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Abstract
We report a facile synthetic method for the preparation of titanium–tantalum oxide by means of a modified Adam’s method. 
This new method allowed obtaining Ti0.8Ta0.2O2 with a high surface area (234 m2 g−1), to be used as catalyst support for Pd 
nanoparticles. Cyclic voltammetry and linear sweep voltammetry measurements confirm the noticeable oxygen reduction 
reaction (ORR) activities of the Pd/Ti0.8Ta0.2O2 electrocatalyst in alkaline electrolytes, along with a high-selectivity towards 
a 4e− pathway. The good ORR performance for the Pd/Ti0.8Ta0.2O2 could arise from both the strong metal-support interaction 
and the contribution of the Ti0.8Ta0.2O2 in facilitating the ORR process, acting as co-catalyst. However, the stability of this 
catalyst seems insufficient for practical applications.
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Introduction

Oxygen reduction is the most challenging electrochemical 
reaction for many electrochemical devices, such as fuel cells 
and metal-air batteries [1–5]. The high potential of this reac-
tion (1.23 V vs. reversible hydrogen electrode, RHE) forces 
the use of highly active and stable catalysts, being Pt-based 
ones the most employed [6–10]. However, it is widely known 
the high cost of this metal; thus, several strategies are sought 
to replace it [11–13]. There has been a huge increment of 

papers dealing with alternatives to Pt, like the use of other 
noble metals like Pd, Ag, Au and/or their alloys [14–20] or 
the use of non-noble metal catalysts, usually based on transi-
tion metals disperse onto a carbon matrix (phthalocyanines, 
ferrocenes, Co-based catalysts, doped-graphene, etc.) [12, 
21–24]. Additionally, the dispersion of noble metal nanopar-
ticles on high surface area carbon supports is acknowledge 
as a good strategy to reduce the amount of expensive active 
phases [25–28]. However, under the conditions of a fuel cell 
or a metal-air battery, carbon-based catalysts suffer from the 
corrosion of the support [29, 30].

There has been a great interest in developing alternative 
supports, such as the ones based on titanium dioxide. TiO2 
has been recognized as a versatile material, easy to produce 
and with a wide variety of applications (solar cells, degra-
dation of organic pollutants, electrocatalysts supports, etc.) 
[31–35]. It features relatively low cost, non-toxicity, photo-
stability, and inertness [31, 34]. However, depending on the 
application, increasing the electrical conductivity of TiO2 is 
necessary. Heating TiO2 in a reducing atmosphere or doping 
with cations of higher valence (transition metals) are strate-
gies usually pursued to enhance the electrical conductivity; 
however, at the expense of the specific surface area [34–38]. 
Several authors have introduced different dopants such as 
Nb, W, V, Ta, etc., by different methods to enhance the elec-
tronic conductivity maintaining an adequate surface area 
[34, 35, 37, 39, 40]. For example, Beauger et al. synthesized 
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TiO2 aerogels and xerogels doped with Nb, V and Ta as 
alternative to conventional carbon black supports for PEM-
FCs [36]. Wang et al. obtained TaNbTiO2 and C–TaNbTiO2 
as hybrid supports for Pt–Pd nanoparticles for the ORR [34]. 
Stassi et al. [41] supported a Pt–Co alloy on Ta-doped TiO2 
and Siracusano et al. studied bared and doped TiO2 as cata-
lysts supports for fuel cells [42]. In all cases, doped-TiO2 
showed an increased resistance to corrosion.

The different properties of TiO2, such as surface area, 
crystallographic structure, etc., depend on the synthesis 
method. There have been many synthetic methods studied 
in literature, like sol–gel processes, hydrothermal and sol-
vothermal routes, reverse microemulsion methods, etc. [33, 
40].

Herein, we propose a new synthetic method to prepare 
TiO2 doped with Ta, having a porous structure, to be used 
as the support for Pd nanoparticles. The prepared Pd sup-
ported on TiTa-oxide electrocatalyst was investigated, in the 
present work, for the oxygen reduction reaction in alkaline 
media. Pd nanoparticles have been already demonstrated 
as a suitable catalyst for the ORR in basic electrolytes [14, 
43–45]. The advantages of this method are the easy scal-
ability and simplicity, leading to the preparation of a highly 
porous TiO2-based support doped with Ta, what increases 
its electrical conductivity. The stability and activity towards 
the ORR in alkaline electrolyte of the Pd/TiTa-oxide electro-
catalyst was compared to a commercial Pd/C based material.

Experimental

Materials and methods

Titanium–tantalum oxides were synthesized by the Adams 
fusion method using the procedure modified by Marshall 
[46, 47]. TiCl4 (98%, Fluka) and TaCl5 (99.8%, Sigma-
Aldrich) metal precursors were added to isopropanol 
(99.5%, Sigma-Aldrich) to obtain a total metal concentra-
tion of 0.08 M. This solution was magnetically stirred at 
room temperature for 1 h to ensure the complete dissolution 
of the precursors. Then NaNO3 (99.0%, Sigma-Aldrich), 
previously grounded in ball-milling, was added to the iso-
propanol solution under vigorous stirring. The slurry was 
then heated at 90 °C under constant stirring, until obtaining 
a humid paste, which was dried in a ventilated oven at 90 °C 
for 24 h. The dry salt was then placed in a furnace at 500 °C 
for 30 min. The fused salt oxide was washed with distilled 
water to remove the remaining salts, filtered and dried in an 
oven at 80 °C for 12 h.

The so-obtained TiTa-oxide was employed as the sup-
port for Pd nanoparticles synthesized by a sulphite complex 
methodology. Firstly, a Pd-sulphite complex was prepared 
by reaction of PdCl2 (99.9%, Strem Chemicals) with sodium 

bisulfite (99.995%, Aldrich). Once obtained, the Pd-sulphite 
salt was first dissolved in acidic solution and subsequently 
decomposed with H2O2 (40% p/v, Titolchimica) to form a 
colloidal dispersion of PdOx that was impregnated on the 
oxide support. The as-formed catalyst was reduced in H2 
atmosphere (10 wt% in Ar) at 25 °C to obtain Pd metal 
nanoparticles supported on the TiTa-oxide with a loading 
of 60 wt% of Pd [45].

Physico‑chemical characterization

Several characterization techniques were employed to 
investigate the different physico-chemical features of both 
the support, TiTa-oxide, and the catalyst, Pd/TiTa-oxide. 
X-ray diffraction (XRD) was performed with Cu Kα radi-
ation operating at 40 kV and 20 mA in a Philips X-pert 
3710 X-ray diffractometer. The diffraction patterns were 
fitted to Joint Committee on Powder Diffraction Standards 
(JCPDS). The peaks broadening was used to calculate the 
crystallite size by the Debye–Scherrer equation after cor-
rection for the instrumental broadening. The morphology 
of the samples and their composition were studied by scan-
ning electron microscopy (SEM) and energy dispersive 
X-ray (EDX) analysis, carried out by a FEI XL30 SFEG 
microscope. The instrument was operated at 25 kV and the 
EDX probe was used to determine the bulk elemental com-
position of the samples. Transmission electron microscopy 
(TEM) analysis was performed with a FEI CM12 micro-
scope by depositing some drops of the samples dispersed 
in isopropyl alcohol on carbon film-coated Cu grids. The 
specific surface area of the oxide support was calculated by 
the Brunauer–Emmett–Teller (BET) equation and nitrogen 
adsorption–desorption isotherms, measured at − 196 °C, 
using an ASAP 2020 M Micrometrics.

Electro‑chemical characterization

The electrochemical studies were carried out using a stand-
ard three-electrode cell and an Autolab potentiostat/galva-
nostat with GPES software and connected to a rotating disk 
electrode. A glassy carbon electrode (GC, 5 mm in diam-
eter) was used as the working electrode, a platinum mesh 
was used as the counter and an Hg|HgO electrode was used 
as the reference electrode. Typically, 5 mg of the catalyst 
was dispersed in 5 mL of a mixture of isopropanol (99.5%, 
Sigma-Aldrich) and water (Milli Q water, 18.2 MΩ cm) in 
a 3:1 v/v ratio and sonicated for 30 min. 30 wt% of Nafion 
(5%, Ion Power) was added as polymer binder. Then, 15 µL 
of the catalyst ink was dropped onto the glassy carbon elec-
trode to obtain a metal loading of 50 µg cm−2 of Pd and 
allowed to dry at room temperature for 15 min to obtain a 
uniform carbon film. All electrochemical experiments were 
carried out at room temperature and ambient pressure using 



Materials for Renewable and Sustainable Energy (2018) 7:8	

1 3

Page 3 of 10  8

1 M KOH (90%, Sigma-Aldrich) as the electrolyte solution. 
Linear sweep voltammetries from 0.65 V vs. RHE to 0.25 V 
vs. RHE were performed at a scan rate of 5 mV s−1 at differ-
ent rotation rate: 100, 200, 400, 1000, 1600 and 2500 rpm, 
bubbling pure O2 in the electrolyte. Before the measure-
ments, the electrode was repeatedly potentiodynamically 
swept, with a scan rate of 100 mV s−1, from 0 to 1.2 V vs 
RHE in the deaerated (degassed with He) 1 M KOH solution 
until a steady voltammogram was obtained. The durabil-
ity of the TiTaOx-based catalyst was assessed by potential 
cycling between 0.6 and 1.2 V vs. RHE, bubbling He, until 
5000 cycles were completed. The activity of the catalyst was 
evaluated before and after the cycles by linear sweep voltam-
metries at different rotation speeds (as previously detailed).

The Pd/TiTa-oxide catalyst was compared to a commer-
cial catalyst employing a carbonaceous support, 30% Pd/C 
(E-TEK).

Results and discussion

The oxide support was initially characterized in terms 
of structure, morphology and surface area. The textural 
parameters for the TiTa-oxide support, obtained by N2 
physisorption, are shown in Table 1. The specific surface 
area, determined applying the BET equation to the adsorp-
tion–desorption isotherms (shown in Fig. 1), is 234 m2 g−1. 
TiTa-oxide shows the characteristic features of a type IV 
isotherm, mesoporous solid [48]. The hysteresis loop at high 
P/Po is associated with capillary condensation taking place 
in mesopores. The mesoporosity of the oxide support favors 
the diffusion of reagents towards the catalytic centers. The 
calcination temperature is mild enough to not compromise 
the textural properties of the support.

Figure 2 shows SEM images of the TiTa-oxide support at 
different magnification. The support presents a granulated 
morphology, with a mixture of small and large particles 
agglomerates. However, a porous structure is observed. 
The EDX analysis was employed to investigate the elemen-
tal bulk composition of the doped-oxide support, being 
Ti:Ta = 80.5:19.5, in agreement with the nominal one. From 

now on, TiTa-oxide will be expressed as Ti0.8Ta0.2O2, con-
sidering the ratio obtained by EDX.

Figure 3 presents the X-ray diffraction patterns for the 
Ti0.8Ta0.2O2 support and the corresponding Pd catalyst. As 
evidenced from the graph, Ti0.8Ta0.2O2 is not entirely crystal-
line (peaks are not clearly defined); however, the main phase 
observed is anatase. The calcination temperature employed 
during the synthesis, 500 °C, is not high enough to fully 
crystallize the amorphous oxide obtained after the synthe-
sis. Pd/Ti0.8Ta0.2O2 catalyst shows the typical peaks of the 
Pd crystallographic structure, faced-centered cubic, with 
main reflections at 40°, 47°, 68°, 82° and 86° (JCPDS Card 
No. 46-1043). Crystallite size was calculated by applying 
the Scherrer’s equation to the peak at 68º (corresponding 
to the (220) plane). The catalyst showed a crystallite size 
of 4.5 nm, which is higher than that of the commercial 30% 
Pd/C (E-TEK) [49], used for the electrochemical compari-
son, with crystallite size equal to 3.4 nm. The difference in 
the crystal size might be ascribed to the different metallic 
loading, being 60 wt% for the Pd/Ti0.8Ta0.2O2 catalyst, in 
comparison to Pd/C (E-TEK), with a 30 wt%.

TEM micrographs for the Pd-based catalyst supported 
on Ti0.8Ta0.2O2 are shown in Fig. 4 at low (Fig. 4a) and high 
(Fig. 4b) magnification. Figure 4a shows the Ti0.8Ta0.2O2 
(light spots) fully covered with Pd particles (dark spots). 
The high metallic loading (60 wt%) employed in the syn-
thesis of the Pd/Ti0.8Ta0.2O2 catalyst is responsible for this 
agglomeration. Titanium–tantalum based oxides are not so 
electronically conductive as carbon materials, even though 
doping with Ta increases the conductivity of the material 
[36]. It has already been proved that doping TiO2 with cati-
ons of a higher valence, such as Ta, favors the presence of 
oxygen vacancies that will increase the electronic conduc-
tivity, due to the concentration of positively charged defects 
in the lattice [4, 33]. In any case, to favour the electronic 

Table 1   Textural parameters obtained by N2-physisorption on TiTa-
oxide

Textural 
param-
eters

Specific 
surface 
area 
(SB.E.T.)/
m2 g−1

Micropore 
surface 
area/m2 
g−1

Pore 
volume 
(Vp)/cm3 
g−1

Micropore 
volume 
(Vmp)/cm3 
g−1

Pore size/
nm

TiTa-
oxide

234 12 0.32 0.003 8.7
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Fig. 1   N2-adsorption/desorption isotherm for the TiTa-oxide support
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percolation also through the metallic nanoparticles, the Pd/
Ti0.8Ta0.2O2 was synthesized with a high metallic loading 
(60 wt%), determined by SEM–EDX. Figure 4b shows an 
image at higher magnification in which metallic Pd parti-
cles and the Ti0.8Ta0.2O2 support are clearly observed. The 
average Pd particle size, determined from TEM images, is 

about 5 nm. On the other hand, the Pd/C commercial catalyst 
shows an average particle size of 4.3 nm [49].

The behavior of the Pd/Ti0.8Ta0.2O2 catalyst in compari-
son to Pd/C (E-TEK) was investigated for the oxygen reduc-
tion reaction (ORR) in an alkaline solution with a rotating 
disk electrode (RDE). Titanium-based materials have been 
widely studied in literature as supports for noble metal cata-
lysts such as Pt or Au and mainly in acid media [50–52]. 
Recently, there has been a growing interest of this type of 
catalysts for alkaline media [53, 54], also in combination 
with carbon materials [55, 56]. Up to our knowledge, Pd 
supported on Ta-doped titanium oxide has not been studied 
in alkaline electrolytes until now. For example, Elezovic 
et al. studied a Nb–TiO2 supported Pt catalyst in compari-
son with Vulcan supported one, showing similar catalytic 
activity towards oxygen reduction. Maltanava et al. studied 
the electrocatalytic activity of both bare high-ordered TiO2 
nanotubes (TNTs) and gold nanoparticles (Au NPs) loaded 
TNTs toward ORR. They determined that the overpotential 
of O2 reduction on the surface of Au NPs with a definite 
size increases with increasing the annealing temperature of 
TiO2 support. In general, it has been thoroughly proved that 
titanium-based supports seem to enhance the catalytic activ-
ity of noble metals towards the ORR in alkaline media.

The electrochemically active surface area (ECSA) was 
first evaluated in a deaerated 1 M KOH solution by cyclic 
voltammetry from 0.05 to 1.2 V vs. RHE, at a scan rate of 
100 mV s−1 (not shown) as previously described in [45]. 
Briefly, ECSA was determined from the integration of the 
peak related to Pd-oxide reduction (between 0.4 and 0.8 V 
vs. RHE), assuming 405 µC cm−2 for the reduction of a mon-
olayer of Pd-oxide [45].

The ECSA for the Pd/Ti0.8Ta0.2O2 catalyst was of 
25.8  m2  g−1, whereas for the Pd/C was 69.7  m2  g−1, 

Fig. 2   SEM images for the TiTa-oxide support obtained at different 
magnification: (a) ×1500, (b) ×3500 and (c) ×8000

Fig. 3   XRD diffraction patterns for Ti0.8Ta0.2O2 and Pd/Ti0.8Ta0.2O2 
catalyst
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significantly higher due to the lower concentration of metal 
(30 wt %) on the carbonaceous support and, thus, a better 
nanoparticle dispersion [49].

Figure 5 shows the polarization curves for both cata-
lysts in an O2-saturated 1 M KOH solution at 1600 rpm. 
Pd/C (E-TEK) and Pd/Ti0.8Ta0.2O2 present a very similar 
performance towards the ORR. The carbon-based catalyst 
shows a slightly better onset potential and limiting current 
density, what might be due to its higher ECSA. However, 
the presence of Ti0.8Ta0.2O2 may favour the activity of this 
catalyst towards the ORR in alkaline electrolyte, allowing 
to obtain a similar performance. It has been proved that the 
catalytic activity toward the ORR of TiO2-based catalysts 
depends on both the structural properties and the fabrication 
procedure. For example, spray-deposited anatase and single 
crystal rutile type TiO2 exhibit a 4e − pathway in alkaline 
electrolytes; whereas amorphous titanium oxides exhibit 
2e − pathway [32, 33]. Sacco et al. determined that anatase 
TiO2 nanotubes were as active for the ORR in alkaline media 

as commercial Pt-catalysts [33]. Mentus et al. demonstrated 
the activity of anodically grown TiO2 towards the ORR in 
alkaline media, reaching values of current density around 
6–7 mA cm−2. Pei et al. showed that TiO2 single crystals 
[particularly, (001) high-energy facets] are highly active 
towards the ORR in alkaline media [57]. Anatase-type TiO2 
is also active towards ORR, but not as much as the former. 
Pei et al. ascribed the enhanced activity to the oxygen vacan-
cies in non stoichiometric TiO2 [57]. In our case, doping 
TiO2 with Ta creates oxygen vacancies that could contribute 
to the enhancement of the activity towards the ORR. The 
crystallographic structure of our Ti0.8Ta0.2O2, in the preva-
lent form of anatase, also contributes to the enhancement 
of the activity. With an engineered design of the crystallo-
graphic orientation of TaTi-oxide crystals, this activity could 
be further enhanced, as demonstrated by Pei et al. [57] or Liu 
et al. [58]. On the other hand, a review conducted by Trasatti 
et al. [59] showed that the activity towards the ORR of noble 
metals supported on titanium-based supports is increased 
due to the strong metal support interaction (SMSI) effect, 
a fact that has been proved by other authors in more recent 
papers [34, 41, 60]. In summary, both the intrinsic activity of 
titanium-based materials towards the ORR in alkaline media 
and the SMSI effect might be responsible for the significant 
activity of our Pd/Ti0.8Ta0.2O2 catalyst.

Figure 6 presents Koutecky–Levich (K–L) plots obtained 
for both catalysts. The K–L plots show a linear behavior of 
the inverse of the current density with the reciprocal of the 
square root of the rotation speed. By applying the Levich 
equation [61] to the linear fitting of the experimental data, 
from the slope (B) we calculate the transferred electron num-
ber (n). The diffusion coefficient of oxygen in the electro-
lyte (D), the cinematic viscosity of the electrolyte (ν), and 
the bulk concentration of oxygen in the electrolyte (C*) are 
taken from Ref. [62]. Both catalysts follow a 4e − pathway, 
being 3.8 e − for Pd/Ti0.8Ta0.2O2 and 3.9 e − for commercial 
Pd/C.

The assessment of the stability was carried out by poten-
tial cycling between 0.6 and 1.2 V vs. RHE, shown in Fig. 7. 
Both samples present a significant decay in performance, 

Fig. 4   TEM micrographs for 
Pd/Ti0.8Ta0.2O2 at (a) low and 
(b) high magnification
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determined by the reduction of the area of the peak at ca. 
0.7 V vs. RHE.

The activity (Fig. 8) and the ECSA (Fig. 9) were evalu-
ated before and after the 5000 cycles. The decay in perfor-
mance for the Pd/Ti0.8Ta0.2O2 catalyst is remarkable, losing 
around 54 mV in terms of onset potential and a 25% in terms 
of limiting current density, as can be ascertained from Fig. 8. 
However, Pd/C E-TEK, even though possessing a carbon 
support, widely known for its tendency to corrosion, suffers 
a lower decay in performance of around 16 mV in terms of 
onset potential and around 16% in terms of limiting current 
density. This is also corroborated by the ECSA losses, shown 
in Fig. 9. Pei et al. ascribed the poorer stability of TiO2 poly-
crystals to their anatase–rutile mixed crystal phase [57]. In 

our case, both the anatase crystallographic structure and the 
fact of being a semi-crystalline material could be responsible 
for the poor stability of the titanium-based support.

Cyclic voltamograms in Fig. 9 show the H-adsorption/
desorption peaks around 0.2 V vs. RHE both in the anodic 
and the cathodic sense. The Pd oxidation peak is visible in 
the range 1.0–1.2 V vs. RHE (anodic sense) and the reduc-
tion of the Pd-oxide formed is visible at around 0.7 V vs. 
RHE (cathodic sense). The size of this peak is significantly 
higher for the commercial catalyst in comparison to the 
TiTaOx-based one, indicating a higher ECSA for the Pd/C 
(E-TEK), as previously described. Besides, in the case of 
the commercial catalyst (Fig. 9a), there is a shoulder at 
0.6 V vs RHE that could be ascribed to the oxidation of the 
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carbon support. After 5000 cycles, the width of the voltam-
mogram (red line) is severely reduced for both catalysts. 
ECSA calculated from the charge associated to the reduction 
of the Pd-oxide peak (0.7 V vs RHE) was 7.6 m2 g−1 for the 
Pd/C (E-TEK) catalyst (Fig. 9a) and 0.44 m2 g−1 for Pd/
Ti0.8Ta0.2O2 (Fig. 9b). This explains the considerable decay 
in performance towards the ORR measured by linear sweep 
voltammetry in previously shown Fig. 8. From these results, 
it is clear that, although Ti0.8Ta0.2O2 synthesized by this new 

method presents a good activity for the ORR, this support is 
not stable enough for a practical application.

Conclusions

A new method for the synthesis of Ta-doped titanium oxides 
was proposed. The Adam’s method permits obtaining con-
siderable amounts of oxide in a reproducible way with a 
good compromise between surface area and crystallinity.

Pd nanoparticles were supported on the as-prepared 
Ti0.8Ta0.2O2 and studied as a catalyst for the oxygen 
reduction reaction in alkaline media. The activity of Pd/
Ti0.8Ta0.2O2 was very similar to that of a commercial Pd/C 
catalyst. The activity of the titanium-based catalyst was 
ascribed to both the strong metal support interaction effect 
and to the intrinsic activity of the Ti0.8Ta0.2O2 towards the 
ORR in alkaline solution. Stability tests were carried out by 
potential cycling. Results determined that the Ti0.8Ta0.2O2 
synthesized by this new method is not stable, leading to a 
loss of performance of the catalyst of a 25% in terms of cur-
rent density. The lack of stability of the support was attrib-
uted to the crystallographical structure, being semi-crystal-
line anatase less stable than other crystallographic phases 
of titanium-based materials. Future studies will center on 
the study of the calcination temperature, to increase both 
conductivity and crystallinity notwithstanding the excellent 
textural properties of the oxide support.
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