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Abstract

The surface characteristics of bare and modified nickel-titanium samples (NiTi) are
investigated by spectroscopic, microscopic and electrochemical techniques. The successful
electrodeposition of a tantalum coating on NiTi and the effective grafting of 1-
dodecylphosphonic acid SAMs on both pristine and Ta-covered NiTi surfaces are evidenced
and quantified by XPS and SEM. Cyclic voltammetry performed on the different NiTi-based
electrodes highlights their specificities regarding electron transfer to a redox probe present
in solution (here ruthenium(lll) hexamine). Finally, the samples electrochemical
characteristics at a local scale are investigated by scanning electrochemical microscopy
(SECM). The impact of the surface modifications on mass transport of the redox probe is
analyzed through approach curves in the feedback mode, while the recording of current
maps in feedback as well as in substrate-generation/tip-collection modes leads to the
qualitative identification of electrochemically-active areas corresponding to precursor pitting
corrosion sites.
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1. Introduction

The Nitinol alloy (NiTi, made of Ni and Ti in quasi equiatomic proportions) is well known for
its excellent shape memory and superelasticity properties. It has captured attention as a
basic material for usual and high technology devices, and also in the fields of medical
instruments (surgical pliers, dental floss, endoscopes, ...) and implants (dental, orthopedic,
cardiovascular, ...). In this framework, many researches are pursued towards the reduction
of the immune response induced by the high nickel content, notably through the generation
of a protective and biocompatible interface between the biomaterial and the human body
[1-4]. The approach in several previous works consists of the elaboration on the NiTi surface
of a thin tantalum (Ta) layer, a metal which is recognized for its excellent biocompatibility
and bioactivity, its radio-opacity and its strong propensity to withstand corrosion processes
[5-7]. Among the different chemical methodologies, which can be exploited for this purpose,
electrodeposition in ionic liquids constitutes a technique of choice, notably for the control of
the thickness of the prepared deposit and its highly accurate structuration [8-11]. A previous
paper has highlighted and discussed the intrinsic nanoporous nature of the thin Ta deposit
on the NiTi plates [11]. This hollowed morphology implies a possible contact between the
extreme surface of the underlying NiTi substrate and the ambient atmosphere through the
pores in the Ta film. In this perspective, a further modification of these surfaces by self-
assembling of alkylphosphonic acid molecules, well known for their robust grafting on oxide-
covered metals, has the potential to constitute a reinforced barrier layer against the
aggressive environment. It also opens a wide range of interactions between the substrate
and the external medium through a smart selection of the terminal functionality of the alkyl
chain [12-17]. Such hybrid inorganic/organic surface films can thus create a fully protective
layer on NiTi, but they are also acknowledged as beneficial contributors for a synergetic
improvement of the global bioactivity of the platforms [9].

The recent study of the electrodeposition in an ionic liquid solution of a pristine Ta layer on
NiTi plates was focusing on the chemical composition and the morphological features of
these surfaces, mainly characterized through spectroscopic (X-ray photoelectron
spectroscopy, XPS) and microscopic (scanning electron microscopy, SEM) techniques [11].
Another important fundamental consideration concerns the understanding and control of
the electrochemical characteristics of such materials, especially with the perspective of
evaluating their protective ability towards corrosion phenomena in biological environments.
NiTi, as a platform material, has been the object of numerous related studies in the
literature, whether as a native substrate, after surface treatment (polishing, heat treatment,
ion implantation, ..) or modified by organic and inorganic coatings (self-assembled
monolayers — SAMs —, metallic, ceramic or polymer films, ...) [2-4,16-26]. Most of the
experimental characterizations concerning the corrosion resistance of the materials are
pursued through polarization curves (or linear sweep voltammetry), cyclic voltammetry (CV)
and electrochemical impedance spectroscopy, all of which focus on global scale
observations. Developed during the late 80s by Bard’s team, the scanning electrochemical



microscopy (SECM) technique has rapidly emerged as a highly promising and useful method
to investigate the electrochemical and morphological characteristics of surfaces and
interfaces at a more local scale (typically micrometric). Many topics are still investigated
through SECM experiments, from classical surface technologies (SAMs, polymer coatings,
membranes, nanostructures, electrodes, fuel cells, ...) to biological and medical fields
(sensors, enzymes, living cells and tissues, DNA, ...) [27-32]. SECM can also be considered as
a valuable tool for the local electrochemical characterization of thin passive oxide(s) layers
covering numbers of metals and alloys. Several research groups have focused their interest
on the behavior of the oxide films covering substrates such as Ti and alloys [33-41], Ta
[42,43], Al [44], Fe and alloys [44,45], Zn [45], Ni [46], Cu [47], ITO [48], etc. Among them,
White and co-workers specifically managed to highlight the presence of characteristic
“electrochemically-active areas” on different surfaces — notably TiO, and Ta,Os —
corresponding to pitting [corrosion] precursor sites [33-37,42,43]. Those studies can thus be
considered here in the perspective of investigating metallic electrodeposits and/or SAMs on
solid surfaces, and more precisely for the characterization of titanium- and tantalum-based
substrates.

Here, XPS, SEM, CV and SECM characterization techniques are used to evaluate the proper
structural features of NiTi-based electrodes and assess their relative behavior towards
electrochemical processes with reactive species in solution, notably in the framework of
corrosion phenomena. Specifically, bare NiTi samples as well as substrates modified by
tantalum and phosphonic acids (separately or additionally) are considered hereafter.

2. Experimental
2.1. Products and reagents

The following chemicals and solvents are handled without further purification for the
pretreatment of the NiTi substrates and for the electrodeposition process of tantalum:
absolute ethanol (VWR Prolabo), acetone (Chem-Lab, 99+%), ultra-pure water (18.2 MQ cm),
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ionic liquid (99%), tantalum
fluoride (Aldrich, 98%), lithium fluoride (Sigma-Aldrich, >99%). For the organic modification
of the substrates, 1-dodecylphosphonic acid (95%) is supplied by Alfa Aesar. Products used
for the electrochemical characterizations are ruthenium(lll) hexamine trichloride (Aldrich,
98%) and potassium sulfate (Acros, 99+%).

2.2. Nitinol substrates preparation

NiTi rectangular coupons (20 x 10 x 0.3 mm3), purchased from AMF, are constituted of Ni
(56%) and Ti (balance). They are first mechanically polished on a Buehler-Phoenix 4000
instrument using silicon carbide papers (P800, then P1200) and diamond pastes (9, 3, then 1
um) from Struers. The NiTi plates are then cleaned in absolute ethanol under ultrasonication
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for 15 min, submitted to UV-ozone for 30 min (Jelight 42-220), and finally ultrasonically
treated in absolute ethanol for 15 other min, before being blown dry under nitrogen and
stored for further use or analysis (Fig. 1a).

2.3. Tantalum electrodeposition on NiTi substrates.

The covering of the pretreated NiTi samples by an electrodeposited tantalum layer is
performed in an argon-filled glove box (residual quantities of water and oxygen below 30
ppm) with an EG&G Princeton Applied Research, Potentiostat/Galvanostat Model 263A. The
electrolytic solution is constituted of 0.10 M TaFs and 0.25 M LiF in the 1-butyl-1-
methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide ionic liquid ((BMP)Tf,;N). The
electrodeposition of Ta is processed under galvanostatic conditions at ambient temperature
(25°C): a constant current of -100 pA/cm? is applied to the NiTi working electrode for 1 h
versus a platinum foil acting as both reference and auxiliary electrodes. The modified
samples are further post-treated by copious rinsing with acetone, immersed for 15 min in
boiling water, then for 15 min in absolute ethanol under ultrasonication, blown dry under
nitrogen and finally submitted to UV-ozone for 15 min (Fig. 1b) [9-11].

2.4, Self-assembling of 1-dodecylphosphonic acid

Organic modification of both pretreated NiTi (Fig. 1c) and Ta-covered NiTi (Fig. 1d)
substrates is performed through their immersion in 10 mL of a 1 mM solution of 1-
dodecylphosphonic acid (C1,P) in absolute ethanol for 24 h at ambient temperature. The
samples are then copiously rinsed with absolute ethanol, blown dry under nitrogen and
stored until analysis.

2.5. XPS characterization

XPS is used to assess the presence of the Ta electrodeposit and/or the C;,P monolayer on
the NiTi substrates, and to qualitatively and quantitatively check the composition of the
different surfaces. Spectra are recorded on a Thermo Scientific K-Alpha spectrometer and
treated using the Thermo Avantage v5.27 software. The photoelectrons are excited using a
monochromatic Al Ka radiation as the excitation source, collected at 8= 0° with respect to
the surface normal and detected with a hemispherical analyzer. The spot size of the XPS
source on the sample is 200 um, and the analyzer is operated with a pass energy of 150 eV
for survey spectra and 20 eV for accumulation spectra on core levels. Pressure is kept below
1 x 10°® Torr during data collection and the binding energies (E,) of the obtained peaks are
referenced to the Cls signal for C-H, set at 285.0 eV. Spectra are fitted using a Smart
background and a linear combination of Gaussian and Lorentzian profiles in 70-30
proportions. Peak positions obtained after analysis are found essentially constant (+0.3 eV).
The different relative peak intensities and areas are finally measured on core levels spectra.
Sensitivity factors used for the different atoms are: Cls 1.000, Ol1s 2.930, Ni2p 22.180,
Ti2py/2 2.690, Ti2ps/; 5.220, Ta4fs/, 3.800, Tadf;/, 4.820, Fls 4.430, and P2p 1.192. Thickness



and coverage values for tantalum and alkylphosphonic coatings are estimated from the
collected XPS data. In all generality, the thickness of a layer material A deposited on a bulk
material B can be obtained from the relative attenuation of the B element signal, which is
guantified as:

I—B=exp(—;{—‘d‘sin5)
. Apa ;

(1)

where Ig/lgp is the ratio of the bulk element B peak intensities (modified surface/bare
surface), da the layer material A thickness, A 4 the bulk material B photoelectrons mean free
path through layer material A, and @the takeoff angle (here 8=0°) [49,50].

2.6. SEM imaging

A JEOL 7500F scanning electron microscope is used to image the morphological and
structural features of the NiTi-based surfaces.

2.7. Electrochemical analyses
2.7.1. Cyclic voltammetry

Prior to the SECM characterizations, the potential of the different NiTi substrates (pristine
and modified with Ta and/or C1,P SAMs) is scanned at a rate of 20 mV/s within the -0.8 /+0.5
V/Ag-AgCl potential window, starting from 0 V/Ag-AgCl with a negative initial scan polarity.
The obtained voltammograms provide a direct qualitative and quantitative assessment of
the blocking effect of the Ta electrodeposit and/or the C1,P monolayer present on NiTi on
the electron transfer from the sample to Ru(NHs)¢>". Briefly, the quantitative CV analysis
consists of extracting the apparent electron transfer rate constant, k°pp from the
voltammogram, which is done using semi-deconvolution analysis of the curves. For a quasi-
reversible process, the variation of the electron transfer rate k with the potential E is given
from the current i(E) by:

i(EWD

P nF
I;; 1—.{'5'(]._ (_—))
m T B T ST RT(E - EY) (2)

k(E) =

where I, is the diffusion limiting current of the sigmoidal convoluted current /(E), and D the
probe diffusion coefficient (D = 7.4 x 10® cmz/s for Ru(NHz)eCls [40]). The extrapolation of
k(E) to E = E° leads to k°app, With the E° value being estimated to -0.19 V/Ag-AgCl from the
electrochemical response of an inert Pt electrode. This strategy allows for a pertinent
estimate of k°,, for peak-shaped voltammograms without a precise knowledge of the
electrode surface area [31,32,51,52].

2.7.2. SECM in the Feedback (FB) mode: approach curves and imaging.



SECM is achieved with a CHI 900B (CH Instruments), using a three-electrode cell with a
commercial Ag-AgCl reference electrode (CH Instruments, CHI111), a platinum wire as
counter electrode, and a 10 um diameter platinum microdisc ultramicroelectrode (UME),
with an estimated RG ratio of 15, as the first working electrode (CH Instruments, CHI107).
The NiTi-based sample is fixed to the bottom of the Teflon cell and acts as the second
working electrode. Both potentials of the UME tip and the analyzed substrate can be
controlled independently using a bipotentiostat. The working solution is composed of 5 mM
Ru(NHs)gCls as the redox mediator and 0.1 M K,SO4 as the supporting electrolyte, in ultra-
pure water.

Analyses in the FB mode are completed in a 5 mM Ru(NH3)eCls / 0.1 M K,SO4 working
solution according to the following scheme. First, the tip is moved down to the substrate at a
rate of 2 um/s, and an approach curve is recorded: the UME is polarized (Ejp) to -0.70 V/Ag-
AgCl (to allow for the mass-transfer controlled reduction of Ru(NH3)e" into Ru(NHs)e>"), and
the substrate (Esusstrate) is left at open circuit potential (OCP). The approach is stopped when
a sharp change of the current occurs at the tip, as a result of a contact between the UME
and the substrate surface (d = 0). The UME is then withdrawn by 10 pum, and the SECM FB
imaging is carried out by scanning a 300 x 300 um? area at a Xx,y-scan rate of 25 um/s. During
the whole duration of the imaging process, the substrate is kept at OCP while the tip remains
polarized at Ej, = -0.70 V/Ag-AgCl.

2.7.3. SECM in the Substrate-Generation/Tip-Collection (SG-TC) mode: imaging

SECM maps obtained in the SG-TC mode are performed according to a similar procedure.
First, a typical approach curve is obtained in the FB mode (E:jp = -0.70 V, Esypstrate = OCP) in
order to correctly position the tip, which is then removed of 10 um from the substrate
surface. At this point, the NiTi-based sample is polarized via the bipotentiostat at a value
that allows for the conversion of Ru(NHs)s>" into Ru(NHs)e" in electrochemically-active sites
or regions. This value of Egypstrate is determined from the corresponding voltammogram
initially measured (Section 2.7.1.). Ep is set at +0.10 V/Ag-AgCl in order to collect the
RU(NH3)52+ entities and convert them back into their initial Ru(NH3)63+ form. SECM SG-TC
imaging is then proceeded on 300 x 300 um? areas at a x,y-scan rate of 25 um/s.

3. Results and discussion
3.1. XPS

The qualitative and quantitative evaluation of the surface atomic composition of the
different substrates is carried out by XPS. In particular, the tantalum covering rate after the
electrodeposition and/or the quality of the grafting of 1-dodecylphosphonic acid
monolayers, as well as the thickness of the two deposited layers, are assessed prior to any
further characterization.



Survey spectra of NiTi, NiTi-C3,P, NiTi-Ta and NiTi-Ta-C;,P are shown in Fig. 2 (a, b, c and d,
respectively). Ni2p and Ti2p signals are present in each case, indicating the accessibility of
NiTi underlayer to photoelectrons for all substrates. The grafting of the Cy,P SAM is
confirmed on NiTi-C1,P and NiTi-Ta-Cy,P by a significant increase of the Cls peak intensity
and the P2s and P2p signals (inserts on Fig. 2b and 2d), compared to the pristine NiTi sample.
The characteristic core levels of Ta (notably Tadp, Ta4d and Ta4f) are found on the NiTi-Ta
and NiTi-Ta-Cy,P spectra, proof of the electrodeposit on NiTi. A very slight residual fluorine
contamination (F1s signal), coming from chemical species contained in the electrodeposition
bath, is also noticed for the latter two substrates.

Table 1 reports the different elemental percentages and atomic ratios measured on the four
samples. Interestingly, the ratio of Ti and Ni is evolving from a Ti majority on bare NiTi to a Ni
excess after Ta modification. As mentioned in a previous study [11], this reversal can be
explained as a consequence of the Ta electrodeposition process. The F ions contained in the
electrolytic solution (made of TaFs and LiF) allow for the partial abrasion of Ni entities
present at the extreme surface. As this phenomenon occurs concurrently with the
electrodeposition of Ta, a certain amount of nickel-containing species is trapped between
the NiTi platform and the Ta layer in formation, which results in a larger quantity of Ni
detected by XPS [11]. Regarding the grafting of the C1,P SAMs, its efficiency is confirmed out
of the C1s/P2p ratios for the NiTi-C;,P and NiTi-Ta-C1,P samples, since the experimental
values (13 and 14, respectively) stand quite close to the theoretical one (C1s/P2piheor = 12).
The slight difference is due to the presence of few carbon contaminants inherent to the
experimental protocol. These first XPS results highlight the presence of good quality Ta
electrodeposits and/or C;,P SAMs on the NiTi samples.

Conceptual equations, based on the mean free path of the substrate-specific
photoelectrons, have been proposed through the literature to estimate surface films
thickness and coverage ratio, notably for oxide native overlayers and nanometric organic
adlayers present on specific metallic substrates [49,50,53-57]. We propose here to
conceptualize the present experimental substrates NiTi-C1,P and NiTi-Ta as simple cases of
an overlayer of material/element A on a substrate of material/element B. The thickness of
the different layers is then calculated from the attenuation of the B material/element signal
after the surface modification, according to Eq. (1). Since the Nitinol extreme surface is
mainly constituted of titanium dioxide [53], the Ti2p signal is considered here for the
guantification of the substrate photoelectrons attenuation after their passage through the
phosphonic or tantalum layer. For NiTi-Ta-C;,P samples, the decrease of the Ta4f peak
intensity (in the Ta,0s form) after the C1,P treatment is examined for the calculation of the
SAM thickness. Photoelectron escape depth numeric values have been established from the
works of Cumpson and Seah by assimilating the C1,P layer to a pure carbon matrix (density =
1.0 g/cm?3) and the Ta deposit to a pure and homogeneous Ta,0s film (density = 8.2 g/cm3)
[49].



Peak intensity, mean free path and calculated thickness values are reported in Table 2. By
applying Eq. (1) to the Ti2p peak intensities recorded on both NiTi (bare substrate, /5,) and
NiTi-C1,P (modified substrate, I5) core level spectra (Fig. 3a), an average thickness value of
0.8 nm is obtained for the C;,P layers on NiTi. In a similar way, the Ta4f signal (Fig. 3b)
inhibition is used to determine a thickness of 0.7 nm for the C;,P films on Ta-covered NiTi
(with NiTi-Ta and NiTi-Ta-C;,P acting here as bare and modified substrates, respectively).
Both thicknesses are of the same order. As the C;,P molecule size equals approximately 1.2
nm, we can reckon a covering ratio by C;,P of ~ 60% on both bare and Ta-modified NiTi. The
analysis is also made with Ti2p core levels on NiTi and NiTi-Ta samples (Fig. 3c), and results in
a 2.1 nm thickness for the Ta,0s deposit on NiTi. With a lyio2/ltio2,0 value of 0.15 and a layer
thickness (2.1 nm) being inferior to the experimental mean free path (4.5 nm), we can
postulate a coverage by Ta,Os on NiTi of ~ 85%.

This being said, the discussion and exploitation of those experimental thickness and covering
rate values should be carried on with very deep caution due to the relative complexity of the
presently considered interfaces, being atomically unsmooth and constituted of various forms
of nickel-titanium surface oxides and hydroxides, porous-nanostructured Ta,Os
electrodeposits and/or phosphonic acid monolayers. These results should thus be preferably
regarded as a relatively rough estimate of experimental trends obtained from modeled thin
interfaces. In this perspective, the electrochemical studies described in the following
sections are well indicated to address those issues and achieve a more documented and
complete discussion.

3.2 Cyclic voltammetry

Fig. 4 presents the voltammograms of pristine and modified NiTi samples recorded in a 5
mM Ru(NHs)eCl3 / 0.1 M K,SO4 solution, at a scan rate v of 20 mV/s. All substrates exhibit the

* mediator system. The same

characteristic voltammogram of the Ru(NH3)63+ / Ru(NH;;)e2
curves measured in “blank” solutions — containing only 0.1 M K;SO,; — display no
characteristic signal, which attests that only the electron transfer reaction at the mediator is
occurring. Compared to the electrochemical response of an inert Pt electrode, only the
backward sweep showing the oxidation of electrogenerated Ru(NH3)62+ at Eoupstrate > -0.2
V/Ag-AgCl is of poor quality. It may result from the oxidized form of the NiTi and NiTi-Ta
surfaces, most of the investigated surfaces being composed of TiO, or Ta,0s (cf. XPS analyses
in section 3.1). As already proposed for Ta/Ta,0s surfaces [42], the incomplete reoxidation
of Ru(NHs)¢?" at these large band-gap n-type semiconductors could be indicative of the
position of their conduction band edge, E.,, which would be more negative than the formal
potential £% of Ru(NH3)s>"%*
on the forward scan of the four samples, and significant differences are noticed at this level

. In the following, we thus consider specifically the cathodic peak

from one substrate to another (Table 3). In terms of current values, pristine NiTi and NiTi-Ta
exhibit intense peak currents i, of -0.146 and -0.126 mA (respectively) while those of NiTi-
C1,P and NiTi-Ta-C1,P decrease down to -0.060 and -0.067 mA (respectively), which seems



closely related to the presence of the C;,P SAM. Considering the peak potentials, E,, they are
rather shifted towards more cathodic values when the tantalum electrodeposit is present:
samples without Ta — NiTi and NiTi-C{,P — present peak potentials of -0.34 and -0.31 V
(respectively), while values for samples with Ta — NiTi-Ta and NiTi-Ta-C;,P — are -0.45 and -
0.44 V (respectively). From these observations, a Tafel analysis of the CVs gives access to
apparent standard electron transfer rate constants, k., [31,32,51,52]. A clear distinction
appears between the effects of a covering by tantalum or by phosphonic acid molecules: the
electrodeposition of Ta considerably decreases the corresponding values of k°,, (from 3.1 x
10 t0 0.92 x 10" cm/s between NiTi and NiTi-Ta; from 2.9 x 10™ to 0.87 x 10 cm/s between
NiTi-C1,P and NiTi-Ta-Cy,P), while the grafting of a C;,P monolayer has no significant effect
(3.1 and 2.9 x 10™* cm/s for NiTi and NiTi-C;,P, 0.92 and 0.87 x 10™* cm/s for NiTi-Ta and NiTi-
Ta-C1,P).

Analogies can be established at this stage with model electrode surfaces partially covered by
a coating, which blocks the electron transfer to the redox probe in solution. Within such
model framework, electron transfer occurring on coated electrodes results from charge
transfer within the imperfections or defects of the film. The observed electrochemical
response can then be used to describe the size and density of the defects within the coating.
Complete theoretical descriptions of such an issue have been proposed for various defects
size, density, shape and distribution [52,58,59]. Briefly, small and sparse defects behave as
independent micro/nanoelectrodes and the CV presents a steady-state sigmoidal response,
while in the case of more dense networks, the interpenetration of the diffusion layers of
each defect may occur and the peak-diffusion shape of the CV is restored [52,58]. Different
situations can then arise, depending on the size of the defects. “Macroscopic” defects (of
dimension > um) result in the decrease of the peak current as an apparent decrease of the
active part of the electrode [59]. For “microscopic” defects, with a sub-micrometric size, the
diffusion-peak-shaped intensity is the same as that of the uncovered electrode, the
electrode coverage then results in the apparent decrease of the electron transfer kinetics
compared to the uncovered one [52]. Qualitatively, these situations fit the experimental
situations observed here and the Cy,P layer would form “macrosopic” defects while the Ta
layer “microscopic” ones. We then use the proposed models to depict the different kinds of
coverage of NiTi electrodes.

First, it has already been shown that such a Ta electrodeposit on NiTi presented regular disk-
shape nanometric pores, with an average diameter of 120 nm and an average edge-to-edge
distance of 150 nm [11]. A SEM image of the dimpled layer is shown in Fig. 5. This
configuration corresponds to the “microscopic” defects described in Amatore’s model [52].
The partial blocking of the NiTi electrode surface by the Ta electrodeposit should then
correspond to a decrease of the standard rate constant k°,,, proportionally to the covering
rate Uy, of the sample by Ta, following the relation [52]:

k°app(NiTi-Ta) = k°gpp(NiTi) x (1-U7) (3)



where k°,,p(M) corresponds to the apparent electron transfer rate constant estimated at the
electrode M from semi-deconvolution of the CV (Section 2.7.1.) [31,32,51,52]. Then, a
covering rate, Oy, of ~ 70% is deduced from the experimental k°,, values, where ~ 85% was
obtained from XPS quantification and ~ 50% from SEM views (Fig. 5) [11]. The model also
states that, in ideal situations, the peak currents are not affected by the blocking of the
electrode surface, which is observed here with values of -0.146 and -0.126 mA for NiTi and
NiTi-Ta, respectively. The small current decrease observed after the coverage of NiTi by Ta
actually corresponds to the theoretical peak current decrease associated to the decrease of
ET reversibility (decrease of k°,,p) when going from NiTi to NiTi-Ta.

At a scan rate of 100 mV/s (not shown), the CV still shows a diffusive peak-shape. It signifies
that at this time range, the nanopores in the Ta layer behave as an array of interpenetrating
nanoelectrodes characterized by a linear diffusion. This indicates that the characteristic
diffusion length explored by CV, & = (DRT/Fv)l/2 (with D the redox probe diffusivity,
estimated to 7.4 x 10 cm?/s for Ru(NHs)sCls [40]), approximately 15 um, is more than 100
times larger than the average edge-to-edge length between two nanopores, Ry. Indeed,
according to the kinetic zone diagram presented in ref. [52], deviation from diffusion peak-
shape voltammogram to sigmoidal steady-state one occurs for 6 < 100 Ry. This observation
fits with the general SEM picture (Fig. 5) where Ry = 150 nm [11]. As the morphological
nature of the Ta layer is known to be dependent on the electrodeposition duration [11], it
would be of interest to further check and discuss the evolution of the ET reversibility and
k°app for thicker, denser and pores-filled Ta deposits obtained after longer preparation times
(work in progress).

Concerning the surface modification with a C;,P SAM, the model of Matsuda et al.,
concerning electrode surfaces with “macroscopic” inhomogeneities, is applicable here [59].
According to this model, the coverage of NiTi by the C;,P monolayer should not affect the
electron transfer kinetics between the substrate and Ru(NH3)63+/ Ru(NH3)62+ ions present in
the solution (k). Only the current density parameter should vary from unmodified to
modified samples proportionally to the uncovered portion of the electrode: the higher the
covering rate by Cy,P (Jc12p), the more important the decrease of the current peak intensity.
From the experimental values of charge densities Q, the J¢1,p values for NiTi-C1,P and NiTi-
Ta-Cy1,P are estimated to 68 and 41% (respectively), according to:

Oc12p(NiTi-C12P) = (Quiti - Quiti-c12p) / Quiti (4)
Uc12p(NiTi-Ta-C12P) = (Quiti-a - Quiri-Ta-c12p) / QnitiTa (5)

Those values obviously evidence that the C;,P SAM is not fully covering the surface of the
pristine NiTi and NiTi-Ta samples. In the case of NiTi surface the coverage is in good
agreement with that obtained from XPS. In the case of the NiTi-Ta sample, already covered
with a blocking layer of Ta, it has been shown that the electrode behaves as an array of
interpenetrating nanoelectrodes. The surface coverage of 41% obtained in Eq. (5) should

10



correspond to the coverage of the electroactive part of the array of nanopores, that is Ta-
uncovered NiTi. From CV analysis, no indication on the coverage of the Ta layer by Cy,P is
obtained. However, it is clear from XPS analysis that C;,P molecules are also present onto
the Ta layer (Fig. 2 and Table 1), and that the coverage by C1,P is equivalent as well on bare
as on Ta-modified NiTi (globally 60%, out of XPS quantification, Fig. 3 and Table 2). The
incomplete coverage of the surfaces by Cy1,P, with “macroscopic” defects, is probably related
to the experimental conditions selected for the grafting of the Cy,P film on the substrates.
Indeed, many studies have already discussed the crucial importance of parameters such as
solvent, temperature, time, pH, and alkyl chain length for the preparation of dense and well-
organized phosphonic acid monolayers [14,17,60-63]. The conditions defined here
correspond to a pragmatic grafting of the C;,P molecules in the perspective of developing
prototype interfaces for advanced experimental protocols of electrochemical analyses on
NiTi-based substrates.

3.3. SECM

The different surface modifications on NiTi samples were first investigated in the FB mode.
By comparison with the CV inspection, the mass transport of the Ru(NH3)6>" tip-generated
redox probe between the surface, the bulk solution and the Pt UME is investigated through
FB approach curves. Recording of SECM FB and SG/TC images of the surfaces in solution of
Ru(NHs)e>" is then carried out and commented.

3.3.1. FBapproach curves

Normalized approach curves (normalized current ir/irp vs. normalized tip position d/rr)
recorded in the FB mode are displayed in Fig. 6. The curves are fitted by general analytical
expressions given for first-order heterogeneous finite kinetics at the sample surface with
respect to the Ru(NHs)e>" species electrogenerated at the tip. The fitting procedure consists
of comparing the experimental approach curves to analytical expressions [64,65] in order to
determine the apparent charge transfer rate constants, k. describing the rate of
regeneration of Ru(NHs)g>® by the substrate. An increasing hindered diffusion of the
mediator is observed and quantified from NiTi (ke = 4.6 x 107 cm/s) to NiTi-Ta-Cy,P (1.1 x 10°
3 ecm/s), with NiTi-C12P (1.9 x 10 cm/s) and NiTi-Ta (1.7 x 102 cm/s) standing close to each
other in an intermediary situation (Table 4). Those values point out that the combination of
a Ta electrodeposit with a C1,P monolayer induces a sizeable blocking effect on the mass
transfer processes of the mediator all over the surface. Taken separately, the Ta and SAM
modifications increase the trend compared to a pristine NiTi substrate, but slightly less than
when they are both achieved.

Absolute and relative values obtained for k.s after fitting the experimental approach curves
(Fig. 6 and Table 4) do not directly correspond to their k°,,, counterparts calculated out of
cyclic voltammograms (Fig. 4 and Table 3). In ideal cases, ks constants measured by SECM
approach curves in the FB mode state for the regeneration of the mediator (Ru(NHs)s>" <>
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Ru(NH3)e>") only limited by mass transfers between the substrate surface, the bulk solution
and the UME tip, while k°,, determined out CV curves express a kinetic limitation effect by
the electron transfer. To correctly correlate both data sets, the comparison must concern
the experimental ratios of SECM first-order heterogeneous kinetics rate constants, ks, and
peak current intensities, i,, measured on voltammograms, reflecting mass-transfer
controlled processes (Tables 3 and 4). But the CVs examine the reductive process of the
redox probe while the approach curves rather check the oxidative process, which makes the
comparison difficult, owing to the poor quality of the backward oxidative scan. This probably
results from the passivation of the NiTi-based electrode in this potential range, which does
not lead to a current response of good quality. However, interesting changes in the mass
transfer regime have been detected from CV as the Cy,P grafting yielded the apparent
decrease of the electrode surface area due to the presence of “macroscopic” defects. The
SECM approach curves should also detect such variations and the decrease in ke observed
upon Cy,P grafting should follow the one observed in the peak currents decrease. The
correspondence is indeed well noted for NiTi and NiTi-C;,P samples (ratios values of 2.5 for
kess and 2.4 for ip), and to a lesser extent for NiTi-Ta and NiTi-Ta-Cq,P (1.5 for kg vs. 1.9 for ip).

A NiTi sample covered with a Ta electrodeposit also presents an interesting surface as it was
shown to behave as an array of nanoelectrodes (Section 3.2.). It is expected that the mass-
transfer limited flux emitted by such arrays is characterized by an apparent mass-transfer
rate kesiim = 4NRD with D the redox probe diffusivity, R the nanoelectrodes average radius
and N their density within the array. The SEM inspection suggests kegim = 0.80 cm/s
(obtained with D = 7.4 x 10° cm?/s, R = 60 nm and N = 4.5 x 10° pores/cm?) [11], which is
much higher than the experimental determination from the FB approach curves (1.7 x 107
cm/s). Actually, the nanoelectrodes formed by the nanoporous Ta film were shown not to
behave as independent sources but to present overlapping diffusion layers. The mass
transfer rate for such array is then expected to be much lower than kegim. Similar conclusion
about overlapping diffusion layer from nanosources was actually pointed out by Nugues and
Denuault in the investigation of charge transfer across porous membranes [66].

The qualitative and quantitative study of the different SECM approach curves, as well as the
cyclic voltamograms discussed above, highlights thus the local characteristics of NiTi-based
materials in terms of electrochemical and electronic phenomena: the NiTi functionalization
by Ta and/or Cy,P layers induces the progressive reinforcement of the blocking effect on
electron transfers at the surfaces. In further applied perspectives, these observations must
be considered with attention knowing the fundamental importance of heterogeneous
electron-transfer reactions that occur between a metallic biomaterial and the adsorbed
proteins naturally covering it when implanted in the human body [67].

3.3.2. Imaging: FB vs. SG/TC modes

After the collection of the FB approach curves for the different substrates, we have recorded
corresponding SECM FB maps of the surfaces. For the sake of straightforwardness, only the
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NiTi-Ta-Cy,P case (with full surface modification) will be developed further here, the three
other samples leading to similar observations. As observed in Fig. 7, the image resolution is
very poor in the FB mode and does not allow for the obvious observation of any
morphological special feature. This is not surprising considering the structure of the surfaces:
nanopores in the Ta layer are too small (@ ~ 150 nm) to be imaged by the microelectrode,
and the covering by the C;;,P SAM does not sufficiently impact the current parameter to
reveal the “macroscopic” defects assumed from the CV analysis This points out that, with
NiTi-based samples, SECM FB imaging on a substrate left at OCP cannot lead to well-defined
maps of the different surfaces. This could result from the redox conversion of the selected
mediator and the resulting electron and mass transfers with the surface and the tip are not
sufficiently “fueled”, mainly because of too passive FB conditions. Indeed, working with a
substrate at OCP involves electronic transfers with a zero or weak driving force from the
substrate. Moreover, as the NiTi samples respond more efficiently under cathodic conditions
(as seen by comparing oxidative and reductive peaks in Fig. 4), attempts to “activate” the
imaging of the charge transfer process via the polarization of the NiTi-based sample has
been pursued through the SG-TC operation mode.

A representative SECM image in the SG-TC mode of NiTi-Ta-Cy,P surfaces is reported in Fig.
8. It is important to specify at this stage that the scan is recorded at the exact same x,y,z-
location as its corresponding FB counterpart presented in Fig. 7, the only change between
both representations being the applied E:, and Esupstrate- In this way, a direct comparison
between SECM imaging of NiTi-based substrates in FB and SG-TC modes can be discussed.
The selection of the Egypstrate Value in SG-TC mode is based on the voltammetry curves of the
samples (Fig. 4, Table 3). For Ti, as well as for Ta-based surfaces, White et al. have shown
that the apparent electrochemical activity of surface pitting precursor sites correlates very
well with the magnitude of the faradic current measured in the voltammograms, and thus
that the SECM image contrast is directly dependent on the potential applied to the sample
[33-37,42,43]. From the observations in Fig. 4, a maximal resolution for the observation of
electrochemically-active sites by SECM imaging in SG-TC mode will be obtained by applying a
Esupstrate Value corresponding to the peak potential of the substrate (Table 3). Thus a potential
of -0.44 V/Ag-AgCl is considered for NiTi-Ta-Cy,P (Fig. 8), Ejp being kept at +0.10 V/Ag-AgCl in
all cases.

The first issue concerns the global resolution of the image, which is substantially improved
with SG-TC compared to FB. Short-range variations of the electrochemical activity are now
clearly observable. Several electrochemically-active areas of microscopic dimensions,
detected as brighter regions in the images, are randomly observed on the surface, most of
the time with a quite regular disk shape (@ ~ 20-30 um): the structure and dimensions of
those sites can easily be correlated with the corresponding properties of pitting [corrosion]
precursor sites observed on TiO,/Ti and Ta,0s/Ta surfaces [33-37,42,43]. All NiTi-based
samples analyzed through this study evidence the random presence of those electroactive
areas. The latter correspond to residual topographic imperfections on the underlying Nitinol
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substrate, which are still randomly perceived. The impact of the blocking effect brought by
the different surface modifications has thus to be carefully considered in this perspective.
Indeed, the porous morphology of the Ta deposit implies a residual contact between the
Nitinol defects and the external environment. Moreover, a further modification with C;,P
SAMs is not sufficient to allow for an exhaustive blocking of the residual reactive sites, even
more with such moderate surface coverage ratios (~ 60%). A stronger hindering of the
electrochemical response of the underlying Nitinol can be best achieved by depositing
thicker and denser Ta,0s coatings that thus imply a strongly reduced (if not suppressed)
porosity degree (work in progress).

Nevertheless, the beneficial supply of the complete surface treatment with both Ta and Cy,P
in terms of imaging resolution is assessed when different Esypstrate Values are tested for the
recording of SG/TC current maps, as already mentioned by Pust et al. who observed that the
variation of the applied sample potential during the recording of a series of images resulted
in contrast and homogeneity changes [40]. Electrochemically-active sites detected on SG/TC
images of NiTi-Ta-C;,P samples are perceptible throughout a wider range of Eg pstrate — -0.20
to -0.60 V/Ag-AgCl — and with a maximal resolution at Esypstrate = Ep — here -0.44 V/Ag-AgCl
(Fig. 9) —, while they are observed properly for the other substrates only at Esypstrate ~ Ep (nOt
shown).

The SG-TC mode of the SECM, in addition to considerably improve the imaging resolution
compared to the FB mode, allows thus to monitor the electrochemical properties of the
substrate. The latter may be directly stimulated by applying an appropriate potential directly
to the substrate in order to reveal the presence of local areas more sensitive to corrosion.
This Esupstrate Parameter is of great importance in further applied perspectives, notably in the
biological field [68].

4. Conclusions

XPS, SEM, CV and SECM have been used for the characterization of NiTi substrates, pristine
or covered with a tantalum electrodeposit and a 1-dodecylphosphonic acid monolayer. The
effects of both Ta and Cy,P treatments, performed separately and additionally on NiTi, are
evidenced by XPS measurements, showing good grafting efficiency and few contaminants.
SEM imaging highlights the particular nanoporous morphology of the Ta layer. Meanwhile,
CV analysis points out essential differences between surface modifications with Ta
electrodeposits and Cq,P films regarding their blocking effect of the electron transfer with
the redox mediator. NiTi plates covered with Ta layers, which intrinsically present nanopores
all over their external surface, can be assimilated to blocking electrodes presenting
“microscopic” (sub-micrometric) defects behaving as an array of interpenetrating
(nano)electrodes. In contrast, the grafting of Cy,P leads to interfaces presenting
“macroscopic” (supra-micrometric) defects. Covering rate values by Ta and Cy,P layers on
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NiTi are calculated from both XPS and CV measurements and show globally good
correspondence. Combination of both electrochemical and spectroscopic analysis suggests
that both Ta and NiTi regions are covered equivalently by C,,P moieties. Finally, a SECM
study of the different samples through approach curves and current maps reveals their main
electrochemical characteristics at a local scale. First-order heterogeneous finite kinetics
fitted from experimental FB approach curves recorded for uncovered and covered NiTi
surfaces highlight the differences in the regeneration of the mediator at these surfaces.
SECM measurements specifically confirm that a more important blocking behavior is
obtained when a combined modification by Ta and Cy,P is performed. Concerning the
current maps, the FB mode does not lead to good-quality images resolution, probably
because of the insufficient “fueling” of the mediator redox conversion in those conditions
and settings. However, the polarization of the substrate through the SG-TC mode allows for
the recording of better resolved images, with the exposure on all surfaces of several
electrochemically-active areas of globally disk shape and micrometric dimensions,
corresponding to residual pitting corrosion precursor sites on the underlying Nitinol
substrates. The overall corrosion of the substrates and their precursor corrosion sites is
reduced by introducing the inorganic and/or organic layers. However, these surface
treatments, even combined, do not completely erase (or shadow) these corrosion precursor
sites inherent to the pristine NiTi surface.

This work has provided many interesting data concerning the surface chemical composition,
as well as on the global and local electrochemical characteristics of the substrates. Further
surveys could make the connection with more applied biological perspectives. For instance,
the study of the substrates behaviors at sample potential values of biological systems (~350-
550 mV/SCE [68]) — and the resulting adaptation of experimental conditions (selection of
redox probe, ...) — constitutes one possible interesting outlook, especially in terms of longer-
term applied works (implant engineering, ...) where in vitro and in vivo investigations are
involved.
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Fig. 1. Surface modification of NiTi (a) by tantalum electrodeposition (b), self-assembling of

1-dodecylphosphonic acid molecules (c), and both (d).
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Fig. 2. XPS survey spectra of NiTi (a), NiTi-C1,P (b), NiTi-Ta (c), and NiTi-Ta-Cy,P (d). Inserts:
XPS core levels of P2p for NiTi-Cy,P (b) and NiTi-Ta-Cy,P (d).
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Fig. 4. Cyclic voltammetry curves for pristine NiTi (black), NiTi-C;,P (green), NiTi-Ta (red) and

NiTi-Ta-Cq,P (blue) samples in 5 mM Ru(NHs)sCls / 0.1 M K,SO,4 working solution at scan rate
v =20 mV/s.

Fig. 5. SEM image of a NiTi-Ta surface.
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Fig. 6. Normalized SECM FB approach curves (v, = 2 um/s, 5 mM Ru(NH3)sClz / 0.1 M K;SOy,
Ep = -0.70 V/Ag-AgCl, Eupstrate = OCP) measured for NiTi (black squares), NiTi-C1,P (green
triangles), NiTi+Ta (red circles) and NiTi-Ta-C1,P (blue stars) samples. Solid lines are the
theoretical curves for finite electron-transfer kinetics, while dashed and dotted lines are the
theoretical curves for a conducting substrate and for a totally insulating substrate,

respectively.
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Fig. 7. SECM FB image (vyy = 25 um/s, 5 mM Ru(NHs)eCls / 0.1 M K,SOj) of a NiTi-Ta-Cy,P
surface. Eyp = -0.70 V/Ag-AgCl, Eupstrate = OCP.
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Fig. 8. SECM SG-TC image (vyy = 25 um/s, 5 mM Ru(NH3)sCl3 / 0.1 M K;S04) of a NiTi-Ta-Cy,P
surface. Eyjp = +0.10 V/Ag-AgCl, Esupstrate = -0.44 V/Ag-AgCl. The x,y,z positions of the tip in Fig.
8 are the same as in Fig. 7.
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surfaces at Esupstrate = -0.20 V/Ag-AgCl (a), -0.37 V/Ag-AgCl (b), -0.45 V/Ag-AgCl (c), and -0.60
V/Ag-AgCl (d). Egjp = +0.10 V/Ag-AgCl. The x,y,z positions of the tip are the same in all images.
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Figure captions

Fig. 1. Surface modification of NiTi (a) by tantalum electrodeposition (b), self-assembling of
1-dodecylphosphonic acid molecules (c), and both (d).

Fig. 2. XPS survey spectra of NiTi (a), NiTi-C1,P (b), NiTi-Ta (c), and NiTi-Ta-C1,P (d). Inserts:
XPS core levels of P2p for NiTi-Cy,P (b) and NiTi-Ta-Cy,P (d).

Fig. 3. XPS core levels of Ti2p for NiTi and NiTi-C1,P (a), Ta4f for NiTi-Ta and NiTi-Ta-C1,P (b),
and Ti2p for NiTi and NiTi-Ta (c).

Fig. 4. Cyclic voltammetry curves for pristine NiTi (black), NiTi-C1,P (green), NiTi-Ta (red) and
NiTi-Ta-Cy,P (blue) samples in 5 mM Ru(NHs)sCls / 0.1 M K,SO,4 working solution at scan rate
v=20mV/s.

Fig. 5. SEM image of a NiTi-Ta surface.

Fig. 6. Normalized SECM FB approach curves (v, = 2 um/s, 5 mM Ru(NHs)eCl3 / 0.1 M K,SQy,,
Eip = -0.70 V/Ag-AgCl, Esupstrate = OCP) measured for NiTi (black squares), NiTi-C1,P (green
triangles), NiTi+Ta (red circles) and NiTi-Ta-C1,P (blue stars) samples. Solid lines are the
theoretical curves for finite electron-transfer kinetics, while dashed and dotted lines are the
theoretical curves for a conducting substrate and for a totally insulating substrate,
respectively.

Fig. 7. SECM FB image (vxy = 25 pm/s, 5 mM Ru(NH3)eCl; / 0.1 M K;SO,4) of a NiTi-Ta-Cy,P
surface. Eyjp = -0.70 V/Ag-AgCl, Esupstrate = OCP.

Fig. 8. SECM SG-TC image (vyy = 25 pm/s, 5 mM Ru(NHs)eCls / 0.1 M K;SO4) of a NiTi-Ta-Cy,P
surface. Eyjp = +0.10 V/Ag-AgCl, Esypstrate = -0.44 V/Ag-AgCl. The x,y,z positions of the tip in Fig.
8 are the same as in Fig. 7.

Fig. 9. SECM SG-TC images (vxy = 25 pm/s, 5 mM Ru(NHs)sCl3 / 0.1 M K;S04,) of NiTi-Ta-Cy,P
surfaces at Esupstrate = -0.20 V/Ag-AgCl (a), -0.37 V/Ag-AgCl (b), -0.45 V/Ag-AgCl (c), and -0.60
V/Ag-AgCl (d). Ejp = +0.10 V/Ag-AgCl. The x,y,z positions of the tip are the same in all images.
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Tables

Table 1. XPS atomic percentages and ratios of pristine and modified NiTi samples.

Sample Cls O1ls Ni2p Ti2p P2p Ta4f Fis Cls/P2p
% % % % % % %

NiTi 20 51 13 16 -- - - --

NiTi-C,,P 32 44 10 11 3 - - 13

NiTi-Ta 25 53 6 2 -- 13 <1 --

NiTi-Ta-Cy,P 41 41 3 2 3 10 <1 14

Table 2. XPS peaks intensity, mean free path and layer thickness values for C1,P and Ta films
on NiTi.

Sample Layer element A BulkelementB I Igo Asa da
(cps) (cps) (nm)  (nm)
NiTi-C,,P C [C12P] Ti [TiO,] 11107.66 14012.67 34 0.79
NiTi-Ta-C;,P C[Cy,P] Ta [Ta;0s] 11936.13 1407437 45 0.74
NiTi-Ta Ta [Ta;0s] Ti [TiO3] 2065.42 14012.67 1.1 2.1

Table 3. Cyclic voltammetry of pristine and modified NiTi samples.

. a b o C
Sample ip E, k°app

(mA)  (V/Ag-AgCl) (10°cm/s)

NiTi -0.146  -0.34 3.1
NiTi-C1,P -0.060 -0.31 2.9
NiTi-Ta -0.126  -0.45 0.92
NiTi-Ta-Cy,P -0.067 -0.44 0.87

’Peak potential; ®Peak current; ‘Apparent standard electron transfer rate constants k°gp,
deduced from E, and ip,.
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Table 4. SECM of pristine and modified NiTi samples.

Sample kegs®

(10 em/s)
NiTi 4.6
NiTi-C,,P 1.9
NiTi-Ta 1.7
NiTi-Ta-Cy,P 11

°First-order heterogeneous kinetic rate constants k. determined from SECM FB approach
curves.
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