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One-pot synthesis of mesoporous silica nanospheres (MSN) 

supported platinum nanoparticles (NPs) as catalysts for hydrogen 

generation from alkaline sodium borohydride  is reported. Size of 

NPs can somehow be tuned by the pore size of the MSN provided 

the metal loading isn’t high. The catalysts provided a turnover 

frequency (TOF) of 11274h
-1

 with a hydrogen generation rate 

(HGR) of 19 L.min
-1

g
-1

 Pt. 

With the depletion of fossil fuels, and increasing 

environmental issues, energy demands across the globe are 

turning towards sustainable energy sources.
1,2

 Thus hydrogen 

has been found a promising candidate in this perspective in 

terms of its use in fuel cells for the generation of clean and 

renewable energy.
3,4

 The mightier challenge is still the cheap 

and safe storage of hydrogen gas and for the past few decades 

chemical hydrogen storage in various liquids and solids has 

been intensively investigated
5–9

. Chemical hydrides
10,11

 such as  

sodium borohydride (NaBH4; SBH), lithium borohydride (LiBH4), 

and sodium aluminiumhydride (NaAlH4), in this regard, have 

received much attention as promising hydrogen storage 

materials in view of being economic and high energy content 

which could meet 9% global energy demand as declared by 

U.S. Department of Energy (DOE) by 2015.
12

 Among all the 

chemical hydrides, SBH is found to be more promising because 

of its high hydrogen content (10.8 wt.%), stability in basic 

medium and potential reversible hydrogen storage.
13,14

 

However, it can be conveniently hydrolyzed using metal 

catalysts.
15

 Standard enthalpy change for hydrolysis
16

 reaction 

shows that reaction is highly exothermic and spontaneously 

hydrolyzes to H2 and water soluble NaBO2 as shown in 

equation below: 

Due to their high activity for catalytic hydrolysis of SBH, 

upported Pt catalysts
17–26

 has been extensively investigated. 

The ideal catalyst should however provide high hydrogen 

generation rate (HGR) at ambient conditions and should be 

robust enough to be collected and reused.  

Since their discovery in 1992
27

, mesoporous silica (MCM-41) 

has been synthesized in a variety of morphologies such as 

nanospheres (MSN) prepared via a modified Stoeber 

method.
28

 Due to their colloidal size regime (<1000 nm), high 

surface area, ordered pore structure and narrow pore size 

distribution (2-10 nm), MSN find applications as MRI contrast 

agent
29

, drug delivery
30

, biosensing
31

 and catalysis
32

.  Metal 

nanoparticles (NPs) supported over mesoporous silica is 

perhaps among the most widely used heterogeneous catalysts 

used for a variety of catalytic transformations ranging from 

organic synthesis to renewable energy production and 

storage.
33

 Such catalysts are normally synthesized in a two-

step process: first step being the synthesis of mesoporous 

silica followed by the incorporation of metal NPs via 

impregnation, chemical vapour deposition (CVD) and others.
34

 

Such methods don’t give control over the morphology and size 

of the NPs formed and possible leaching of the loosely bound 

metal NPs is more likely. A one-pot process involving the both 

the synthesis of mesoporous silica and generation of metal 

NPs is attractive in the sense that would allow the cavity 

confined growth of monosized particles with an expectation of 

low metal leaching and better reusability. For instance, Wan et 

al has recently reported a one-pot synthesis of palladium (Pd) 

NPs within the channels of MCM-41 and has shown that the 

catalysts is reusable multiple times.
35

 

Here we report one-pot synthesis of highly active, cavity 

confided and monosized platinum (Pt) NPs within the channels 

of MSNs (catalysts are thus named Pt@MSN). The catalysts 

provided a very high TOF (11274h
-1

) for the hydrolysis of SBH.  

Synthesis of Pt@MSN materials is summarized in scheme 1. 

Spherical micelle (II in scheme 1) of surfactant 

Cetyltrimethylammonium bromide (CTAB, I in scheme 1) 

assembles in hexagonal array (IV in scheme 1) around which  
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Scheme 1. One-pot synthesis of Pt@MSN materials. Steps I-IV explain the micellization 

and assembly of CTAB; Final material Pt@MSN (V) with cavity confined Pt NPs.  

the SiO2 starts growing from the hydrolysis of 

tetraethylorthosilicate (TEOS). Any metal –ate complex added 

at this moment should coordinate with positive nitrogen of 

CTAB which would be converted to elemental metal after 

calcinations and reduction steps. 

 FT-IR spectrum of the materials (figure 1a) showed 

characteristic bands of Si-O linkages at 1053 and 805 cm
-1

 

while a sharp peak at 2923 cm
-1 

was assigned to the stretching 

vibration of -OH groups in the sample before calcination. After 

calcination only two peaks at 1064 cm
-1

 (Si-O-Si) and 805 cm
-1

 

(surface silanols, Si-O-H) were identified.
36

  

The presence of elemental platinum was confirmed by powder 

XRD analysis of the materials. All of the synthesized materials, 

show (figure 1b)  a broad band at 21°(2θ) characteristic of 

amorphous silica and the most intense (111) reflection of cubic 

platinum at 39.9°(2θ). The breadth of (111) reflection 

increases with the loading of metal due to an increase in the  

Figure 1. a) FT-IR of a representative sample (MI-1); b) Powder XRD patterns; c) 

nitrogen adsorption-desorption isotherm (MI-1) and d) pore size distribution. 

 

 

size of platinum NPs. Complete reflection pattern of platinum 

however was identified only for MI-3 (9.6 wt% Pt) at 39.99
o
, 

46.50
o
 and 67.66

o 
(JCPDS 00-001-1194) corresponding to 111, 

220 and 222 planes respectively.  Average crystallite size for 

this material with the highest metal loading was calculated to 

be 14.4 nm (calculated using Sherrer equation). 

Pt@MSN catalysts showed type-IV nitrogen adsorption-

desorption isotherms as shown in a representative isotherm 

shown in figure 1c. Hysteresis in the isotherm along with the 

closure of desorption loop at P/P0 is typical of mesoporous 

materials
37

. As compared to MCM-41 without metal loading 

(entry 1, table 1) surface area of the materials loaded with 

metal was found fairly wt.%) (b) MI-2 (4.8 wt.%) (c) MI-3 (9.6 

wt.%) small (entries 2-4). It can be justified that in situ 

encapsulation of metal particles inside the pores has led to 

considerable decrease in specific surface area. This reduction 

in surface area is much pronounced for 2.4 and 4.8 wt.% metal 

content (entry 2 and 3) which suggests the smaller sized metal 

NPs contained by the pores whereas in case of the material 

with 9.6 wt.% metal (entry 4), specific surface area is higher 

owing to the large sized particles sitting on the surface instead 

of within the pores. The pore size (figure 1d) slightly increased 

with increasing metal content whereas pore volume decreased 

as compared to MCM-41.
35

  

The microstructure of the as synthesized catalysts was 

analyzed by TEM (figure 2). Silica particles adopted oval shape 

morphology (a-b) with a size regime of (~200 nm). Typical 

hexagonal channels of MCM-41 with or without enclosed 

metal nanoparticles (NPs) can be seen in images d-f of figure 2. 

NPs mainly remained within the channels and small sized (see 

figure 2d) when the loading of the metal was low (2.4 wt%). 

However not all the pores were occupied by the NPs. As the 

metal loading was increased to 4.8 wt%, the population 

density of filled pores also increased (see figure 2e). The size of 

the NPs, occupying the channels remained small however, 

those NPs sitting on the surface increased in size to much 

extent (figure 2e).  With a further increase in metal loading 

(9.6 wt%), the size of surface NPs particles was further 

increased (figure 2f). It can be concluded at this point that size 

of the metal NPs can somehow be tuned by the size of pores 

contained by the materials provided the loading of metal is 

low. In this way monosized particles with the sizes in the 

dimension of the pores (3 nm) can be generated. With the 

increase in metal loading, almost all the pores get occupied 

and additional metal sits over the surface as NPs whose size 

increases with the increase in metal loading. These claims are 

supported by nitrogen adsorption studies on the synthesized 

materials.  

Table1. Surface area, pore size and pore volume of synthesized materials 

Entry Material Surface area 

(m
2
.g

-1
) 

Pore size 

(nm) 

Pore volume 

(cc.g
-1

) 

1 MCM-41 955 3.1 0.93 

2 MI-1 (2.4 wt.%) 361 3.2 0.554 

3 MI-2 (4.8 wt.%) 340 3.5 0.790 

4 MI-3 (9.6 wt.%) 405 3.5 0.731 
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Figure 2. TEM micrographs of Pt@MSN materials. a-d) MI-1 (2.4 wt.% Pt); e) MI-2 (4.8 

wt.% Pt); f) MI-3 (9.6 wt.% Pt) 

Effect of various parameters such as metal loading, catalyst 

amount, temperature, NaBH4 concentration and NaOH 

concentration on the catalytic activity of Pt@MSN materials 

were investigated (figure 3). As expected HGR (L.min
-1

g
-1 

Pt) 

increased with an increase in metal loading (figure 3a) from 

2.4%(MI-1, 0.44) to 4.8% (MI-2, 0.47) and 9.6%(MI-3, 0.87). 

One would expect such behaviour owing to increase in number 

of active sites exposed on surface.  Turnover frequencies (TOF) 

are provided in tables S1-S5. 

HGR with respect to change in concentration of sodium 

borohydride (figure S1a) was calculated by increasing 

concentration from 1.25-10 wt%. Highest HGR (0.872) at 25°C 

was calculated for 5wt% solution. Increasing solution 

concentration above 5wt% resulted in lower HGR most 

probably due to increase in solution viscosity which would 

have afforded mass transport constraints.
14

  

Aqueous solution of NaBH4 undergoes self-hydrolysis even at 

ambient temperature which can be inhibited by the addition of  

Figure 3. Catalytic hydrolysis of NaBH4 using at Pt@MSN catalyst (MI-3). A) effect of 

metal loading on HGR; b) effect of temperature; c) Arrhenius plot; d) Recycling test.  

 

base as stabilizer.
13

 Figure S1b Illustrates volume of hydrogen 

gas evolved as a function of concentration of NaOH. An almost 

constant HGR was observed at all base concentration which 

leads us to the conclusion that hydrolysis of NABH4 is zero 

order with respect to base concentration. Effect of metal 

loading, SBH concentration, base concentration, temperature 

and catalyst dose on TONs and TOFs are given in supporting 

information (tables S1-S5) 

 

Figure 3b compares the volume of hydrogen gas evolved as a 

function of temperature varying from 25-65
°
C. As the 

temperature is increased volume of evolved hydrogen also 

increases gradually,
16

 the highest HGR was found at 80°C (19.1 

Lmin
-1

g
-1

 Pt). If we compare the activity of our catalysts with 

other Pt-based catalysts, we obtained a very good TOF (11274 

h
-1

) as compared to other Pt and noble metals based solid 

catalysts reported
38

 (table S6) Furthermore, as compared to 

the literature, relatively lower activation energy (40.1 KJmol
-1

) 

for the hydrolysis reaction was measured from Arrhenius plot 

(figure 3c). 

Recyclability and reusability of catalyst is a crucial parameter in 

heterogeneous catalysis. Thus in order to make process viable 

in practical HG applications catalytic activity was measured up 

to five successive runs. Results (see figure 3d) showed that 

catalyst sustained its activity up till three successive runs after 

which it lost its activity. Powder XRD analysis of the used 

catalyst (MI-3, Figure S2) showed an increase in the size of Pt 

NPs (from 14 nm to 29 nm) as calculated by Scherrer formula. 

FT-IR analyses of the used catalyst (Figure S3) were also done 

in order to check whether the cause of the reduction in activity 

was pore blockage by the metaborate
39

. Absorption bands at 

1600-1200 cm
-1

 may be attributed to stretching vibrations of 

B-O bonds of sodium metaborate.
40

 Thus decrease in the 

activity could be due to increase in the particle size as well as 

pore blockage by metaborates. Inductively coupled plasma 

optical emission spectroscopy (ICP-OES) analysis of the fresh 

and used catalyst was also carried out and no reduction in 

metal content was observed.  The reduction in the volume of 

evolved hydrogen gas was worse in the case of MI-3 (with 9.6 

wt% Pt, figure S1d) as compared to the one with a low metal 

loading (MI-1, 2.4 wt% Pt, figure 3d). 
 

Conclusions 

One-pot synthesis of Pt NPs within the channels of 

mesoporous silica nanospheres afforded materials in which 

metal NPs somehow remain small in size (decided by the size 

of the channels in which they reside). This cavity confinement 

of NPs and thus their monodispersity depends upon the metal 

loading-the lower the better. High HGR from SBH hydrolysis 

was observed with high TOFs. The volume of evolved hydrogen 

decreased gradually with increase in number of recycles most 

probably not due to the leaching of the metal but because of 

the blockage of the pore (and thus active sites) with 

metaborate.  
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