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Abstract Electrodes modified with electropolymerized
films have received considerable attention in the develop-
ment of catalysts and sensors, and their use is rapidly
increasing. This work reports modification of the surface of
graphite electrodes by electrochemical polymerization of
tyramine. These modified electrodes were used to nickel
incorporation and hydrogen evolution. Tyramine elect-
rooxidation, in acid and basic media, yielded polymeric
films onto graphite surface. In ferrocyanide/ferricyanide
solution, the electrodes modified in acid medium showed
higher electron transfer efficiency. Impedance studies
indicated higher charge transfer resistance to electrodes
modified with Ptyr prepared in basic pH. Scanning electron
microscopy showed that the formed films present different
morphology for the several pH values studied. Interfer-
ometry and scanning electron microscopy analysis showed
higher coverage to films formed in acid medium. Polymers
produced in more alkaline medium present growth self-
limited. Nickel was incorporated in the films through
immersion of the modified electrodes in solution of
potassium hexafluoronickelate, followed of electrochemi-
cal reduction of the metal. The electrocatalytic activity of
the modified electrodes with nickel incorporated was tested
for hydrogen evolution reaction. The amount of nickel
mass incorporated as well as the current density of
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hydrogen evolution reaction was higher in electrodes
modified with polytyramine produced in acid medium.

Introduction

Electrochemical methods of polymerization permit to tailor
the chemical and physical properties of polymers to gain
importance in the research and development of new
materials. For the last years, electropolymerization of
various aromatic compounds has been investigated with the
goal of obtaining polymeric films to produce modified
electrodes for specific applications, such as catalysis, sen-
sors, electrochromic materials and new conducting, semi-
conducting and insulating polymers [1-7].

Due to their high conductivity and stability, both in air
and aqueous solution, polypyrrole, polyaniline, polyacety-
lene, polythiophene, polyindole and polythionine and has
been extensively studied to application in sensors [8, 9] and
catalysis [10-12].

Previous studies indicate that monomers containing
aromatic groups directly bonded to oxygen are easier to
polymerize, present high reproducibility and mechanical
resistance of the obtained film, allowing higher stability to
the modified electrode [13, 14]. Polymerization of tyramine
[4-(2-aminoethyl)phenol] was studied for applications in
biosensors [15-20]. This monomer can covalently attach
the biorecognition molecule via the formation of a peptide
bond through the free amino group.

Inorganic nanoparticles of different nature and size can
be combined with conducting [21] or non-conducting
polymers [22], producing nanocomposites with high
porosity and activity. The literature to use of modified
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electrodes for confinement of metals is less common
however the deposition of metallic particles has an
increasing interest in catalysis. Previous incorporation of
the respective salts or complexes of several metals have
made it by ionic exchange in polymeric films deposited in
electrodes, followed by electrochemical reduction [13, 14,
21, 23-29].

Catalysts, such as platinum, palladium or nickel, are
used in catalytic hydrogenations of unsaturated organic
compounds. The main hydrogenation catalysts in organic
chemicals industry are Raney nickel for margarine and
related processes, nickel and palladium or platinum on
lithium oxide for hydrogenation of benzene to cyclohexane
[30]. The reactions take place on the surface of the metals
finely divided, often deposited on supporting material. The
reduction of unsaturated organic compounds by hydrogen
generated by electrochemical reaction (electrocatalytic
hydrogenation) is advantageous compared to catalytic
hydrogenation because it does not require hydrogen gas
manipulation [22].

The purpose of this investigation was to study the
morphology and some electrochemical characteristics of
the tyramine electropolymerization on graphite electrode,
for different pH values of film formation, nickel incorpo-
ration and hydrogen evolution in these modified electrodes.

To our knowledge, this is the first report of nickel
incorporation and hydrogen generation in -electrodes
modified with polytyramine (Ptyr).

Experimental
Reagents

Tyramine was purchased from Sigma-Aldrich and potas-
sium hexafluoronickelate from Acros. The electrolyte and
monomer solutions were deoxygenated for 45 min with
ultra pure nitrogen gas. All the reagents were of analytical
grade and prepared using Millipore/Milli-Q water (resis-
tivity = 18.2 MQ cm).

Production and characterization of Ptyr films

The electrochemical studies were performed in three
compartment glass cell, fitted with a graphite working
electrode of 6 mm diameter, platinum plate as auxiliary
electrode and a saturated calomel electrode (SCE) as
reference, connected to a potentiostat PAR 273A. The
working electrode was mechanically polished with alumina
oxide (0.3 um slurry) before each electrochemical assay.
After polishing, the electrode was rinsed with water from a
Millipore Milli-Q system. The electrodes were then soni-
cated in ultrasound bath and rinsed again with water.
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The monomer solutions were deoxygenated with N,
prior to electropolymerization. Ptyr films were grown by
potentiodynamic electropolymerization on graphite elec-
trodes from tyramine solution (15 mmol L. HCIO,
solution (0.5 mol L") was used for all experiments and pH
adjustment was carried out using NaOH solution.

The graphite electrode behavior was analyzed in
K;[Fe(CN)g] (5.0 mmol L™")/K4[Fe(CN)g] (5.0 mmol LY/
KNO; (0.1 mol L") solution, and HCIO, solution (0.1
mol L"), before and after tyramine electropolymerization.

Electrochemical impedance spectra were measured for
electrodes modified with PTyr electropolymerized in pH
1.0 and 12.0, before and after nickel incorporation, in
solution containing 5.0 mmol L' K Fe(CN)¢/K3Fe(CN)g
as redox couple. A constant potential of 250 mV with
5 mV sinusoidal excitation amplitude was applied. The
impedance data were measured and collected for harmonic
frequencies from 10 KHz to 10 MHz. A conventional
three-electrode cell was used containing platinum plate as
counter electrode and SCE as reference electrode. Fitting
of impedance spectra was performed using CHI Instru-
ments model 760C modeling software CHI Version 6.21.

Morphology of the films was assessed by scanning
electron microscopy (SEM) LEO 940A microscope, inter-
ferometry (Microfocus Expert 3D laser interferometer,
UBM) and atomic force microscopy (AFM) (Nanoscope
ITa, Digital Instruments). Roughness was evaluated by
AFM using the non-contact method.

Nickel incorporation on modified electrodes

After formation of the modified electrode, it was immersed in
potassium hexafluoronickelate solution (2 x 102 mol L)
during 20 min. The modified electrode with nickel complex
incorporated was washed carefully and transferred to the cell
contend KCI solution (0.1 mol L™"), being applied potential
of —1.0 V during 120 s. The incorporation procedure was
repeated by three times to all modified electrodes. The nickel
mass incorporated in Ptyr produced in different pH had been
calculated by Faraday ‘s law for electrochemical reduction of
ions incorporated.

Hydrogen evolution reaction in the modified electrodes

The modified electrodes with nickel incorporated had been
connected to the electrochemical cell contend HCI solution
(0.1 mol L") and submitted to voltammetry in the poten-
tial interval from 0.0 V to -1.0 V, 10 mV s™'. The current
density of the hydrogen evolution reaction was observed by
current in —1.0 V in function of the geometric area
re-covered for the film in the modified electrode [14, 22].

The stability of the composite material formed by nickel
and Ptyr produced in pH 1.0 or 12.0 was investigated in
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deaerated (0.5 mol L™") HCI solution, through the appli-
cation of —0.85 V (vs. SCE) during 24 h, with stirring, and
determination of current values.

Results and discussion
Electrochemical behavior of tyramine

Cyclic voltammograms of tyramine oxidation in different
pH values are shown in Fig. 1.

The oxidation of tyramine at pH 1.0 was observed at
about +1.05 V versus SCE. The oxidation peak of tyramine
in basic medium shifted to lower potentials and two peaks
were observed. Since the pKa of the phenolic hydroxyl
group of tyramine is 10.52 [15], the two peaks can be
attributed to the oxidation of the tyramine and phenolate
species, such as was observed for other phenolic com-
pounds [31], through a shift in the phenol/phenolate equi-
librium, resulting in easier oxidation due to higher
electronic density. The phenolate oxidation peak is local-
ized at +0.43 V.

Tyramine oxidation occurs through the ortho position,
similar to electrochemical polymerization of other phenols
[17]. Scheme 1 represents the electropolymerization of
tyramine.

Cyclic voltammograms (CV) for the oxidative poly-
merization of tyramine in solutions (pH 1.0 and 12.0) are
presented in Fig. 2.

The first cycle shows that oxidation of tyramine is
irreversible for all pH values. During continuous potential
cycling (Fig. 2a) a gradual decrease in the peak current is
observed, but oxidation of the monomer continues after
200 scans. The increase in current between +0.2 and

Current / mA

-04 -02 00 02 04 06 08 10 1.2
Potential / V vs. SCE
Fig. 1 Effect of pH on the electrochemical behavior of tyramine

(15 mmol L‘l) on a graphite electrode, 50 mV s, pH 1.0-12.0. The
arrows indicate pH increase
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Scheme 1 Schematic of the electropolymerization of tyramine
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Fig. 2 Cyclic voltammograms of tyramine (15 mmol L™, recorded
continuously (a) pH 1.0. Inset: first cycle of tyramine oxidation (b)
pH 12.0; 50 mV s’l, 200 scans. The arrows indicate scans increase

+0.7 V, after the first cycle, reflects the covering of the
electrode surface by the electroactive polymer film.

In alkaline medium (Fig. 2b), increasing the number of
cycles, results in drastic decrease in electrodeposition.
After several cycles small oxidation currents were
observed, suggesting electrode passivation.

The electrochemical behavior of the modified electrodes
prepared in acid and basic pH values is shown in Fig. 3.

Oxidation waves (+215 mV, +427 mV and +602 mV)
and reduction waves (+186 mV, +270 mV and +354 mV)
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Current / mA
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Potential / V vs. SCE

Fig. 3 Cyclic voltammogram of graphite electrode or electrodes
modified with Ptyr in HCIO, solution (0.5 mol L"), 50 mV s~', 200
scans. (a) Bare graphite electrode; (b) Ptyr prepared at pH 1.0 and (c)
Ptyr prepared at pH 12.0

of Ptyr were observed in modified electrode prepared in pH
1.0. The electrochemical oxidation and reduction waves of
Ptyr were observed in modified electrodes prepared until
pH 8.0. For pH higher than 10.0 no polymer electroactivity
was observed.

The cyclic voltammograms of the electrodes modified
with Ptyr in ferrocyanide/ferricyanide solution are shown
in Fig. 4.

Situmorang et al. [17] described the electropolymeriza-
tion of tyramine in methanol-phosphate buffer on platinum
electrode. Formation of Ptyr resulted in passivation of the
electrode. Kuramitz et al. [31] showed the formation of

Current / mA

.-0.1 0.0 0.1 0.2 0.3 0.4 0.5
Potential / V vs. SCE

Fig. 4 Cyclic voltammogram in K3;Fe(CN)g (5 mmol LY,
K4Fe(CN)g (5 mmol L") and KNO; (0.1 mol L™") of bare graphite
electrode and graphite electrode modified with Ptyr, electropolymer-
ized in aqueous solution of tyramine (15 mmol L’l), 100 mV s’l,
200 scans. (a) bare graphite electrode and electrode modified with
Ptyr prepared at (b) pH 1.0; (¢) pH 2.0; (d) pH 4.0; (e) pH 6.0; (f) pH
8.0; (g) pH 10.0; (h) pH 12.0. Inset: magnifying of polymeric film in
(g) pH 10.0; (h) pH 12.0
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insulating polymer film by eletropolymerization of
bisphenol in sodium sulfate buffer solution on glassy
carbon. This behavior was observed in Ptyr produced in
high pH on the graphite, whereas this polymer decreased
the ferricyanide/ferrocianyde current (Fig. 4).

The electrodes modified with Ptyr, prepared in acid
media, present increase in the electrochemical response of
the redox pair, when compared to the graphite electrode,
suggesting formation of Ptyr with different structures,
presenting a larger electrode surface area. Significant shift
in Ep, to more positive values are observed, suggesting a
slower electron transport across the polymer.

The current of Fe(CN)a/Fe(CN)¢ couple is much
higher under acid conditions when compared to more
basic conditions. Considering the geometric surface areas
of the graphite electrodes are similar this can only be
understood assuming the Ptyr-films formed in acid solu-
tions present areas much higher. This is consistent with
the globular structure observed by scanning electron
microscopy for films prepared under the more acidic
conditions (Fig. 5).

The morphology of the electrode modified with Ptyr
shows different topographies as function of pH. Up to pH 8
the coating presents a globular structure randomly distrib-
uted on the electrode surface. For pH 10.0 and 12.0, the
coating is not capable of filling the graphite cavities, pos-
sibly due to the formation of a passiving layer of Ptyr. This
is consistent with the CV behavior of Fig. 2b which shows
a strong reduction of the current after the first potential
cycle.

The profile obtained by interferometry (Fig. 6) shows a
small amount of cavities in the polymeric films formed at
acid pH. This result suggests that at acid pH values occurs
major covering of the graphite electrode.

Impedance spectroscopy is an effective method to probe
the electron transfer rates at the electrode for active redox
species in solution [1]. Results for the graphite modified
with Ptyr prepared in different values are shown in Fig. 7.

The complex plane plots show the initial part of a semi-
circle, in the high frequency domain to Ptyr prepared in pH
1.0 and pH 12.0. These results indicate that the electrode
process is under kinetic control in the high frequency [32].

It is worth emphasizing that the charge transfer resis-
tance (Rct) value of Ptyr prepared in pH 12.0 is three
orders of magnitude higher (in the order of kQ) than the
Ptyr prepared in pH 1.0. This behavior is in agreement with
the CV in aqueous solution containing Fe(CN)g’/Fe(CN){
couple (see Fig. 4).

In relation to the electrooxidation of phenols, it is
complex and the predominance of intermediates in this
process, as well as the product distribution and the reac-
tion pathway may be affected by the following factors:
medium pH, solvent-electrolyte system, electrode material,
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Fig. 5 Scanning electron
micrograph of bare graphite
electrode (a) and Ptyr prepared
at (b) pH 1.0; (¢) pH 2.0; (d) pH
4.0; (e) pH 6.0; (f) pH 8.0; (g)
pH 10.0; (h) 12.0; 50 mV~', 200
scans, magnification: 1000x

Fig. 6 Surface analysis by
interferometry of a graphite
electrode modified with Ptyr
prepared at (a) pH 1.0; (b) pH
12.0; 50 mV s, 200 scans

concentration of phenolic compounds, current density or
potential applied [33, 34].

The presence of nonionized phenol is observed at acidic
medium, and the structure formed at basic pH is the phe-
nolate ion. These species produce, by a series of proton and
electron transfers, the electropolymerization onto electrode
surface and bimolecular reactions in solution.

The first oxidation of phenols produces a cation-radical.
By losing one electron and one proton, this intermediate
produces phenoxonium ion or, by losing one proton, it
produces phenoxy radical.

The oxidation of phenolate ion produces a phenoxy
radical. This intermediate can produce ortho or para-
benzoquinones, quinol ethers and C-C coupling process,
producing biphenyls. The possible phenoxonium ion
products are quinone derivatives and/or products of
coupling with solvent and electrolyte [33, 34].

This variety of products suggests that the formation of
polymers derived from phenols with different structures
and properties is possible. This observation is in agreement
with the different electrochemical behavior showed in
investigations of passivation (Fig. 3), electron transfer
(Fig. 4) and impedance (Fig. 7), or different morphological
characteristics showed in studies of SEM (Fig. 5) and
interferometry (Fig. 6) presented by polytiramine prepared
in different pH values, on the graphite surface.

Nickel incorporation in modified electrode

Figure 8 shows the electrochemical behavior of nickel
reduction in electrodes modified with Ptyr films prepared in
different pH.

Figure 8 shows that the current values of nickel reduc-
tion were higher in films produced in acid medium,
diminishing gradually with pH increase of preparation.

The nickel mass, calculated by charge of nickel reduc-
tion, and the current density values of electrodes modified
with Ptyr in HCl solution at —1.0 V are indicated in
Table 1.

Table 1 shows higher values to nickel incorporated and
current density of hydrogen generation to electrodes
modified with Ptyr prepared under more acidic conditions.
This is in agreement with the area higher of these films,
suggested by cyclic voltammograms (Fig. 4) and scanning
electron microscopy, (Fig. 5). These results suggest that
the higher area of the polymer increased the nickel incor-
poration.

Figure 9 presents the voltammograms of modified
electrodes, prepared in different pH, with incorporated
nickel, in acid solution.

The HER rate is determined by adsorption and desorp-
tion of hydrogen and is associated to the surface coverage
of the catalytic metal. In all modified electrodes containing
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Fig. 7 Nyquist diagrams (Z” vs. Z’) in 0.1 mol L™' KNO; containing
K53Fe(CN)s (5 mmol L), K4Fe(CN)g (5 mmol L7!) at graphite
electrode modified with Ptyr prepared at (a) pH 1.0 and (b) pH 12.0;
50 mV~', 200 scans
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Fig. 8 Electrochemical reduction in KCI solution (0.1 mol L™ of
hexafluoronickelate incorporated in graphite electrodes modified with
Ptyr prepared at (a) pH 1.0; (b) pH 12.0. Potential: —1.0 V, 120 s

nickel, the presence of cathodic peaks suggests adsorption
of hydrogen on metal. At more cathodic potentials, the
hydrogen evaluation reaction predominates. The pH of
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Table 1 Nickel mass incorporated and current density of bare graphite
and modified electrodes with Ptyr in HCI solution (0.1 mol L’l) at
-1.0V

Graphite Nickel deposited Current density in —1.0 V
electrode (g cm_z) (mA cm'z)

Ptyr pH 1 5.1x107 2.0

Ptyr pH 12 3.1x107° 12

Current / mA

-1.0 -0.I8 -0.I6 -o.'4 0.2
Potential / V vs. SCE

Fig. 9 Voltammograms in 0.1 mol L™' HCI solution of electrodes
modified with Ptyr prepared at pH 1.0 (a), 6.0 (b) and 12.0 (c),
containing nickel incorporated; 10 mV !

electropolymerization influences the hydrogen generation.
The difference in the current recorded in the potential
range from about —0.7 V to —-0.9 V indicates that the
hydrogen is adsorbed at the modified electrode prepared in
pH 12.0 for a larger period of time than at the modified
electrode prepared in pH 6.0 or and pH 1.0.

The atomic recombination and subsequent hydrogen
evolution appears to occur faster in the modified electrode
prepared in pH 1.0, and this reaction is influenced by a
major area of the polymer and amount of nickel incorpo-
rated, appearing as a promising material for electrocatalytic
hydrogenations.

In the composite Ptyr (pH 1.0)/nickel, we observed a
initial current value of ca. 1 mA, increase of current with
the time and stabilization of these values in ca. 10 mA at
~16 h. This increase of current suggests an activation of the
composite by cathodic current, and remotion of any
spontaneously formed oxide.

The investigation with the composite Ptyr (pH12.0)/
nickel showed that the initial current was ca. 1 mA, with a
decrease of current with the time and stabilization of these
values in ca. 0.3 mA at ~12 h (results not shown). These
results are in agreement with the major covering of the
graphite electrode by the polymer produced in acid pH,
determined by interferometry and major nickel mass
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Fig. 10 AFM images of
graphite electrode modified with
Ptyr prepared at pH 1.0 without
nickel (a) and with nickel (b);
Ptyr prepared at pH 12.0
without nickel (¢) and with
nickel (d); 50 mV s, 200 scans

deposited in this modified electrode, calculated by charge
of nickel reduction.

Typical 3-D AFM images of Ptyr and composites with
nickel incorporated are shown in Fig. 10.

Surface morphology of Ptyr without nickel is different
from the composites containing nickel.

The AFM images reveal that Ptyr prepared in pH 1.0
(Fig. 10a) or 12.0 (Fig. 10c) present globular morphology
that recovers the whole surface. Ptyr prepared in pH 1.0
presents a rougher morphology with globules having a
higher diameter, producing an increase in roughness. Ptyr
prepared in pH 12.0 presents a more homogeneous surface,
with lesser globules. Roughness values for Ptyr (pH 1.0)
and Ptyr (pH 12.0) are 582 nm and 244 nm, respectively.
The higher roughness observed for Ptyr (pH 1.0) is in
agreement with the increase of current of the modified
electrode in the presence of the K3Fe(CN)g/K4Fe(CN)g
redox couple (see Fig. 4). The higher incorporation of
nickel (Table 1) in Ptyr (pH 1.0) may be due, in part, to its
bigger rugosity in relation to Ptyr (pH 12.0).

Roughness values for the composites Ptyr (pH 1.0)/
nickel (Fig. 10b) and Ptyr (pH 12.0)/nickel (Fig. 10d) are
190 nm and 498 nm, respectively.

Conclusions

It is possible to prepare electrodes modified with Ptyr film
over the range of pH studied (1.0-12.0). The films formed
at different pH values showed changes in electron transport
across the polymeric matrix. The films show globular
morphology covering all electrode surface, when the
modified electrodes was prepared in the pH 1-8 range. Ptyr
preparation in pH 12.0 had growth self-limited, possibly
due the formation of a Ptyr passiving layer that was not
enough to fill the graphite cavities. Impedance analyses
indicate that this polymer presents bigger resistance charge
transference than Ptyr prepared in pH 1.0.

The nickel incorporation on graphite electrodes modi-
fied with Ptyr was more efficient in acid medium due the
higher surface area. The higher nickel mass incorporated in
modified electrodes prepared in more acid medium pro-
duced bigger current density of hydrogen generation.

Acknowledgments The authors are grateful for the financial
support from Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico (CNPq), Fundacdo de Amparo a Pesquisa do Estado
de Minas Gerais (FAPEMIG) and Coordenagdo de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES). The authors are grateful to

@ Springer



482

J Mater Sci (2008) 43:475-482

Dr. Julien F. C. Boodts for the suggestions and revision of the
manuscript. Also, we would like to thank teacher Abilio Borghi for
the review of the English manuscript.

References

1. Bardavid Y, Kotlyar AB, Yitzchaik S (2006) Macromol Symp
240:102

2. Kulkarni MV, Viswanath AK, Khanna PK (2006) J Appl Polym
Sci 99:812

3. Li D, Mcdaniel AH, Bastasz R, Medlin JW (2006) Sens Actuators
B 115:86

4. Harun MK, Lyon SB, Marsh J (2005) Prog Org Coat 52:246

5. Menezes HA, Maia G (2005) J Electroanal Chem 586:39

6. Topcu-Sulak M, Gokdogan O, Gulce A, Gulce H (2006) Biosens
Bioelectron 21:1719

7. Ortega JM (2000) Thin Solid Films 37:28

8. Cosnier S (2003) Anal Bioanal Chem 377:507

9. Gerard M (2002) Biosens Bioelectron 17:345

10. Abe T, Kaneko M (2003) Prog Polym Sci 28:1441

11. Malinauskas A (1999) Synth Met 107:75

12. Deronzier A, Moutet J-C (1996) Coord Chem Rev 147:339

13. Lofrano RCZ, Madurro JM, Abrantes LM, Romero JR (2004)
J Mol Catal A: Chem 218:73

14. Lofrano RCZ, Madurro JM, Romero JR (2000) J Mol Catal A:
Chem 153:237

15. Tran LD, Piro B, Pham MC, Ledoan T, Angiari C, Dao LH,
Teston F (2003) Synth Met 139:251

16. Cordas CM, Tenreiro A, Abrantes LM (2003) In: Gototsi YG,
Uvarova IV (eds) Nanostructured materials and coatings in bio-
medical and sensor applications. Kluwer Academic Publishers,
Dordrecht, p 371

@ Springer

17.
18.
19.
20.
21.

22.
23.

24.
25.
26.
27.
28.
29.
30.
31.

32.
. Morrow GW (2001) In: Lund H, Hammerich O (eds) Organic

34.

Situmorang M, Gooding JJ, Hibbert DB (1999) Anal Chim Acta
394:21

Situmorang M, Gooding JJ, Hibbert DB, Barnet D (1998) Biosens
Biolectron 813:953

Pham MC, Lacaze PC, Dubois JE (1984) J Electrochem Soc
131:777

Dubois JE, Lacaze PC, Pham MC (1981) J Electroanal Chem
117:233

Pontélio JSO, Purgato FLS, Romero JR (2004) Quim Nova
27:550

Razmi H, Heidari K (2006) Electrochim Acta 51:1293

Lofrano RCZ, Queiroz JV, Romero JR (2001) J Mol Catal A:
Chem 174:231

Zouaoui A, Stephan O, Carrier M, Moutet J-C (1999) J Elec-
troanal Chem 474:113

Jovic VD, Trisovic T, Jovic BM, Vojnovic M (1996) J Electro-
anal Chem 408:149

Nichols RJ, Schroer D, Meyer M (1995) Electrochim Acta
40:1479

Lu JY, Tan T-C (1990) J Electrochem Soc 137:1402

Chandler GK, Pletcher D (1986) J Appl Electrochem 62:16
Tourillon G, Dartyge E, Dexpert H, Fontaine A, Jucha A,
Lagarde P, Sayers DE (1984) J Electroanal Chem 178:357
Wittcoff HA, Reuben BG (1996) In: Industrial organic chemicals.
Wiley, New York, p 479

Kuramitz H, Nakata Y, Kawasaki M, Tanaka S (2001) Chemo-
sphere 45:37

Zhang J, Shan D, Mu S (2006) Electrochim Acta 51:4262

electrochemistry, 4th edn. Marcel Dekker, Inc., New York, p 590
Ferreira M, Varela H, Torresi RM, Tremiliosi-Filho G (2006)
Electrochim Acta 52:434



	Electrochemical and morphologic studies of nickel incorporation on graphite electrodes modified with polytyramine
	Abstract
	Introduction
	Experimental
	Reagents
	Production and characterization of Ptyr films
	Nickel incorporation on modified electrodes
	Hydrogen evolution reaction in the modified electrodes

	Results and discussion
	Electrochemical behavior of tyramine
	Nickel incorporation in modified electrode

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


