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a b s t r a c t

Active and durable electrocatalysts for the oxygen evolution reaction (OER), capable of replacing noble
metal catalysts, are required to develop efficient and competitive devices within the frame of the water
electrolysis technology for hydrogen production. In this work, we have investigated tantalum based
catalysts supported on carbon nanofibers (CNF) for the first time. The effect of CNF characteristics and the
catalyst annealing temperature on the electrochemical response for the OER have been analyzed in
alkaline environment using a rotating ring disc electrode (RRDE). The best OER activity and oxygen ef-
ficiency were found with a highly graphitic CNF, despite its lower surface area, synthesized at 700 �C, and
upon a catalyst annealing temperature of 800 �C. The ordering degree of carbon nanofibers favors the
production of oxygen in combination with a low oxygen content in tantalum oxides. The most active
catalyst exhibited also an excellent durability.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Hydrogen (H2) is widely considered as an ideal candidate to
replace fossil fuels and solve the associated problems of pollution
and a theoretical future energy crisis. This consideration is sup-
ported by its high energy density (33.3 kWh kg�1) and by its clean
production from the water electrolysis [1]. It is assumed that the
worldwide hydrogen demand will grow with the commercializa-
tion of fuel cells ensuring the future of sustainable hydrogen
economy [2]. Although water electrolysis is a well-studied tech-
nology for the splitting of water producing H2 and O2 at low tem-
peratures, the price of H2 production from renewable and
sustainable resources is still far from the one needed to be imple-
mented at industrial scale. Therefore, considerable efforts are being
made to develop secure and efficient CO2-free production methods
to produce H2 at low-cost [3].

Water splitting is a process that involves two half reactions: the
oxygen evolution reaction (OER, anode) and the hydrogen
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evolution reaction (HER, cathode). Under real conditions, water
electrolysis needs a greater voltage than the theoretical value of
1.23 V due to the kinetics limitations coming from the anodic re-
action (OER), which is a pHedependent four-electron transfer re-
action [4,5]. Noble-metal-based materials, such as Ir, Ru, IrO2 and
RuO2, are nowadays the best catalysts in terms of activity and
stability in all pH values [6e13]. Nevertheless, their high price and
scarcity reduce their attractiveness in practical applications. How-
ever, the enhanced electrochemical kinetics of the OER in alkaline
environment makes it possible to operate with noble metal-free
materials. Different kinds of catalysts have been developed such
as oxides and oxyhydroxides of transition metals (e.g. Mn, Co, Ni,
Fe) alone or in combination with carbonaceous materials [14e21],
and also metal-free carbon-based electrocatalysts [22e24]. These
electrocatalysts present great benefits such as relatively low cost
and high OER activity. However, their main drawback is related to a
poor corrosion and oxidation resistance, particularly of carbon-
based materials, which limits their use in a water electrolyzer. To
overcome this problem, the design and development of durable and
highly active transition metal-based electrocatalysts need to be
studied. In this regard, novel carbon nanostructures, such as carbon
nanofibers, have shownpromising OER performances at the oxygen
electrode of metal-air batteries [25].

Tantalum-based catalysts have become popular in water
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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electrolysis in acidic media. Tantalum is a hard transitionmetal that
is highly corrosion-resistant, which makes it very attractive mate-
rial in the strongly oxidative environment of the anode [26e32].
However, tantalum oxide alone does not display enough
enhancement in performance on OER in acidic media, and needs to
be mixed with other metals such as IrO2 [27,29,30]. Today, few
reports on tantalum oxide have been conducted in alkaline media.
Density functional theory (DFT) calculations revealed that (200)-
surface-exposed Ta2O5 is a suitable candidate to develop OER cat-
alysts with the demanded efficiency, cost and durability in alkaline
media for a controlled oxygen environment [33]. According to the
simulation, the designated (200)-Ta2O5 surface has high and du-
rable OER activity. Another successful strategy consisted in the
substitution of O atoms by F ones (TaO2F) to tune the electronic
structure and, consequently, improve the electrochemical perfor-
mance [34]. The electrocatalyst showed superior activity and sta-
bility toward OER in 1M KOH. Recently, TaS2 nanoflakes have
demonstrated efficient activity for OER in acidic and alkalinemedia,
and comparable with RuO2 [35].

In a previous study, catalysts were prepared by using carbon
black (Vulcan) as support and depositing the tantalum oxide phase
through a microemulsion method [36]. In this case, the optimiza-
tion of the experimental variables for the microemulsion and the
annealing steps, lead to variations in different physicochemical
properties of the catalysts such as the oxides/tantalates predomi-
nant phases, their crystallinity and the oxygen substoichiometry,
which play an important role in the OER electroactivity in alkaline
media.

Herein, the role of carbon nanofibers (CNFs) as support has been
investigated, taking into account the previous results on the syn-
thesis of tantalum-carbon black catalysts. CNFs possess great
versatility due to the possibility of tuning their physical and
chemical properties [37]. CNFs stand out for their good structural
stability, strength and flexibility as well as good electrical conduc-
tivity. All these features are interesting in order to develop active
and durable electrodes and catalysts [38,39]. The effects of tem-
perature in the CNF growth and the catalyst annealing have been
studied in order to understand how they impact on the electro-
chemical response of the catalysts for the OER in alkaline
environment.

2. Experimental section

2.1. Synthesis of tantalum-based electrocatalysts

2.1.1. Carbon nanofibers
First the catalyst employed to grow the CNF was synthesized.

This catalyst is composed by NieCueAl2O3 (Ni:Cu:Al molar pro-
portion of 78:6:16) and was obtained by coprecipitation of the
respective metal nitrates, followed by calcination at 450 �C for 8 h
and reduction in hydrogen atmosphere at 550 �C for 3 h, which are
optimized conditions from a previous work [40]. For the CNF
growth, a fixed bed vertical reactor was used, employing 300 mg of
catalyst that were heated up under a nitrogen flow. When the
desired temperature was reached (600 or 700 �C), methane (Air
Products, 99.995%) was fed to the system for 620 min. The cooling
process to room temperature was performed in inert atmosphere
(N2). The CNFs were named CNF600 and CNF700 according to the
growth temperature employed.

2.1.2. Tantalum deposition
Tantalum oxides and sodium tantalates were incorporated on

the carbon nanofibers through the modified microemulsion (ME)
method developed by our group [36]. Briefly, the organic phase
(2.3 g of Igepal CO-520, Aldrich; 20 mL of n-heptane, Honeywell;
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and 0.75 mL of ethanol 99.5%, Labkem) was mixed with 0.25 mL of
75 mM NaOH (Alfa Aesar), before adding 0.05 mL (0.3 mmol) of
tantalum (V) ethoxide (99.98%, Aldrich). The mixture was kept
under continuous stirring at room temperature, obtaining the
tantalum-based nanoparticles within 5 min. Afterwards, 312 mg of
the support was added to the suspension and the mixture was
stirred overnight [41]. Both CNF600 and CNF700 were used as
support. Materials were then washed with ethanol and water, then
dried overnight at 60 �C, before performing the final heat treatment
under nitrogen. Two annealing temperatures were studied for each
catalyst formulation, 800 and 900 �C, keeping this temperature for
90 min. Lower or higher temperature values were observed to
cause a decrease of electrocatalytic activity in a previous work [36].
The catalysts were labeled as TaOxX/CNFY where X is the catalyst
annealing temperature (800 or 900 �C) and Y is the CNF growing
temperature (600 or 700 �C).

2.2. Solid state characterization

The weight percentages for tantalum and nickel were obtained
by inductively coupled plasma atomic emission spectroscopy (ICP-
OES) in a Xpectroblue-EOP-TI FMT26 (Spectro). The X-ray diffrac-
tion (XRD) analyses were made with a Bruker D8 Advance
diffractometer with CuKa of 1600W. Obtained diffractograms were
analyzed using FullProf software, fitting the patterns using six
different phases (C, Ni, Ta2O5, NaTaO3, Na2Ta4O11 and Na2Ta8O21). X-
ray photoelectron spectroscopy (XPS) was employed to determine
the metal content on the surface and their oxidation state with an
ESCAþ (Omicron) and analyzed using CasaXPS software.

Physisorption analyses were carried out in ASAP2020 (Micro-
meritics) to obtain nitrogen adsorption-desorption isotherms
at �196 �C for the materials. The microporosity was studied by
using N2 as adsorbate.

To analyze the surface of the materials, the size of the catalyst
nanoparticles and their dispersion, transmission electron micro-
scopy (TEM) and scanning transmission electron microscopy
(STEM) micrographs were obtained in a Tecnai F30 -FEI- micro-
scope. To prepare the samples, suspensions of the materials in
ethanol were prepared and a few drops were deposited on the grid
(Cu coated with carbon film). Histograms for particle size distri-
bution were obtained analyzing the images with ImageJ software.
Images of the catalyst after the endurance test were done by
recovering the catalyst from the electrode surface with ethanol
under sonication. Energy dispersive X-ray (EDX) analysis was car-
ried out in STEM mode to individuate the composition of nano-
particles. Scanning electron microscopy (SEM-EDX) analyses were
also obtained in a SEM Hitachi 3400N, EDX R€ontec XFlash de Si(Li).

2.3. Electrochemical characterization

Regarding the electrochemical tests, a three-electrode setupwas
employed. The vessel of the cell was filled with 0.1 M NaOH
(99.99%, Alfa Aesar) in ultrapure water (Mili-Q, 18.2 MU cm). To
fabricate the working electrode (WE), an ink of the catalyst was
prepared containing 1 mg mL�1 of the catalyst, using 50 vol% iso-
propanol/water as solvent, and Nafion® as binder (30 wt%). Several
drops were sequentially deposited and dried on the glassy carbon
disk tip (5 mm diameter) of a rotating ring disc electrode (RRDE) to
achieve the desired catalyst loading (500 mg cm�2). The ring of the
RRDE is made of platinum (collection efficiency 0.249). The other
two electrodes were a glassy carbon rod as the counter electrode
(CE) and a reversible hydrogen electrode (RHE) as the reference
(RE).

The catalytic activity for the OER was studied by linear sweep
voltammetry (LSV) scanning from 1.0 to 1.9 V vs. RHE at a scan rate
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of 5 mV s�1 and a rotating speed of 1,600 rpm to favor the diffusion
of evolved oxygen. The OER faradaic efficiency was evaluated by
setting the ring at 0.6 V vs. RHE to reduce the evolved oxygen.
Before OER measurements, cyclic voltammograms (CV) were
recorded between 0.05 and 1 V vs. RHE at 20 mV s�1 in the dea-
erated electrolyte. The electrical double layer capacitance was
calculated from the CV curves by integrating the area, according to
previous works [42].

Endurance tests were performed to evaluate the evolution of the
electrode behavior with time. To perform these analyses, cycling
chronopotenciometric experiments were performed with intervals
of positive and negative current densities (absolute value
1 mA cm�2), changing its sign after 180 s or when the cut-off po-
tentials were achieved (1.9 and 0.2 V vs. RHE). A setup was
employed similar to the one previously described, but in this case a
rotating disk electrode (RDE) with a 5 mm glassy carbon tip was
employed and the rotating speed was fixed to 400 rpm.

3. Results and discussion

3.1. Physico-chemical characterization

The results for the characterization of the supports CNF600 and
CNF700 are included in the Supplementary Data. Briefly, both CNFs
present a similar XRD pattern (Fig. S.1) with the characteristic peak
for graphitic structures (002) at 2q ¼ 26� (CuKa), which corre-
sponds to a value for lattice parameter c of around 6.8 Å (typical
value for CNFs) and the signals for face-centered cubic (FCC)
structure of Ni, mainly the peak at around 45� (111). Regarding their
porous texture, nitrogen adsorption-desorption isotherms were
obtained at �196 �C (Fig. S.2) revealing a larger surface area (SBET)
and mesopore volume (from Barret-Joyner-Halenda, VBJH) for
CNF600 (SBET ¼ 136 m2 g�1; VBJH ¼ 0.49 cm3 g�1) than for CNF700
(SBET ¼ 60 m2 g�1; VBJH ¼ 0.23 cm3 g�1), while micropore volume is
negligible in both samples.

The chemical composition of the electrocatalysts was studied
for the bulk materials (ICP) and their most external surface (XPS)
(Table 1). ICP analysis showed a larger Ta content for catalysts
supported on CNF700 than for the ones synthesized using CNF600.
ICP results also showed a small percentage of nickel, 0.9 wt% and
1.8 wt% for CNF600- and CNF700-supported catalysts, respectively,
from the CNF growing process even after acid leaching. The weight
percentage of Ta in CNF700-supported catalysts is about twice the
one in CNF600 ones, indicating that the surface area is not relevant
in determining the relative amount of tantalum species adsorbed
during the preparation of the catalysts, since CNF600 presents
larger surface area than CNF700. This variation in Ta concentration
might be thus related to differences in the surface structure of CNF.
The average angle between the graphenic layers of the nanofiber
and the growth axis changes from 60� to 25� with the increase of
temperature [43], resulting in carbon edges exposed on the CNF
surface with different interlayer distancing. During the hydrolysis
of Ta ethoxide on the surface of CNF, the surface structure of the
support appears to be more determining than the surface area to
anchor tantalum oxide species.

XPS analyses revealed also a different Ta content in the most
Table 1
Ta and Ni composition in the catalysts obtained by ICP and XPS.

Catalyst %TaICP wt.% %TaXPS wt.% %NiICP wt.%

TaOx800/CNF600 8.3 10.5 0.9
TaOx900/CNF600 8.5 7.4 0.9
TaOx800/CNF700 19.2 14.3 1.8
TaOx900/CNF700 20.5 14.1 1.8

309
external surface of the materials. The Ta 4f core-level of each
catalyst is showed in Fig.1. The Ta 4f7/2 signal indicates the presence
of tantalum oxide at binding energies close to 27 eV, corresponding
to Ta (V) oxidation state as found in literature [44] . According to
Fig. 1a, there is a peak shift of tantalum oxide between TaOx800/
CNF600 (26.9 eV) and TaOx900/CNF600 catalyst (27.2 eV), i.e. with
annealing temperature. This shift can be related to the presence of
species of Ta in oxidation state lower than þ5 according to bibli-
ography [45]. This displacement is negligible in tantalum oxides
supported on CNF700 (Fig. 1b). The full spectra are showed in the
supplementary information (Fig. S.3).

XRD patterns for the CNF-supported tantalum oxide catalysts
were analyzed by means of FullProf software (Fig. 2). Six different
phases were detected: carbon and nickel from the support, and four
phases containing Ta (Ta2O5, NaTaO3, Na2Ta4O11 and Na2Ta8O21).
When the diffractogram for TaOx900/CNF600 (Fig. 2b) was
compared to the others, three peaks at 2q around 32, 35 and 41�

that are only present on this one were observed, related to the
phase NaTaO3 (purple). In the case of TaOx800/CNF700 (Fig. 2c) and
TaOx900/CNF700 (Fig. 2d), the peaks related to the presence of
Ta2O5 (green) resulted the most intense. For the sample TaOx800/
CNF600 the ratio between the intensities of the two peaks at 50�

was reverse, being the first one related to the presence of Ta2O5 and
NaTaO3, which is less intense than the second one related to
Na2Ta4O11 (orange) for this sample. This is consistent with the fact
that, in this sample, there is a larger proportion of Ta in oxidation
state IV as denoted by the shift in the signal of the XPS. The values
obtained for the lattice parameters of each phase are in good
agreement with the ones found in bibliography and similar for all
the materials (Table 2). The only significant deviation is the c value
in the phase NaTaO3 for TaOx800/CNF700, but the contribution of
this phase to the diffractograms is relatively low, so the error for the
calculated lattice parameters is larger. The presence of different Ta
oxide species has been recently reported to enhance electro-
catalytic behavior due to tailored surface modification by creating a
charge transfer accumulation at their interface, caused by signifi-
cant differences in the work function of the Ta species [32].

An attempt of applying the Scherrer equation to calculate the
size of the crystals for each phasewas made, but due to the fact that
there are many phases whose signals appeared at the same value of
2qmade impossible to get reliable results for all of them; therefore,
only the values for Ta2O5 were calculated (Table 3). As expected, the
crystallite size increases with the annealing temperature (due to
sintering) and is also larger when CNF700was employed as support
(since the amount of Ta2O5 is much larger in these samples).

Composition of the electrocatalyst nanoparticles was deter-
mined by SEM-EDX and XPS, and the O to Ta ratios are summarized
in Table 4. At a first glance, values obtained by SEM-EDX do not
show a deficiency of oxygen with respect the empiric equation for
the different species of tantalum (from O/Ta ¼ 2.5 for Ta2O5 to 3 for
NaTaO3). Nevertheless, it has to be considered that the support has
some oxygen (almost 3 at%. measured by XPS), so the value for the
catalyst phase should be lower. Regarding XPS, all of the samples
present a similar O/Ta ratio, except TaOx800/CNF700, which value
is clearly smaller than the others, meaning there is a larger stoi-
chiometric defect in this sample surface. The existence of oxygen
defects was related to a favored oxygen adsorption and an
enhanced electrocatalytic activity for this kind of materials (metal
oxides from groups IV and V of the periodic table) [45].

The morphologies of TaOx800/CNF600 and TaOx800/CNF700
are evaluated through the TEM and STEM images in Fig. 3. Both
catalysts show similar fibrous structure from the support with high
roughness surface. Nevertheless, it is observed that the particle size
of tantalum oxide nanoparticles is influenced by the CNF support.
The corresponding histograms in Fig. S.4 show that the average



Fig. 1. XPS signals for Ta 4f of the catalysts: a) TaOx800/CNF600 (red) and TaOx900/CNF600 (green); b) TaOx800/CNF700 (orange) and TaOx900/CNF700 (brown).

Fig. 2. XRD diffractograms for the electrocatalysts. a) TaOx800/CNF600; b) TaOx900/CNF600; c) TaOx800/CNF700; d) TaOx900/CNF700. Experimental points (red); Calculated
pattern (black); Error (blue).
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Table 2
Lattice parameters (L.P.) calculated from XRD for the different electrocatalysts.

Phase Ta2O5 (Pmmm) [46] NaTaO3 (Pnma) [46]

L.P. a/Å b/Å c/Å a/Å b/Å c/Å

TaOx800/CNF600 3.59 3.84 6.59 5.08 5.03 7.69
TaOx900/CNF600 3.58 3.82 6.57 5.40 5.50 7.80
TaOx800/CNF700 3.59 3.84 6.56 5.18 5.66 8.27
TaOx900/CNF700 3.58 3.83 6.55 5.39 5.47 7.71
Reference value 3.70 3.89 6.53 5.53 5.58 7.87
Phase Na2Ta4O11 (R3c) [47] Na2Ta8O21 (Pbam) [48]
L.P. a/Å b/Å c/Å a/Å b/Å c/Å
TaOx800/CNF600 6.23 6.23 36.67 12.37 37.44 3.94
TaOx900/CNF600 6.21 6.21 36.90 12.36 37.44 3.92
TaOx800/CNF700 6.23 6.23 36.56 12.33 37.24 3.91
TaOx900/CNF700 6.32 6.32 36.63 12.35 37.26 3.91
Reference value 6.21 6.21 36.62 12.43 37.29 3.90

Table 3
Crystallite size of Ta2O5 phase obtained by XRD. TaOx X/CNF Y
(X ¼ annealing temperature in �C; Y¼ CNF growing temperature in
�C).

Crystallite size nm

TaOx800/CNF600 11.4
TaOx900/CNF600 14.4
TaOx800/CNF700 21.7
TaOx900/CNF700 26.3

Table 4
Atomic ratio of oxygen/tantalum obtained by EDX and by XPS.

Catalyst O/Ta (SEM-EDX) O/Ta (XPS)

TaOx800/CNF600 4.00 3.55
TaOx900/CNF600 4.06 4.38
TaOx800/CNF700 3.05 2.80
TaOx900/CNF700 2.90 3.47
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particle size of the TaOx800/CNF600 is smaller than that observed
for TaOx800/CNF700. This is in line with the Ta2O5 crystallite sizes
reported in Table 3, although the average diameter from TEM im-
ages is slightly lower than the values calculated by XRD. The dis-
tribution of the nanoparticles on CNF supports is not very
homogeneous, and both samples display some agglomeration of
small particles, which explains this difference.

3.2. Oxygen evolution reaction (OER)

As CNFs may present an electrocatalytic activity themselves,
first tests were performed employing just CNF600 and CNF700
(without tantalum species). Fig. 4 shows the polarization curves at
room temperature in 0.1 M NaOH aqueous electrolyte for the
supports, revealing some differences in electrocatalytic activity.
First, the polarization curve of CNF600 exhibits a small peak at
around 1.45 V vs. RHE. To single out the production of oxygen, the Pt
ring was set at a constant potential of 0.6 V vs. RHE to reduce the
oxygen evolved at the disk. At 1.45 V vs. RHE there is no signal at the
ring (Fig. 4b), indicating that the small peak occurring at the disk
may be ascribed to the oxidation of metal traces (Ni) used for CNF
growth.

Concerning electrocatalytic activity, the signal at the disk
(Fig. 4a) is very similar for both materials, indicating similar anodic
activity for both nanofibers and considering that both experiments
were carried out with the same loading (500 mg cm�2). However,
the electrical double layer capacitance is quite different, being
much larger for CNF600 (4.75 F g�1) than for CNF700 (1.04 F g�1).
311
The specific capacitances, as an indirect measurement of the elec-
trochemical surface area (ECSA), were determined from cyclic
voltammograms, reported in Fig. S.5 (supplementary material), and
taking into account the considerations of previous works [42,49].
This way, the intrinsic activity (current normalized by capacitance)
is larger for CNF700. On the other hand, the registered ring current
for CNF600 is much lower than in the case of CNF700, denoting that
the OER electro-catalytic activity is larger for CNF700. Secondary
reactions, like the carbon oxidation reaction, might be influencing
to some extent the total current registered at the disk. The oxygen
efficiency was calculated as in Ref. [50] and considering 4 electrons
for the oxygen reduction at the Pt ring. The variation of efficiency
with potential is shown in Fig. S.6 (supplementary material), con-
firming that the oxygen efficiency is about three-fold higher for
CNF700. This is in agreement with the higher surface area and
roughness of CNF600 together with more surface defects [43],
properties that favor a faster carbon oxidation reaction [51e53] and
thus a lower oxygen efficiency.

After analyzing the performance of supports, LSV for the
different Ta-based CNF-supported electrocatalysts were obtained in
the same conditions (Fig. 5). Table 5 summarizes some of the most
important electrokinetic parameters with regard to OER, including
the onset potential (Eonset) as determined by the ring current. The
results for a commercial IrO2 determined under the same condi-
tions from a previous work [21] as well as a Ta-based catalyst
supported on carbon black (Vulcan) [36] are included for the sake of
comparison. Firstly, the introduction of tantalum oxide species
leads to the improvement of OER activity if compared to the CNF
supports alone. With respect to the influence of the catalyst
annealing temperature, a lower onset potential at both the disk
(upper part of Fig. 5) and the ring (bottom part of Fig. 5) is obtained
for electrocatalysts annealed at 800 �C compared to the ones
treated at 900 �C, denoting a higher activity for the former catalysts
compared to the latter. The physico-chemical characterization of
the catalysts pointed out the presence of Ta in oxidation states
lower than V when the electrocatalysts were annealed at 800 �C.

The effect of the annealing temperature is clearer in the case of
the catalysts supported on CNF600 (Fig. 5a) reducing the onset
potential around 30 mV, which is consistent with the shifting to
smaller binding energy for the Ta 4f XPS signal in this catalyst, as
commented in the previous section. Results for a carbon black-
supported catalyst (Vulcan) prepared under the same synthesis
conditions and from a previous publication of our group [36] are
included in the Fig. 5, showing that all the catalysts obtained in this
work present a much higher electrocatalytic activity than the one
supported on Vulcan, which points out to the important role of CNF
as support on the OER activity.

The enhanced OER activity of TaOx800 catalysts, either sup-
ported on CNF600 or CNF700, is also envisaged from the variation
of the current at a fixed potential. Table 5 compiles the values of
current density at 1.65 V vs. RHE (mA cm�2), with TaOx800/CNF600
and TaOx800/CNF700 performing 2e3 folded the current density
values of their respective supports alone and being also higher than
the counterparts annealed at 900 �C. These catalysts perform even
larger current density than the commercial IrO2 (3.18 mA cm�2).
The electrical double layer capacitance was determined from cyclic
voltammetry curves (Fig. S.5) in order to estimate the effect of
electrochemical surface area on the OER activity [49]. The specific
capacitance values, in F g�1, are reported together to the cyclic
voltammograms in the supplementary information (Fig. S5). The
specific capacitances were larger for the samples supported on
CNF600 compared to those based on CNF700 due to the higher BET
surface area of the former. Therefore, the normalization of OER
current by the capacitance (mA mF�1, Table 5) indicates an even
larger difference in intrinsic activity between catalysts supported



Fig. 3. TEM and STEM images with different magnification of a) and b) TaOx800/CNF600 and c) and d) TaOx800/CNF700.

Fig. 4. Linear sweep voltammetry at 5 mV s�1, 1600 rpm in 0.1 M NaOH. a) Disk current density; b) Ring current. CNF600 (blue); CNF700 (yellow).
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Fig. 5. Linear sweep voltammetry at 5 mV s�1, 1600 rpm in 0.1 M NaOH. a) Vulcan (black), CNF600 (blue), TaOx800/CNF600 (red), TaOx900/CNF600 (green); b) Vulcan (black),
CNF700 (yellow), TaOx800/CNF700 (orange), TaOx900/CNF700 (brown).

Table 5
Electro-kinetic parameters for OER including the onset potential (Eonset), Tafel slope, the exchange current density (j0), the current density at 1.65 V vs. RHE and the over-
potential (h), iR-corrected, at 10 mA cm�2.

Catalyst Eonset (V vs RHE) Tafel slope (mV dec�1) j0 (mA cm�2) j1.65 V vs RHE (mA cm�2) j1.65 V vs RHE (mA mF�1) hiR-free, 10 mA cm
�2 (mV)

TaOx800/CNF600 1.51 114.9 2.7$10�3 5.21 8.4 420
TaOx900/CNF600 1.54 72.8 1.0$10�5 2.92 20.4 440
TaOx800/CNF700 1.48 71.8 5.1$10�5 5.84 106.0 405
TaOx900/CNF700 1.49 79.7 8.7$10�5 4.83 61.9 420
CNF600 1.54 136.2 3.3$10�3 2.86 6.1 495
CNF700 1.54 85.4 4.1$10�5 2.15 21.1 495
TaOx900/Vulcan [36] 1.70 304 6.2$10�2 1.37 11.8 >670a

IrO2 [21] 1.53 e e 3.18 e 439

a Not iR corrected.
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on CNF600 and on CNF700, with TaOx800/CNF700 presenting the
largest intrinsic activity.

The overpotential (h) at 10 mA cm�2 was found to decrease to
405 mV when combining the best tantalum oxide (TaOx800) with
the best support (CNF700). From these results it can be concluded
that the significant enhancement of OER activity is the result of
combining the best support (CNF700) with the appropriate
tantalum nanoparticles annealed at 800 �C, i.e. TaOx800/CNF700,
since these two aspects individually give lower performing cata-
lysts. The support contributes with an electrically conductive
carbonaceous network and a small amount (0.9e1.8 wt%) of Ni
nanoparticles, while the tantalum oxides phases contribute with
additional active sites for the OER.

Yue and coworkers found overpotentials in the order
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480e530 mV for tantalum oxide catalysts [34]. They obtained a
significant improvement up to 360mVwhen incorporating fluoride
to the formulation. Zhang and coworkers also found an improve-
ment in Ta flakes when incorporating sulfur, with an overpotential
of 315mV [35]. With regard to other metals from groups IV and V of
the periodic table, there are only a few and recent works reporting
OER activity. For example, Kawashima and collaborators evaluated
the OER activity of V8C7, obtaining an overpotential of 458 mV [54].
A catalyst based on HfN presented an overpotential of 358 mV ac-
cording to the work of Defilippi and coworkers [55]. A better
behavior was obtained with a TiO2 nanocomposite with reduced
graphene oxide investigated by Hu and collaborators, with an
overpotential as low as 283 mV [56]. It is important to point out
here that the measurement conditions in these published works
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were considerably different (1 M KOH and much larger catalyst
loading on the working electrode), since it is well known that hy-
droxide concentration in the electrolyte and catalyst loading favor
the measured electroactivity.

With regard to the effect of carbon support, the catalysts sup-
ported on CNF700 (Fig. 5b) presented a higher activity for OER than
their counterparts supported on CNF600 (Fig. 5a), as can be seen by
comparing activity values in Table 5: i.e. lower Eonset, higher current
density at 1.65 V, and lower overpotential at 10 mA cm�2. Inter-
estingly, the CNF700 series of catalysts presents a much higher
efficiency to oxygen, as seen from the larger ring currents (bottom
part of Fig. 5). The oxygen efficiency for the CNF700 series of
catalyst is close to 60% (Fig. S.5), while this value is below 20% for
the CNF600 series, highlighting the importance of the carbon
support features on OER activity. On the other hand, and according
to ICP and XPS, the Ta content on these electro-catalysts is much
higher, contributing to a larger density of active sites.

Within the four catalysts prepared, TaOx800/CNF700 is themost
active for OER, with the lowest onset potential and the largest
current density. For this sample, the main differentiating aspect is
that its O/Ta proportion measured by XPS is the smallest of the
series. It has been reported that the non-stoichiometry in metal
oxides induces defects that are responsible of the electrocatalytic
activity [57]. In this context, oxygen substoichiometry has been
found of paramount importance in metals of the groups IV and V of
the periodic table for the activity towards oxygen reduction reac-
tion, where oxygen vacancies create defects for the adsorption of
oxygen [58]. Our experimental evidences point out the importance
of having stoichiometric defects of oxygen in the material surface
for enhancing the electrocatalytic activity. The onset potential for
TaOx800/CNF700 catalyst is 1.48 V vs. RHE, representing an
improvement in comparison with Ta2O5/Carbon black (1.58 V vs.
RHE) [34], where the authors stated that the carbon support pro-
vides electrical conductivity and improves charge transfer proper-
ties of the tantalum phase, promoting the catalytic activity for OER
on Ta2O5.

To better individuate the OER rate determining step (rds) for
every catalyst formulation, Tafel plots were examined for both the
Ta-based CNF-supported catalysts and the CNF supports without
the active phase (Fig. 6), as determined from linear sweep vol-
tammetry curves in Figs. 4 and 5. All the electro-kinetic parameters
are summarized in Table 5. First, within the catalysts based on
Fig. 6. Tafel plots of CNFs and CNF-supported tantalates for the OER from linear sweep volt
estimated from Newman's equation to be 8 U cm2. Tafel slopes of 60 and 120 mV dec�1 ar
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CNF600, there is a significant change in Tafel slope from 136.2 mV
dec�1 for CNF600 alone to 114.9 and 72.8mV dec�1 for the Ta-based
catalysts annealed at 800 �C and 900 �C, respectively. This is a clear
indication of the change of the rds with the incorporation of
tantalum species. In the case of CNF700-based catalysts, a similar
trend was observed, with the Tafel slope decreasing when incor-
porating tantalum oxides, but in this case, there is not significant
difference regarding the temperature at which the electrocatalysts
were annealed.

According to the theoretical approach of Shinagawa and co-
workers [59] a Tafel slope close to 120 mV dec�1 indicates that the
reaction rate is determined by any of these situations: (i) the for-
mation of hydroxide is the rds (M represents an active site):

M þ OH� 4 MOH þ e�; Tafel slope ¼ 120 mV dec�1. (ii) the
overpotential exhibits several slopes with 120 mV dec�1 occurring
at large overpotentials, when the coverage of surface species (MOH,
MO, MOOH orMOO�) just before the respective rds is high. The first
situation, with the formation of hydroxide being the rds, is the case
for CNF600 and TaOx800/CNF600. A similar conclusion was also
found for CoTiO3 supported on nitrogen doped graphene [20].

The Tafel slope at low overpotential was lower than 120 mV
dec�1 for CNF700 and CNF700-supported catalysts as well as for
TaOx900/CNF600, in particular values were found between 70 and
85 mV dec�1. In this case, the cause of the Tafel slope decreasing is
related to the preferential adsorption of some intermediates
generated during different steps of the reaction (MOH, MO, MOOH
or MOO-) [59]. Most probably, the presence of different tantalum
speciation in the catalysts, as discussed before, leads to active sites
acting with different mechanisms, some of them in which the rds
corresponds to 120 mV dec�1 and the other with much lower Tafel
slope.

The best activity results were again found for TaOx800/CNF700,
characterized by the lowest Tafel slope (71.8 mV dec�1) despite
presenting lower exchange current density (j0) than other formu-
lations. This highlights the relevance of Tafel slope in determining
the OER behavior of this family of catalysts.

3.3. Endurance tests

Results for endurance test of the sample with the highest elec-
trocatalytic activity (TaOx800/CNF700) were compared to the ones
of our previous work using Vulcan as catalyst support (see Fig. 7)
ammetry experiments at 5 mV s�1, 1600 rpm in 0.1 M NaOH, the ohmic resistance was
e indicated as reference.



Fig. 7. Variation of the potential along successive OER-ORR chronopotentiometric
cycles (1 mA cm�2) in O2-saturated 0.1M NaOH at 400 rpm. TaOx900/Vulcan (B) and
TaOx800/CNF700 ( ).
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[36]. While in the case of the TaOx900/Vulcan the onset potential is
significantly increased along the first cycles and the cut-off po-
tential is reached after 15 cycles, for TaOx800/CNF700 catalyst this
value is maintained all over the 50 cycles tested (150 min OER
operation), demonstrating the superior stability of this catalyst.

Fig. 8 shows TEM images of the TaOx800/CNF700 catalyst after
the endurance test. The appearance of the carbon nanofiber after
durability is the same as found in the catalyst before electro-
chemical tests (Fig. 3c and d). There are also some nanoparticles
ascribed to Ta phases according to EDX analysis (see Fig. S.7). No
apparent changes were observed in the catalyst upon the durability
test compared to images obtained before the test.

Durability studies of Ta-based catalysts for OER are scarce in the
literature. Yue and coworkers found a very good stability in their
Fig. 8. (a) TEM and (b) STEM images with different mag
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dioxyfluoride tantalum formulation with graphitized carbon,
withstanding 20,000 cyclic voltammetries and chro-
noamperometry at 1.59 V vs RHE for up to 120h [34], but no in-
formation was found about stability of fluoride-free carbon
supported Ta catalysts. Unsupported tantalum oxide catalysts
(Ta2O5) showed a very good long-term durability behavior upon
potential cycling [33], thus confirming one of the most important
features of metals of the IV and V groups in the periodic table as
active phase: a high stability under harsh conditions. Therefore,
TaOx800/CNF700 electro-catalyst showed a superior performance
for OER, not only in terms of activity, but also a higher stability
along long-term cycling compared to TaOx900/Vulcan [36] because
of the use of nanofibers as supporting material.

4. Conclusions

In this work we have synthesized new Ta-based catalysts sup-
ported on CNF. The influence of the CNF growing temperature (600
and 700 �C) and the annealing temperature of the catalyst (800 and
900 �C) were investigated. Within the studied materials, TaOx800/
CNF700 has shown the best electrochemical activity. This can be
explained due to the synergy of two main aspects: the influence of
the carbon support, with CNF700 presenting better activity than
CNF600 as a material itself; the O/Ta ratio is the lowest of the series
(as measured by XPS), showing that the stoichiometric defects of
oxygen in the material surface are relevant to improve the elec-
trocatalytic activity. The evolution of current in the ring shows the
OER onset potential is close to 1.48 V vs RHE, with a Tafel slope of
72 mV dec�1, which are very promising features compared to the
most active Ta-based catalysts found in the literature. Additionally,
CNF has shown to be amuch better support than carbon blacks. CNF
as supporting material improves the behavior of the catalyst and
also improves its endurance quite significantly. Future studies will
be focused on the evaluation of a more extended endurance test
and a deep analysis of the activity after cycles using a RRDE.
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