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A B S T R A C T

In this work, magnetron sputtered Nb2O5 films were obtained at two different deposition times. The surface
chemistry of the deposited layers was investigated by X-ray photoelectron spectroscopy (XPS). The corrosion
behavior was assessed by electrochemical impedance spectroscopy, potentiodynamic polarization and po-
tentiostatic polarization tests in 0.5M H2SO4+2 ppm HF solution at room temperature. The Nb5+/Nb4+ ratio
decreased with the deposition time, leading to a higher surface activity for the film obtained at 30min. This
result was confirmed by its lower impedance values and higher current densities when compared to the 15′-film.
Surface chemistry played a major role on the corrosion behavior of the sputtered films and can be tailored by the
deposition time.

1. Introduction

Stainless steels have been considered as potential candidates for
bipolar plates of polymer electrolyte membrane fuel cells (PEMFC) due
to a combination of good formability at a low cost and mechanical
stability [1–3]. Long-term exposure to the acidic environment of
PEMFCs, though, can deteriorate the performance of stainless steel bi-
polar plates due to corrosion [4,5]. Corrosion processes can increase the
surface electrical resistivity as a consequence of the formation of a low-
conductivity oxide film [6]. In addition, corrosion can release metallic
ions that poison the catalyst layer on the polymer electrolyte mem-
brane, thus reducing the fuel cell electrical efficiency [7,8].

One interesting route to avoid the above-mentioned corrosion
concerns is by applying protective coatings on the stainless steel surface
[9–11]. A variety of materials and processes have been employed for
protecting stainless steel bipolar plates from corrosion in the PEMFC
environment such as metal nitrides and carbides obtained by physical
vapor deposition processes [12–16]. Recently, niobium-based com-
pounds have attracted attention as corrosion resistant thin films for
stainless steels, low alloy steels, magnesium alloys and aluminum
substrates [17–20].

Niobium oxides play a core role in this scenario as they are in-
trinsically resistant to corrosion [21,22]. Niobium pentoxide (Nb2O5)
thin films, in particular, are envisaged as promising protective coatings.
It is the most thermodynamically stable niobium oxide species [23]. It

presents a set of engineering attributes such as high wear resistance,
biocompatibility, thermal stability and high photoelectric and photo-
catalytic activities, making it attractive for a variety of applications in
the biomedical and electronic fields [24,25]. Good corrosion properties
have been reported in conventional sodium chloride solutions [26,27].

Additionally, the suitability of Nb2O5 films to protect stainless steels
against corrosion in the acidic environment of PEMFCs has been
exploited by some authors. Pan et al. [28] have employed high energy
micro arc alloying technique (HEMAA) to obtain Nb2O5 films on AISI
304 stainless steel substrates. The corrosion resistance of the coated
steel was assessed in a typical PEMFC environment. The Nb2O5 film
increased the steel chemical stability. Cao et al. [29] reported the high
chemical inertness of Nb2O5 layer formed on the surface of an elec-
trodeposited niobium film deposited on 316 stainless steel substrates
after exposure to typical acid solution of PEMFCs.

In spite of the reports mentioned above, to the best of the authors’
knowledge there is no information in the current literature exploring
the correlation between the surface chemistry and the corrosion beha-
vior of Nb2O5 films in typical PEMFC environment. In this respect, the
aim of the present work was to investigate the effect of deposition time
on the corrosion behavior of Nb2O5-coated 316 stainless steel speci-
mens in 0.5M H2SO4+ 2 ppm HF solution. The films were deposited by
magnetron sputtering. Surface chemistry was assessed by X-ray pho-
toelectron spectroscopy (XPS).

https://doi.org/10.1016/j.apsusc.2018.08.123
Received 14 April 2018; Received in revised form 14 August 2018; Accepted 16 August 2018

⁎ Corresponding author.
E-mail address: renato.antunes@ufabc.edu.br (R.A. Antunes).

Applied Surface Science 462 (2018) 344–352

Available online 17 August 2018
0169-4332/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2018.08.123
https://doi.org/10.1016/j.apsusc.2018.08.123
mailto:renato.antunes@ufabc.edu.br
https://doi.org/10.1016/j.apsusc.2018.08.123
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2018.08.123&domain=pdf


2. Materials and methods

2.1. Film deposition

The first step for film deposition was substrate preparation. AISI 316
circular pieces were employed as substrates (19mm-diameter and
6mm-thickness). Surface finishing was carried out by grinding with SiC
waterproof paper up to grit 600. Next, the samples were degreased with
acetone and washed with distilled water, following drying in nitrogen
flux. These samples were employed for the electrochemical measure-
ments. Silicon (1 0 0) wafers were used as substrates for characteriza-
tion by ellipsometry.

DC (direct current) magnetron sputtering was used to obtain the
Nb2O5 layers. The deposition process was carried out at room tem-
perature under Ar+O2 atmosphere. Ar and O2 flows were
100mL·min−1 and 15mL·min−1, respectively. The niobium source was
a 99.9% purity niobium target. The substrate was located at a distance
of 15 cm from the target. Two different deposition times were tested: 15
and 30min. The chamber pressure was held constant at 0.084 Pa. The
DC power was 400W. In a previous report [27], our group has shown
that the films obtained by this procedure are compact but present
surface porosity that increases with the deposition time.

2.2. Film characterization

Film thickness was determined using ellipsometry. The measure-
ments were performed using a Rudolph Research Corporation ellips-
ometer, model Auto EL IV MS with incident angle of 70° and wave-
length of 632.8 nm. The thicknesses were 36 nm and 70 nm for the films
obtained at the deposition times of 15′ and 30′, respectively.

XPS measurements were carried out to investigate the chemical
states of niobium and oxygen at the surface of the AISI 316 substrate.
The spectra were acquired using a Thermo Scienctific K-Alpha+ spec-
trometer with a monochromated Al-Kα X-ray source and calibrated to
the adventitious C1s peak at 284.8 eV. Chemical state assessment was
achieved by curve-fitting the spectra using the AvantageTM software.
Depth profile experiments were also carried out by sputtering the sur-
face of the niobium-coated samples with Ar+ ions. Each sputtering
cycle consisted of 30 s Ar+ etching with energy of 3 keV.

The corrosion resistance was evaluated by electrochemical im-
pedance spectroscopy (EIS) measurements, potentiostatic and po-
tentiodynamic polarization tests. The test solution was comprised of
0.5 M H2SO4+ 2 ppm HF at room temperature. The samples remained
immersed for 1 h in the electrolyte. The EIS measurements were per-
formed in the frequency range from 100 kHz to 10mHz with an am-
plitude of the perturbation signal of± 10mV (rms) and an acquisition
rate of 10 points per decade at the open circuit potential. Right after the
EIS measurements, potentiodynamic polarization tests were performed
from −300mV versus the OCP up to 1000mV at a rate of 1mV·s−1.
Potentiostatic polarization tests were carried out in a second set of
experiments using the same electrolyte described above. The samples
were polarized at −0.1 VAg/AgCl and+ 0.6 VAg/AgCl for 1 h. The varia-
tion of the current density with time was continuously monitored
during the potentiostatic tests. The tests were conducted in triplicate.

3. Results

3.1. XPS analysis

3.1.1. Survey spectra
Fig. 1 shows the XPS survey spectra of the niobium-coated AISI 316

specimens. The main components were quantified and the results are
shown in Table 1.

The Nb3d peak becomes more intense as the deposition time in-
creases. Peaks from the substrate (Fe2p, Cr2p and Ni2p) were also de-
tected for the 15′-film. However, they were not found for the 30′ film,

indicating that the niobium-layer became thicker for this condition, as
determined by ellipsometry.

3.1.2. Core levels
The chemical states of niobium and oxygen were determined by XPS

analyses. Fig. 2 shows the Nb 3d core levels for the niobium-based films
obtained at different deposition times. Table 2 displays the atomic
concentrations of different components as obtained from the fitting
procedure of the Nb3d core levels spectra. Niobium was found at two
different oxidation states Nb4+ and Nb5+. The Nb5+/Nb4+ ratio is also
displayed in Table 2. Fig. 3 shows the O1s core levels for the niobium-
based films. The atomic concentrations of the oxygen components are
shown in Table 3.

Peak fitting of the Nb3d spectra at the surface of the different films
revealed that niobium exists at two different oxidation states in the as-
deposited films, Nb4+ (NbO2) and Nb5+ (Nb2O5). The spectra show two
doublets for Nb3d5/2 and Nb3d3/2 either for the Nb5+ or Nb4+ species.
The binding energies at which each component is centered are in-
dicated in Table 2 and are in agreement with the literature [30–33].
The Nb2O5 component predominates over the NbO2 component. The
Nb5+/Nb4+ ratio decreases with the deposition time, indicating that
the film became enriched in the NbO2 component for longer times.
Notwithstanding, the Nb2O5 atomic concentration greatly surpasses
that of NbO2 for both deposition times. The occurrence of the Nb4+

oxidation state in the Nb2O5 structure has been reported by Li et al.
[34] and was attributed to the formation of oxygen vacancies during
formation of the Nb2O5 compound.

The O1s core levels were deconvoluted into two components for
both deposition times. The first component at lower binding energies is
assigned to the oxygen in the oxygen-metal-oxygen bond and corre-
sponding to O2− anions [35]. The higher binding energy component is
assigned to oxygen in the metal-OH bond or adsorbed water molecules
[36]. It is seen from Table 3 that O2− is the main component for all
films and its atomic concentration slightly decreases with the deposi-
tion time.
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Fig. 1. XPS survey spectra of the niobium-coated AISI 316 stainless steel spe-
cimens.

Table 1
Atomic concentrations of Nb3d, O1s, Fe2p, Cr2p and Ni2p determined from the
XPS survey spectra.

Deposition time
(min)

Nb3d (at.
%)

O1s (at.
%)

Fe2p (at.
%)

Cr2p (at.
%)

Ni2p (at.
%)

15′ 25.11 67.70 6.01 0.37 0.83
30′ 31.15 68.85 – – –
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3.1.3. Depth profile
XPS depth profile experiments of the niobium-coated AISI 316

specimens were performed to study the atomic concentrations of the
main elements in the niobium-based films after sputtering with Ar+

ions. Fig. 4 shows the variation of the atomic concentrations of Nb3d,
O1s, Fe2p and Cr2p with sputtering time for the different films. The
depth profiles reveal that Nb3d atomic concentration is more rapidly
decreased with the etch time for the 15′ condition. For the 30‘ it re-
mained almost unchanged up to the third etching cycle (30 s) and then
started to decrease slowly up to the end of the test. It reached 6.61 at.%
after 140 s whereas it was very lower for the 15′-film for the same time
(0.77 at.%). The variations of Fe2p and Cr2p atomic concentrations are
opposite with respect to that of Nb3d. As the Nb3d concentration de-
creases the Fe2p and Cr2p fractions increase for all deposition times.
There is, though, a significant difference between the rate with which
the substrate components increase with the etch time. For the 15′-film
the increase of Fe2p and Cr2p occurs steadily after 20 s and then
reaches a plateau after 90 s, suggesting that the film is almost com-
pletely removed after this time. For the 30′-film the increase of Fe2p
and Cr2p atomic concentrations starts after 40 s and does not reach a
stable plateau as occurred for the 15′-condition. The variation of the
O1s atomic concentration follows that of the Fe2p and Cr2p, being
related to the thickness of the niobium-based layer. As the niobium-
based film becomes thicker, the O1s fraction become more stable with
the etch time.

3.2. Corrosion behavior

The variation of the open circuit potential versus time for the
Nb2O5-coated AISI 316 stainless steel samples immersed in 0.5 M
H2SO4+ 2 ppm HF solution at room temperature is shown in Fig. 5.

The potential tends to gradually increase for all niobium-based films.
This variation is typical of passive layers, being associated oxide film
thickening with time [37]. The potential increases continuously with
time, showing a stabilization trend. The same behavior is observed for
the uncoated substrate.

Right after the 1 h-monitoring period EIS measurements were car-
ried out at the open circuit potential. Fig. 6 shows Nyquist and Bode
plots for the Nb2O5-coated AISI 316 stainless steel specimens in 0.5M
H2SO4+ 2 ppm HF solution at room temperature. The Nyquist plots
(Fig. 6a) are characterized by capacitive loops that are flattened at the
low frequency domain, indicating similar corrosion mechanism in-
dependently of the deposition time. Notwithstanding, some differences
can be highlighted for the Nb2O5-coated samples with respect to their
corrosion resistance. The diameter of the capacitive loop is associated
with the polarization resistance of the electrode surface [38,39], scaling
up with it. In this respect, the 15′-film presents the highest corrosion
resistance, since its capacitive loop displays the largest diameter com-
pared to the 30′.

Phase angle plots suggest the presence of one single time constant
characterized by the presence of a well-defined peak at the intermediate
frequency domain whose maximum value reaches −75° for all Nb2O5

films and the uncoated substrate. At lower frequencies, the phase angles
sharply dropped off, suggesting the onset of corrosion processes [40].
The impedance modulus of the uncoated substrate was lower than that
of the Nb2O5-coated specimens. The highest impedance modulus was
for the 15′-film. The slope of the log ∣Z∣ vs. log f plot is equal to−1 only
up to 1 Hz, denoting typical capacitive behavior. For lower frequencies,
though, log ∣Z∣ is nearly parallel to the x-axis and the EIS response
becomes independent on the applied frequency, indicating its resistive
character and the loss of corrosion resistance [41].

Potentiodynamic polarization curves for the uncoated and Nb2O5-
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Fig. 2. Nb3d core levels for the niobium-based films obtained from the surface of the AISI 316 stainless steel specimens at different deposition times: (a) 15min; (b)
30min.

Table 2
XPS fitting results for the high-resolution spectra of Nb3d core level.

Film/Component 15′ 30′

BE (eV) FWHM (eV) at.% BE (eV) FWHM (eV) at.%

Nb2O5 3d5/2 207.72 1.97 43.94 207.62 2.09 45.55
Nb2O5 3d3/2 210.13 2.34 31.13 210.00 2.41 27.61
NbO2 3d5/2 205.01 1.58 9.16 204.77 1.31 8.18
NbO2 3d3/2 206.07 1.90 15.76 205.73 1.79 18.66
Nb5+/Nb4+ 3.01 2.73
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coated AISI 316 stainless steel upon immersed in 0.5M H2SO4+2 ppm
HF solution at room temperature are shown in Fig. 7. Horizontal lines
indicating the typical operating potentials of PEM fuel cells at the anode
(−0.1 V) and cathode (+0.6 V) sides are also marked in this figure and
can be used as guidelines to correlate the electrochemical behavior of
the different samples with a more actual PEMFC environment. Values of
corrosion potential (Ecorr), Flade potential (EFlade), passive current
density (ipass) and critical current density for passivation (icrit) were
determined from the polarization curves and are displayed in Table 4.
The values of ipass were determined as the current densities corre-
sponding to 0.4 VAg/AgCl, a potential in the most stable part of the
passive region for all samples.

The potentiodynamic polarization curves present well-defined pas-
sivity with a clear active-passive transition. All conditions displayed a
critical current density for passivation (icrit). The 15′-film is more easily
passivated as indicated by its low icrit when compared to the 30′ con-
dition. The passive current densities of the coated substrate are lower
than that of the uncoated material. This parameter controls surface
anodic dissolution, being regarded as a measure of its corrosion re-
sistance under the experimental conditions employed in the present
work. In this respect, the data shown in Table 4 confirm the feasibility
of using Nb2O5 to improve the corrosion properties of the 316 substrate
in the PEMFC simulated environment, confirming the EIS results. The
Flade potential was more cathodic for the coated material with respect
to the uncoated substrate, also pointing to an easier passivation process
after Nb2O5 deposition. Transpassive dissolution starts at similar po-
tentials for all samples. By considering the horizontal lines, marking the
typical anode and cathode operating potentials of PEMFCs, it is note-
worthy that both of them intercept the polarization curves in their
anodic parts, independently of the surface condition. Moreover, the
current densities are lower for the coated samples when compared to
the uncoated substrate. The anodic currents of the 15′-film are the
lowest at −0.1 VAg/AgCl and 0.6 VAg/AgCl, confirming its good corrosion
properties.

Potentiostatic polarization curves of the uncoated and Nb2O5-coated
AISI 316 stainless steel immersed in 0.5M H2SO4+ 2 ppm HF solution
at room temperature were obtained at −0.1 VAg/AgCl and 0.6 VAg/AgCl.
The current densities were monitored for 1 h. The results are shown in
Fig. 8. All current densities are positive, independently of the applied
potential. This behavior was expected, since the corrosion potentials
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Fig. 3. O1s core levels for the niobium-based films obtained from the surface of the AISI 316 stainless steel specimens at different deposition times: (a) 15min; (b)
30min.

Table 3
XPS fitting results for the high-resolution spectra of O1s core level.

Component 15′ 30′

O2− Adsorbed H2O or OH− O2− Adsorbed H2O or OH−

BE (eV) 530.88 532.09 530.80 532.10
FWHM (eV) 1.34 2.06 1.33 2.23
at.% 88.13 11.87 87.38 12.62
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Fig. 4. Variation of the atomic concentrations of Nb3d, O1s, Fe2p and Cr2p
with the etch time for the different niobium-based films: (a) 15min; (b) 30min.
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observed in Fig. 7 are more negative than −0.1 VAg/AgCl for all samples,
corresponding to the anodic part of the polarization curves.

The current densities at −0.1 VAg/AgCl (Fig. 8a) are higher than at
+0.6 VAg/AgCl (Fig. 8b) for the same surface condition. This result is in
agreement with the potentiodynamic polarization curves shown in
Fig. 7, indicating that anodic dissolution is faster at the typical anode
PEMFC operating potential. The lowest current densities were observed
for the 15′-film either at −0.1 or 0.6 VAg/AgCl, revealing that its cor-
rosion kinetics is the slowest one at both potentials.

4. Discussion

As shown in the previous section the 15′-film displays the highest
corrosion resistance in the 0.5 M H2SO4+2 ppm HF solution in spite of
being thinner than the 30′-film. Although film thickness is an important
feature for the barrier effect of protective coatings, other factors can
have a more prominent influence on the corrosion protection efficiency.
Film porosity is one of them. In a previous work [27], our group has
shown that Nb2O5 films obtained in similar conditions to those em-
ployed in the present work were more effective against corrosion when
deposited at 15′ than at 30′, in spite of the thicker layer obtained for the
longest deposition time. Film porosity increased with the deposition
time, giving rise to the lower corrosion resistance of the 30′-film.

In addition to coating thickness and compactness, surface chemistry
has a remarkable influence on the corrosion protection ability of thin
films. The high chemical stability of the 15′-film when compared to the
30′-film can also arise from its different surface chemical states. In fact,
according to the XPS high resolution spectra (Section 3.1.2), the main
components of both films in the Nb3d region were Nb2O5 and NbO2,
showing a mixture of the Nb5+ and Nb4+ oxidation states. As the de-
position time increased from 15 to 30min, the film became enriched in
Nb4+ and the Nb5+/Nb4+ ratio decreased, as shown in Table 2.

The explanation for the enrichment of the niobium-based film with
the lower oxidized Nb4+ state as the deposition time increased from 15
to 30min can be hypothesized by further evaluating the XPS depth
profile of Nb3d, Fe2p and Cr2p core levels. In Fig. 9 the evolution of the
XPS high resolution spectra with the sputtering time is presented for the
15′-film. It is seen that for the Nb3d core level (Fig. 9a) one additional
component appears after etching the film surface for 45 s. As the
sputtering time increases the atomic concentration of Nb3d decreases,
as shown in Fig. 4a and its signal becomes weak. This can be perceived
for the spectra obtained at an etch time of 135 s in Fig. 9a. In spite of
this relatively weak signal, deconvolution of the Nb3d spectra provided
evidence for the presence of Nb2+ species in the 15′-film after etching
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Table 4
Electrochemical parameters determined from the potentiodynamic polarization
curves shown in Fig. 7.

Ecorr (mVAg/

AgCl)
EFlade (mVAg/

AgCl)
ipass (μA·cm−2) icrit (mA·cm−2)

Uncoated −284 −179 9.62 1.15
15′ −323 −218 3.16 0.22
30′ −336 −238 4.17 0.40
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for 45 s in addition to Nb5+ and Nb4+. One example of one Nb3d fitted
spectrum is shown in Fig. 10a for the etch time of 75 s. The film con-
sisted of a mixture of Nb5+, Nb4+ and Nb2+. In this respect, the film
contains Nb2O5 as the main component and also NbO2 and NbO. The
binding energies associated with each component are in good agree-
ment with the literature [30,42]. The same trend was observed for
longer etching times (fitted spectra not presented).

Yet, it is clearly seen from Fig. 9b and c that Fe2p and Cr2p signals
are detected in the film surface even at the beginning of the experiment
(0 s) and these signals increase and become more clearly resolved as the
etching time increases. The removal of top layers by sputtering the film
surface with argon ions during depth profile experiments led to an in-
crease of both iron and chromium atomic concentrations as previously
shown in Fig. 4a. The XPS spectra for Fe2p and Cr2p core levels were
deconvoluted. One example is shown in Fig. 10b and c for the etch time
of 75 s. The fitted spectra revealed that the components for the Fe2p
core level are metallic iron (Fe0), FeO, Fe2O3, FeOOH and one weak
satellite for the Fe2+ state. These results are in agreement with data
published by other authors [43–45]. The components for the Cr2p core
level were metallic chromium (Cr0), Cr2O3 and Cr(OH)3. The binding
energies associated with these components are also in good agreement
with the literature [46,47]. The same components were observed for
the spectra obtained at the other etching times and the fitted spectra are
not shown here.

The main differences observed for the spectra obtained during the

depth profile experiment performed with the 30′-film are regarded to
the atomic concentrations of the main elements on the film surface, as
outlined in Section 3.1 (Fig. 4b). The Nb3d signal is stronger at the end
of the depth profile experiment (Fig. 11a) as the film thickness is higher
for this condition when compared to the 15′-film. Notwithstanding, the
same components were observed when the spectra were deconvoluted.
The film is comprised of a mixture of Nb2O5, NbO2 and NbO at the inner
layers whereas NbO is absent at the top layers, as also observed for the
15′-film (Fig. 9a).

The signals for Fe2p and Cr2p are weaker at the beginning of the
sputtering cycles when compared with those obtained for the 15′-film
(Fig. 11b and c). As the etch time increases these signals become
stronger and the typical spin-orbit splitting of Cr2p and Fe2p core levels
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room temperature: (a) Polarization at −0.1 VAg/AgCl; (b) Polarization at +0.6
VAg/AgCl.
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Fig. 9. Evolution of the XPS high resolution spectra with the sputtering time for
the 15′-film: (a) Cr2p; (b) Fe2p and (c) Nb3d core levels.
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can be clearly seen. The Fe2p and Cr2p spectra obtained for the 30′-film
were deconvoluted and the same components obtained for the 15′-film
were observed. In this respect, the fitted spectra are not presented here,
since they are very similar to those obtained for the 15′-film (Fig. 10).

The scenario depicted above unequivocally shows the presence of
iron and chromium concomitantly with niobium species in the niobium-
based films even prior to etching by argon ions irrespective of the de-
position time. The formation of the less oxidized Nb4+ and Nb2+ spe-
cies in niobium oxide films is associated with oxygen deficiency during
deposition. In our case, it is possible that oxygen molecules combined
with iron and chromium atoms from the steel substrate during de-
position, giving rise to the formation of the less stable NbO and NbO2

species in addition to Nb2O5 due to the oxygen deficiency during the
PVD process. This effect would be more intense at the beginning of the
deposition process so that NbO is only encountered at inner layers due

to the more prompt availability of iron and chromium atoms from the
substrate. The top surface, in turn, contains only Nb2O5 and NbO2 as the
film becomes thicker and the reaction of oxygen molecules with atoms
from the substrate becomes more difficult. Thus, NbO does not form.

A consequence of such mechanism would be the decrease of the
ratio Nb5+/Nb4+ in the film as the deposition time increases from 15 to
30min, as shown in Table 2. In spite of the inherent uncertainty in the
quantitative evaluation of XPS data [48], the results shown in Figs. 9
and 11 reveal the presence of iron and chromium in the films at all etch
times. These elements, by combining with oxygen molecules during
deposition, would decrease the availability of oxygen molecules to
combine with niobium, giving rise to different niobium oxide species
such as Nb2O5, NbO2 and NbO, instead of pure Nb2O5. This effect would
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Fig. 10. XPS high resolution spectra for the 15′-film after 75 s sputtering: (a)
Nb3d; (b) Fe2p3/2 and (c) Cr2p3/2.
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Fig. 11. Evolution of the XPS high resolution spectra with the sputtering time
for the 30′-film: (a) Cr2p; (b) Fe2p and (c) Nb3d core levels.
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be enhanced for longer deposition times, increasing the concentration
of Nb4+ in the film, thus leading to a reduction of the Nb5+/Nb4+ ratio.
According to Ramírez et al. [49] the O2 amount in the deposition
chamber affects the type of niobium oxide obtained during PVD pro-
cess. Moreover, the exact amount needed to produce specific oxide
species may vary from system to system and it is not a known para-
meter. Our work points that the interaction of oxygen molecules with
atoms from the substrate can affect the composition of the niobium
oxide film. Even though this effect have not led to remarkable differ-
ences of the atomic concentrations of the oxide species on the film
surfaces, it was sufficient to affect the film protective character against
corrosion.

The more insulating character of Nb2O5 with respect to the more
conducting character of NbO2 has been reported in the literature [50].
The lower reactivity of the 15′-film arises from its Nb2O5 enriched
surface that enhances its corrosion resistance. In addition to this, Nb2O5

has been reported to be strongly adherent and protective [51]. The
favorable surface chemistry coupled to the more compact film structure
would enhance the stability of the niobium-based films in 0.5 M
H2SO4+ 2 ppm HF solution. In this respect, the corrosion properties of
such films can be tailored in order to improve its chemical stability,
allowing the development of optimized layers to withstand the acidic
environment of PEM fuel cells.

5. Conclusions

Nb2O5 thin films were obtained by magnetron sputtering on AISI
316 stainless steel specimens. The deposition times were 15 and 30min.
The surface chemistry of the sputtered layers was affected by the de-
position time. Although both films presented a mixture of Nb5+ and
Nb4+ oxidation states, the film obtained at 15min presented higher
Nb5+/Nb4+ ratio. The corrosion behavior of the 316-coated specimens
was influenced by the surface chemistry. The corrosion current den-
sities and anodic current densities were lower for the 15′-film and im-
pedance values were higher. Surface enrichment in the low reactivity
Nb5+-species was correlated with the superior corrosion properties of
the 15′-film. The performance of the niobium-based films against cor-
rosion can be tailored during magnetron sputtering by controlling the
deposition time.
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