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Abstract:  

Bi-functional effect, elevated mass transport and increased durability have been combined within 

one catalyst for electrochemical methanol oxidation reaction. It has niobium (Nb) doped titanium 

dioxides (TiO2) nanosized half-sphere shell (HSS) as the substrate material deposited with small 

amount of Pt nanoparticles. These specially designed HSS nanostructure has significantly 

increased surface areas which are suitable for Pt nanoparticles to be deposited onto them to form 

the catalyst denoted as Pt/Nb-TiO2 HSS. It exhibits a remarkably high methanol oxidation activity 

of 0.21 V vs. RHE which is 0.05 V lower than HiSPEC10000 PtRu/C catalyst, due to the 

substrate’s strong metal support interactions effect, bi-functional effect and the special structure. 

These HSS nanostructures have also increased the methanol diffusion and mass transport within 

the anode to give a maximum power output of 0.0931 W of cathode polarization in miniature direct 

methanol fuel cell (DMFC). It also acts as protection shells, which minimises the dissolution of Pt 

metal nanoparticles to prevent its diffusion through the membrane. 
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1. Introduction  

Activity and durability of electrochemical methanol oxidation catalysts directly affect the 

performance of direct methanol fuel cells (DMFCs). This type fuel cell has been considered as one 

of the most promising potable power sources due to their high energy density and rapid refuelling 

capability (1-4). However, the high cost, poor durability of catalysts, and other critical issues such 

as noble metal dissolution and methanol crossover, making them less competitive than Li 

rechargeable batteries. Currently Pt-based electro-catalysts for methanol electro-oxidation have 

been widely investigated as the anode catalysts for DMFCs. However, there is often a de-activation 

problem of the Pt based catalysts which is mainly caused by the formation of strong Pt=CO bonds 

during, thus it will leave insufficient active surface to form hydroxyl groups which react with COad 

via the Langmuir-Hinshelwood mechanism (5). To overcome this issue, another metal element, e.g. 

Ru (6), Sn (7), Pd (8, 9) or Ni (7, 10) etc., is normally introduced into the catalyst to provide hydroxyl 

groups according to bi-functional mechanism.  This second metal has to be located adjacent to Pt 

in order to efficiently provide hydroxyl groups which will react with Pt=CO to produce CO2. These 

can be achieved through alloying (11, 12) or formation of special nanostructures, e.g. core-shell (13-

15), nanoframe or nanowires (15, 16) etc. However, there are still various drawbacks. For example, 

highly porous carbon supported PtRu catalyst is now commercially available, and Ru is introduced 

as a bi-functional element to provide hydroxides to facilitate the reactions and prevent poisoning 

effect of the catalyst, however, it was reported that Ru (and small amount of Pt) dissolution (17, 18) 

and its cross-over through the membrane which dramatically affects the performance of the 

DMFCs.  

    Metal-oxide nanomaterials have recently attracted significant attention in different applications 

such as photocatalysis (19-22), solar energy conversion (23-26), gas sensing (27, 28), and fuel cell 

https://www.sciencedirect.com/topics/chemistry/methanol
https://www.sciencedirect.com/topics/chemistry/electro-oxidation
https://www.sciencedirect.com/topics/chemistry/anode
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catalysts (3, 29, 30).  Among various metal-oxide materials, TiO2 has been regarded as the most 

prominent one due to its unique electrochemical and physical properties, as well as good chemical 

stability and low cost (31). In recent years, modified TiO2 nanoparticles have also been applied as 

advanced materials for fuel cell catalyst substrates. In terms of its applications in DMFCs, Nb 

doped TiO2 nanoparticles which contain both TiOx and NbOx have been confirmed to have bi-

functional effect when they are attached to the Pt catalyst for methanol oxidation reaction (3, 32). 

Furthermore, high cost Ru can be eliminated, the potential problems of Ru dissolution and 

crossover effect can be avoided.  

In this study, we have designed a Pt deposited on novel nanosize Nb doped TiO2 half-sphere 

shell (HSS) catalyst, which has significantly improved the methanol oxidation activity through 

three combined effect. As the conductivity of TiO2 nanomaterial is not high enough to be applied 

as the catalyst substrates, the Nb dopant is used to improve their conductivity by creating oxygen 

vacancies (33, 34). The HSS Nb doped TiO2 (named as Nb-TiO2-HSS) substrate was further modified 

with Pt nanoparticles using a polyol method, thus forming the final catalyst named as Pt/Nb-TiO2-

HSS. Compared to the conventional catalyst such as PtRu/C, there are many advantages using this 

specially designed substrate material: (1) It improves mass transport during methanol oxidation by 

altering the diffusion mechanism of the fuel when the catalysts are embedded with the carbon gas 

diffusion layer (GDL). (2) The metal oxide substrate facilitates methanol oxidation through strong 

metal support interactions (SMSI), and the intimate contact with Pt nanoparticles will provide 

hydroxyls group for =CO oxidation.  (3) The HSS nanostructure improves the durability of the 

catalyst by minimising the Pt dissolution, thus the DMFC prepared with Pt/Nb-TiO2-HSS should 

have extended durability compared to commercial PtRu/C catalyst.  
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2. Experimental  

2.1 Catalyst Preparation 

All reagents are purchased from Sigma–Aldrich, U.K. The preparation procedure of the Pt/Nb-

TiO2-HSS electrocatalyst and its corresponding transmission electron microscopy (TEM) images 

of the fabricated nanostructures after each step are illustrated in Fig. 1. Briefly, SiO2 spherical 

powders as template were synthesized using the hydrolysis of tetraethyl orthosilicate (TEOS) (Fig. 

1(a)). Then the Nb-TiO2 gel with 10% Nb (from sol-gel method) was coated on the surfaces of 

SiO2 spheres using hydrolysis of tetrabutyl titanate (TBOT) followed by drying in an oven at 

temperature of 200 ºC in air (Step 1). The obtained Nb-TiO2@SiO2 powder was annealed at 500 

ºC (Fig. 1(b)), and then were etched in NaOH at 70 oC for 6 hours (Step 2). The subsequent NaOH 

etching treatment resulted in the morphological transition from the Nb-TiO2@SiO2 core-shell into 

the well-defined Nb-TiO2 shell nanocrystal by completely removing the inner SiO2 core. As for 

the Nb-TiO2, half of its shell was removed during the NaOH etching through carefully controlled 

reaction condition. Consequently, a distinctly circular opening of each Nb-TiO2 HSS appeared, 

see Fig. 1(c). The last step was the deposition of 5 wt% Pt nanoparticles onto Nb-TiO2-HSS using 

a polyol method (step 3 in Fig. 1). Nb-TiO2-HSS was mixed with ethylene glycol and deionized 

water, appropriate amount of H2PtCl6·6H2O was added into mixture drop wisely, and then the pH 

value of the solution was adjusted to 11 by adding 1 M NaOH. The reaction was carried out for 4 

hours under N2 atmosphere at 120 oC, and then cooled down to room temperature followed by 

mixing for another 12 hours. The product was washed, separated then dried overnight in open air 

oven. The obtained catalyst is name as Pt/Nb-TiO2-HSS and shown in Fig. 1(d). More details of 

the catalyst preparation can be found in Supporting Information (SI). 
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2.2 Materials Characterisation 

Surface morphology was analysed using a scanning electron microscope (SEMJEM-2100F) 

attached with an EDX analyser and TEM images were obtained using a FEI Tecnai G2 F20 at 100 

kV. XRD patterns were recorded using a Bruker D8 Focus machine operated at 40 kV and 40 mA 

equipped with a nickel-filtered Cu Kα radiation (λ = 1.54056 Å) and a 2θ ranging from 10 to 90° 

at a scanning rate of 0.02° per step and 0.15 second per step. Phase identification was carried out 

using X'Pert High Score software associated with the ICDD database PDF2-2004. X-ray 

photoelectron spectroscopy (XPS, Kratos Axis Nova spectrometer) was used to analyse the 

composition and interaction of each element in the catalysts, the data were analysed using 

CasaXPS. Brunauer-Emmett-Teller (BET) surface area and pore structure of the catalysts were 

measured using a Micromeritics Tristar3000 analyser by nitrogen adsorption at 77 K before the 

deposition of Pt nanoparticles. Elemental analysis of catalysts was also performed using an ICP-

OES (Varian Vista-MPX) at a high frequency emission power of 1.5 kW and a plasma airflow of 

15.0 L/min (λPt =214.424 nm, λSi = 251.611 nm, λCe = 418.659 nm) 

 

2.3 Electrochemical Evaluation 

Electrochemical evaluation experiments were carried out using an AutoLab PGSTAT30 

potentiostat/galvanostat. Cyclic voltammetry (CV), CO stripping and methanol oxidation linear 

voltammetry were to study the catalytic activity of the catalysts. Half-cell electrochemical tests 

were conducted using a BASi RRDE-3A package which consists of a glassy carbon (GC) rotating 

disk electrode (RDE) with a surface area of 0.1256 cm2, a glass cell vial (100 ml), an Ag/AgCl 

reference electrode, a 7.5 cm long Pt wire with 0.5 mm diameter. The potentials obtained in this 

study were referred to the reference hydrogen electrode (RHE). The loading of catalyst deposited 



 

 

7 

on the GC disk was 0.5 mg cm-2. The ink was prepared by ultrasonically mixing the catalysts and 

5.0 wt% Nafion ionomer in ethanol. A required amount of the catalyst slurry was carefully dropped 

on glassy carbon surface and allowed to dry at room temperature for 15 minutes to obtain a uniform 

catalyst film. CVs were recorded in 0.5 M H2SO4 solution. All half-cell experiment was carried 

out at room temperature. For the CO stripping experiment, the catalysts were sprayed on Toray 

TGHP-90 carbon paper with a Pt loading of 0.5 mg cm-2, and round shape buttons with 0.785 cm2 

were cut off to act as the working electrodes. The test was carried out in the same half-cell 

apparatus with the electrolyte being 0.5 M H2SO4, and the working electrodes were climbed using 

a thin gold wire. CO gas was used to purge through the electrolyte for 20 minutes followed by 10 

minutes purging with N2 to remove any residuals CO in the electrolyte. The electrodes were 

scanned three times between 0 V to 1.1 V vs. RHE. The methanol oxidation linear voltammetry 

were performed using the same RDE and CV tests at a rotating rate of 900 rpm and a scan rate of 

5 mV s-1 at room temperature for Pt/Nb-TiO2-HSS catalyst, PtRu/C and Pt/C, respectively, the 

electrolyte was 1 M methanol in 0.5 M H2SO4. 

    In the miniature direct methanol fuel cell test, same catalysts and Nafion solution were used, the 

ink prepared with requested amount of catalysts, then sprayed evenly onto Toray TGHP-90 carbon 

paper and dried at 85 ºC on a hot plate. The metal loading of Pt or PtRu were 1.5 mg cm-2. The 

electrodes have an area of 3.14 cm2, the membrane used here is Nafion 117®, the MEA was hot 

pressed at 110 oC then cooled down to room temperature. 

 

3. Results and Discussions 

Fig. 2a shows the scanning electron microscopy (SEM) image of the Nb-TiO2 nanostructures, 

which have a uniform-sized HSS with an average diameter of 148±10 nm. After deposited with 
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the Pt nanoparticles, the resulted Pt/Nb-TiO2-HSS catalyst (Fig. S1a) shows the similar 

morphology as those of Nb-TiO2-HSS. Figs. 2b and 2c show the detailed nanostructures of Nb-

TiO2-HSS and Pt/Nb-TiO2-HSS obtained from TEM. The average diameter of the Nb-TiO2-HSS 

nanostructure was further confirmed by Fig. 2b (~148nm) and shows an opening on its surface. 

From Fig. 2c, the average diameter of the Pt particles is about 10±1 nm and these particles are 

homogeneously dispersed on (mostly inside the half shell) the substrate.  

  The crystallinity of the obtained nanostructures was characterized using X-ray diffraction 

(XRD) and the results are shown in Fig. 3. It can be clearly observed the diffraction peaks for Nb-

TiO2-HSS belongs to anatase TiO2. Interestingly, there is no apparent XRD peak corresponding to 

Nb. That is because the Ti atoms in the TiO2 lattice structures can be substitutionally replaced by 

Nb atoms. As the ionic radii of Nb atoms are smaller than those of Ti, thus when the Ti atoms are 

replaced by Nb atoms, the lattice will become shrinkage, which could limit the growth of crystallite. 

Similar phenomena have been observed in other Nb doped TiO2 nano particles works (35). And due 

to the Nb atoms doping, the diffraction peaks of TiO2 are shifted to small angles. While after 

loading the Pt nanoparticles, the resulted Pt/Nb-TiO2-HSS sample also shows strong Pt peaks, 

corresponding to the (111), (200), (220) lattice plane (36). And due to extremely strong diffraction 

peaks of Pt, which greatly affect some weak characteristic diffraction peaks of TiO2, resulting 

some of the diffraction peaks of TiO2 disappeared in the spectrum of Pt/Nb-TiO2-HSS. Similar 

phenomena have been observed in other Nb doped TiO2 nano particles works (35).  

The existence of Nb can be confirmed through analysis using energy dispersive X-ray analysis 

(EDX) and inductively coupled plasma-optical emission spectrometry (ICP-OES). In the EDX 

spectrum of the Pt/Nb-TiO2-HSS is shown in Fig. S1b with signals of Ti, O, Nb, Pt. No Si peak 

can be detected from the EDX spectrum, indicating that the SiO2 was removed completely after 
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etching process. EDX elemental analysis shows that the nanostructures have 9.80 wt% of Nb and 

5.24 wt% of Pt. Precisely elemental analysis of nanostructures using the ICP-OES (Varian Vista-

MPX) operated at a high frequency emission power of 1.5 kW and a plasma airflow of 15.0 L/min 

(λPt =214.424 nm, λSi = 251.611 nm, λCe = 418.659 nm) show that Nb is 9.41 wt% and Pt is 5.12 

wt%. 

    XPS was used to analyse the composition and interaction of each element in the catalysts. The 

resulting peak positions were corrected according to the peak of carbon. As shown in Fig. 4a, the 

survey spectrum of Pt/Nb-TiO2-HSS catalyst demonstrate the existence of Nb, Ti, Pt and O. To 

analyse the interactions between Nb and the TiO2 matrix, as well as the influence from the substrate 

to Pt nanoparticles, Ti 2p, Nb 3d and Pt 4f spectra were collected and shown in Fig. 4b, 4c and 4d, 

respectively. The XPS spectra of Ti 2p electrons showed the dominant peaks are at 458.1 eV and 

464.2 eV, resulted from Ti(IV). They had 4.6 eV and 3.7 eV shift to lower binding energies (BEs) 

from 453.5 eV and 460.5 eV of Ti(IV). Nb dopant with up to 25% weight content would not change 

Ti’s BEs  for nanoparticles (37), however, morphology change will influence the BEs for Nb doped 

TiO2 nanostructures, e.g. Kim et al. reported Nb doped TiO2 nanowire has Ti2p BEs at 459.3 and 

465.0 eV (38). Our catalyst shows an even further negative shift, which is highly likely caused by 

the special HSS structure. Another reason for such big shift is the introduction of Nb dopant altered 

the electronic structure of Ti-O-Ti, this agrees to several other researchers work in this field (20, 39-

41), as well as the existence of hydroxyl group which also plays a role of changing the BEs (42, 43). 

The XPS spectra of Nb 3d electrons indicated dominant peaks at 207.4 eV and 210.0 eV resulted 

from Nb(V). These BEs agreed with those of Nb2O5 particles as well as Nb doped TiO2 particles 

(39, 44, 45), which indicate that Nb 3d BE was not affected by the TiO2 matrix and HSS structure. 

The other peaks with lower intensities are attributed to Nb(II) and Nb(IV) species (46, 47). Fig. 4d 
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shows the Pt 4f XPS spectra. The most intense peaks, observed at 67.3 eV and 71.7 eV were 

attributed to zero-valent platinum. These BEs were lower than for pure Pt particles, due to the 

interaction of the support material (14, 41). It has been intensively discussed that the SMSI effects 

on the nano-catalysts’ electronic structure and therefore the catalytic activity (48-50). SMSI can be 

interpreted as partial charge transfer (51, 52) or substrate-induced change in the lattice parameter of 

the metal deposited (53). Unlike porous carbon substrate materials, TiO2 act as a donor of electrons, 

doping Nb will create more oxygen vacancies which further facilitates electron transfer. Such 

electronic structure changes can be reflected as the shifts of Pt 4f and Ti 2p XPS signals toward 

lower BEs.  It can be noticed that there are further 3.1 eV and 2.2 eV shift lower than that of Nb 

doped TiO2 ordinary shaped nanoparticle supported Pt catalysts (3, 54). These are the strong 

evidence that the special HSS structure affects the BEs. The second set of peaks, with BEs of about 

68.4 eV and 75.4 eV, were assigned to the Pt(II) state in PtO and Pt(OH)2-like species (47, 55, 56). 

Again, these peaks are shifted towards lower BEs comparing to pure Pt, carbon supported Pt and 

TiO2 supported Pt, and a further shift to lower BEs is also observed while comparing to ordinary 

Nb doped TiO2 supported Pt catalyst which has good agreement with effect to zero-valent Pt. The 

XPS elementary composition analysis results also confirmed the Pt content is 5.03 wt%.  

To confirm that the Nb-TiO2-HSS is suitable to be used as catalyst substrate materials. We used 

a Brunauer-Emmett-Teller (BET) method to measure the surface areas of the Nb-TiO2-HSS 

substrate nanostructures, and obtained an average value of ~217 m2  g-1. This is comparable to the 

high value obtained from a commercially used surface carbon black substrate (~250 m2  g-1). Such 

a large BET surface area is beneficial for catalytically chemical processes and also for depositing 

the Pt nanoparticles in order to achieve a high catalytic activity.  
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    To demonstrate the catalytically activity of the Pt/Nb-TiO2-HSS catalyst, we evaluated the 

catalyst using various electrochemical methods. Commercially available Pt/C (HiSPEC4000) and 

PtRu/C (HiSPEC10000) were also employed as the reference catalysts for comparison purposes. 

Fig. 5a shows the cyclic voltammograms (CV) of the Pt/Nb-TiO2-HSS catalyst and Pt/C catalyst. 

The results obtained using our newly developed catalyst showed clear Pt features at the hydrogen 

under potential (UPD) region and higher charge on Pt oxidation for the commercial Pt/C catalyst. 

The Pt-Ox reduction peaks can be observed at the potentials between 0.5 V and 1.0 V vs. RHE on 

the reverse scan. Results clearly prove that the addition of Nb and the specially designed HSS 

morphology have dramatically increased the electrical conductivity of TiO2. 

CO stripping (Fig. 5b) and methanol oxidation reaction (MOR) linear scan tests (Fig. 5c) were 

used to further probe the nature of the catalyst by studying the SMSI, bi-functional mechanism 

and the catalytic activity of the catalyst. In the CO stripping test, the catalyst was scanned three 

times between 0 V to 1.1 V vs. RHE after CO poisoning. The results from the first and third scans 

are shown in Fig. 5b. It is clear that the CO oxidation onset potential of the Pt/Nb-TiO2-HSS 

catalyst is 0.28 V vs. RHE, which is much lower than 0.70 V vs. RHE of the Pt/C catalyst. This 

clearly shows the evidence of the bifunctional effect generated from the Nb doped TiO2 HSS 

substrate material. The CO stripping electrochemical surface area per Pt (ECSA) is calculated 

using equation (1):  

ESCA (m2 g-1 Pt) = Charge / Pt loading × 0.42                                              (1) 
 

 

Where, Charge represents the charge (C) for CO stripping area obtained from AutoLab 

electrochemical workstation, Pt loading represents the platinum loading in the electrode and 0.42 

represents the charge required to oxidise a monolayer of CO on the Pt surface. The ECSA of Pt/Nb-

TiO2-HSS is measured as 22.1 m2 g-1 
Pt, this is comparable to PtRu/C commercial catalyst with 
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ECSA of 22.8 m2 g-1 
Pt, however, it has to be noted that HiSPEC10000 catalyst’s average particle 

size is around 4 nm, this will dramatically improve the active surface area of noble metal (Pt and 

Ru), Ru is preoccupied with -OH during the process of CO poisoning, so the surface area of Ru 

did not contribute to ESCA using CO stripping method, this is well agreed with many other 

researchers’ work (57-59). Commercial Pt/C catalyst HiSPEC4000 shows a ECSA of 60 m2 g-1 Pt 

which is nearly 3 times higher than our catalyst, this can be easily understand from the particle 

size effect (60). The MOR test results are shown in Fig. 5c, both Pt/Nb-TiO2-HSS and PtRu/C 

catalysts have significant lower onset methanol oxidation potential than that of the Pt/C. The onset 

potential of Pt/Nb-TiO2-HSS is 0.21 V vs. RHE, which is 0.05 V lower than 0.26 V vs. RHE of 

PtRu/C. This could be attributed to the SMSI effect which has been well discussed in XPS results 

analysis. The increased methanol oxidation activity is mainly attributed to the consequence of the 

existing surface bridging hydroxyls which are bonded spontaneously onto the HSS surface once it 

is exposed to any forms of water (42, 43, 61). In addition, the improved activity is also benefited from 

the Nb-TiO2-HSS nanostructures and the water bonding property of Nb-TiO2, which have been 

previously explained by Pan et al. (23).  The surface bridging hydroxyls existing on the TiO2 

surfaces can retain certain amount of water molecules, and thus the adjacent water can form new 

bridging hydroxyls once the ‘old’ ones are reacted with =CO (22). Moreover, these unique HSS 

structures dramatically increase the surface areas of the catalyst. They will also alter the 

arrangement of =CO and –OH, compared with that in the conventional PtRu/C catalysts. The 

increased –OH amounts of molecules improve the methanol oxidation rate so that theoretically the 

reaction rate and mass transport will be improved. The formation of hydroxyls releases H+ which 

will increase the  potential, and thus lead to a decrease of pH value. Meanwhile, the addition of 
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Nb leads to the formation of more electronic vacancies (21), which will then increase the 

conductivity of the catalyst.  

The Pt/Nb-TiO2-HSS catalyst and commercial PtRu/C were both tested as anode materials in a 

miniaturized direct methanol fuel cell. Anode polarisation was operated at temperatures of 60 and 

80 oC. The cell was operated in a driven cell mode, in which the cathode was fed with dry hydrogen 

acting as a reference and counter electrode, and 2 M methanol was passed through the anode. In 

this way, the potentiostatic test applied a constant potential to the electrode. The generated current 

was measured, so that the sample was protected from the high potential spikes which could 

dissolve the metal in the sample. The potentiostatic curves were obtained in the potential range 

from 0.025 V to 0.6 V vs. RHE using a step potential of 25 mV, and a holding time of 10 seconds 

per reading. The results are shown in Fig. 5d. At both testing temperatures, the Pt/Nb-TiO2-HSS 

catalyst has slightly lower methanol oxidation onset potentials gives lower overpotential, as a 

consequence a better performance compared with those of the commercial PtRu/C catalyst. 

Methanol oxidation (stripping) experiments are also performed to assess the intrinsic catalytic 

activity of the catalyst and to reveal the Pt electrochemical surface area.  2M methanol was flushed 

through the anode for 10 minutes then washed with Di-ionized water for 1 hour to remove any 

residual methanol retained within the electrode. Similar to CO stripping test, the electrode was 

scanned between 0 V to 0.8 V vs. RHE at scan rate of 5 mV s-1 at 60 oC. The results of methanol 

stripping are shown in Fig. S2, and the ECSA per Pt was calculated using equation (1), because 

Pt=CO forms on the surface of Pt nanoparticles during methanol ‘poisoning’ process. Commercial 

PtRu/C had an ECSA of 25.6 m2 g-1 Pt which is generally agreed with CO stripping result. However, 

Pt/Nb-TiO2-HSS showed an ECSA of 26.9 m2 g-1 Pt which is higher than CO stripping result, such 

improvement could attribute to the better utilisation of Pt of the new catalyst, or the elevated 
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temperature. Another assumption is that 1-hour washing was not able to remove all residual 

methanol retained within the HSS structure, and the remaining methanol contributed to the 

methanol oxidation charge.  

 

      Cathode polarisation test was then conducted using the same minicell configuration at 80 oC, 

pure O2 was fed into the cathode with a flow rate of 200 cm3 min−1. The flow rate of 2 M methanol 

for the anode was 2 cm3 min−1. The scan rate was 5 mV s-1. The cathode catalyst was 50%wt Pt/C 

with loading of 1.5 mg cm-2 on the electrode. The obtained polarization and power curves are 

shown in Fig. 5e. Unlike those in the anode polarisation results, the Pt/Nb-TiO2-HSS catalyst has 

a maximum power output of 0.0931 W which is slightly lower than 0.0952 W of the PtRu/C, but 

both of which are significantly higher than the one of 0.050 W achieved from the commercial Pt/C. 

Both anode and cathode polarisation results clearly provide the evidence of the SMSI and 

bifunctional effect of the TiO2-Nb-HSS substrate material, which show that the Pt/Nb-TiO2-HSS 

has a competitive methanol oxidation activity and good DMFC performance compared with the 

commercial PtRu/C catalyst. The observation also suggests an improvement in mass transport 

during methanol oxidation reaction, as the special HSS structure could alter the diffusion of liquid 

fuel, and a micro-scale laminate flow can be assumed while 2 M methanol passes those HSSs. 

Durability tests using both the Pt/TiO2-Nb-HSS and PtRu/C catalysts were also performed 

using the same experimental conditions of the cathode polarisation tests for 200 scans at 80 oC 

(Fig. 5f), new 2 M methanol was changed every 10 cycles to keep a steady concentration. Results 

clearly show that there is almost no apparent decrease in the maximum power from the Pt/Nb-

TiO2-HSS catalyst, whereas the PtRu/C catalyst has a nearly 10% drop after 200 scans. The 

improved durability can be explained by the minimization of the catalyst dissolution and the 

formation of specially designed HSS nanostructures which prevent Pt loss during the catalytic 
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reactions.  

 

4. Conclusions 

In summary, Pt/Nb-TiO2-HSS catalyst has been successfully designed and synthesized with well-

defined, uniform HSS shapes. The conductivity of such material has been improved by doping 

with Nb, which is suitable as catalyst’s substrate material. The average diameter of the Pt particles 

is estimated to be ~10±1 nm and well-dispersed within Nb-TiO2-HSS. Half-cell electrochemical 

evaluation revealed that the Pt/Nb-TiO2-HSS catalyst has clear SMSI effect, bi-functional effect 

and a comparable catalytic activity compared to the commercially used PtRu/C catalyst. Good 

performance for the methanol oxidation activity using the catalyst have been verified from the 

miniature fuel cell tests. The improved mass transport and durability of Pt/Nb-TiO2-HSS catalyst 

is attributed to the minimization of the catalyst dissolution and the formation of specially designed 

HSS structures which prevent Pt loss during the catalytic reactions. The unique nanostructure and 

synthesis method could offer a new strategy for synthesis of many other types of advanced metal 

oxide-based micro-/nano-materials. More importantly, this newly developed Pt modified Nb-TiO2 

HSS catalysts can be easily synthesized in a large process scale, revealing a promising feature for 

the commercialisation of DMFCs. 
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Figure Captions 

Fig. 1 Synthesis and formation process of Pt/Nb-TiO2-HSS catalyst, TEM images reveal the 

morphological evolution 

Fig. 2 TEM images of the as-prepared (a) SEM image of Nb-TiO2, (b) Nb-TiO2-HSS, and (c) 

Pt/Nb-TiO2-HSS catalyst 

 

Fig. 3 XRD patterns of Nb/TiO2–HSS substrate and Pt/Nb-TiO2–HSS catalyst. 

Fig. 4 (a) XPS survey spectrum, (b) Ti 2p, (c) Nb 3d and Pt 4f XPS spectra of Pt/Nb-TiO2-HSS 

catalyst 

Fig. 5 Half-cell electrochemical evaluation results of (a) cyclic voltammograms of Pt/Nb-TiO2-

HSS and Pt/C and (b) CO stripping test curves of Pt/Nb-TiO2-HSS, (c) methanol oxidation linear 

voltammograms of Pt/Nb-TiO2-HSS, PtRu/C and Pt/C; as well as Miniature DMFC test results 

of (d) anode and (e) cathode polarisation curves and (f) durability test results of Pt/Nb-TiO2-HSS 

and PtRu/C catalysts 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 

 

 

 

 

 

 

 

 

 

 


