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A novel precious metal-free electrode catalyst SnO2/m-ZSM-5 

nanocomposite has been successfully synthesized. This 

SnO2/m-ZSM-5 nanocomposite shows high and stable 

electrochemical catalytic activity for methanol oxidations, 

which is comparable to the Pt/C. The high electrochemical 

performance has been attributed to the synergetic catalytic 

effects between mesoporous ZSM-5 matrix and loaded SnO2 

nanocrystals. 

Comparing with proton exchange membrane fuel cells (PEMFCs) 

using hydrogen as the fuel, direct methanol fuel cells (DMFCs) 

possess a number of advantages such as compatibility with the 

existing petroleum distribution network due to the consumption of 

liquid fuel, and feasibility to handle water and heat management.1-5 

However, the overall energy efficiency of DMFCs is much lower 

than that of their H2-PEM counterparts mainly because of the high 

over potential necessary to oxidize methanol at the anode of 

DMFCs,6, 7 and the related to this problem is the issue of anode 

electro-catalyst CO poisoning of the precious metal catalyst such as 

Pt. In addition, methanol oxidation is a catalyst-driven process and 

the products formed are HCHO, HCOOH, and CO2 along with some 

other intermediates. 8, 9 

Hitherto, platinum (Pt) has still been the primary choice for 

catalyzing methanol oxidation.10 However, several inherent 

drawbacks such as limited reserve, high cost, susceptibility to time-

dependent drift and poor CO tolerance, have, to a large extent, 

prevented the DMFC from industrialization.11 In order to overcome 

the sluggish kinetics and catalyst surface poisoning of Pt, great 

efforts and progresses have been made. One significant strategy to 

reduce Pt usage as well as enhance its catalytic activity and stability 

is to incorporate other precious or transition metals into it to form 

alloys, such as binary (PtRu, 12,13 Pt-Pd, 14-17 Pt-Rh,18-20 Rh-Ni, 21 Pt-

Au,22 Pt-Ag, 23 Pt-Cu,24,25 Pt-Ni,26 Pt-Co,27 Pt-Mo 28), ternary (Pt-Pd-

Co,29 Pt-Ru-Co,30 Pt-Ru-Fe 31) and even quaternary (Pt-Ru-Ir-Os, 32 

Pt-Ru-Mo-W, 33 Pt-Ru-Rh-Ni,34 Pt-Ru-Ni-Zr 35) or core-shell 

architectures. 29, 36 In spite of the enhanced mass activity and CO 

tolerance of the Pt-based catalyst, the cost of electrode catalyst is 

still unacceptable because of the use of other precious metals such as 

Ru, Rh, Pd, Au and Ag. On the other hand, the poor stability issue of 

the ternary or quaternary catalyst systems still needs to be improved 

substantially. Thus, searching for novel low-cost anode catalyst for 

methanol oxidation with high electrochemical catalytic activity and 

CO tolerance is still a great challenge for the wide applications of the 

DMFCs. 

Aluminosilicate zeolites with hierarchical pore structures, in 

particular those containing nanosized mesoporosity interconnected 

with microporosity, have attracted extensive research attention 

because of their potential applications in catalyzing bulky reactants, 

as well as their mesoporosity-derived multi-functionalization 

availability.37-39 Zeolites themselves serve as active and selective 

solid-acid catalysts in the petrochemical industry, but they are also 

widely used as supports to prepare bi-functional catalysts for 

catalyzing hydrocracking, hydro-isomerization and hydrocarbon 

aromatization processes, and etc.40–42 However, the electrochemical 

catalytic performance of zeolite or zeolite-based materials, especially 

the electro-catalytic activity for methanol oxidation, has not been 

reported as far as we know.  

Herein, we report a novel nanocomposite for methanol oxidation 

with tin dioxide nanocrystals (~3 nm) being homogeneously 

decorated on the surface of mesoporous zeolite (m-ZSM-5) 

spheroidicities, as a precious metal-free anode catalyst in DMFCs. 

SnO2 with special electrochemical property has been used widely in 

lithium ion batteries (LIB) and even been reported to potentially 

replace commercial graphite as the LIB anode.43-46 It is found in this 

report that SnO2 loaded mesoporous ZSM-5 (SnO2/m-ZSM-5) 

nanocomposite catalyst shows high and stable electrochemical 

catalytic activity for methanol oxidation, and the catalytic activity is 

comparable with the commercial Pt/C catalyst. SnO2 crystals were 

dispersed homogeneously on the surface of mesoporous zeolite 

particles by using electrostatic interaction method as shown in 

Scheme 1. In step I, mesoporous ZSM-5 spheroidicities (about 300–

400 nm in diameter) are firstly synthesized by a hydrothermal 

method, then its surface was modified by using organosilane 

TPHAC (octadecyldimethyl (3-trimethoxysilyl propyl) ammonium 

chloride) as active agent to make the mesoporous ZSM-5 surface 

positively charged, and the alkaline SnO2(OH)- species were then 

easily adsorbed homogeneously on the zeolite surface by 

electrostatic effect as shown in step II. After heat treatment (step III), 

the organosilane was removed and SnO2 nanocrystals was decorated 

homogeneously on the outer/inner surface of mesoporous ZSM-5 
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spheroidicity. As meso-ZSM-5 possess both outer surface and inner 

mesopore surface, SnO2 nanocrystals are believed to be dispersed on 

both surfaces. The detailed structure schematics of SnO2 

nanoparticle distribution on the out/inner surfaces of a mesoporous 

ZSM-5 particle can be seen in Scheme S1†. 

 

 

 
 
Scheme 1. Schematic design and synthesis of SnO2 nanocrystal-decorated 

mesoporous ZSM-5 spheroidicity (SnO2/m-ZSM-5). Step I, mesoporous ZSM-5 

spheroidicity surface is modified by organosilane TPHAC to form a positive 

charge layer; Step II, alkaline SnO2(OH)
-
 species being adsorbed homogeneously 

on the zeolite surface by electrostatic attraction; Step III, after heat treatment, 

organosilane was removed and SnO2 crystals were decorated homogeneously on 

the inner/outer surfaces of mesoporous ZSM-5 spheroidicity. 

The synthesized SnO2/m-ZSM-5 composite shows the 

characteristic peaks of ZSM-5 (Figure S1†) though with relatively 

low peak intensity. The morphology and microstructure of the as-

derived SnO2/m-ZSM-5 nanocomposites were characterized by 

field-emission scanning electron microscopy (FESEM) and 

transmission electron microscopy (TEM). It can be clearly seen from 

the FESEM images (Figure. 1A and B) that the morphology of 

mesoporous ZSM-5 is axiolitic with a diameter of about 350 nm. 

After the SnO2 nanocrystal decoration, the morphology of the 

SnO2/m-ZSM-5 nanocomposite remains unchanged from the SEM 

(Figure 1C and D) and the TEM (up-right inset in Figure 1E) 

images, moreover, mesoporous pores can still be seen clearly 

according to the magnified SEM images (Figure S2†). Furthermore, 

SnO2 nanocrystals were dispersed homogeneously on/in the 

mesoporous ZSM-5 spheroidicity according to the elemental 

mappings (Figure 1D1, D2 and D3), in which no apparent 

aggregation can be found. EDX spectrum (Figure 1E) and high 

resolution TEM image (HRTEM, Figure 1F) consolidate the 

successful decoration of SnO2 nanocrystals on/in m-ZSM-5 with a 

loading amount of 3.8 wt % (see data in Table S1†), and the 

measured lattice d-spacing of 0.32 nm agrees well with the SnO2 

(110) lattice plane of d = 0.3362 nm (JCPDS 46-1088). The particle 

size of SnO2 crystal is about 3 nm estimated from the HRTEM 

image (down-right inset in Figure 1F), further indicating the 

successful dispersion of SnO2 nanocrystals on/in mesoporous ZSM-5 

by the surface electrostatic interaction method. It can also be 

calculated from the nitrogen sorption isotherms (Figure S3†) that the 

BET surface area of SnO2/m-ZSM-5 nanocomposite is 371 m2 g-1, a 

little lower than that of m-ZSM-5 (see data in Table S1†) because of 

the loading of SnO2 nanocrystals. Moreover, SnO2/m-ZSM-5 

nanocomposite exhibits hierarchically porous structure (Figure S2† 

and S3B†), different from those of SnO2 supported mesoporous 

silica (such as SnO2/SBA-15 and SnO2/KIT-6 in Figure S4†), ɤ-

Al2O3 (SnO2/ ɤ-Al2O3 in Figure S4†), or even zeolite (SnO2/ZSM-5, 

Figure. S6†), which would be favorable for the high electrochemical 

catalytic property of SnO2/m-ZSM-5 nanocomposite as described 

below.  

 
 

 

Figure. 1 SEM images of mesoporous ZSM-5 (A, B), SnO2/m-ZSM-5 (C, D) and 

the element mappings (D1~D3) of image (D); TEM images of SnO2/m-ZSM-5 

(the up-right inset in E and the up-left in F) and the corresponding EDX spectrum 

(E); (F) high resolution TEM (HRTEM) of SnO2/m-ZSM-5 of the circled area in 

the up-left inset in (F), and the down-right inset is the HRTEM image of a SnO2 

nanocrystal. 

Figure 2 gives the typical cyclic voltammetry (CV) curves of the 

prepared samples in 0.5 M NaOH aqueous electrolyte. SnO2/m-

ZSM-5 shows a current density of 8.5 A g-1 (mass activity), which is 

comparable to that (9 A g-1) of the commercial catalyst 20 wt %Pt/C-

JM (Johnson Matthey). For comparison, the electrochemical activity 

of SnO2 nano-powder prepared by sol-gel method (see SEM images 

in Figure.S5†) was also tested as shown in Figure.2A. It can be 

found that both pure m-ZSM-5 and pure SnO2 nano-powder show 

much lower electrochemical catalytic activities. In addition, no clear 

current peak of carbon (XC-72R) could be identified, indicating that 

the carbon black only plays a role of electron-conducting support 

during the electrochemical test of SnO2@m-ZSM-5. Thus, the high 

electrochemical catalytic activity of SnO2/m-ZSM-5 nanocomposite 

should be due to the cooperative effects between SnO2 nanocrystals 

and mesoporous ZSM-5 matrix. It also can be found from Figure 2B 

that the electrochemical activity of SnO2/m-ZSM-5 nanocomposite 

increases with the increasing scan rate, suggesting a diffusion 

controlled process within the range of scan rates.47 Two pairs of 

current peaks can be observed at the scan rate below 0.02 V s-1, one 

at -0.84 vs -0.88 V for H-desorption and H+-reduction, the other at -

0.78 vs -0.82 V for H-oxidation and H+-reduction, which are similar 

with those of Pt/C (Figure 2A). No significant decrease in peak 

current density for hydrogen oxidation can be detected for SnO2/m-

ZSM-5 nanocomposite after cycled for 100 times as shown in the 

inset of Figure. 2C, and the current density still keeps at above 90% 

even cycled for 1000 times (Figure 2C), indicating the stable 

electrochemical activity of the SnO2/m-ZSM-5 spheroidicities. In 

contrast, SnO2/ZSM-5, SnO2/SBA-15, SnO2/KIT-6 and SnO2/ɤ-

Al2O3 nanocomposites synthesized by the same procedure as 

SnO2/m-ZSM show much lower current densities (Figure S10†), 

though with equally well dispersed SnO2 nanocrystals at the same 
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SnO2 loading amount (see Figure. S6†, S7†, S8† and S9†, and the 

data in Table S1†). 

For Pt/C catalyst, the electrochemical catalytic reaction in 

alkaline electrolyte should be: 

H↔H+ + e-                                           (1) 

H+ + OH- ↔ H2O                                 (2) 

For the SnO2@m-ZSM-5 nanocomposite, there is a high amount 

of acidic sites on its framework from the aluminosilicate zeolite (Al-

Si-O) support (Figure S11†), which makes more OH- species easily 

adsorbed on the surface of SnO2/m-ZSM-5 as shown in Figure 2D. 
48-51 Then the adsorbed OH- species are proposed to react with SnO2 

nanocrystals as shown in reaction (3). 

SnO2 + OH- + H2O ↔ Sn(OH)x + e-       (3) 

SnO2 is a special metal oxide which can readily react with OH- to 

form Sn(OH)x, 
52, 53 and the Sn(OH)x species can reversibly release 

OH-
 and recover to SnO2 as shown in reaction (3), which is similar 

with the mechanism of NiO,47,54 Co3O4/NiO 55 or NiCo2O4.
 56 So 

SnO2 can be a catalyst to accelerate the reaction of (1) and (2), thus 

the non-precious metal SnO2/m-ZSM-5 material is believed to be 

electro-catalytic active in hydrogen oxidation. The cooperative effect 

between SnO2 nanocrystals and mesoporous ZSM-5 endows the 

precious metal-free SnO2/m-ZSM-5 nanocomposite with similar 

electrochemical catalytic activity as Pt catalyst, which possesses 

substantially higher electro-catalytic activity than SnO2/SBA-15, 

SnO2/KIT-6, or SnO2/ɤ-Al2O3 nanocomposites.  

 

 

Figure. 2 (A) Current-voltage curves of different samples in 0.5 M NaOH solution 

at a scan rate of 0.05 V s
-1

 under 20℃; (B) CV curves of as-prepared SnO2/m-

ZSM-5 nanocomposite at varied scan rates; (C) Current vs cycling time of 

prepared SnO2/m-ZSM-5 at the scan speed of 0.05 V s
-1

 and the cycling CV curves 
of SnO2/m-ZSM-5 for 100 times at the same scan speed in the inset; (D) 

Schematic illustration of the tin hydroxide formation on SnO2/m-ZSM-5 catalyst 

in alkaline environment. 

Very encouragingly, the SnO2/m-ZSM-5 nanocomposite shows 

high catalytic activity for methanol oxidation with a current density 

of 16 A g-1 at the potential of -0.155 V (Figure. 3A), which is close 

to that of Pt/C in the same 0.8 M methanol electrolyte, though the 

current peak potential is 25 mV higher than that of the Pt/C (-0.18 

V). Methanol oxidation catalytic activity of SnO2/m-ZSM-5 

increases with the increasing methanol concentration. No matter at 

which concentration, the current density can keep at above 95% of 

the initial value even after cycled 1000 times (Figure. 3B), indicating 

the extremely stable catalytic activity of SnO2/m-ZSM-5 

nanocomposite for methanol electro-catalytic oxidation. Moreover, 

the current density also keeps stable at the constant potential of -0.15 

V according to the chronoamperometric results in Figure. 3C, though 

the current density drops quickly in the first 180 s, further 

confirming the stable catalytic activity of the prepared SnO2/m-

ZSM-5 material for methanol oxidation. On the contrary, the current 

density of Pt/C catalyst lowers to 15.51 A g-1 after 100 cycles 

(Figure. S12†), 88.5% of the first cycle (17.52 A g-1) as shown in the 

inset histogram in Figure. S12†. This may be due to the surface 

poisoning of Pt catalyst by the intermediate COads species during the 

methanol oxidation. From the CO stripping evolution curves in 

Figure. 3D, Pt/C catalyst still show a weak CO oxidation peak at the 

second cycle except for the strong peak (-0.3 V) at the first cycle, 

while no CO oxidation peak is observed for SnO2/m-ZSM-5 at the 

second cycle, though the peak potential of CO oxidation (-0.28 V) is 

20mV higher than that of the Pt/C catalyst, suggesting the excellent 

CO oxidation property of SnO2/m-ZSM-5. This indicates that the as 

prepared SnO2/m-ZSM-5 nanocomposite possesses not only the high 

catalytic activity for methanol oxidation but also excellent CO 

tolerance, which can be a satisfactory and applicable precious metal-

free anode catalyst in DMFCs.   

 

 

Figure. 3 (A) CV results of prepared SnO2/m-ZSM-5 nanocomposite for methanol 

oxidation with different methanol concentrations; (B) Current vs cycling time of 

SnO2/m-ZSM-5 nanocomposite for methanol oxidation at a constant scan rate of 

0.05 V s
-1

, and (C) Chronoamperometric (current vs times) results of methanol 
oxidation on SnO2/m-ZSM-5 at constant potential of -0.15 V. (D) CO stripping 

curves of the samples in 0.5 M NaOH solution at 20℃. 

Since the reference samples SnO2, SnO2/SBA-15, SnO2/KIT-6, 

SnO2/γ-Al2O3 and even SnO2/ZSM-5 show much lower or even no 

methanol oxidation activity (see Figure. S13†) in spite of their 

higher surface areas than that of SnO2/m-ZSM-5 (see data in Table 

S1†), catalytic activity of SnO2/m-ZSM-5 toward methanol 

oxidation should be attributed to the synergetic catalytic effects 

between SnO2 nanocrystals and mesoporous ZSM-5 matrix. First, 

methanol molecules are adsorbed on the high surface of SnO2/m-
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ZSM-5 nanocomposite (shown in Scheme 2A), and then react with 

the Brønsted acid sites in mesoporous ZSM-5 to form a surface 

methyl group in reaction (4).57, 58 

CH3OH → -CH3ads+ H2O                          (4) 

Secondly, SnO2 nanocrystals can effectively accelerate the 

dehydrogenation of -CH3ads species since Sn specie is an effective 

assistant species during the dehydrogenation of alkane following the 

reaction (5~7): 59-61 

-CH3ads → -CH2ads + H+ + e-                       (5) 

-CH2ads→ -CHads+ 2H+ + 2e-                                 (6) 

-CHads→ H+ (or -COads+ H+)                      (7)  

That means, the methyl group (-CH3ads) is dehydrogenated in such a 

stepwise way during the electro-catalytic reaction and consequently 

the oxidation of methanol is achieved. This is different from the 

catalytic mechanism of other reported metal oxide anode catalysts 

such as NiO,47, 54 Co3O4/NiO 55 or NiCo2O4 
56, which was proposed 

to  react directly with the methanol to form CO2 during methanol 

oxidation.   

Thirdly, Sn-OH species, efficient to oxidize intermediate COads 

produced during the methanol oxidation, can be formed following 

the reaction (3) under the assistance of ZSM-5 matrix (Figure 2D) 

and/or between SnO2 and water: 62-64 

SnO2 + H2O→Sn-OH                                 (8)    

Then, the formed intermediate COads species can be promptly 

oxidized to CO2 by Sn-OH species following reaction (9), and the 

CO poisoning phenomenon can be prevented effectively as shown in 

Scheme 2A. 

Sn-OH + COads → CO2 + H2O                   (9) 

Thus, methanol molecules can be oxidized continuously following a 

general reaction (10) on the hierarchically porous SnO2/m-ZSM-5 

nanocomposite.  

  CH3OH+ 8OH-→CO2/CO3
2- + 6H2O + 6e-      (10) 

In addition, the mesoporous pore structure of m-ZSM-5 can 

shorten the diffusion pathway of reactant molecules and facilitates 

the transport of products, which also responsible for the accelerated 

electrochemical reaction of methanol oxidation and consequently the 

much higher electrochemical catalytic activity of SnO2/m-ZSM-5 

than that of SnO2/ZSM-5. 

Two types of the synergetic effects between SnO2 nanocrystal 

and mesoporous ZSM-5 are proposed. The one is that the Brønsted 

acid sites in mesoporous m-ZSM-5 matrix first adsorb and activate 

methanol molecules to form surface intermediate−methyl group (-

CH3ads) species, and then SnO2 plays as a successional catalyst to 

make the -CH3ads species dehydrogenated step by step and then 

thoroughly oxidized (Scheme 2B), following the type II of the 

synergetic effect “successive catalytic functioning of two 

components in multistep reactions” proposed by us recently.65 The 

other kind of synergetic catalytic effect in our present work is that 

the Sn-OH species, formed by the reaction between SnO2 

nanoparticle and H2O, can react with COads species produced during 

the process of methanol oxidation (Scheme 2C), which can 

effectively prevent the strong adsorption and poisoning of the 

intermediate COads species on the catalyst. Namely, SnO2 

nanoparticle plays a role of mesoporous WO3 in the anode Pt/WO3 

composite catalyst in DMFC for the prevention of Pt poisoning by 

COads.
66 So this process is typically the type III of the synergetic 

catalytic effect “degradation prevention of the main catalyst (s) by 

secondary component(s) for sustained catalytic reactions”.65 

 

 

 

Scheme 2. (A) Schematic illustrations of methanol molecule adsorption on the 

surface of SnO2/m-ZSM-5 nanocomposite, and the ball-stick model of methanol 

oxidation reaction on mesoporous SnO2/m-ZSM-5 nanocomposite. Schematic 

illustrations of the proposed synergetic catalytic effects during the methanol 

oxidation reaction on SnO2/m-ZSM-5 nanocomposite: (B) Firstly CH3OH 
molecules are adsorbed, activated and then react with the Brønsted acid sites in m-

ZSM-5 to form surface –CH3ads species, and then dehydrogenized gradually 

through the catalysis by SnO2 nanocrystals to achieve the oxidation of methanol; 

(C) the formed intermediate COads species during the methanol oxidation can be 

promptly oxidized to CO2 by Sn-OH species resulting from the reaction between 

SnO2 nanocrystals and H2O. Thus, methanol molecules can be oxidized 

continuously on the hierarchically porous SnO2/m-ZSM-5 nanocomposite without 

CO poisoning. 

Conclusions 

In summary, a novel kind of precious metal-free anode catalyst 

SnO2/m-ZSM-5 nanocomposite, with SnO2 nanocrystals (~3 

nm) decorated homogeneously in mesoporous ZSM-5, has been 

successfully synthesized by hydrothermal and electrostatic 

interaction approach. The composite catalyst shows comparable 

electrochemical catalytic activity in methanol oxidation to the 

commercial 20wt%Pt/C-JM catalyst, and much higher CO 

tolerance property than the latter in methanol oxidation. The 

high performance of SnO2/m-ZSM-5 catalyst is attributed to the 

synergetic catalytic effects between SnO2 nanocrystals and 

mesoporous ZSM-5 material, in which, mesoporous ZSM-5 

first adsorb and activate methanol molecules by the frame 

acidic sites to form methyl group (-CH3ads), subsequently, SnO2 

successionally catalyze the dehydrogenation of -CH3ads, 

resulting in final methanol oxidation. In addition, SnO2 also 
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plays a role of catalyzing the COads species into CO2 by its 

reaction with Sn-OH in alkaline solution, which is an undesired 

poisoning intermediate during the methanol oxidation. 
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As one of the most important clean energy sources, direct methanol fuel cells 

(DMFCs) have been being an extensive research focus for decades. Unfortunately, 

relatively fast performance degradation due to the CO poisoning of Pt anode, in 

addition to the high cost of platinum electrode catalysts, have greatly impeded its 

commercial development. A novel precious metal-free anode catalyst, mesostructured 

SnO2/m-ZSM-5 nanocomposite with SnO2 nanoparticles (~3 nm) dispersed 

homogeneously on the out/inner surfaces of matrix has been successfully synthesized, 

which shows comparable catalytic activity for methanol oxidation to the Pt/C and 

excellent CO tolerance, resulting from the synergetic effects between mesoporous 

ZSM-5 matrix and the loaded SnO2 nanocrystals. Greatly enhanced durability, as 

compared with Pt/C catalyst, has been achieved due to the CO poisoning-free feature 

of the as-synthesized SnO2/m-ZSM-5 (Pt-free) anode catalyst, which is greatly 

favorable for the future large-scale application of DMFCs not only because of its 

cost-effectiveness, but also its high electrochemical performance. 
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The synergetic catalytic effects between mesoporous ZSM-5 matrix and the loaded 

SnO2 nanocrystals endow the precious metal-free electrode catalyst SnO2/m-ZSM-5 

nanocomposite high and stable catalytic activity for methanol oxidations. 
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SnO2 Nanocrystals Decorated-Mesoporous ZSM-5 Spheroidicity as 

Precious Metal-free Electrode Catalyst for Methanol Oxidations 

Xiangzhi Cui, Yan Zhu, Zile Hua, Jingwei Feng, Ziwei Liu, Lisong Chen and Jianlin 

Shi* 

The State Key Laboratory of High Performance Ceramics and Superfine 

Microstructures, Shanghai Institute of Ceramics Chinese Academy of Sciences, 

Shanghai 200050, (P.R. China). 

 

Experimental 

1. Chemicals and Reagents 

Aluminium isopropoxide and TEOS (tetraethoxysilane) were obtained from 

Shanghai J&K, China. Tetrapropylammonium hydroxide (25%) and TPHAC 

(octadecyldimethyl (3-trimethoxysilyl propyl)ammonium chloride) with 60% 

methanol were obtained from SIGMA. Zeolite (ZSM-5) with Si/Al=50 was bought 

form Catalyst Factory of Nankai University.     

2. Materials Synthesis 

Firstly, ZSM-5 spheroidicity was prepared by hydrothermal method. Typically, 

0.3066 g aluminium isopropoxide, 15.624 g TEOS, and 45 g H2O were added into to 

Duran bottle under stirring, and then the mixture was stirred continuously for 1 h at 

room temperature to form an evenly solution. After that, 10.98 g 

tetrapropylammonium hydroxid, 0.27 g NaOH and 45 g H2O were added into above 
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solution , and was stirred for 4 h at 40 ℃. Then the temperature was tuned to 100 ℃, 

and continuously stirred  for 48 h. After centrifugation and dried at 100 ℃, the 

product was obtained. 0.5 g as synthesized material was added into a mixture solution 

of 100 g H2O and 60 g ethanol by ultrasonic dispersion, then 30 ml ethanol solution 

with 0.2 g TPHAC was added drop by drop at 10 ℃ under stirring, and continuously 

stirred for 5 h. After that, 10 mL (0.03 M) SnCl4.5H2O solution was added and 

continuously stirred for 2h, then 10 ml (1.2 M) NH3 H2O solution was dropped slowly 

under stirring. After centrifugation and dried, the product was calcined at 550 ℃ for 

7 h in muffle furnace. Then the SnO2 nanocrystals decorated homogeneously on 

ZSM-5 spheroidicity was obtained and named as SnO2/ZSM-5. 

For comparison, zeolite (ZSM-5) with the same Si/Al ratio (Si/Al=50), 

mesoporous silica, such as SBA-15 and KIT-6, and ɤ-Al2O3 were also used as support 

materials to load SnO2 nanocrystal by the same method, and the obtained samples 

were named as SnO2/ZSM-5, SnO2/SBA-15, SnO2/KIT-6, and SnO2/ɤ-Al2O3, 

respectively. SnO2 nanopowder was also prepared for comparison, which is 

synthesized by sol-gel method. Typically, 2.3 g SnCl4.5H2O was dissolved in 100 ml 

H2O to form a solution of 0.066 M. Then 20 ml (1.2 M) NH3 H2O solution was 

dropped slowly under stirring. After stirred continuously for 5 h at room temperature, 

the obtained sol was filtered and dried in freezer dryer. The formed gel was grinded in 

mortar and then calcined at 500 ℃ for 3 h in muffle furnace, then the SnO2 

nanopowder was obtained. 

3. Structural Characterizations 
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The powder X-ray diffraction (XRD) patterns of prepared samples were recorded 

on a Rigaku D/Max-2550V X-ray diffractometer with a Cu-Ka radiation target (40 kV, 

40 mA). The N2 sorption measurements were performed using Micromeritics Tristar 

3000 at 77 K, and the specific surface area and the pore size distribution were 

calculated using the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda 

(BJH) methods, respectively. Field emission scanning electron microscopic (FE-SEM) 

images were performed on a JEOL JSM-6700F field emission scanning electron 

microscopy. Transmission electron microscopy (TEM) images and Energy-dispersive 

X-ray spectra (EDX) were obtained on a JEOL 200CX electron microscope operating 

at 160 kV.  

4. Electrochemical measurement  

Electrochemical studies of prepared catalyst powders included cyclic voltammetry 

(CV), CO stripping voltammetry and methanol oxidation current-voltage. 

Electrochemical measurements were conducted at room temperature in a standard 

three-electrode configuration that utilized a saturated mercury/mercuric oxide 

reference electrode (MMO), a Pt mesh counter electrode and a thin-film layer of the 

catalyst (applied from an ink) as the working electrode. Electrodes were prepared 

using 1 mg mL
−1

 solutions of catalyst inks made with 10 mg (7 mg catalyst +3 mg 

carbon black) of the catalyst powder, 7.95 mL of water, 2 mL of 2-propanol (IPA), and 

50 µL of 5 wt% Nafion solution. These mixtures w5ere bath sonicated for 20 min and 

10 µL of the ink was then applied to the glassy carbon tip. The electrodes were then 

dried at 40 °C for 30 min. Highly pure N2 was used prior to the measurements to 
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deaerate the electrolyte. Prior to performing CO stripping voltammetry, the working 

electrode was electrochemically cleaned in a solution of 0.5 M NaOH by cycling 5 

times from -0.885 to 0.10 V. Then, pure CO gas was bubbled into 0.5 M NaOH for 10 

min while the working electrode was held at -0.6 V. While the working electrode was 

still held at -0.6 V, pure N2 was bubbled for 10 min to purge excess CO from the 

electrolyte. The potential was then swept to 0.1 V at 20 mV s
−1

 to strip the adsorbed 

CO from the surface of the working electrode. Two subsequent sweeps from -0.885 to 

0.10 V were then performed to ensure that all the bulk CO had indeed been removed 

from the electrode. For methanol oxidation test, alkaline solution with 0.5 M NaOH 

and different concentration (0.3, 0.5, 0.8 M) was used as electrolyte, and highly pure 

N2 was used prior to the measurements to deaerate the electrolyte. 
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Tables 

Table S1. Pore structural parameters of prepared composite catalysts. 

Sample  SBET
[a]

/m
2
g

-1
  DBJH

[b]
/nm  VBJH

[c]
/cm

3
g

-1
  SnO2

[d]
/%

ZSM-5      394  7.2        0.13    - 

m-ZSM-5    402    6.5        0.23    - 

SnO2/ZSM-5    362    6.2        0.1   4.2 

SnO2/m-ZSM-5    371    6.4        0.2   3.8 

SnO2  21     -         -    - 

XC-72R  182     -        -    -  

SnO2/SBA-15     730    7.2       1.3  3.9 

SnO2/KIT-6     789    5.9       1.17  3.7 

SnO2/γ-Al2O3 180 -                    -  4.1 

a
 BET surface area, 

b 
BJH desorption average pore diameter, 

c 
BJH desorption 

cumulative pore volume, 
d 

SnO2 content (wt %) estimated by EDX spectra.  
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Figures: 

 

 

Scheme. S1 Structure schematic of a mesoporous ZSM-5 particle and the distribution 

of SnO2 nanoparticles on the out/inner surfaces of it. 

 

 

 

 

 

 

Figure. S1 XRD patterns of the samples SnO2/m-ZSM-5 and SnO2/ZSM-5 
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nanocomposites, and the reference sample SnO2 in the inset. 

 

 

 

Figure. S2 SEM images with different magnifications of prepared SnO2/m-ZSM-5 

nanocomposite. 
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Figure. S3 Nitrogen-sorption isotherms of synthesized samples (A), and the 

corresponding pore-size distribution curves (B) with the magnified region in 

the inset.  
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Figure. S4 Nitrogen-sorption isotherms (inset) of reference samples SnO2/SBA-15, 

SnO2/KIT-6 and SnO2/γ-Al2O3, and the corresponding pore-size distribution 

curves. 

 

 

 

 

Figure. S5 SEM images of referene sample SnO2 prepared by sol-gel method. 
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Figure. S6 TEM image of reference sample SnO2/ZSM-5 (A) and the EDX spectrum 

(B) of the image in the inset. 

 

 

 

 

Figure. S7 TEM image of referene sample SnO2/KIT-6 (A) and the EDX spectrum (B) 

of the image in the inset. 
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Figure. S8 TEM image of referene sample SnO2/SBA-15 (A) and the EDX spectrum 

(B) of the image in the inset. 

 

 

 

 

 

 

 

 

Figure. S9 TEM image of referene sample SnO2/γ-Al2O3 (A) and the EDX spectrum 

(B) of the image in the inset. 
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Figure. S10 CV curves of different reference samples in 0.5 M NaOH solution at a 

scan rate of 0.05 V s
-1

 under 20 ℃, and the CV curves of 

SnO2@m-ZSM-5 and commercial 20wt% Pt/C-JM in the inset. 

 

 

Figure. S11 NH3-TPD profiles of prepared SnO2/m-ZSM-5 nanocomposite. 
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Figure. S12 CV results of methanol oxidation on commercial catalyst 20wt% 

Pt/C-JM for cycling 100 times in electrolyte solution of 0.5 M NaOH + 

0.8 M CH3OH at a scan rate of 0.05 Vs
-1

 under 20℃, and the current 

density vs cycling time histograms in the inset.  
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Figure. S13 CV results of samples for methanol oxidation in 0.5 M NaOH + 0.8 M 

CH3OH solution at a scan rate of 0.05 Vs
-1

 under 20℃, and the 

methanol oxidation result of SnO2@m-ZSM-5 (in the inset) at the same 

test condition. 
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