr: 10 KIT-6(1) 780.3 0.6 4.5 7.2
Si/Zr: 5 KIT-6(2) 763.7 1.0 4.7 3.8
Si/Zr: 2.5 KIT-6(4) 742.8 0.8 4.9 2.0
Si/Zr: 1.25 KIT-6(8) 738.7 0.7 5.5 1.1
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the asymmetric Si–O–Si stretching vibration gave an intense 
broadband. At 956 cm−1, the defective Si–O–H stretching 
vibration produced a well-defined peak. Si–O–Si groups 
showed symmetric stretching and bending vibrations at 799 
and 463 cm−1, respectively.

The reducibility of the materials was examined by 
H2-TPR analysis. Figure 4 presents H2-TPR profiles of 
samples, including KIT-6 and Zr@KIT-6. In TPR pro-
files, reduction peaks of reducible metal oxide structures 
in materials are shown at different time intervals at increas-
ing temperature due to H2 consumption. Two distinct H2 
consumption peaks were found around 500 and 600 °C for 
the Si/Zr:10 KIT-6. This corresponds to the progress of the 
material in two-stage reduction [37]. The low-temperature 
H2 consumption peak is more severe than the high-tempera-
ture consumption peak [38]. Looking at the H2 consumption 
of the Si/Zr:5 KIT-6, two distinct peaks were observed at 

approximately 450 and 700 °C. Here, too, there is a two-
stage reduction. Multiple reduction peaks indicate that each 
corresponds to another oxide. The higher the interaction 
activity with the support material, the more the reduction 
temperature varies. It appears that KIT-6 does not exhibit 
a reduction peak, suggesting that Zr2O5 reduction was the 
cause of all H2 consumption peaks. According to the reduc-
tion peak of H2-TPR profiles of Zr@KIT-6, reducible Zr2O5 
can be divided into three stages, α-, β-, and γ-stages, cor-
responding to low-, mid-, and high-temperature peaks. Bulk 
Zr2O5 reduction was attributed to the β-stage at 450–500 oC, 
which indicates a stronger interaction between Zr species 
and KIT-6. The presence of Zr silicate and small Zr2O5 nan-
oparticles, which strongly interacted with KIT-6, caused the 
γ-stage at 600–700 oC. Also, the reducible behavior of the 
catalyst was remarkably affected by the preparation process 
at the synthesis stage. Si/Zr:10 KIT-6’s high-temperature 

Fig. 1   SEM images of a Si/Zr: 10 KIT-6, b Si/Zr: 5 KIT-6, c Si/Zr: 2.5 KIT-6, d Si/Zr: 1.25 KIT-6 (20.00 KX)
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peak was lower than that of another catalyst, indicating that 
the Zr species’ weakening interaction with KIT-6 facilitated 
Zr2O5’s reducibility. The formation of Zr nanoparticles was 
greatly affected by the confinement effect of 3D-mesopores, 
which controlled Zr nanoparticles in a defined space and 
hence limited their size.

Base molecules are adsorbed more strongly in strong 
centers than in weak centers. Therefore, more energy or 
higher temperature is required for the desorption of mol-
ecules adsorbed in strongly acidic centers. The acid sites in 
Zr@KIT-6 materials were quantified by NH3-TPD measure-
ments and the results are shown in Fig. 5. NH3-TPD ana-
lyzes were performed on the silicas that gave the best reac-
tion results. Basically, two peaks are seen in the spectrum 
obtained in this way. Low temperature peaks for both mate-
rials correspond to ammonia desorbed from weak centers. 
High temperature peaks correspond to strong centers. By 
analyzing the ammonia desorption curves, the force distribu-
tions of the acid centers of the materials were obtained [39]. 
The NH3-TPD data for KIT-6 show essentially no features, 
indicating that the surface acid density of this material was 
extremely low. While low acidities were measured for Zr@
KIT-6 samples, significantly greater acidities were observed 
in the samples. The measured total acidity increased with Zr 

content. Lewis acid sites are considered to be responsible 
for the low-temperature peaks, which are characterized by 
weak acid sites centered at 50–150 °C. A significant amount 
of ammonia was desorbed at temperatures above 400 and 
500 °C, suggesting that Zr@5 KIT-6 materials also pos-
sess strong acid sites that arise from the Brønsted acid sites. 
Zr@KIT-6 generated NH3 desorption peaks at 50–150 °C 
and 400–600 °C, which indicate weak and strong acid sites, 
respectively.

High angle XRD patterns of Zr@KIT-6 silicas and low 
angle XRD pattern of the calcined KIT-6 are given in Fig. 6. 
As seen in Fig. 6a, characteristic peaks of zirconium could 
not be detected in Zr-containing KIT-6 silicas. The reason 
for this is thought to be due to the homogeneous distribu-
tion of the loaded zirconium in the structure or because it 
contains zirconium at such a low intensity that it cannot be 
measured in the analysis. It is known that the peaks seen at 
2Ɵ: 20–30° in all materials originate from the amorphous 
silica structure. Figure 6b shows the low-angle X-ray dif-
fraction pattern of the calcined KIT-6. The XRD pattern 
displays a hump for the (220) plane and a sharp, strong 
peak at 2θ = 1.06, it corresponds to the (211) plane. The 
material’s well-ordered mesoporous structure and presence 
in the bicontinuous cubic space group Ia3d are both made 

Fig. 2   High-resolution TEM 
images of a (200.00 KX), 
b (120.00 KX), c (400.00 KX) 
Zr@KIT-6 silicas
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clear by the XRD pattern. The results of the calculation of 
the calcined silica show that it is KIT-6 with body-centered 
cubic symmetry, with dimensions of 203.9 Å (211) and 177 
Å (220), which are in good accord with previous results 
reported in the literature [25].

The mesoporous structure of KIT-6 supported materi-
als was investigated using N2 adsorption desorption analy-
sis. The nitrogen capillary condensation plays a role in the 

Type IV behavior shown in the N2 adsorption–desorption 
isotherms of the Zr@KIT-6 samples (Fig. 7), which show 
a sharp inflection at a relatively high partial pressure of 
0.6–0.8. According to the IUPAC classification of the mate-
rials, it has been shown that they comply with the type IV 
isotherm, which shows the adsorption/desorption isotherm 
behavior of microporous solids containing mesopores [40]. 

Fig. 3   FT-IR spectra of a Zr@KIT-6 silicas, b calcined KIT-6

Fig. 4   H2-TPR profiles of KIT-6 silicas
Fig. 5   NH3-TPD profiles of Si/Zr: 5, Si/Zr:10 KIT-6 silicas
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The uniformity of pores is indicated by the H1-type hyster-
esis loop that is observed in all Zr@KIT-6 samples.

3.2 � Catalytic performance of the catalysts 
and reusability test

Decomposition of H2O2 reactions were conducted in the 
presence of Zr based KIT-6 silicas at mild conditions. H2O2 
was introduced to a standard volumetric flask containing 
0.25 g catalyst. Results were illustrated in terms of H2O2 
conversion (Fig. 8). H2O2 conversions at the end of 2 h 
were determined as 63%, 70%, 82% and 91% for 1.25, 2.5, 
5 and 10 Si/Zr KIT-6 silicas. The synthesized silicas in this 
study have shown good catalytic activity for H2O2 decom-
position reaction. It is obvious from reaction experiments 
that 5 and 10 Si/Zr KIT-6 silicas had the highest activity 

among those synthesized by varying Zr amounts. For indus-
trial applications the reusability and stability of the catalyst 
are very important. The highest active 10% Si/Zr catalyst 
was selected to reusability performance for 4 times at same 
conditions (Fig. 9). This catalyst was seperated from reac-
tion mixture by centrifugation. The catalyst could have been 

Fig. 6   a High angle XRD diffraction patterns of Zr@KIT-6 silicas, b Low angle XRD diffraction pattern of the calcined KIT-6

Fig. 7   N2 adsorption–desorption isotherms for Zr@KIT-6 silicas 
(blue: Si/Zr:1.25 KIT-6, red: Si/Zr:2.5 KIT-6, green: Si/Zr:5 KIT-6, 
black: Si/Zr:10 KIT-6)

Fig. 8   The decomposition of H2O2 at 25 °C using Zr@KIT-6 silicas

Fig. 9   The reusability performance of Si/Zr:10 KIT-6 silica towards 
decomposition of H2O2
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used without any significant loss. The catalytic activity was 
slightly reduced from 91 to 86% after 4 times usage. It was 
observed that the Zr@KIT-6 silicas exhibited higher stability 
in H2O2 decomposition. There is no significant decrease in 
catalytic efficiency after 4 consecutive runs. The catalysts 
synthesized in this study have shown good catalytic activity 
for decomposition of H2O2 reaction. Reaction studies were 
conducted in the presence of a variety of catalysts with vary-
ing experimental conditions and selected studies were sum-
marized in Table 2. It was clearly seen from the table that 
synthesized catalyst had been among the ones with highest 
activity and efficiency.

3.3 � Kinetic study

The kinetics of the decomposition of H2O2 at room tempera-
ture over Zr@KIT-6 silicas were studied. The pseudo first 
order kinetics for H2O2 decomposition reaction was con-
firmed by the literature [44, 45]. The plotting of −ln(1-X) 
as a function of time (t) (Fig. 10) (2)

The graph showed linear nature with correlation coef-
ficient (R2) value higher than 0.99. This excellent linearity 
emphasizes the pseudo first-order kinetics for H2O2 decom-
position reaction. The pseudo first order rate constant from 
the graph was found to be 0.066 min−1 at 25 °C.

4 � Conclusions

Direct hydrothermal synthesis using pluronic P123 and 
n-butanol as the structure-directing agent was successful 
in generating cubic three-dimensional Zr@KIT-6 materi-
als with Ia3d symmetry and different Si/Zr atomic ratios. 
The results of high-resolution TEM and N2 sorption clearly 
showed the presence of a highly ordered cubic structure. 
The Zr@KIT-6 samples have mostly weak and strong acid 
sites, which vary almost linearly with Zr content, according 

(2)−ln (1 − X) = kt.

to NH3-TPD measurements. The total acidity of Zr@KIT-6 
materials increased with zirconium content. For the decom-
position of hydrogen peroxide, high activity (91%) and sta-
bility were displayed in the mild conditions. Based the reusa-
bility performance, it is concluded that Si/Zr:10 KIT-6 silica 
is stable. The catalytic activity was slightly reduced from 
91 to 86% after four run. The results presented here demon-
strate that Zr-KIT-6 materials are efficient acidic catalysts 
with high activity and durability that could be potentially 
exploited in the decomposition of various substrates. The 
availability of such catalysts for environmental applications 
could be especially advantageous to the developing renew-
able chemicals industry.

Table 2   Literature comparison 
of the synthesized catalyst in 
similar conditions

Researcher Catalyst Reaction conditions Conversion

Mahmoud et al. (2019) [41] MnSnO 20 °C, 1 h, 0.1 g catalyst 84.4%
Mahmoud et al. (2022) [42] M/BS@Ag core-shell 

nanoparticles
20 °C, 1 h, 0.1 g catalyst 95%

Maurya et al. (2002) [34] [Fe(salpn)]-Y 25 °C, 2 h, 0.025 g catalyst 45.69%
Kwon et al. (2018) [43] MnO2/GAC​ 25 °C, 1 h, 5 g catalyst 85%
This work Si/Zr@KIT-6 25 °C, 2 h, 0.25 g catalyst 91%

Fig. 10   First-order plot of H2O2 decomposition on Si/Zr:10 KIT-6 
silica at 25 °C
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