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Abstract 

Anodic TiO2 nanotube layers (TNTs) of different thicknesses (≈ 1, 5 and 20 µm) were 

homogeneously decorated with Pt nanoparticles using atomic layer deposition (ALD) and 

explored for the electrocatalytic activity in methanol oxidation reaction (MOR). Six different 

numbers of ALD cycles (NALD) - 24, 40, 56, 72, 88 and 104 - were used. Pt nanoparticles with 

diameter in the range of 1.3 to 4.6 nm were obtained for the first five NALD and a complete 

coating was achieved for the highest NALD (104). The SEM/TEM analyses revealed that Pt 

nanoparticles uniformly decorated exteriors and interiors of TNTs. A linear increase of the 

particle diameter of Pt was revealed with increasing NALD. Highest electrocatalytic activities of 

Pt/TNTs electrodes represented by current density of 74 mA/cm2 were obtained for NALD = 88 

and for thickest TNTs (20 µm). The electrooxidation performance of Pt-decorated TiO2 nanotube 

layers was thoroughly compared to reference substrates: Pt-decorated graphite sheets and TiO2 

flat layers (on annealed Ti foils) as well as for a commercial Pt/C catalyst attached on graphite 

sheets. From chronoamperometric measurements it turned out that the catalytic activity of Pt-
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loaded nanotube layers is superior and long lasting compared to other substrates, where 

significant degree of catalyst poisoning takes place. The presented ALD decoration approach is 

an effective strategy for the homogeneous distribution of precious Pt nanoparticles on a high 

surface area catalyst support for high-performance electrocatalysis.  

 

Key words: TiO2 nanotubes, Pt nanoparticles, atomic layer deposition, electrocatalysis, 

methanol electrooxidation 

1. Introduction  

The new generation of fuel cells based on direct electrooxidation of alcohols is an attractive 

alternative for the production of energy [1, 2]. Direct methanol fuel cells (DMFCs) are effective 

electrochemical devices that have been receiving extensive attention due to their simplicity and 

operation for portable devices [3, 4]. In addition, DMFCs have several advantages such as high-

energy conversion efficiency, low operating cost/temperature, low weight, use of liquid fuel and 

long operation life [5, 6]. In DMFCs, there are two basic chemical reactions involved: (i) the 

anode side-methanol oxidation reaction (MOR) and (ii) the cathode side- oxygen reduction 

reaction (ORR) [5, 7]. This study focuses on the anode side, which is the site of MOR. In 

methanol oxidation, methanol is electrooxidized into CO2 and six electrons per methanol 

molecule and making it as a promising fuel in DMFCs [8]. 

Generally, nano-structured platinum (Pt) is used as an electrocatalysts for MOR in 

DMFCs due to its greater catalytic activity than other noble metals [6, 9]. Practically, because of 

the high price of Pt, the catalytic Pt nanoparticles are dispersed on a high surface area conductive 

support/carrier material to attain best catalyst utilization and performance [10]. However, the 
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achievement of well-dispersed Pt nanoparticles with controlled particle size, distribution, and 

accommodation on a proper support material represent challenges for their large-scale 

applications. Moreover, the catalytic efficiency is limited by the slow oxidation kinetics of 

methanol and carbon monoxide (CO, by-product) poisoning effect [6, 7, 11, 12]. To address 

these problems, great efforts have been made over the past decades, in which the selection of a 

support/carrier for Pt catalyst represents one of the key steps to improve the dispersion of Pt 

nanoparticles and solve aggregation problems [6, 7, 13, 14]. The catalyst support can further 

strongly influence the activity of the metallic Pt nanoparticles via metal-support interactions [15-

17]. As commonly used catalyst support in DMFC, carbon-based materials suffer from corrosion 

and weak interaction between catalysts and support resulting in severe agglomeration of catalysts 

under reaction conditions and a decrease of the durability and stability of the catalyst itself [18-

20]. Therefore, the synthesis of an ideal support material with well dispersed/stable catalyst 

surface is one of the present goals in the field of DMFCs.  

Self-organized TiO2 nanotubes (TNTs) produced by anodization of a Ti substrate 

represent great choice as catalyst support owing to their strong catalyst-support interaction [16, 

17, 21], high ordering [22], good stability in the fuel cell operation conditions [23], and large 

internal surface area [24, 25], which are very useful for an effective dispersion of the precious Pt-

loading content. The feasibility of fast charge propagation within TNTs and the existence of the 

mutual metal-support interactions are facilitated because of the direct connection between self-

organized TNTs and Ti substrate. In addition, anodization is a simple and low cost 

electrochemical approach, and offers a great control of the nanotube size/morphology. 

Recently, the combination of anodic TNTs and Pt nanoparticles for various catalytic 

applications has been reported [26-33]. Several approaches are described in the literature for Pt 
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catalysts deposition on TNTs that have various dimensions and morphologies such as chemical 

impregnation [26], electrodeposition [27], immobilization [28], photo-assisted reduction [29, 30], 

thermal decomposition [31], anodization of Ti-Pt alloy [32] and thermal de-wetting of sputter 

coated Pt [33]. On the other hand, alloying Pt with other metals, such as Ru [28, 34, 35] and Pd 

[36, 37], is a typical route to reduce the CO poisoning effect and enhance the electrocatalytic 

activity. However, in most of the studies, the Pt and alloyed nanostructures are synthesized 

through solution routes and further immobilization on the support material. In addition, catalysts 

synthesized by solution routes have some disadvantages, namely, utilization of surfactants that 

are used to stabilize the particles and to avoid their agglomeration during the process. Moreover, 

some reproducibility issues due to the difficulty in control of reaction conditions may occur for 

these processes. These drawbacks can be overcome by the use of atomic layer deposition (ALD) 

to deposit catalytic nanoparticles of noble metals such as Pt [38-42], Au [43, 44] or Pd [38, 45, 

46] on various supports for different electrocatalytic applications, a key being the excellent 

homogeneity and quality of the particles. ALD is a deposition technique that uses gaseous 

precursor as material sources for film or particle deposition and offers additional benefits such as 

high conformality regardless of substrate’s shape and precise size/thickness/composition control 

of the deposited material. 

 The aim of the present study is to exploit anodic TNT layers with different thicknesses as 

a catalyst support for uniformly decorated Pt nanoparticles using ALD towards an efficient 

catalyst for methanol electrooxidation. 

2. Experimental 
2.1 Fabrication of self-organized TiO2 nanotube layers 
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 Self-organized TiO2 nanotube layers (TNTs) with different thicknesses (1, 5, 20 µm) were 

fabricated on Ti foils via anodization. Prior to anodization, Ti foils (Sigma-Aldrich, 0.127 mm 

thickness, 99.7 % purity) were degreased by sonication in isopropanol and acetone followed by 

rinsing with isopropanol and drying in air. Anodization of the foils was carried out at room 

temperature employing a high-voltage potentiostat (PGU-200V, IPS Elektroniklabor GmbH). 

The electrochemical setup consisted of a two-electrode configuration using a Pt foil as the 

counter electrode, and Ti foils as the working electrodes. TNTs with different thicknesses (1, 5, 

20 µm) were fabricated as follows: 1) ~ 1µm thick nanotube layers with ~80 nm inner tube 

diameter in 50 vol.% glycerol + 50 vol.% H2O + 0.27 M NH4F at 20 V for 100 minutes [47, 48]; 

2) ~5 µm thick nanotube layers with ~230 nm inner tube diameter in ethylene glycol + 10 vol.% 

H2O + 150 mM NH4F at 100 V for 4 h [48]; 3) ~20 µm thick nanotube layers with ~110 nm 

inner tube diameter in ethylene glycol + 1.5 vol.% H2O + 176 mM NH4F at 60 V for 4 h [49]. 

The aspect ratio (AR, equals to thickness/diameter ratio) of prepared TNTs was ~ 12, ~ 22 and ~ 

180, respectively. All solutions were prepared from reagent grade chemicals. After anodization, 

all nanotube layers were rinsed and sonicated in isopropanol and dried in air, and further 

annealed in a muffle furnace at 400 °C for 1 h at a heating rate of 2.1 °C/min. 

2.2 Decoration of anodic TNTs with Pt nanoparticles using ALD 

The annealed anodic TNTs were homogeneously decorated with Pt nanoparticles by atomic layer 

deposition (thermal ALD, TFS 200, Beneq). The deposition processes were carried out at 300 oC 

by applying a different number of ALD cycles (NALD): 24, 40, 56, 72 88 and 104. 

(Trimethyl)methylcyclopentadienylplatinum(IV) (Sigma-Aldrich, 99%) and oxygen (Messer, 

99.999%) were used as precursors. The Pt precursor was heated up to 80 oC and N2 (99.9999%) 

was used as carrier gas at a flow rate of 500 standard cubic centimeters per minute (sccm). Under 
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these conditions, one ALD deposition cycle was defined by the following sequence: Pt precursor 

pulse (1s) - N2 purge (5s) - O2 pulse (1.5s) - N2 purge (5s). All the resulted ALD Pt/TNT 

heterostructures are named as 1µm 24Cy Pt/TNT, 1µm 40Cy Pt/TNT etc., based on the nanotube 

length (here, 1 µm) and ALD cycle number (here, 24 and 40 cycles) depending on the different 

Pt/TNT samples. These notations are further used in the figures to distinguish the Pt/TNT 

samples. Two reference materials were used in this work for comparison using the same ALD 

process described above: i) flat TiO2 layers obtained on the Ti foils (same as used for the 

anodization) by thermal annealing at 400°C for 1 hour, and ii) graphite sheets (Sigma-Aldrich) 

that were refluxed for 5 hours in nitric acid (65%) at 110oC, sonicated in distilled water for 5 

minutes and dried with nitrogen before the ALD process. In addition, commercial Pt/C powder 

(Sigma-Aldrich, content of Pt ≈5 wt. %) was grafted on the same type of graphite substrate from 

the alcoholic:nafion mixture (Nafion®117 solution, Sigma-Aldrich, content of Nafion ≈5 wt. %, 

120 μl deposited per cm2 of substrate area contained 12 mg of the powder) according to the 

previously published recipe [50]. Afterwards, it was dried at80°C for 3 hours and used for 

reference electrooxidation experiments without any other treatment.  

2.3 Characterization of ALD Pt/TNT heterostructures 

 The structure, morphology, and size/distribution of  Pt nanoparticle in ALD Pt/TNT samples 

was characterized by a field emission scanning electron microscopy (FE-SEM JEOL JSM 

7500F) and a scanning transmission electron microscope (HR-TEM TITAN 60-300 with X-FEG 

type emission gun) equipped with Cs image corrector and a STEM high-angle annular dark-field 

detector (HAADF). The point resolution was 0.06 nm in TEM mode. The elemental mappings 

were obtained by STEM-Energy Dispersive X-ray Spectroscopy (EDS) with acquisition time 20 

min. The quantitative elemental composition of Pt/TNTs was further evaluated using scanning 
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electron microscope (LYRA 3, Tescan) equipped with EDS analyzer AZtec X-Max 20 (Oxford 

Instruments) at acceleration voltage of 20 kV. The crystal structure of the ALD Pt/TNT was 

analyzed by diffraction analyses using X-ray diffractometer (Advance D8, Bruker AXE) using 

Cu Kα radiation with secondary graphite monochromatic and Na(Tl)I scintillation detector. 

Furthermore, X-ray photoelectron spectroscopy (XPS, PHI 5600) was used for analysis of 

composition and the chemical state of Pt. The diameters of Pt nanoparticles were measured and 

statistically evaluated using proprietary Nanomeasure software from the HR-TEM images. 

Average values and standard deviations were calculated from different samples/locations. 

2.4 Electrocatalytic activity of ALD Pt/TNTs by methanol oxidation reaction  

The as-prepared ALD Pt/TNT heterostructures were used as an electrocatalyst for 

methanol oxidation reaction (MOR) along with the reference materials described above. The 

electrocatalysis measurements were performed using an Autolab potentiostat (PGSTAT 204, 

Metrohm Autolab, Nova 1.10 software) with a conventional three-electrode system. The ALD 

Pt/TNT samples used as the working electrode, Pt wire served as the counter electrode and an 

Ag/AgCl electrode was used as the reference electrode. All potentials are reported against 

Ag/AgCl standard electrode potential. The cyclic voltammetry measurements (CV) were 

performed in the potential range from -0.1 to 0.8 V at a scan rate of 50 mV/s in sulphuric acid 

solution (1M H2SO4) with and without methanol (1M CH3OH) addition under nitrogen (N2) 

flow. All electrolyte solutions were purged with N2 prior to CV measurements for 15 minutes to 

assure the removal of excess dissolved oxygen. In addition, the chronoamperometric (CA) 

performance of all the ALD Pt/TNT catalytic electrodes was investigated at the constant 

potential of 0.8 V for 7200 seconds with the N2 flow.   
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3. Results and Discussion 

Fig. 1 shows the FE-SEM images of the top and bottom views of ALD Pt/TNTs (NALD = 72) 

with 1, 5, 20 µm thick TNTs. The cross-sectional images of corresponding TNTs are shown in 

Fig. S1a-c. The average tube diameters of these tubes are ~80, 230 and 110 nm, respectively.  It 

is obvious that the TNTs are homogeneously decorated with Pt nanoparticles within exteriors as 

well as interiors of TNTs for all thicknesses. However, at the very bottom parts of the nanotubes 

(i.e. at the interface with Ti substrates), many particle coalesce for NALD ≥ 56, especially outside 

the nanotubes (i.e. among the walls). This aspect will be discussed later. Fig. S1d shows XRD 

patterns of Pt/TNTs (NALD = 72, 20 µm thick TNTs) and corresponding blank TNTs (NALD = 

0/non-decorated). The pattern of the blank TNTs and Pt/TNTs exhibits diffraction peaks of Ti 

(from the substrate) and crystalline anatase TiO2 (PDF #04-002-8296). In Pt/TNT pattern for 

NALD = 72, diffraction peaks revealed at 2Ѳ=39.9, 46.3 and 67.7 (PDF # 04-001-3301) are 

ascribed to the Pt planes (111), (200) and (220) respectively.  
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Fig.1. SEM images of the top and bottom views of Pt/TNTs with NALD = 72 of different 

thicknesses: 1 µm, 5 µm and 20 µm.  

 

   TEM analyses were carried out to further characterize the Pt-decorated nanotubes. Fig. 2 

shows the TEM images Pt/TNTs of NALD = 0, 24, 40, 56 and 72 for 20 µm TNTs. Efforts were 

carried out to visualize also nanotube samples with NALD = 88 and 104. However, their imaging 

was not possible anymore as these nanotubes were not enough transparent for electrons. As one 

can see, there is an obvious absence of Pt nanoparticles for the NALD = 0 case. For decorated 

Pt/TNTs with NALD = 24, 40, 56 and 72, the particles are not only homogeneously distributed 

within the TNTs, but their diameter increases with increasing NALD. The TEM elemental 
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mapping shown in Fig. S2 further confirms homogenous Pt nanoparticle distribution within 

nanotubes.  

 

Fig.2. TEM images of 20 µm thick Pt/TNTs with NALD = 0, 24, 40, 56 and 72. The scale bars at 

left side (low magnification) and at the right side (higher magnification) images represent a 

distance of 50 nm and 20 nm, respectively. 
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The analysis of Pt nanoparticle size was carried out by SEM. It was found that the Pt particles 

were well separated for all types of TNTs all along their walls inside as well as outside. The only 

place where some coalescence was found was at the very bottom of the tubes in close vicinity of 

underlaying Ti substrates. This coalescence occurred for NALD ≥ 56 and is a consequence of too 

many particles grown on too small and condensed area. Fig. 3 shows the summarized results of 

ALD cycle numbers vs. diameter of Pt nanoparticles analyses in ALD Pt/TNTs (20 µm thick), 

for which the bottom parts with coalesced particles were excluded, as they possess only very 

minor portion of the whole TNTs mass and volume. A linear increase of Pt nanoparticle diameter 

with increasing NALD was observed. The mean diameter of smallest particles (NALD = 24) is 1.3 

nm, while the mean diameter of largest particles NALD = 88) is 4.6 nm. For the highest NALD 

(104), there are no more particles, but continuous coatings (as discussed later in more details), 

thus these data are not plotted in Fig. 3. These results are in accord with publications that report 

that discrete nuclei of Pt nanoparticles (average diameter lower than 2 nm) are formed for low 

cycle numbers in the initial stage of the process [41, 51]. Then with increasing ALD cycles the 

nuclei grow into discrete and well observable particles. After additional cycles, coalescence of 

particles comes into play. At even higher cycle numbers, the coalesced particles form island like 

or even continuous metallic films [41, 51]. After this initial growth, Pt nanoparticle decoration 

becomes clearly visible by SEM [52]. The nucleation delay that occurs during the initial ALD 

cycles of noble metals has been reported to be due to the lack of adsorption sites and/or large 

differences in the surface energy between substrate and noble metal. Thus, at lower cycles small 

nuclei are formed with lesser coverage on the surfaces. The details are explained in our previous 

report [52].  
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To provide some more evidence about the used samples, the cross-sectional SEM images 

of Pt/TNTs with NALD = 24, 40 and 56 for all thicknesses of TNTs are shown in Fig. S3 and 

high-magnification images of tubes of 20 thick TNT layer with NALD = 72, 88 and 104c are 

shown in Fig. S4. There are clearly less particles in the case of 88c, compared to 72c. However, 

the particles are of larger size for 88c. This must have an implication on the overall surface of the 

Pt catalyst, but not necessarily on its activity, which is significantly influenced also by the 

particle size. For the 104c case, the ALD process led to continuous metallic coating, because Pt 

nanoparticles already became large enough to fuse together. In any case, the Pt nanoparticles 

consisted of metallic Pt, as revealed from XPS measurements (Fig. S5). 

 

Fig. 3. Dependence of the Pt particle diameter on the number of ALD cycles (bottom parts of 

nanotubes with coalesced particles were excluded from this statistics). 

 

The electrocatalytic performance of all the ALD Pt/TNT heterostructures with the corresponding 

blank (NALD = 0/non-decorated) TNTs toward methanol oxidation reaction (MOR) was 

evaluated. Fig. 4 shows the cyclic voltammograms (CV) for Pt/TNT catalyst electrodes of 

different ALD cycle numbers (0, 24, 40, 56, 72, 88, 104)/nanotube thickness (1, 5 and 20 µm) in 
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1 M H2SO4 solution with and without 1 M CH3OH. Fig. 4(a-c) shows CVs obtained in 1 M 

H2SO4 (i.e. without methanol) in which, the hydrogen adsorption-desorption characteristic peaks 

around 0 V can be seen. These peaks were seen and extensively described in the literature [53, 

54]. From the height of these peaks, it is possible to compare the electrochemical active area of 

Pt particles, which is for all nanotube layer thicknesses most pronounced for 72c. In Fig. 4c, 

additional oxidation and reduction peaks are seen in the range of 0.2 to 0.4 V, in particular for 

72c. These peaks could be assigned to Pt oxidation and reduction [55], however, the overall 

picture does not speak for any events of this kind, since the samples with higher Pt loadings 

(which would cause even larger peaks) do not show these peaks so pronounced. These might be 

some specific sub-reactions that need to be investigated in detail in future work.  

Fig. 4(d-f) shows CVs in 1 M H2SO4 + 1 M CH3OH (i.e. with methanol) for all ALD Pt/TNT 

catalyst electrodes. As one can see, the anodic current density of methanol electro-oxidation 

increases with increasing TiO2 nanotube layers thickness along with increasing ALD cycle 

numbers, except a discrepancy for NALD = 40 (which will be discussed later) for all types of 

Pt/TNT catalyst electrodes. The blank TNTs (NALD = 0) show the lowest response in all cases. It 

can be further seen from Fig. 4(d-f) that the substantial increase of current densities occurs for 

NALD = 56 and higher (compared to blank and NALD = 24, 40) for all types of Pt/TNTs. This is 

attributed to the presence of sufficient amount of well-distributed Pt nanoparticles with a suitable 

diameter for NALD = 56, 72, 88. Smaller particles (obtained for lower cycles) rendered 

significantly lower electrocatalytic activity. Similar observations were already reported 

previously [12, 30, 56, 57]. The maximum current densities obtained in MOR for all ALD 

Pt/TNTs with respect to ALD cycle numbers are given in Table 1. Among the experimental 

conditions used, the maximum performance of ~73.9 mA/cm2 was achieved for NALD = 88 for 
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TNT layers with thickness of 20 µm, respectively.  It was noted that the current density values in 

NALD = 40 were slightly lower than NALD = 24 for all types of TNTs, even though the 

corresponding particle diameter before electrochemical experiments was following the trend of 

linear increase with higher NALD. This difference can be ascribed to the coupling of Pt 

nanoparticles during methanol oxidation reaction (MOR) process. Bergamaski et al [50] reported 

that in order to understand the overall effect of particle diameter on electrocatalytic activity, the 

coupling among particles of different sizes in the nanometer range via soluble products must be 

considered.  
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Fig. 4. Comparison of the cyclic voltammograms of different ALD Pt/TNT catalyst electrodes in 

1M H2SO4 (without methanol, a-c) and in 1M H2SO4 +CH3OH (with methanol, d-f) for 1, 5, 20 

µm thick TNTs, at a scan rate of 50 mV/ s. Arrows indicate the direction of the CV scan. 
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In other words, it is necessary to determine the coupling of small and larger particles over 

distances on the order of nanometers during the MOR process, since the particle diameter 

distribution further influences the catalytic activity. Therefore, the lower efficiency for NALD = 

40 can be mostly related to a partial oxidation of methanol due to lower mass activity of Pt 

particles.  

TiO2 Nanotube 
layer thickness 
(µm) 

ALD cycle 
numbers 
        (NALD) 

Maximum 
current density 
(mA/cm2) 
obtained in MOR 

 
1 
 
 
 

 

24 
40 
56 
72 
88 
104 

0.75 
0.66 
2.7 
19 

12.4 
15.35 

 
5 
 
 
 

24 
40 
56 
72 
88 
104 

3.2 
2.3 
7.6 

25.75 
41 
27 

 
20 

 
 
 

24 
40 
56 
72 
88 
104 

3.35 
2.75 
47.9 
57.3 
73.9 
44 

MOR=methanol oxidation reaction 

Table 1. The maximum current densities obtained from CVs in Figure 4 for MOR for ALD 

Pt/TNTs with respect to TNT thicknesses/ALD cycle numbers (NALD). 
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However, the currents are relatively small for these low-cycle samples in general (regardless the 

thickness of the nanotube layer), so it could be considered as negligible phenomena for the scope 

of the present work. 

 

A whole range of cyclic voltammograms was also recorded for the reference materials, as shown 

in Fig. S6-S8. Maximum currents obtained for these materials are summarized in Table S1. As 

one can see from these data, the electroxidation currents for any of these reference materials did 

not reach such high values as recorded for Pt/TNTs layers. The reason for Pt-graphite MOR 

current to be significantly higher for 72c than for the 88c is very straightforward – the 72c 

samples have Pt nanoparticles on the surface, while 88c has a complete Pt coating, which is 

limitedly active for MOR. It is known from the ALD field that the nature of substrates plays a 

large role for the nucleation and the growth rate of any deposited material. In this case, based on 

SEM investigation (not shown), the graphite is completely coated for the 88c, while nanotube 

layers still have Pt particles. In addition, onset potentials of ethanol electrooxidation were 

analyzed, as shown in Fig. S9. It turned out that they were all in the range of 0.2 -0.3 V.  

In order to obtain additional information about the stability of the catalytic performance of 

Pt/TNTS and other reference materials, chronoamperometric measurements were carried out. 

Figure 5 shows chronoamperometric curves recorded for 20 µm thick TNT layers with various 

NALD at 0.8 V for 2 hours. In particular, the 88c Pt/ 20 μm TNT layers showed the highest 

currents (in line with CV curves shown in Fig. 4f) and superior stability over time, suggesting 

only very small poisoning of catalyst known from the literature [12, 54, 58]. Fig. S6c, S7c and 

S8c show chronoamperometric curves recorded for the corresponding reference substrates at 

0.8V for 1 hour, after which already a significant decay of currents was observed. From all these 
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data it is clear that reference materials undergo significant poisoning in comparison with Pt/ TNT 

layers. 

 

Fig.5. Chronoamperometric i-t curves for Pt/TNT with various NALD for 20 µm thick TNT layers 

in 1M H2SO4 +CH3OH at 0.8V for 2 hours. Dashed curve shows one reference measurement 

under the same conditions but without CH3OH. 

In order to discuss the results, one has to keep in mind that the enhanced electrocatalytic 

activity of ALD Pt/TNT catalysts can be ascribed to the synergistic effect of Pt nanoparticle and 

TNT support. The bifunctional mechanism and electronic effect are the widely accepted models 

to account for the enhancement of electrocatalytic activity of the supported Pt catalysts [59, 60]. 

TiO2 can stimulate CO tolerance through the bifunctional mechanism; also modify the electronic 

structure of Pt in terms of electronic effects. The bifunctional mechanism is used to describe how 

hydroxyl surface groups can oxidize and remove adjacent CO adspecies (COad) from the Pt 
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catalyst surface, thus avoiding CO poisoning. Furthermore, the anatase TNT support of Pt 

nanoparticle can generate OH adspecies (OHad) during electrochemical processes, which can 

assist in removing CO like intermediates via oxidizing them, thereby reducing the poisoning of 

Pt catalyst [12, 58]. Due to the hydrophilic nature of TNTs, they are covered with hydroxyl 

groups in acidic electrolytes because of water dissociation on the TNT surface. The reaction 

steps of CO oxidation on Pt nanoparticles can be described by the following reaction equations 

[56, 59]: 

𝑇𝑇𝑇2 + 𝐻2𝑂 →  𝑇𝑇𝑇2 − 𝑂𝑂 + 𝐻+ + 𝑒−      (1) 

𝑃𝑃 + 𝐶𝐶3𝑂𝑂 →   𝑃𝑃 − 𝐶𝐶𝑎𝑎𝑎  + 4𝐻+ + 4𝑒−    (2)    

𝑇𝑇𝑇2 − 𝑂𝑂 + 𝑃𝑃 − 𝐶𝐶𝑎𝑎𝑎  → 𝐶𝐶2 + 𝑃𝑃 + 𝑇𝑇𝑇2  + 𝐻+ + 𝑒−  (3) 

𝑃𝑃 + 𝐻2𝑂 →  𝑃𝑃 − 𝑂𝑂 + 𝐻+ + 𝑒−      (4) 

𝑃𝑃 − 𝐶𝐶𝑎𝑎𝑎 + 𝑃𝑃 − 𝑂𝑂 →  2𝑃𝑃 + 𝐶𝐶2  + 𝐻+ + 𝑒−    (5) 

The electro-oxidation of CO should be considerably more favorable at the periphery of a Pt 

nanoparticle than in the inner area because of immediate contact of peripheral COad with TiO2–

OH groups on the TNT support. As the immediate contact of COad with TiO2–OH group occurs 

at the periphery, the electro-oxidation of CO occurs predominantly at the periphery region of the 

Pt nanoparticles [59, 61]. The more free Pt sites become available, the rate of CO oxidation 

increases.  However, there is also an influence of the dimensionality of the nanotubes coming 

from the unidirectional 1D shape of the nanotubes within their layers, where diffusional aspects 

come into play [47]. In order to assess this points, we provide in Table 2 a comparison of i) the 

surface area between TNTs (calculated from the dimensions of the NT and their number on 1 
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macroscopic cm2) and the flat TiO2 on Ti foil (which is essentially 1 cm2 on 1 macroscopic cm2 

of the sample) and ii) current ratio between the maximum MOR currents (i.e. for NALD = 88c) 

obtained  for corresponding Pt-TNTs (given in Table 1) and Pt-flat TiO2 (which is 0.53 mA/cm2, 

as shown in Table S1). As one can see, the current ratio is clearly higher over the surface area 

ratio for the 1 and 5 µm Pt/TNTs, which shows that the nanotubular shape in these cases is 

favourable for the MOR. However, for the 20 µm Pt/TNTs the surface area ratio is higher than 

the current ratio, which clearly shows that the entire available surface of these nanotubes cannot 

be any more effectively utilized, most likely due to diffusional issues (e.g. sterical hindrance of 

bubbles coming from the bottom parts of the tubes to the electrolyte, etc.). In other words, the 

pathway of some 10-20 μm is too long for reactants and products of MOR to travel effectively 

and quickly enough along the nanotube walls as for the 1 and 5 µm thick TNTs. Since the most 

favorable current over surface figure is achieved by the 5 thick Pt/TNTs, one can state that the 5 

µm TNTs supported Pt/TNT catalyst electrodes can remove a larger portion of COad species due 

to high surface area to volume ratio (availability of abundant Pt nanoparticles) and larger number 

ratio of peripheral Pt sites to the total surface sites than other TNT supports (1 and 20 µm).  

TiO2 Nanotube layer 
thickness (µm) 

Surface ratio 
 (cm2 of NT/cm2 of 
flat TiO2) 

MOR max current 
ratio (mA/cm2 of 
Pt/TNT vs. mA/cm2 
of Pt-TiO2 flat 

1 
5 
20 

17 
44 
377 

23 
76 
137 

Table 2. Comparison of the surface area and MOR maximal currents between Pt/TNTs and Pt-
TiO2 flat (assuming the total surface area of Pt- TiO2 flat to be 1cm2 on 1cm2 of the sample). 
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In addition, in order to assess the performance and magnitude of the results of Pt/TNT catalyst 

presented in this work, it is necessary to compare the obtained results with similar materials in 

published literature. Table 3 summarizes the previous studies on the electrocatalytic performance 

of Pt nanoparticles deposited on TNTs by using various methods; considering Pt nanoparticles 

along with other nanoparticles.  

  NR: not reported 

Table 3. Comparison of the electrocatalytic activities of Pt/TNTs in methanol oxidation reaction 
based on previous reports. 

 

From the Table 3 it can be seen that Pt nanoparticles with 2-5 nm diameter deposited by 

photoreduction method achieved highest electrocatalytic activity via electrochemical 

pretreatment of the Pt/TNT in H2SO4 for 800 cycles CV [30]. Dimension of those nanotubes are 

not given in that paper. However, in this study, significantly higher electrocatalytic activity 

compared to the published state-of-art was achieved without any pre-treatment.  

 

Sample 
(Pt with 
various 
supports) 

Pt deposition 
method 

Pt 
particle 
diameter 
(nm) 

Max. 
current 
density 
(mA/cm2)  

Reference 

Pt/TNT 

Pt/TNT 

Pt/TNT 

Pt/TNT 

Pt/TNT 

Pt/TNT 

 

Hydrothermal reduction 

Chemical impregnation 

Photo irradiation 

Photo reduction 

Thermal decomposition 

ALD 

46-200 

NR 

5 

2-5 

50 

1.3-4.6 

11.75 

2.72 

21 

60 

3.65 

74 

[12] 

[26] 

[29] 

[30] 

[31] 

This work 
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4. Conclusions 

In this study, anodic TNT layers with three different thicknesses (1, 5 and 20 µm) were 

homogeneously decorated with Pt nanoparticles using atomic layer deposition (ALD) and 

different numbers of ALD cycles (NALD = 24, 40, 56, 72, 88 and 104). The Pt decorated Pt/TNTs 

were further used as electrocatalysts for methanol oxidation reaction (MOR). The Pt particle 

diameter increased linearly with increasing NALD. The maximum electrocatalytic performance 

was obtained for 20 µm thick TNT layer decorated by Pt particles of an average diameter of 4.6 

nm (using ALD with 88 cycles) showing 74 mA/cm2 of anodic current density with excellent 

time stability. All reference materials showed lower MOR catalytic activity in general and also 

significant decrease of MOR catalytic activity in time due to the poisoning of the catalyst. The 

effective utilization of high aspect ratio anodic TNT layers as catalyst supports and the optimal 

utilization of Pt nanoparticles for enhanced electrocatalytic activities can be achieved via 

homogeneous distribution of Pt using ALD process.  
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