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Metal ion exchanged catalysts are known now and are 
successfully used for many catalytic processes. But 
supported metal nanoparticles on the zeolite bed, and 
their use as catalysts is still under experimental probe. 
ZSM-5 supported platinum nanoparticles are synthe-
sized from in-situ chemical reduction of platinum  
chloride solution in the presence of zeolite, by zinc 
dust chemical reduction method which is compara-
tively ‘greener’. This platinum nanoparticle loaded 
ZSM-5 is studied in the role of catalyst in electro-
oxidation of methanol and ethanol using Nafion-117 to 
bind the catalyst on carbon felt. The platinum 
nanoparticle loaded ZSM-5 is found to be a better 
catalyst compared to pure ZSM-5 and pure platinum. 
This greener chemical reduction method can be used 
as the results show that zeolite modified catalysts are 
as good as those prepared by other less environment 
friendly methods, if not better. 
 
Keywords: Chemical reduction, electro-oxidation, plati-
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METAL nanoparticles are potential catalysts due to their 
physicochemical properties. Zeolites are the micro- and 
mesoporous acid catalysts studied and are used exten-
sively as catalysts in the petroleum industry and for water 
purification as well. Here the metal under study is plati-
num nanoparticles (PNPs) and the zeolite is ZSM-5. 
Metal ion exchanged catalysts are now known and suc-
cessfully used for many catalytic processes. However, 
supported metal nanoparticles on the zeolite bed, and 
their use as catalysts is still under experimental probe1–4. 
Pt electro-catalyst is poisoned by intermediates produced 
during the oxidation of ethanol oxidation5–7. Adding a 
second catalyst is an effective way to promote the cleav-
age of C–C bond and accelerate alcohol oxidation4,8. Pt-
based alloy like Pt-Ru, Pt-Sn, Pt-Rh and Pt-Sn-Ni can be 
used as a second catalyst. Oxides like Pt-MgO, Pt-CeO2, 
Au-Fe2O3, Pd-Al2O3 and Pt-SiO2 can be used as a second 
catalyst5,6,9–16. Carbon nanotubes as catalyst support have 
promising electro-catalytic properties for anodic oxida-
tion of ethanol4. ZSM-5 was chosen as a supporting cata-
lyst because of its protonic entities on the surface which 
makes it more hydrophilic than carbon. ZSM-5 is a 

highly ordered microporous aluminosilicate species con-
sisting of tetrahedra of four numbers of oxygen at the 
corners, surrounding a cation17–20. So use of ZSM-5 in 
electrochemical reactions lowers the resistance ohmic 
power loss compared to carbon-based electrodes21. More-
over, the structure of ZSM-5 has sieves with high surface 
area that allow reactants to permeate through sieves  
ensuring close contact of reactants with catalytic 
sites17,22–25. Carbon in some form or the other is necessary 
to provide good electronic conductivity in the catalyst 
medium21,26–31. Pang et al.21 used NaBH4 for chemical re-
duction. However, this is hazardous and not user-friendly. 
In case of reduction by NaBH4 at room temperature, the 
initial rapid reduction gets subdued by the formation of 
basic metaborate ions and increase in pH21,32,33. In this 
study layered ZMEs were prepared by chemical reduction 
with zinc dust (Zn dust) to investigate the catalytic ability 
of the resultant layered ZMEs in fuel cell electro-
oxidation reactions. 

Experimental details  

Materials and methods 

All chemicals, ZSM-5, Zn dust, chloroplatinic acid hexa-
hydrate and carbon black used were of analytical grade. 
ZSM-5 used was bought from Greenstone (Switzerland). 
Zn dust was from Merck, India. Chloroplatinic acid hexa-
hydrate was purchased from Sigma-Aldrich while carbon 
black and 99% pure and 6.4 mm thin carbon felt (C-felt) 
were from Alfa Aesar (USA). Fresh triple distilled water 
was used for all purposes to avoid contamination. 

Preparation of electrodes 

Metal ions can be incorporated in zeolite framework by 
reducing them. One gram of ZSM-5 was pre-heated at 
120C for 3 h. It was then soaked in 30 ml of 1  10–3 M 
chloroplatinic acid hexahydrate solution and stirred for 
more than 15 min. The reducing agent, Zn dust, was then 
added slowly with constant stirring. The solution changed 
to whitish yellow suggesting the formation of ZSM-5 
supported PNPs. The solution was stirred for 15 min and 
subject to ultrasonic irradiation for 30 min to ensure 
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complete reduction of Pt into PNPs. Then 1 g of carbon 
black was added to the Pt/ZSM-5 formed by constant stir-
ring. The black blend was then subjected to ultrasonic  
irradiation for 3 h to ensure a homogeneous mix which 
was filtered by Whatman 41 filter paper and washed with 
distilled water and then dried in vacuum for 1 week to 
obtain Pt/(ZSM-5-C). The composite was layered on C-
felt and used as electro-catalyst for electro-oxidation of 
alcohols. These PNP incorporated catalysts were sprayed 
on C-felts of 1  1 cm2 size to obtain Pt/(ZSM-5-C)/C 
electrodes. Similarly, Pt/C electrode was made by the 
same chemical reduction method, the only exception be-
ing the absence of ZSM-5 addition step in the process. 
The initial and final weights were noted for estimation of 
mass activity in terms of mA/mg which is a criterion to 
identify and quantify better catalysis21. 

Characterization results 

BET analysis 

Brunauer-Emmett-Teller (BET) analysis of ZSM-5 at 
77 K shows that the specific surface area is 361.7 m2/g 
and average pore size of 14 Å (Figure 1 i). BET analysis 
of Pt/ZSM-5-C at 77 K shows that the specific surface 
area is 43.4 m2/g and average pore sizes of 18 Å (Figure 
1 ii). The smaller peaks are ignored as their intensity or 
amplitude is negligible compared to the primary peak. 

Powder XRD analysis 

Powder X-ray diffraction (XRD) was analysed with 
CuK radiation over a scanning range of 2 from 5 to 
70 with 30 kV voltage and 0.015 A current (Figure 2).  
 
 

 
 

Figure 1. BET analysis of (i) ZSM-5 and (ii) Pt/ZSM-5-C. 

 XRD analysis of before and after treatment for PNPs 
incorporation indicates that the ZSM-5 framework is 
maintained. In the case of ZSM-5, the diffractogram pat-
tern contains (301), (011), (101), (020), (503), (051) and 
(501) hkl peaks at 7.92, 8.82, 14.76, 22.99 and 23.89 
respectively, establishing pure ZSM-5 (ref. 17). The 
(002) hkl peak of carbon is due to carbon content from 
the C-felt34,35. The hkl peaks of (100), (002), (101), (102), 
(110), (103), (200), (112) and (201) at 31.7, 34.4, 36.2, 
47.5, 56.5, 61.75, 66.3, 67.9 and 69.05 respectively, 
establish zinc content (JCPDS 5-0664)36–38. The diffrac-
tion peaks at 40, 41.3 and 41.4 correspond to the (111) 
fcc lattice of platinum; the peaks at 41.3 and 41.4 were 
caused by smaller size of PNPs. The peaks at 43.8, 44.7 
and 44.8 represent the (200) structure of platinum; the 
latter two peaks being for smaller PNPs formed. Again, 
the peaks at 68.1, 68.5 and 68.6 demonstrated (220) 
fcc lattice of platinum; the latter two peaks being for 
smaller PNPs39–42. 

SEM-EDS and TEM analysis 

The scanning electron microscopy-energy dispersive  
X-ray spectroscopy (SEM-EDS) analysis also proves the  
incorporation of PNPs in the ZSM-5 framework stuck on 
C-felt (Figure 3). EDS analysis of ZSM-5 reveals that the 
weight percentage of Si, Al and O are 50, 23 and 26 res-
pectively. The ratio of Si : Al : O is 2 : 1 : 1 approxi-
mately (Table 1). 
 In the EDS analysis of Pt/ZSM-5-C, the weight per-
centage of C, Si, Al, O, Zn and Pt was 42, 26.3, 13, 12.3, 
6 and 0.4 respectively. EDS established the presence of 
deposited PNPs on the ZSM-5 loaded C-felt. The ratio of 
Si : Al : O was 2 : 1 : 1 approximately which is roughly 
constant. 
 Transmission electron microscopy (TEM) analysis of 
Pt/ZSM-5-C shows PNPs incorporated in the composite  
 

 
 

Figure 2. XRD analysis of (i) ZSM-5 and (ii) Pt/ZSM-5-C. 
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Figure 3. (i) SEM micrograph, (ii) EDS analysis, (iii) TEM micrograph of ZSM-5, (iv) SEM micrograph, (v) EDS analysis and 
(vi) TEM micrograph of Pt/ZSM-5-C. 

 
 

Table 1. Elemental analyses of ZSM-5 and Pt/(ZSM-5-C) 

Element ZSM-5 Pt/(ZSM-5-C) 
 

C  42 
Si 50 26.3 
Al 23 13 
O 26 12.3 
Zn  6 
Pt  0.4 

 
 
Table 2. Size, number and percentage distribution of PNPs on  
  Pt/ZSM-5-C 

Size (nm) Number Percentage (%) 
 

<9  3 15 
9–10 12 60 
10–11  4 20 
11–12  1  5 

 
 
framework. PNPs incorporated are of smaller sizes hav-
ing diameters within 9 to 12 nm (Table 2).  

Electrochemical analysis 

Electrochemically active surface area (EAS), cyclic volt-
ammetric, chronoamperometric, tafel plot and multiple 
scan analyses were done to investigate the catalytic abil-
ity and durability of the layered catalysts. 

EAS analysis 

EAS was used in analysing the electrochemically active 
sites per unit mass of the catalysts. It is a vital criterion of 
electrocatalytic supports distinguishing the surface acti-
vity between different electro-catalytic materials43,44. The 
current versus potential curves of the two electrodes show 
the presence of Pt on the electrodes, evident from down-
ward lumps in the potential range of 0.5–0.6 V in both 
cases which is due to reduction of oxidized PNPs deposi-
ted (Figure 4). The peak towards the left of the voltammo-
gram is due to adsorption–desorption of hydrogen43,45–48. 
The higher electrochemically active surface area is due to 
formation of smaller PNPs because higher is the surface 
area exposed and available for catalysing the electro-
chemical reactions21. 

Cyclic voltammetric analysis 

CV is an important analytical method in electrochemistry 
employed widely due to its versatility, inexpensiveness 
and ease-of-use49,50. The base voltammograms for the 
blank C-felt window, a potential window of 0.0–1.0 V, 
showed no recognizable peak in either forward or back-
ward scans. But when (ZSM-5-C)/C was used, there was 
appearance of appreciable forward and backward peaks. 
These peaks were pronounced appreciably for Pt/C, as Pt 
is a much better catalyst for electro-oxidation of both 
MeOH (Figure 5) and EtOH (Figure 6). 
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 Nevertheless, when Pt/(ZSM-5-C)/C electrode was 
used, the peaks became more prominent both in forward 
and backward scans. The mass activities of the electrodes 
are calculated based on the weight percentage of PNPs in 
the electrodes. The percentage of Pt is 0.69 in the chemi-
cally reduced zeolite modified electrodes (ZMEs) (Table 3).  
 The increase in mass activity of ZME when compared 
to that of chemically prepared Pt/C and (ZSM-5-C)/C 
 
 

 
 

Figure 4. EAS analysis of Pt/C and Pt/(ZSM-5-C)/C electrodes. 
 
 

 
 
Figure 5. Base voltammograms of Nafion 117 binder on C-felt in 
1.0 M MeOH + 0.5 M H2SO4; electro-oxidation of 1.0 M MeOH in 
0.5 M H2SO4 catalysed by (ZSM-5-C)/C, Pt/C and Pt/(ZSM-5-C)/C at 
0.05 versus scan rate. 
 
 

 
 
Figure 6. Base voltammograms of Nafion 117 binder on C-felt in 
1.0 M EtOH + 0.5 M H2SO4; electro-oxidation of 1.0 M EtOH in 0.5 M 
H2SO4 catalysed by (ZSM-5-C)/C, Pt/C and Pt/(ZSM-5-C)/C at 0.05 
versus scan rate. 

shows that in the presence of zeolite the catalytic ability 
of PNPs increased considerably. The combination of 
ZSM-5-C and Pt function was much better when used 
separately. 

Chronoamperometric analysis 

This is a commonly used electroanalytical technique for 
determining D and for investigating kinetics and mecha-
nisms by a single experiment, unlike cyclic voltammetry. 
When a potential step, large enough to cause an electro-
chemical reaction, is applied to an electrode the current 
changes with time51. The chronoamperograms of electro-
des show higher current density in the order of Pt/(ZSM-
5-C)/C < Pt/C < Pt/(ZSM-5-C)/C (Figure 7). 
 Moreover, in the case of MeOH, current density was 
more compared to EtOH. This shows that ZMEs are bet-
ter catalysts than others because ZMEs generate more 
current which symbolizes more electrochemical reaction. 
After 30 min, the current density was found to be steady 
for all electrodes. Turn-over number (TON) was calcu-
lated based on the current density at 30 min (i), the num-
ber of electrons involved in electro-oxidation (n) and the 
density of the topmost atoms of Pt(100) surface  
 
 
 

Table 3. Peak current densities and mass activities of electrodes 

 Forward peak 
 

 Alcohol Current density Pt mass activity  
Electrode (1 M) (A/cm2) (mA/mg) 
 

(ZSM-5-C)/C CH3OH 0.0120  
(ZSM-5-C)/C C2H5OH 0.0047  
Pt/C CH3OH 0.02091 303.0435 
Pt/C C2H5OH 0.01765 255.7971 
Pt/(ZSM-5-C)/C CH3OH 0.02648 383.7681 
Pt/(ZSM-5-C)/C C2H5OH 0.0222 321.7391 

 
 
 

 
 
Figure 7. Chronoamperograms of (i) (ZSM-5-C)/C, (ii) Pt/C and (iii) 
Pt/(ZSM-5-C)/C in 1.0 M EtOH + 0.5 M H2SO4; and (iv) (ZSM-5-C)/C, 
(v) Pt/C and (vi) Pt/(ZSM-5-C)/C in 1.0 M MeOH + 0.5 M H2SO4. 
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(1.3  1015 cm–2); while Faraday and Avogadro numbers 
are constants43,48.  
 
 TON = (6.023  1023  i)/(1.3  1015  n  F),  
 
increases in the order of [(ZSM-5-C)/C in EtOH] < 
[(ZSM-5-C)/C in MeOH] < [Pt/C in EtOH] < [Pt/C in 
MeOH] < [Pt/(ZSM-5-C)/C in EtOH] < [Pt/(ZSM-5-C)/C 
in MeOH]. This shows that PNPs in ZME have the best 
catalytic ability and electro-oxidation of MeOH is more 
prominent than that of EtOH. 

Tafel plot analysis 

Tafel plot (TP) analysis is an electrochemical kinetics re-
lation of the rate of an electrochemical reaction with the 
over-potential52. Linear sweep voltammetry is recorded 
from current (i) versus potential (V) within a potential 
gradient of 0.0–1.0 V. From this electrochemical data, 
TPs are constructed. Intersection point of extrapolated  
cathodic and anodic Tafel slopes at the corrosion poten-
tial (Ecorr) gives the corrosion current density (icorr)  
(Figure 8).  
 From the Tafel plots it is clear that Pt/(ZSM-5-C)/C 
electrode is a better catalyst than Pt/C because in case of 
both the alcohols icorr values are higher for the former 
than for the latter. Furthermore, Ecorr values are lower for 
Pt/(ZSM-5-C)/C electrode than those of Pt/C electrode, 
confirming that the ZME facilitates electro-oxidation of 
both the alcohols at a lower potential which again con-
firms that the presence of ZSM-5 accelerates the electro-
chemical reactions21. 

Multiple scan analysis 

For practical purposes the long-term stability (LTS) of 
electrode is vital. LTS of electrodes can be tested by two 
hundred or more current versus potential scans, within 
the potential gradient window of 0.0–1.0 V. The retained 
current density can be considered equivalent to LTS and 
repeatability of electrodes21.  
 The long-term stability of the Pt/C and Pt/(ZSM-5-
C)/C, in 1.0 M MeOH or EtOH and 0.5 M H2SO4 was 
tested as the catalytic power of (ZSM-5-C)/C is insignifi-
cant. The cyclic voltammogram within 0.0–1.0 V was  
cycled continuously for 200 cycles to investigate LTS in 
terms of retained current density (Figure 9).  
 The multiple scan analysis showed that the current den-
sity was retained more by Pt/(ZSM-5-C)/C electrode cata-
lyst than Pt/C electrode in case of both alcohols. The 
current density retained after 200 scans was found to be 
about 84% and 83% for Pt/C in case of EtOH and MeOH 
respectively. Compared to this the retained current den-
sity for Pt/C was found to be 79% for both the alcohols. 
This confirms that ZME is more stable along with more 
repeatability than the electrode without ZSM-5 (ref. 21).  

Discussion and conclusion 

The chemical reduction by means of Zn dust is compara-
tively a greener approach compared to reduction by 
NaBH4. Thus, this method of reduction is environment 
friendly. Moreover, chemical reduction by Zn dust is 
more effective because in case of reduction by NaBH4 
there occurs an internal resistance to the reduction proc-
ess by the formation of basic metaborate ions and resul-
tant increase in pH. Thus, chemical reduction by Zn dust 
is a more green and effective option.  
 Moreover, ZSM-5 acts as a stabilizer for the metal  
inside sieves, eliminating the use of any stabilizing agent 
like cetyl trimethyl ammonium bromide (CTAB), sodium 
dodecyl sulphate (SDS), ascorbic acid (vitamin C), so-
dium citrate dehydrate, etc.21. Zeolites have a hydroxyl 
group that can facilitate oxidation of COads to make the 
electrode surface free for further reaction just as 15% and 
45% surface concentration of Ru-OH drives out COads 
and reactivates the electrode surface. ZSM-5 on account 
of possessing SiO2 and Al2O3 can also facilitate cleansing 
of the catalytic electrode surface. In case of ZME, the 
oxygen containing species was provided by the frame-
work O-sites or surface-OHs of the zeolite, which  
 
 

 
 
Figure 8. Tafel plots of (i) Pt/C and (ii) Pt/(ZSM-5-C)/C in 1.0 M 
EtOH + 0.5 M H2SO4; and (iii) Pt/C and (iv) Pt/(ZSM-5-C)/C in 1.0 M 
MeOH + 0.5 M H2SO4. 
 
 

 
 
Figure 9. Retained current density for (i) Pt/C and (ii) Pt/(ZSM-5-
C)/C in 1.0 M EtOH + 0.5 M H2SO4; and (iii) Pt/C and (iv) Pt/(ZSM-5-
C)/C in 1.0 M MeOH + 0.5 M H2SO4. 
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strongly react with COads on Pt surface to release active 
sites for further electro-oxidation of alcohols. SiO2 in 
zeolite framework and modification of Pt electronic con-
figuration increases the electrocatalytic efficiency of such 
zeolite supported metal nano-particles. The lower density 
of valence electron in ZME than that of pure Pt resulted 
in lesser COads concentration and higher electrocatalytic 
efficiency21. ZSM-5 can also conduct electricity and 
hence facilitate fuel cell energy generation18,53,54. It is  
advantageous to utilize highly stable ZSM-5 as a support 
and second catalyst21,54. 
 The ZME, Pt/(ZSM-5-C)/C prepared by greener 
chemical reduction, seems to be a much better catalyst 
than Pt/C which validates recent studies showing that 
ZMEs are better catalysts than those electrodes without 
ZSM-5. The presence of ZSM-5 also improves the stabil-
ity and reliability of the ZME along with greater catalytic 
ability. The current density generated by ZME prepared 
by Zn dust reduction is greater and the mass activity is 
also found to be 26–27% more for ZME by greener  
reduction. The turnover number is also found to be on the 
higher side for the ZME by greener reduction; also the 
repeatability is found to be 5–6% higher. Consequently, 
compared to ZME prepared by chemical reduction with 
NaBH4, ZME prepared by reduction with Zn dust has 
higher catalytic ability, mass activity, long-term stability 
and repeatability.  
 The platinum nanoparticles loaded ZSM-5 were found 
to be a better catalyst compared to pure ZSM-5 and pure 
platinum. The catalyst produced can be used as an elec-
tro-catalyst for the electro-oxidation of alcohols. Further 
research in this field is of prime importance as the search 
for alternative energy resources is in full swing all over 
the globe. The recent discovery of converting atmos-
pheric CO2 into EtOH with yield of 63% by using inex-
pensive copper nanoparticle doped graphene55 has paved 
a new way to solve the global energy crunch by a con-
certed process of conversion of CO2 into EtOH and EtOH 
into CO2. 
 
Declaration regarding ethical issue: No such issue as all 
data, tables and figures are from our own study. 
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