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Grafting of 4-pyrrolyphenyldiazonium in situ generated on NiTi, an
adhesion promoter for pyrrole electropolymerisation?
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A B S T R A C T

The present work investigates the grafting of in situ generated 4-pyrrolyphenyldiazonium (Py-PD) on NiTi
by two different ways. The first way is the electrografting of Py-PD while the second one is the grafting
without electrochemistry at room temperature (spontaneous grafting) or under heating (either
conventional heating or induction heating). Both modification routes led to the successful grafting of Py-
PD. The hypothesis of a cationic intermediate is proposed for the grafting without electrochemistry since
it is thermally activated and the oxidized surface of NiTi is not a reductant. For both modification
approaches, the TiO2 surface layer of NiTi has been preserved and the NiTi corrosion resistance improved,
an important parameter to preserve/improve the NiTi biocompatibility. The second part of the work is
dedicated to the electropolymerization of pyrrole on modified surfaces with the Py-PD as adhesion
promoter.
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1. Introduction

Among the various shape memory alloys Nitinol is probably the
most investigated. Nitinol stands for Nickel-Titanium (the two
constituents present in nearly equal percentage of this alloy) and
Naval Ordnance Laboratory place of its discovery [1,2]. Due to, its
intrinsic properties such as shape memory [3,4], super-elasticity
[3,4], high fatigue strength [3,5], non-magnetic [3,5,6], heat and
impact resistance [3], resistance to corrosion [3,4], and biocom-
patibility [3–6], NiTi has become a material of great interest [7],
particularly in the biomedical field [3–6]. Its biocompatibility
properties result from the presence of a thin protective titanium
dioxide surface layer that enhances corrosion resistance and
reduces Ni2+ release [4,8–11]. Indeed, Ni2+ release is problematic
due to its cytotoxicity and its carcinogenicity [4,8–12]. Conse-
quently, in recent years, a great deal of attention has been paid to
the surface modification of NiTi in order to impart and/or improve
surface properties such as biocompatibility [4,8], bioactivity [4]
and corrosion resistance [4].

Grafting diazonium salts on metal and alloy substrates is an
attractive way for the surface modification of theses substrates and
has been thoroughly studied in the past decades [13–17]. Robust
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films result from the covalent carbon-metal [18–20] and/or
carbon-metal oxide [20–23] bonds formed through the process.
The diazonium salt grafting is generally achieved by electrochemi-
cal [14,24–29] or chemical reduction [21,24,25]. In this last process,
a chemical reductant such as hypophosphorous acid [25] can be
used as source of electron. Alternartively, spontaneous process
[21,24,25,30] (without reducing agent) can be used if the substrate
is reducing enough. It is generally admitted that for both, chemical
and electrochemical diazonium salt grafting, the process includes
aryl radical formation and nitrogen loss resulting from the
diazonium salt reduction [14,21,24,25,31]. However, if there is
no electron source (no electrochemical grafting, no reducing agent
and non-reducing substrate) for the dediazotation, a mechanism
involving the grafting of a carbocation instead of a radical aryl is
possible [14,24,32–34]. Purification and especially storage of
diazonium salts can be problematic given their poor stability.
Consequently, since the beginning of the past decade, a one-step
procedure including in situ diazonium generation from their
aniline precursors and their subsequent grafting in the same
solution has been actively investigated [13]. The in situ generation
can be achieved by addition of sodium nitrite (NaNO2) with at least
2 equivalents (eq) of acid (compared to the amount of aniline)
[35,36]. Generally, a large excess of acid (at least 8 eq.) which can
be detrimental for active metal surface modification is used
[14,29]. However recently, the use of gentle conditions for the in
situ generation of diazonium has been reported [26–28,37].
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In the present work, we investigate a comparative study
between, the electrografting and the grafting by conventional
heating (CH) or induction heating (IH) of in situ generated Py-PD
(Fig. 1) as an extension of our previous published work on Ni [27].
CH and IH conditions for the modification of NiTi are used because
the spontaneous grafting (i.e. at room temperature) by reduction of
the diazonium salt using NiTi surface as chemical reductant is
unlikely due to its native thin titanium dioxide surface layer
(preventing the use of NiTi as electron source) [4,8–11]. Further-
more, spontaneous grafting of Py-PD on NiTi after its surface
polishing (to eliminate the titanium dioxide layer) in a controlled
atmosphere is unsuitable to preserve its corrosion resistance and
thus its biocompatibility. Nevertheless, as mentioned previously
diazonium salt grafting with aryl cation intermediates is possible
[14,24,32,33] when thermally activated [24,32]. For this purpose,
the magnetic induction heating, based on physical phenomena
(Faraday-Lenz law, Eddy currents, and Joule effect) commonly used
to heat electrically conductive materials thanks to a time-varying
magnetic field is a technique of choice. Indeed, this technique relies
on the advantage of heating the surface of the material locally
limiting the energy input [38] and without any contact. Induction
heating helps the preservation of the solution especially when the
chemicals are unstable or reactive, like aryl diazonium salts [39].

The use of grafted diazonium salt as adhesion promoter for the
electropolymerisation of conducting polymers is well known [40–
43]. Particularly, among the wide variety of monomers to generate
conducting polymers, pyrrole is of particular interest mainly
because of its relatively low oxidation potential (�0.8 V/SCE).
Indeed, electropolymerization process on active metals (such as Ni
and Ti) are challenging because of the competition between the
oxidation of the monomer and the metal. Furthermore, polypyrrole
because of its corrosion inhibitor [44–47] efficiency and its
biocompatibility [48–51] is of interest for biomedical applications
[48,49,51] such as stimulation of the osteointegration [51–54] and
the growth of the endothelial cells [48–50,52,54]. As orthodondic,
cardio-vasular and orthopedic implants are the main biomedical
applications of NiTi [4,5], its covalent functionalisation with
polypyrrole is of great interest. Surprisingly, there is only a few
reported works devoted to pyrrole polymerisation on NiTi [55–58],
only two references about Py-PD grafting [27,59] and one study
Fig. 1. Schematic representation
about the use of grafted Py-PD as adhesion promoter for the
covalent grafting of polypyrrole [59].

The present work after the characterization of electrografted
and grafted by CH and IH Py-PD on NiTi investigates the
electropolymerization of pyrrole on modified surfaces with the
Py-PD as adhesion promoter as schematically shown in Fig. 1.

2. Experimental part

2.1. Chemicals

Absolute ethanol (VWR Prolabo), sodium nitrite (Sigma-
Aldrich, � 99.0%), lithium perchlorate (LiClO4) (Acros, 99%), sodium
chloride (Fluka, � 99.5%), acetonitrile (Chem-Lab, HPLC grade), 4-
(1H-pyrrol-1-yl)aniline (Maybridge, 97%) (Py-A), perchloric acid
(Vel, 70% p.a.), ruthenium (III) hexamine trichloride (Sigma-
Aldrich, 98.0%) and potassium sulfate (Acros, 99%) were used
without further purification.

2.2. Nitinol substrates preparation

Nitinol (Ni 56% � Ti balance) substrates rectangular-shaped
plates (20 mm � 10 mm � 0.3 mm), purchased from AMF (Alliage à
Memoire de Forme, France), are first mechanically polished down
to 1 mm on a Buehler Automet 300 instrument using silicon
carbide papers (P1200) and diamond suspension pastes (9, 3 and
1 mm) from Struers.

The NiTi plates are then cleaned in absolute ethanol in a
sonication bath for 15 min before being blown dry under nitrogen
and stored for further use or analysis. Just before their modifica-
tion, the substrates are cleaned in absolute ethanol, submitted to
UV-ozone for 30 min (Jelight 42-220), and cleaned in absolute
ethanol again, before being blown dry under nitrogen and used for
analysis or modification.

2.3. Electrografting of Py-PD in situ generated from its aniline
precursor (Py-A) on the NiTi plates

50.0 mL of 5 mM Py-A and 10�1M LiClO4 solution in acetonitrile
is mixed with 1 eq. of NaNO2 in presence of 2 eq. (42 mL) or 10 eq.
 of the work methodology.
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(210 mL) of HClO4 (70%) under stirring and nitrogen flow for
45 min. The electrografting is then carried either by cyclic
voltammetry (CV) (15 s of equilibration time at 0.5 V/SCE followed
by 10 cycles from 0.5 to �1.0 V/SCE at a scan rate of 50 mVs�1) or in
potentiostatic conditions (-0.9 V/SCE for 10 min). In both cases
stirring and nitrogen flow are stopped during the electrografting.
In the sequel of this work, substrates electrografted with Py-PD are
called NiTi|Py-PD 2 eq or NiTi|Py-PD 10 eq according to the amount
of acid used for the diazonium in situ generation. A reference
sample named NiTi|Py-A is made by applying these electrografting
conditions in a Py-A solution without any NaNO2 nor HClO4. After
modification, the substrates are cleaned in absolute ethanol under
ultrasonication for 15 min before being blown dry under nitrogen
and stored before their characterization or modification by the
electropolymerization of Py.

All the electrochemical experiments are carried out in a
classical three electrodes electrochemical cell with a platinum
foil as counter electrode, a saturated calomel electrode (SCE) as
reference and a controlled area (1 cm2 using an insulating PTFE
scotch tape provided by 3 M as a mask) for the NiTi substrate used
as working electrode (WE). The used potentiostat is a Princeton
Applied Research Potentiostat/Galvanostat Model Versastat 3
controlled by computer with the Versastudio software.

2.4. Thermally assisted grafting of Py-PD in situ generated from its
aniline precursor on the NiTi plates

50.0 mL of 5 mM Py-A solution in acetonitrile is mixed with 1
eq. of NaNO2 in presence of 2 eq. (42 mL) of HClO4 (70%) under
stirring and nitrogen flow for 45 min. Then, the NiTi substrates are
modified by immersion in 10 mL of this solution for 30 min. Three
conditions are used either at room temperature referenced as
spontaneous (NiTi|Py-PD SP), under induction (NiTi|Py-PD IH) or
conventional heating (NiTi|Py-PD CH) at a temperature close to
70 �C and close to 80 �C (IH70/80 and CH70/80 Py-PD respectively)
according to the temperature profiles presented on Fig. 2. The
graftings are also perfomed in a Py-A solution (without any NaNO2

nor HClO4) and are referenced by the prefix Py-A (in opposition to
Py-PD). After modification, substrates are cleaned under ultra-
sonication in denatured ethanol for 15 min and dried under
nitrogen and stored for characterizations.

CH was performed in a thermostatic electrochemical cell. IH
was performed with an Ambrell EasyHeat induction heating
system with a power output of 206 W or 394 W and a frequency of
198 kHz for the IH70 and IH80 conditions respectively. The used
solenoid is composed of 7 loops with an internal diameter of 9 cm.
Temperature profile at the surface of the NiTi is measured with a
thermocouple K-type welded at its surface and a Keithley 2700
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Fig. 2. Temperature evolution at the surface of a NiTi substrate heated in 10 mL ACN
by induction heating at 70 and 80 �C.
data acquisition multimeter, monitored with a Keithley XLINX
2700 Startup software.

2.5. Pyrrole electropolymerization on bare and modifiedNiTi

Electropolymerization of pyrrole is carried out using bare NiTi
or NiTi|Py-PD 2eq as working electrode. In the sequel of this work
after pyrrole electropolymerization substrates are called respec-
tively NiTi|PPy and NiTi|Py-PD|PPy. The electrochemical medium is
acetonitrile containing 0.1 M LiClO4 and 10 mM of pyrrole. Cyclic
voltammetry is carried out by sweeping the potential from �1 V to
1.2 V at 50 mV/s during 10 cycles. A CV in a monomer free solution
is carried out on bare NiTi and NiTi-Py-PD 2eq substrates to
evaluate the impact of the electropolymerization condition. At the
end, the substrates are cleaned by ultrasonication in denatured
ethanol for 15 min, dried under nitrogen and stored for character-
izations. Due to the poor adhesion when submitted to sonication,
the pyrrole electropolymerized samples are just copiously rinsed
with ethanol before being dried and stored.

2.6. Substrate characterization

Bare and modified NiTi substrates are characterized by X-ray
Photoelectron Spectroscopy (XPS), Time of Flight Secondary Ion
Mass spectroscopy (ToF-SIMS), Polarization Modulation InfraRed
Reflection Absorption Spectroscopy (PM-IRRAS), Linear Sweep
Voltammetry (LSV), Cyclic Voltammetry (CV) and water static
contact angle measurements.

XPS spectra are recorded using a Thermo Scientific K-Alpha
spectrometer using a monochromatized X-ray Ka radiation
(1486.6 eV), the photoelectrons being collected at 0� with respect
to the surface normal and detected with a hemispherical analyzer.
The spot size of the X-ray source on the sample is 200 mm and the
analyzer is operated with a pass energy of 200 eV for survey
spectra and 50 eV for high resolution core levels spectra. The
binding energy (BE) of core levels is calibrated against the C1 s BE
set at 285.0 eV. The Ti2p peak has a doublet structure and analyzed
accordingly. Ti2p3/2 and Ti2p1/2 spacing depends on the oxidation
state of titanium. The corresponding Ti2p3/2 and Ti2p1/2 binding
energies are 454.3 eV and 460.4 eV for Ti (0), 456.0 eV and 460.5 eV
for Ti (II), 457.2 and 462.4 eV for Ti (III), 458.8 eV and 464.5 eV for Ti
(IV), respectively. Thickness and coverage values for Py-PD coatings
are estimated from the collected XPS data. The thickness of a layer
material A (i.e. grafted Py-PD) deposited on a bulk material B (i.e.
NiTi) can be obtained from the relative attenuation of the B
element (Ti2p peak) signal, which is quantified as:

IB
IB;0

¼ exp � dA
lB;A

sinu
� �

where IB/IB,0 is the ratio of the bulk element B peak intensities
(modified surface/bare surface), dA the layer material A thickness,
lB,A the bulk material B photoelectrons mean free path through
layer material A, and u the takeoff angle (here u = 0�) [21,60].

Time of flight secondary ion mass spectrometry (ToF-SIMS).
Chemical characterisation of samples were carried out by using
ToF-SIMS. An IONTOF V instrument (IONTOF, GmbH, Münster,
Germany) was used. A pulsed Bi5+ metal ion source was used to
produce a primary beam using an acceleration voltage of 30 kV. An
AC target current of 0.11 pA with a bunched pulse width lower than
1.2 ns was used. Both positive and negative secondary ion species
were analysed. For spectra, a raster of 128 � 128 data points over an
area of 500 � 500 mm2 was used. The total primary ion beam dose
for each analysed area was always kept below 2 1010 ions.cm�2,
ensuring static conditions. Lateral resolution of � 3 mm and mass
resolution m/Dm >5000 at 29 m/z were maintained for positive
and negative spectra acquisition. Charge compensation was done
by interlaced electron flood gun (Ek = 20 eV). All data analyses were
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carried out using the software supplied by the instrument
manufacturer, SurfaceLab (version 6.5).

Polarization modulation infrared reflection absorption spec-
troscopy data are collected from a Bruker Equinox55 PMA37
equipped with a liquid-nitrogen-cooled mercury–cadmium–tellu-
ride (MCT) detector and a zinc-selenide photoelastic modulator.
The measurements are carried out with the photoelastic modula-
tor set at half-wave retardation of 2600 cm�1. The infrared light,
reaching the sample surface at an angle of 80�, is modulated
between s- and p-polarization at a frequency of 50 kHz. As the
sample is analyzed via reflection from the air/Ni substrate surface
interface, and as the substrate also has a higher index of refraction
than air, there is a surface selection rule that only allows the
component of a vibration's transition dipole moment perpendicu-
lar to the metal surface to be detected. Therefore only the p-
polarized wave contributes to the absorption signal [61]. Signals
generated from each polarization (Rs and Rp) are detected
simultaneously by a lock-in amplifier and used to calculate the
differential surface reflectivity (DR/R) = (Rp � Rs)/(Rp + Rs). The
spectra are taken by collecting 512 scans at a spectral resolution of
2 cm�1.

Electrochemical techniques (CV and LSV) provide information
on the grafted Py-PD layers quality. The cell used enables an
analysis of a well-defined and reproducible spot (0.28 cm2) on the
sample.

Linear sweep voltammetry is carried out in a 0.5 M sodium
chloride solution, after being degassed 10 min under nitrogen flow,
by sweeping the potential from �1 to 1 V/SCE at 1 mVs�1.

CV using a redox probe made of Ru(NH3)6Cl3 5 mM in a
0.1 M K2SO4 solution is used to evaluate the relative blocking
properties of the modified electrode, which are inversely
proportional to its electroactivity. Cyclic voltammograms are
recorded from �0.05 V to �0.85 V to 0.45 V/SCE with a scan rate of
20 mV/s for 1 cycle. The parameter Irel (%) = (Ipafilm/Ipabare)*100
(Ipafilm = current density of the anodic peak of modified electrode
and Ipabare = current density of the anodic peak of bare substrate) is
used to assess qualitatively the electrode coverage and the electron
transfer rate [29,62].

CV are carried out in a 0.1 M LiClO4 solution in acetonitrile by
sweeping potential values from �1 V to 1 V at 50 mV/s to achieve
doping dedoping cyclic voltammograms for substrates modified by
electropolymerization of pyrrole.

Water static contact angle measurements are carried out at
room temperature on a DIGIDROP (GBX Surface Science Technolo-
gy) contact angle goniometer. A syringe is used to dispense 2 mL of
probe droplets of milli-Q water on the sample surface.

Peeling test (ASTM D3359) on modified NiTi were also carried
out in order to assess the adhesion of the formed organic layers.
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Fig. 3. Cyclic voltammograms (1st, 2nd and 10th cycles) obtained for NiTi|P
This test consists in scratching the modified sample with a metallic
comb with spacing streaks of 1 mm (Elcometer 1542), then a
scotch-tape is stuck on the scratched sample and removed. XPS
analysis of the peeled portions of the coating produced by the
peeling test provides normalized informations on the adhesion
character of the layer.

Each surface modification has been repeated at least three
times for each characterization method in order to assess the
reproducibility of the results.

3. Results and discussions

Fig. 1 displays the different steps and methodology of the work.
The results will be thus presented in two main parts. First, the
modification of NiTi via diazonium in situ generated grafting
(either electrografting or thermally activated grafting). Second, the
electropolymerization of pyrrole and the role of the grafted Py-PD
as adhesion promoter.

3.1. Electrografting of Py-PD on NiTi

Cyclic voltammograms recorded in Py-A/acetonitrile solution in
absence of any other reactants (Fig. 3a) clearly present a capacitive
current without any Faradic contribution indicating the absence of
any reaction at the electrode. It confirms the absence of Py-PD and
previous results recorded on Ni [27]. CVs recorded in the 2 eq in situ
generation condition (Fig. 3a) shows at the first cycle a broad
cathodic reduction peak centered at �0.600 V. For the 10 eq
condition (Fig. 3b) the reduction peak (-0.765 mV) at more
cathodic potential is broader and a current density one order of
magnitude higher than for the 2 eq case. As previously discussed
for Ni [27] this difference between the CVs peak (shape and
intensity) is related to the concomitant diazonium salt and proton
reduction (which are in higher concentration for the 10 eq
condition). In both cases 2 and 10 eq, a current density decrease
starting from the 2nd cycle and a complete disappearance of the
cathodic peak at the 10th cycle indicate the passivation of the
electrode by an organic layer via the electrografting of diazonium
[29]. From these CV experiments, the lowest electrografting
potential recorded for a reduction peak is at �0.765 V (in the 10
eq. condition). Based on these experiments, in the sequel of this
work the electrografting of in situ generated Py-PD is carried out in
potentiostatic condition at a more cathodic potential of �0.9 V for
600 s in order to ensure the diazonium grafting.

The XPS survey and C1s, N1 s core level spectra for electro-
grafted organic films by potentiostatic conditions in each of the
studied acidic conditions (2 or 10 eq of HClO4) are presented in
Fig. 4.
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The survey spectra (Fig. 4) of the modified substrate in both acidic
conditions (2 and 10 eq. of HClO4) show an increase of C1 s and N1 s
peaks intensity compared to bare NiTi which confirms the
presence of an organic layer. Indeed, the increase of C1 s and
N1 s peak intensity is due to the presence of the electrografted Py-
PD layer. More information are obtained from the core level
spectrum. The C 1 s spectra can be analyzed with five different
components (Fig. 4). The peak at 283.1 eV typical of carbide type
carbon atoms [19] and therefore carbon atoms involved in a C-Ni or
C-Ti binding. The more intense, centered at 285 eV, is attributed to
aliphatic and aromatic carbon atoms. The peaks at 286.3 eV is
characteristic of carbon atoms involved in C-O functions but also in
C-N and C¼N bonds [45,63]. Finally, the components centered at
287.8 eV and 288.9 eV are characteristic of oxidized carbon species
i.e. carbonyl group (C¼O) and carboxylic functions (C¼O-OH),
respectively. The carbon present on bare NiTi substrates is
attributed to adsorbed atmospheric contamination. The compo-
nents centered at 283.1 eV is absent from the spectrum of Py-PD
grafted samples (for both acidic conditions) while a decrease of
highly oxidized carbon components (i.e. carbonyl and carboxylic) is
observed and a shake-up component characteristic of aromatic
compounds appears at 291.7 eV [64]. This shake-up component
confirms the successful electrografting of the Py-PD on NiTi surface
for both acidic conditions.

The N1 s peaks (Fig. 4) for NiTi|Py-PD 2 eq can be fitted with two
components. The first at 399.4 eV is attributed to the nitrogen of
the amine function (NH2) of the aniline, nitrogen of atmospheric
contamination (N2) or nitrogen of azo bridges (C��N¼N-C) [21,65].
The component at 400.6 eV is characteristic of nitrogen in a pyrrole
function (NPy) [27,63]. For the NiTi|Py-PD 10 eq sample an
unreproducible additional component can be observed at 406.3 eV
due to a nitro function [21,66]. This result indicates a nitration of
the grafted Py-PD for some samples in presence of 10 eq of HClO4. A
nitration requests the presence of NO3

� and is catalyzed in
presence of a strong acid [35,67,68] but also in presence of
nitrosonium ions [67]. The first one is present and the nitrosonium
is generated in the modification bath. Normally, NO3

� is absent
from the modification media but its generation by disproportion-
ation of nitrous acid as described in equation 1 [69] can be
hypothesized. Furthermore, photocatalyzis of this reaction by TiO2

(which is the main component at the NiTi surface) nanoparticles
has been reported [70].

(HNO2+ H+ + e� Ð NO + H2O)X2 E� = 0.983 V/SHE
(NO3
�� 3H�� 2e� Ð HNO2� H2O)X-1 E� = 0.934 V/SHE

3 HNO2 Ð 2NO + NO3
�+ H+ + H2O (1)

Another particular observation for NiTi|Py-PD 10 eq is the
presence of a peak at 201.0 eV characteristic of chlorinated
aromatics is observed [71]. Chlorination requests the presence
of Cl2 and Lewis acid in the reaction media [35]. Li+ is a Lewis acid
and the generation of Cl2 due to the oxidation of nitrous acid by
perchloric acid can be hypothesized (equation 2) [69]. This reaction
induces also the generation of NO3

� which is a reactant for the
nitration reaction.

(ClO4
�+ 8H++ 7e� Ð 1/2Cl2 + 4H2O)X2 E� = 1.39

(NO3
�� 3H�� 2e� Ð HNO2� H2O)X-7E� = 0.934

7HNO2+ 2ClO4
� Ð 7NO3

� + Cl2 + 5H++ H2O(2)

To the best of our knowledge these two side-reactions (i.e.
nitration and chlorination) during the in situ generation of a
diazonium salts have never been reported. Indeed, the conditions
for the in situ generation are gentle (even when 10 eq of HClO4 are
used) compared to the concentrated acidic mixture generally used
for the nitration. It follows that NO3

� and Cl2 should be present in
quite low amount in order to avoid the side graft reactions.
Nevertheless, Py-PD is particular since it is a highly conjugated
diazonium salt which could lead to a better stabilization of the
Wheland intermediate generated during the aromatic electrophile
substitution.

It can be concluded than beyond the interest to use gentle acidic
condition (i.e. 2 eq of HClO4) for the in situ generation of diazonium
salts to avoid detrimental effect on the surface of sensitive
oxidizable metal (which are not observed here since the electro-
grafting of Py-PD with 10 eq of HClO4 has been successfully
achieved). This condition allows avoiding side-reaction during the
grafting of diazonum salts. Hence, the 2 eq acid condition should be
generalized or at least used when the diazonium in situ generation
is problematic.

XPS spectra of Ti2p can be analyzed (Fig. 5) using 4 doublets
with Ti2p3/2 component centered at 454.3 eV, 456.0 eV, 457.2 eV
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10 eq substrates.
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and 458.8 eV corresponding to Ti (0), Ti (II), Ti (III) and Ti (IV)
oxidation states, respectively [72]. The Tired/Titot ratio is equal to
15% for bare NiTi and 13% for both NiTi|Py-PD 2 and 10 eq. These
results are strong supporting evidence for the preservation or
reinforcement of the titanium oxides surface layer. Despite the fact
that the surface composition of NiTi is complex and depends of the
surface treatment, it is mainly composed of TiO2 with some
amount of Ni inclusions [8–11]. This implies the presence of a Ni-
rich (Ni3Ti) sublayer under the TiO2 surface layer of which depth
and exact composition is related to the extreme surface layer
composition [4,11]. Therefore, it is reasonable to hypothesize the
formation of C-O-M and C��N¼N-O-M covalent bonds between
the grafted molecule and the Nitinol substrate. Indeed, even if the
presence of C-O-M bonds is difficult to demonstrate, these bonds
have already been evidenced [21,23] even on TiO2 [22].

To further assess the interfacial bond nature, TOF-SIMS
experiments of both NiTi|Py-PD 2 eq and NiTi|Py-PD 10 eq have
been performed. These results confirm the presence of C��N¼N-O-
M bonds (observation of negatively charged fragment of NiCN2O�,
NiC2N2O� and NiC4N2O�) but also of C��N¼N-M bonds (observa-
tion of negatively charged fragment of NiC2N2

�, NiC4N2
� and

NiC6N2
�). Surprisingly, fragments containing titanium are not

observed. This absence does not allow to exclude the presence of
bonds involving titanium since it can be due to a poor ability of
these fragments to ionize. Furthermore, the covalent grafting of
Table 1
Abundance ratios calculated on the basis of XPS analysis of bare NiTi, NiTi|Py-A, NiTi|Py-P
SCE at 50 mV/s for 10 cycle and NiTi|Py-PD 2 eq after 30 minutes at 1.2 V/SCE in 0.1 M 

Conditions Ti/
(Ni + Ti)

Bare NiTi 0.60 

NiTi|Py-A 0.60 

NiTi|Py-PD 10 eq 0.72 

NiTi|Py-PD 2 eq 0.79 

NiTi|Py-PD 2 eq after CV 0.75 

NiTi|Py-PD 2 eq after 30 min at 1.2 V/SCE 0.97 

Bare NiTi after CV 0.76 
diazonium on titanium and the presence of C-O-Ti bonds has been
reported [22].

The intensity ratios calculated on the basis of the XPS analysis
(Table 1) confirm that nitrogen present on NiTi|Py-A samples
comes from small amount of physisorbed aniline precursor.
Indeed, the NPy/NNH2 ratio is equal to 1 and the very low NPy/
(Ni + Ti) (0.04) ratio is indicative of a low coverage of the NiTi
surface. Furthermore, the important C/NPy (21.8) ratio shows that
the main part of the carbon comes from atmospheric contami-
nations and not of physisorbed Py-A. In contrast, XPS ratios
indicate the electrografting of the in situ generated PD-Py for both
acidic conditions (C/(Ni + Ti) � 46.1 and NPy/(Ni + Ti)� 4.6). The
over-estimated C/NPy ratio (10.8 and 10.7 for NiT|Py-PD 2 and 10 eq
respectively compared to 10 according to the Py-PD stoichiometry)
is due to the presence of atmospheric contaminations. The NPy/
NNH2 (� 2.2) ratio describes some aniline precursor trapped on the
grafted organic film or the formation of azo bridge (both amine
function and azo bridge having the same binding energy cf.supra)
due to an incomplete dediazotation. Nevertheless, this NPy/NNH2

ratio is at least equal to 2.2 which indicates that a dediazotation
occurs even if it is partial and if aniline precursor is trapped in the
film, it is in small amount. The fact that dediazotation occurs
corroborate the hypothesis of C-O-Ti bond formation between the
electrografted layer and the NiTi surface. The presence of Ti oxides
as main constituent of the NiTi surface is highlighted by the Ti/
(Ni + Ti) ratio (at least equal to 0.72) and its preservation or
reinforcement after the diazonium grafting is confirmed (lower
ratio for bare compared to modified NiTi). The high coverage (the
high C/(Ni + Ti) and NPy/(Ni + Ti) ratios) observed for the two tested
conditions indicates the formation of a multilayer film in line with
previously reported diazonium grafting studies [14,21,30]. These
results are also in agreement with the calculated thickness for the
electrografted films 9.0 � 1.7 nm and 9.7 � 0.9 nm which corre-
spond respectively to a maximum of 11.6 and 12.5 monolayers of
grafted diazonium.

Fig. 6 displays infrared spectra of NiTi|Py-PD 2eq and 10 eq.
Absorption bands characteristic of the electrografted Py-PD layers
are observed. The band at 1610 cm�1 corresponds to C¼C
stretching vibrations of the benzene moieties [73]. The bands at
1513 and 1332 cm�1 are attributed to C��N interring stretching
contributions [73]. Absorption bands around 1160 cm�1 are
generally attributed to aromatic in-plane C-H deformation [74].
However, these bands are also characteristic of C-O stretching
deformation of alcohol groups [74] and could thus be also
attributed to the presence of some residual ethanol used for
substrates cleaning after polishing and after modification.

The LSV curves (Fig. 7) show a cathodic shift of the corrosion
potential (Ecorr) for NiTi modified in the 2 and 10 eq conditions
compared to bare NiTi. Similar corrosion current density to bare
NiTi is recorded for NiTi|Py-PD 10 eq. However, a decrease of the
jcorr by one order of magnitude with a mixed inhibition is observed
D 10 eq, NiTi|Py-PD 2 eq, NiTi|Py-PD 2 eq and bare NiTi after CV from 0 to 1.2 to �1 V/
LiClO4 in ACN.

C/
(Ni + Ti)

NPy/
(Ni + Ti)

C/
NPy

NPy/
NNH2

0.80 0 0 0
0.93 0.04 21.8 1.0

82.2 7.5 10.8 2.2
46.1 4.6 10.7 3.2
43.2 3.7 11.6 2.2
4.9 0.3 15.8 2.1
0.69 0 0 0



Fig. 7. LSV curves for bare NiTi (-&-) NiTi|Py-PD 2 eq ( ) and NiTi|Py-PD 10 eq
( ).
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Fig. 6. PM-IRRAS spectra of bare NiTi, NiTi|Py-PD 2 eq and NiTi|Py-PD 10 eq.
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for NiTi|Py-PD 2 eq. So, for NiTi|Py-PD 2 eq the corrosion resistance
is improved despite the grafting of a non-compact organic layer.
The lower corrosion resistance in the case of NiTi|Py-PD 10 eq
compared to NiTi|Py-PD 2 eq is probably due to defects or a change
in the nature (compare to NiTi|Py-PD 2 eq) of the grafted film
linked to the side reactions already evidenced by XPS for this
condition.
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Fig. 8. Cyclic voltammetry for bare NiTi (-&-) and NiTi|Py-PD 2 eq ( ) and NiTi|
Py-PD 10 eq ( ) in a 5 mM Ru(NH3)6Cl/0.1 M K2SO4 at scan rate of 20 mV/s.
The barrier properties of the grafted organic layers were
electrochemically assessed using cyclic voltammetry and Ru
(NH3)6Cl3 as a redox probe. The CV (Fig. 8) shows a strong
inhibition for NiTi|Py-PD 2 eq and 10 eq samples with Irel value of
2% and 3%, respectively.

The water contact angle results point out an increase of the
hydrophobicity after substrate modification with the electro-
grafted Py-PD with angles of 53�, 74� and 67� for bare NiTi, NiTi|Py-
PD 2 eq and NiTi|Py-PD 10 eq respectively. This increase is less
important for NiTi|Py-PD 10 eq than for NiTi|Py-PD 2 eq. This result
indicates differences between the two grafted films in agreement
with the hypothesis of side-reaction as judged from XPS analyses. A
more hydrophilic film for NiTi|Py-PD 10 eq compared to NiTi|Py-PD
2 eq is also in agreement with the LSV results (i.e. a global
improvement of the corrosion resistance only for NiTi|Py-PD 2 eq).

To conclude this part, the electrografting of Py-PD on NiTi leads
to the formation of multilayers and the titanium dioxide layer at
surface of NiTi has been preserved. XPS results indicate probable
side reactions (i.e. nitration and chlorination) during the Py-PD
generation/grafting for the 10 eq condition. Consequently, NiTi|Py-
PD 10 eq presents a corrosion resistance less important and is more
hydrophilic than NiTi|Py-PD 2 eq. In regard of these results, the 2 eq
condition has been choosen in the sequel of this work to study the
grafting of Py-PD without electrochemistry.

3.2. Py-PD grafted on NiTi without electrochemistry

The grafting of Py-PD in situ generated with 2 eq of HClO4 has
been performed at room temperature (SP), under induction
heating (IH) and under conventional heating (CH). For the sake
of clarity, XPS high resolution N1 s spectra are presented only for
NiTi|Py-PD IH80 and NiTi|Py-A SP samples which are representa-
tive of all the substrates modified in presence of in situ generated
Py-PD and in presence of Py-A respectively (Fig. 9). N1 s spectra
point out to a successful grafting for the Py-PD condition with a NPy

component more significant than the NNH2 component while for
the Py-A condition physisorbed Py-A is observed. Indeed, as for
physisorbed Py-A both components (NPy and NNH2) are equal. The
C/(Ni + Ti) and NPy/(Ni + Ti) (Fig. 10) ratios confirm this result with
much lower ratio for Py-A condition compared to Py-PD condition
and NPy/NNH2 XPS ratio equal to 1 for all NiTi|Py-A substrates
408 404 400 396

NH2,- -N=N-

Binding energy (eV)

N
Py

NiTi|Py-A SP

NiTi|Py-PD I H80

Fig. 9. XPS core level spectra of N1 s for NiTi|Py-PD IH80 and NiTi|Py-PD SP
substrates.
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Table 2
Ecorr, jcorr for bare NiTi, NiTi|Py-PD 2eq, NiTi|PyPD SP, NiTi|PyPD CH70, NiTi|PyPD
IH70, NiTi|PyPD CH80, NiTi|PyPD IH80 substrates.

Conditions Ecorr
(mV)

jcorr
(A/cm2)

Bare NiTi �290 1.4 �10�7

NiTi|Py-PD �0.9V �548 5.4 �10�8

NiTi|Py-PD SP �521 2.2 �10�7

NiTi|Py-PD CH70 �604 9.9 � 10�8

NiTi|Py-PD IH70 �509 6.7 � 10�8

NiTi|Py-PD CH80 �552 6.7 � 10�8

NiTi|Py-PD IH80 �521 5.5 �10�8
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whatever the heating condition (SP,CH/IH at 70 or 80 �C). As a
matter of fact, grafted amount of Py-PD increases with the
temperature and is more important for IH compared to CH at the
same temperature. Nevertheless, the covering ratio (C/(Ni + Ti) and
NPy/(Ni + Ti)) is lower for Py-PD grafted without electrochemistry
compared to electrografted Py-PD. This result is in agreement with
the calculated thickness which is more or less 4 nm for all the
grafted substrates using CH or IH and 2.4 � 0.29 nm for NiTi|Py-PD
SP. The hypothesis of a grafting with a cationic intermediate can be
made. Indeed, as mentioned previously the surface of NiTi is
oxidized and mainly composed of a TiO2 thin layer preventing the
use of NiTi as electron source. Furthermore, the fact that the
grafting with a cationic intermediate is thermally activated is in
good agreement with the results [24,32]. The slight increase of the
grafted amount when IH is used instead of CH seems logical since
with IH the cationic intermediate is generated directly at the
desired modification area and is less ready to react with the
environment. The use of CH and IH appears as a simple and suitable
alternative for the modification of substrates without electro-
chemistry and without reducing agent if the substrate is not
reductant. Nevertheless, this observation should be carefully
analysed. Indeed, this grafting involves probably a cationic
intermediate which is similar to a Wheland intermediate and as
mentioned previously Py-PD is highly conjugated and could lead to
a better stabilization.

Contact angle measurements as the XPS measurement (values
from 73 to 76�) for Py-PD grafted without electrochemistry are in
line with the results for Py-PD electrografted. Hence, an increase of
the hydrophobicity in agreement with the grafting of aromatic
compounds is observed.
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Fig. 12. Cyclic voltammetry in monomer-free electropolymerization condition for
bare NiTi (-&-) and NiTi|Py-PD 2 eq ( ).
The LSV analysis (Fig. 11) shows a cathodic shift of the corrosion
potential (Table 2) for the substrates obtained after the grafting of
Py-PD for all the heating conditions (CH and IH). All the thermally-
assisted modified substrates (CH and IH) present a cathodic
reaction inhibition and a decrease of the corrosion current density
(Table 2) associated with a slight decrease of the anodic part. In
conclusion, there is a global improvement of the corrosion
behavior for substrate modified by heating (CH and IH). However,
NiTi|Py-PD SP sample shows an increase of the recorded corrosion
current densities associated with an increase of the anodic part.
This enhancement of the corrosion reaction is probably due to an
inhomogeneous modification and a partial grafting of the Py-PD
layer at the surface of NiTi (cf. XPS).



Fig. 13. Schematic representation of the grafted Py-PD film (in orange) destruction at the interface with NiTi after the CV (middle part), the potentiostatic (right part a)
experiments in the PPy (in blue) electropolymerization condition without Py and during the Py electropolymerization by CV (right part b).
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Fig. 15. XPS survey and core level spectra of N1 s and C1 s for NiTi|Py-PD|PPy.
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3.3. Electropolymerisation of pyrrole on bare NiTi and NiTi|Py-PD 2 eq

Prior to the pyrrole electropolymerization, a comparative
electrochemical evaluation between bare NiTi and NiTi|Py-PD 2
eq has been performed in a pyrrole free solution by CV. Fig. 12
shows for bare NiTi an important oxidation peak starting at 400 mV
attributed to Ni oxidation [55] and dissolution. Indeed, evaluation
by XPS of the surface (Table 1) shows an increase of the titanium
content with a Ti/(Ni + Ti) ratio increasing from 0.60 to 0.76. The
current density recorded decreases dramatically with the number
of cycles indicating a reinforcement of the protective titanium
oxide surface layer. The CV for NiTi|Py-PD presents an oxidation
peak starting at 500 mV, this higher potential compared to that of
bare NiTi confirms the protective role of the grafted Py-PD. As for
bare NiTi this oxidation wave is attributed to Ni oxidation but at a
lower rate since the recorded current densities are one order lower
which highlights again the protective role of the grafted Py-PD.
Furthermore, oxidation of the pyrrole function from grafted Py-PD
in this range of potential cannot be excluded. The XPS ratios (C/
(Ni + Ti) and NPy/(Ni + Ti)) (Table 1) show a partial destruction (i.e. a
slight decrease of the recorded ratios) of the grafted film due to the
oxidation of Ni and the partial destruction of the bonds between
the grafted film and the NiTi surface (as shown on Fig. 13 middle
part). The free monomer electropolymerization conditions with-
out pyrrole have been evaluated in potentiostatic conditions at
1.2 V/SCE for 30 min which are harsher conditions. In this
condition, a dramatic decrease of the covering rate is observed
(C/(Ni + Ti) and NPy/(Ni + Ti)) (Table 1) with a major film desorption
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PD (b).
(as schematically shown on Fig. 13 right part a) due to a continuous
oxidation of the Ni and so of the surface oxide layer dissolution at
this potential [55]. This hypothesis is supported by the Ti/(Ni + Ti)
ratio indicating the almost complete disappearance of nickel at the
surface of NiTi. Consequently, in the sequel of this work, to avoid
the destruction of the grafted adhesion promoter layer, the
electropolymerization of pyrrole is carried out in CV condition.
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Table 3
Abundance ratios calculated on the basis of XPS analysis of bare NiTi, NiTi|Py-PD,
NiTi|Py-PD|PPy, NiTi|Py-PD|PPy after sonication NiTi|Py-PD|PPys and NiTi|Py-PD|
PPy after peeling test NiTi|Py-PD|PPyp.

Conditions Ti/
(Ni + Ti)

C/
(Ni + Ti)

N/
(Ni + Ti)

C/
N

Bare NiTi 0.60 0.80 0.02 34.8
NiTi|Py-PD 0.79 46.1 6.12 10.7
NiTi|Py-PD|PPy / / / 4.9
NiTi|Py-PD|PPys 0.74 0.86 0.06 14.1
NiTi|Py-PD|PPys 0.76 0.91 0.07 12.1
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Pyrrole electropolymerization (Fig. 14) CV for both NiTi|Py-PD
and bare Ni present the classical behaviour recorded for the
electropolymerization of conducting polymers. Indeed, two
oxidation waves corresponding to Ni oxidation (as mention
previously for CV recorded without Py) and the pyrrole monomer
oxidation (� 1100 mV for both substrates) are present at anodic
potential during the first cycle. For the others cycles, two parts are
also observed but with other attributions. The first at lower
potential (than monomer oxidation) corresponds to the polymer
oxidation and reduction with a current density increasing with the
number of cycles due to the polymer growth. The other one, at
more anodic potential, corresponds to the monomer oxidation but
also to oligomers present in solution after the first cycle (product of
oxidized monomer coupling). The decrease of the potential for the
second oxidation wave after the first cycle is due to the presence of
these easier oxidizable oligomers in the solution.

The increase of the recorded oxidation potential of the polymer
for both substrates with the number of cycle is symptomatic of
short and poor quality polymer. The decrease of the current
densities recorded for the oxidation of the monomer between the
2nd and 10th is a consequence of the poor quality of the film.

For NiTi|PPy and NiTi|Py-PD|PPy a visual removal of the film is
observed when the substrates are cleaned in the sonication bath.
Nevertheless, this removing of the PPy film is slower for NiTi|Py-
PD|PPy.

The XPS spectra are presented only for NiTi|Py-PD|PPy in Fig.15.
The results for NiTi|PPy are not shown because the PPy films do not
withstand the vacuum in the XPS chamber which is another
qualitative information on the better adhesion of electropoly-
merised pyrrole on substrate modified with the Py-PD adhesion
promoter. The survey spectra for NiTi|Py-PD|PPy shows an increase
of the C1s and N1s peak intensity compared to bare NiTi which
confirms the presence of the PPy film and the appearance of the
Cl2p peak. The presence of chlorine is due to the insertion of
perchlorate ions during the film formation and oxidation. Another
difference for the NiTi|Py-PD|PPy sample is the disappearance of
the Ti characteristic peaks in agreement of the thickness
measurement recorded by mechanic profilometry of
307 � 220 nm higher, than the sampling depth of the XPS (10 nm).

The C1s peak (Fig. 15 inset) can be analysed using six different
components at 284.1, 285.1, 286.4, 287.8, 289.1 and 291.4 eV. The
two peaks at the lowest binding energies correspond to b-carbons
(C-C) and a-carbon (C-N) in the pyrrole, respectively [45]. The peak
at 286.4 eV is attributed to carbons involved in polaron (C-NH + )
[45,75] or C-O bond from oxidized polymer or trapped rinsing
solvent. The peak at 287.8 eV is assigned to bipolaron (C¼NH + )
1000 500 0 -500 -100 0
E vs  SCE/mV

 NiTi|PP y
NiTi|Py-PD|PP y

Fig. 16. Open circuit potential (EOC) for bare NiTi (-&-), NiTi|PPy ( ), NiTi|Py-PD
( ), NiTi|Py-PD|PPy ( ).
[45,75]. The peak at 289.1 eV could be related to ester groups (C¼O)
[26,76]. The 286.4, 287.8 and 289.1 eV peaks are characteristics of
oxidised pyrrole film and are in agreement with the previous
results. Ultimately, at 290.8 eV the shake-up satellite peak
characteristic of an aromatic is observed [27,45].

The nitrogen peak analysis is consistent with the XPS results on
C. The N1s peaks (Fig. 15 inset) is analysed using 3 components at
400.0, 401.2 and 402.6 eV corresponding to amine like bonds of
pyrrole (N-H), to positively charged nitrogens (-NH+) (polaron) and
to oxidized nitrogens (bipolaron) (¼NH+) respectively [45,77].

Typical doping/dedoping CV graphs (not presented) for the
NiTi|Py-PD|PPy and NiTi|PPy show a weak capacitive current and
do not show the typical oxidation and reduction of the polymer
layer inducing counter-ions transfers inside and outside the layer
(doping and dedoping) [78]. This behaviour similar to insulating
polymer reflects the poor quality of the PPy film inducing its loss of
conductivity and it is in agreement with CV recorded during the
PPy film formation.

The open circuit potential (EOC) measurements for NiTi
substrates (Fig. 16) show a decrease of the EOC (after 1 h)
from � –345 mV to � –430 mV for Ni|Py-PD compared to bare Ni.
This shift towards more cathodic EOC is in agreement with the
previous Ecorr cathodic shift recorded from the LSV measurement.
The EOC for NiTi|Py-PDPPy � 30 mV (after 1 h) shows an ennoble-
ment of the substrate. An increase of EOC with time is observed
which indicates the absence of galvanic coupling between the
oxidized PPy film and the NiTi substrate [79–81] and is another
indication of the conductivity loss and so of the poor quality of the
PPy film. Similar conclusions can be made for NiTi|PPy sample but
with a less important ennoblement (EOC of �–40 mV) compared to
NiTi|Py-PD|PPy.

While the PPy film is completely non-adherent on bare NiTi, the
adherence of the PPy film electropolymerized on NiTi|Py-PD
sample has been evaluated by XPS after its sonication and after a
peeling tests (ASTM D3359). Results are presented in Table 3. For
NiTi|Py-PD|PPy a successful polymerisation of the PPy with C/N
ratio close to the theoretical ratio of 4 for a pure PPy film is
observed. The excess of carbon is due to atmospheric contami-
nations. After both the sonication and the peeling test, a complete
removal of the PPy film but also of the adhesion promoter layer is
observed. Indeed, C/(Ni + Ti), and N/(Ni + Ti) ratios are close to the
ratios recorded for bare NiTi and far under the ratios recorded for
NiTi|Py-PD. As mentioned previously in the CV condition for the
electropolymerization of pyrrole dissolution of metallic species
occurs [55] and consequently a partial destruction of the bonds
between the Py-PD and the NiTi (Fig.13 middle part). In presence of
pyrrole, pyrrole radicals are generated at the electrode surface near
the interfacial bond between grafted Py-PD and NiTi, these pyrrole
radicals probably react with the grafted Py-PD leading to another
partial destruction of the Py-PD film (Fig. 13 right part b). Finally,
both reactions (i.e. metallic species dissolution at anodic potential
and radical pyrrole reaction with the interfacial bond between
grafted Py-PD and NiTi) lead to the almost complete destruction of
the adhesion promoter layer and to the formation of PPy film
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mainly physisorbed. To avoid this phenomenon the experiments
have been carried out with lower concentration of Py (i.e. 0.1 mM
and 0.01 mM) but with these concentrations the electropolyme-
rization doesn’t occur. A solution could be to increase the final
potential (which is at 1.2 V/ECS) but then the decrease of the Py-PD
destruction (due to the reaction between radical pyrrole and the
interfacial bond) thanks to the decrease of the Py concentration
will be compensated by the increase of metallic species dissolu-
tion.

4. Conclusions and outlooks

The electrografting of Py-PD on NiTi has been successfully
achieved with two acidic (i.e. 2 and 10 eq of HClO4) conditions for
its in situ generation. In both cases, the surface of NiTi has been
preserved. Hence, hypotheses on the bond at the interface between
NiTi and the grafted film have been proposed and partially verified
with the presence of C��N¼N-O-Ni bond. NiTi|Py-PD 2eq and NiTi-
Py-PD 10 eq. present high coverage ratios with multilayers
formation. XPS results indicate probable side reactions (i.e.
nitration and chlorination) during the Py-PD generation/grafting
for the 10 eq condition. Consequently, NiTi|Py-PD 10 eq presents a
corrosion resistance less important than NiTi|Py-PD 2 eq and NiTi|
Py-PD 10 eq is more hydrophilic than NiTi|Py-PD 2 eq. Therefore,
beyond the interest to use gentle acidic conditions (i.e. 2 eq of
HClO4) for the in situ generation of diazonium salts to avoid
detrimental effect on the surface of sensitive oxidizable metals
(which are not observed here since the electrografting of Py-PD
with 10 eq of HClO4 has been successfully achieved), this condition
avoids side-reaction during the grafting of diazonium salts. Hence,
the 2 eq of acid condition should be preferred or at least used when
the diazonium in situ generation is problematic.

The grafting of Py-PD in situ generated on NiTi has been also
achieved at room temperature and thermally assisted (IH and CH at
70 or 80 �C). The grafted film shows similar properties to the film
obtained by electrografting (cf. XPS, contact angle and LSV) but
with a lower thickness. The NiTi|Py-PD SP shows a lower coverage
compared to the substrate modified by CH and IH which is in
agreement with the formation of a cationic intermediate thermally
activated.

Finally, the electropolymerization of Py has been successfully
achieved providing conductive polymer top coat, probably
attached via electrostatic interactions to the underlying NiTi-Py-
PD. This mechanism of adhesion is probably driven by the
concomitant oxidation of metallic species and the reaction of
pyrrole radical with the grafted Py-PD inducing the failure of the
interfacial bond between grafted Py-PD and NiTi. We have also
noted that the conductive polymer top coat fails only under
extreme adhesion testing conditions such as ultrasonication.
Nevertheless, Py-PD could be used as a coupling agent for the
electrodeposited polypyrrole, with reasonably good adhesion
therefore ensuring substantial corrosion resistance of Nitinol.
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