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a  b  s  t  r  a  c  t

Chemically  modified  electrodes  formed  by �-stacking  of  metalloporphyrins  provide  a  stable  and  effi-
cient  electrocatalytic  system  for the  hydrogen  evolution  reaction  at  pH  7.0.  Metalloporphyrins  M-OEP
(M  =  Co(II),  Cu(II),  Zn(II),  Ru(II), Fe(III)  and  Ni(II),  OEP  =  2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine)
were  deposited  on  glassy  carbon  electrodes  that had  been  previously  modified  by using NaOH  and  4-
aminopyridine,  which  served  as a bridging  molecule  between  the  metalloporphyrins  and  the  electrode
eywords:
ydrogen evolution reaction
etalloporphyrins
lassy carbon electrodes
upramolecular system

surface.  Different  supramolecular  architectures,  as  revealed  by AFM  and SEM,  were  obtained  with  bare
and oxidized  glassy  carbon  electrode  surfaces.  The  most  active  systems  were  those  obtained  with  Co(II)
and  Cu(II)  porphyrins.  Raman  spectra  showed  the  presence  of  the  linking  molecules  and  metallopor-
phyrins  in  the  electrocatalytic  metalloporphyrin  films.

©  2016  Elsevier  B.V.  All  rights  reserved.

raphene

. Introduction

A major issue in the development of renewable energy resources
s the production of hydrogen (H2) from sources other than fos-
il fuels. Currently, the most economical process for hydrogen
roduction is steam reforming of natural gas, which entails the
roduction of CO2 as a byproduct [1,2]. Water electrolysis is rec-
gnized as an alternative, albeit expensive, method to obtain H2,
ince it provides a link between electrical energy and hydrogen,

 high-energy-density fuel and a versatile energy carrier [3–5].
he hydrogen evolution reaction (her) is the cathode reaction in
ater electrolysis and is one of the main determinants of cost and

fficiency. Traditionally, the her has been catalyzed in membrane-
ased electrolyzers by precious metal catalysts, such as Pt, which
re rare, expensive, and easily poisoned. More recently, electrocat-
lysts derived from earth-abundant transition metals such as Fe,
o and Ni have been investigated as promising alternatives in both

cidic and alkaline electrolytes [6–11]. It is well documented that
za-macrocyclic compounds, such as metalloporhyrins, can cat-
lyze many reactions due to their redox activity, chemical stability,

∗ Corresponding authors.
E-mail addresses: tem5@psu.edu (T.E. Mallouk), gramirezj@uc.cl (G. Ramírez).

ttp://dx.doi.org/10.1016/j.apcatb.2016.01.066
926-3373/© 2016 Elsevier B.V. All rights reserved.
and planar structure, among other characteristics [12]. A number
of discrete molecular cobalt and nickel complexes have been found
to electrocatalytically reduce water to hydrogen with high Faradaic
yields [13–16], but most of these electrocatalysts have been studied
in non-aqueous solutions. We  show here that some of these mate-
rials can be used to modify electrodes and produce cathodes with
high catalytic activity for hydrogen evolution from water.

In this work we have modified glassy carbon electrodes with
commercial octaethylporphyrins (M-OEP, M = Co(II), Cu(II), Zn(II),
Ru(II), Fe(III) and Ni(II)) in order to study their electrocatalytic prop-
erties in the aqueous hydrogen evolution reaction. Glassy carbon
electrodes were covalently modified by surface oxidation and by
reaction with 4-aminopyridine (4AP) with the aim of anchoring
the catalytic molecules by coordination to the metal center of the
porphyrin. This modification enables the deposition of molecular
assemblies that are formed by �-stacking. In this supramolecular
architecture, a synergic effect is expected since �-stacking pro-
vides good electronic communication between the electrode and
catalytic sites in the metalloporphyrins. The morphology of these
electrode films was characterized by Atomic Force Microscopy

(AFM) and Scanning Electron Microscopy (SEM), and the structure
of the supramolecular aggregates was studied by Raman spec-
troscopy. The Raman spectra verify the existence of the covalent

dx.doi.org/10.1016/j.apcatb.2016.01.066
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2016.01.066&domain=pdf
mailto:tem5@psu.edu
mailto:gramirezj@uc.cl
dx.doi.org/10.1016/j.apcatb.2016.01.066
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Table 1
Tafel slopes calculated for GC + 4AP + Co(II)OEP, GC ox + Cu(II)OEP and GC + Cu(II)OEP at buffer phosphate solution, pH 7.0 (scan rate = 5 mV s−1). Amount of porphyrin deposited
on  each system.

System Tafel slope value (mV  per decade) Amount of M-OEP deposited (mol)

GC + 4AP + Co(II)OEP 194 

−8

GC ox + Cu(II)OEP 103 

GC + Cu(II)OEP 90 
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ig. 1. Comparative CVs of bare and modified electrodes with the best electrocat-
lytical responses towards her at aqueous phosphate buffer solution, pH 7.0. Scan
ate: 100 mV s−1.

inkages between the electrode surface and metalloporphyrins
hrough the 4AP molecule and oxidized groups.

. Experimental

.1. Chemicals and solutions

KCl, NaOH and Cl2CH2 were obtained from Merck as ana-
ytical grade reagents. Deionized water was obtained from

 Millipore-Q system (18.2 M� cm). Argon (99.99% pure)
nd dioxygen gas were purchased from AGA, Chile. Metallo-
orphyrins (2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine
obalt(II), 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine cop-
er(II), 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine zinc(II),
,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine ruthenium(II)
arbonyl, 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine
ron(III) chloride and 2,3,7,8,12,13,17,18-Octaethyl-21H,23H-
orphine nickel(II)) and 4AP, were all purchased from
igma-Aldrich Chile.

.2. Instrumentation
Cyclic voltammetry studies were performed on a CH Instru-
ents 750D potentiostat galvanostat. The conventional three-

lectrode system consisted of a glassy carbon (GC) working
lectrode (0.071 cm2), Ag/AgCl (3 M KCl) reference electrode, and

able 2
uantification of total amount of H2 produced by generated systems.

System Peak area (mVs) Total H2 produced (�mol) Total H2 pro

GC 3.3 21.2 5.3 

GC  ox + Cu(II)OEP 616.0 169.8 42.5 

GC  + Cu(II)OEP 892.8 237.0 59.3 

GC  + 4AP + Co(II)OEP 1207.8 313.4 78.4 
4.86 × 10
5.22 × 10−8

3.65 × 10−8

a platinum wire counter electrode. Gold electrodes were used in
parallel experiments in order to obtain Raman spectra.

For electrolysis experiments, an electrolysis cell was used. A
conventional three-electrode system was used, consisting of a
glassy carbon (GC) working electrode (1.7 cm2), Ag/AgCl (3 M KCl)
reference electrode, and a platinum wire counter electrode. Gas
chromatography experiments were carried out by using a DANI-
Instruments® Gas Chromatograph.

Atomic Force Microscopy (AFM) studies were done by using an
Innova® Atomic Force Microscope. Scanning Electron Microscopy
(SEM) studies were performed in a Nova NanoSEMTM 630 and
Raman spectra were obtained by using a Renishaw microRaman
instrument.

2.3. Preparation of modified electrodes and analysis

The GC electrode was polished to a mirror finish on a felt pad
using alumina slurries (3 �m).  Then, it was cleaned by immersion
in an ultrasonic bath for 60 s, and finally stabilized by cycling the
potential between −0.7 V and 0.7 V in a solution of 0.1 M NaOH
under Ar atmosphere.

Covalently modified electrodes were obtained as reported pre-
viously using NaOH and 4AP [10,17]. Then, they were submerged
in a 0.2 mM solution of metalloporphyrin, M-OEP (M = Co(II), Cu(II),
Zn(II), Ru(II), Fe(III) and Ni (II)) dissolved in CH2Cl2 for 20 min at
room temperature (In) and for 60 min  under reflux (R). The elec-
trodes were then dried at room temperature for 1 min.

All the modified electrodes were analyzed in a phosphate
buffer solution (H2PO4

−/HPO4
2− 0.066 mol  L−1 saturated with Ar)

by cycling the potential between 0.0 V and −1.8 V. Controlled-
potential electrolyses at −1.1 V were conducted in stirred
0.066 mol  L−1 phosphate buffer solutions, pH 7.0. The faradaic yield
of H2 was  determined by sampling the headspace of the electrolysis
cell after 4 h and analyzing the sample by gas chromatography.

Gold-coated glass slides (EMF Corp. CA134, 100 nm Au deposited
onto a 5 nm Cr adhesion layer on float glass) were used as gold
electrodes. These electrodes were cleaned with acetone in ultra-
sonic bath for 40 min  before each modification, whereas graphene
electrodes were used as received. Both substrates were stabilized
on a 0.1 M NaOH solution by cycling the potential between −1.0
and 1.0 V, and −0.7 and 0.7 V, for gold and graphene electrodes
respectively.

Raman spectra were obtained by modifying gold and graphene
electrodes, following the same procedure used for glassy carbon

electrodes. These substrates were used since GC is not appropri-
ate for Raman studies. Laser excitation wavelengths of 786 nm
(for studying bonding of 4AP to the electrode) and 532 nm (for
supramolecular porphyrin complexes) were used.

duced per time (�mol  h−1) Total H2 produced per time and area (�mol h−1 cm−2)

3.1
25.0
34.9
46.1
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Fig. 2. CVs of modified electrodes with Co(II)OEP (a) and Cu(II)OEP (b) co

Morphological studies were done by using AFM and SEM. In
hese studies, all samples were analyzed on glassy carbon sub-
trates. Tapping mode was used in all AFM experiments.

. Results and discussion

.1. Voltammetric measurements

In order to study the her, glassy carbon electrodes modified by
AP were prepared in NaOH/4AP solutions as previously reported
17]. Then, two systems covalently modified are obtained: GC ox
nd GC + 4AP. In the first case, oxidized groups are formed on the
C surface [17,18] in order to serve as anchoring group between the
lectrode and the metalloporphyrin. Each metalloporhyrin studied
as deposited via immersion (In) and reflux (R) (Figs. S1–S3, Sup-
orting information), with the aim of comparing the effects of the
ridging molecule, the catalytic metal center, and the method of
lectrode modification. The bridging molecule is covalently bonded
o the carbon electrode surface and, at the same time, is coordinated
o the metal center of the complex, which generates the first layer
f complexes bonded to the electrode surface through the bridge
olecule. On this first layer, more layers of complexes are stacked

y � interactions that finally form a system with supramolecular
haracteristics [19]. Fig. 1 shows the voltammetric responses of the
ost active systems for the her after 10 cycles. The most active

ystems are those generated via reflux (R) with Co(II) and Cu(II)
omplexes (Fig. S4, Supporting information) over the ones gener-
ted by immersion and other metalloporphyrins. By comparing the
In) and (R) electrodes, it is evident that the method of modifica-
ion strongly influences the electrocatalytic response towards the
er (see Supporting information).

By using reflux as the method of modification, we  expected to
enerate thicker assemblies or aggregates of complexes that are
eld together by � interactions. These architectures would pro-
ote electronic communication between the electrode and the

atalytic metal centers in the metalloporphyrin complexes. The
ystems GC + 4AP + Co(II)OEP and GC ox + Cu(II)OEP have higher
lectroactivity than the other metalloporphyrins studied, provid-
ng evidence of the effect of the metal center. These metals are
lectron-rich atoms and their electronic configuration facilitates
he charge transfer processes in order to reduce H+ in aqueous

edia to produce H2.
The obtained systems are as active as other 3d transition metal
acrocyclic catalysts previously reported [15], and in comparison
o earlier studies [16,20], the responses are better in terms of poten-
ial and current, considering the pH of the medium. These previous
tudies show that, as the pH is increased, the activity of the catalyst
xes at aqueous phosphate buffer solution, pH 7.0. Scan rate: 100 mV s−1.

at constant overpotential decreases. Thus, a higher overpotential is
required to reduce H+ near neutral pH, and a more complex sys-
tem is required to electrocatalyze the her because the reduction of
the redox couple CoII-CoI occurs at higher overpotential. The met-
alloporphyrin films described here are simple to prepare, and are
electroactive at pH 7.0.

As noted above, the refluxing method results in the formation
of metalloporphyrin aggregates through �-stacking, and covalent
anchoring to the electrode is expected to impart stability and
directionality of electron flow in the system. In order to test this
hypothesis, the voltammetric responses of the systems generated
from Co(II) and Cu(II) complexes, in presence and absence of the
4AP anchoring molecule were studied, and the results are shown
in Fig. 2. These comparisons confirm that substantial differences
in electrocatalytic activity occur depending on the presence of the
4AP molecule and the method of electrode modification.

For both Co(II) and Cu(II) complexes, we observe an electroac-
tivity enhancement when the electrode is modified with 4AP and
when the film is deposited by the reflux method. These obser-
vations suggest that these new systems have a supramolecular
character, due to the bridge molecule that orients the assemblies
(by the coordination of the metal center which occupies an axial
free position) and due to the reflux, which facilitates the aggrega-
tion of porphyrin films on the electrode surface [19,21,22].

A Tafel slope greater than 100 mV  per decade was expected since
a Tafel slope of about 160 mV  per decade in aqueous electrolyte at
neutral pH has been previously observed with related catalysts [23].
The Tafel slope at high negative overpotentials is consistent with
her that proceeds via a Volmer-Heyrovsky mechanism [20,21,24],
as follows:

M + H3O+ + e− → M − Hads + H2O (1)

M − Hads + H3O+ → M + H2 + H2O (2)

M − Hads + M − Hads → H2 + 2M (3)

Table 1 shows the calculated values of Tafel slopes correspond-
ing to each obtained system. In every case, the values are around
100 mV  per decade, which is consistent of what is discussed before.
The amount of metalloporphyrin deposited on the electrodes is also
considered.

3.2. Efficiency studies
During steady-state electrolysis, the generation of bubbles on
both sides of the cell was observed, which gives evidence of H2
production on the GCE and O2 production at the counter electrode.
The results of this experiment are presented in Fig. 3. Over a 4 h
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The AFM images support the idea that the covalent bond is impor-
tant for generating molecular stacks on the carbon surface, since
the direct deposition of the metalloporphyrin shows a different
ig. 3. Controlled potential electrolysis in aqueous solution at pH 7.0 of GC, GC ox +
a)  and 20 min  (b) with an applied potential of −1.1 V vs Ag/AgCl.

lectrolysis period, we found that the GC + 4AP + Co(II)OEP system
s the most active one with respect to H2 production (Fig. 3). This
esult was not expected since cyclic voltammetry showed a better
esponse with the GC ox + Cu(II)OEP system (Fig. 1). To explain this
esult, it is important to consider that voltammetry reports on the
ystem behavior on short timescales and thus, electrolysis results
hould be compared at shorter periods of time. By considering this,
e observed that the GC ox + Cu(II)OEP system is the most efficient

nly in the first 100 s (Fig. 3).
By integrating the charge passed in these systems, it is pos-

ible to determine the Faradaic efficiency, turnover number, and
verpotentials, which compare favorably to systems previously
eported [15,16,25,26]. In this sense, Hung and co-workers reported

 system modified with a water-soluble anionic cobalt(II) tetrakis-
p-sulfonatophenyl) porphyrin (CoTPPS), previously synthesized
27]. Although this system has a high efficiency towards her at
eutral pH, in this present work we have found that is possible
o obtain as stable and efficient systems using commercial met-
lloporphyrins (M-OEP) adsorbed onto GC electrodes previously
odified with anchoring groups. These novel systems are capable

o reduce protons at low overpotentials at neutral pH, with compa-
able TONs. This result is due to the generation of a supramolecular
ystem which possesses a synergic effect that means, they have a
reat electrocatalytic effect in comparison to the bare electrode and
heir monomers themselves. Then, if a monolayer is active, as the
ne demonstered by Hung et al. [27]. it would be posible to obtain

 more active system.
Finally, in order to evaluate the efficiency of the catalytic
ystems. Tables 2 and 3 show the results obtained by gas chro-
atography.

able 3
btained charge over 4-h electrolysis with generated systems and their correspond-

ng  faradaic efficienciesa.

System qb/C fc/% TONd

GC 7 58 –
GC  ox + Cu(II)OEP 55 61 3.3 × 103

GC + Cu(II)OEP 80 58 6.5 × 103

GC + 4AP + Co(II)OEP 102 60 6.4 × 103

a All experiments were done twice at −1100 mV vs Ag/AgCl (average showed).
b Total amount of charge obtained.
c Faradaic efficiencies determined by gas chromatography.
d Turnover number calculated with total amount of hydrogen produced by moles

f electrocatalyst.
OEP, GC + Cu(II)OEP and GC + 4AP + Co(II)OEP showing accumulative charge over 4 h

The GC + 4AP + Co(II)OEP modified system is the one that gen-
erates more charge over 4 h electrolysis, with a faradaic efficiency
of 60%, which corresponds to 6400 turnovers of the catalyst. The
other systems have a similar efficiency, and their TONs are simi-
lar or lower (GC ox + Cu(II)OEP). These results give evidence of the
electroreduction of water to hydrogen, but at lower rates. Addi-
tionally, in all electrolysis experiments, the current was constant,
which indicates that the electrocatalyst is stable under these con-
ditions. An example of this behavior is shown in Fig. 4, where the
system is shown to be stable by applying a negative fixed potential
for several minutes.

This last result is consistent with voltammetric profiles obtained
after 10 cycles (Fig. 1).

3.3. Morphological studies

AFM studies were performed in order to analyze morphological
changes on carbon surfaces. Fig. 5 illustrates the images obtained.
Fig. 4. Superposition of the chronoamperometric curves for GC  modified electrodes
at −1.7 V in a 0.066 M phosphate buffer solution, pH 7.0, purged in Ar. Total time of
experiment: 1700 s.
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Fig. 5. AFM and SEM images of (a) bare GCE and modified GCEs: (b) oxidized GC (GC ox
GC  + 4AP + Co(II)OEP.

Table 4
Rq values corresponding to the bare GC and modified GC electrodes.

System Rq value (nm)

GC 2.54
GC ox 19.6
GC + 4AP 177
GC + AP + Co(II)OEP 55
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GC ox + Cu(II)OEP 38.3
GC + Cu(II)OEP 16.8

orphology that keeps the surface relatively flat. This effect can
e corroborated by comparing the Rq values obtained in this study,
hich are showed in Table 4 and which stand for root-mean-square

oughness (RMS).
Since Rq is the standard deviation of the height, it describes the

pread of the height distribution about the mean value [28,29].
EM studies were performed as well, with the aim of corrobo-
ate the morphological behavior of the samples. For each modified
lectrode, Fig. 5 shows its corresponding SEM image.

it is known, the surface chemistry of sp2 carbon materials is
overned by basal and edge carbon atoms [30,31], as well as by the
resence of defects (i.e., structural carbon vacancies, non-aromatic
ings) [32], then, heteroatoms, such as oxygen and nitrogen, can be
hemisorbed, leading to stable surface compounds, and resulting
n a complex surface chemistry. This last effect is obtained once the
arbon electrode is modified with covalent bonds, and so they can

ct as new active sites for porphyrin deposition (Fig. 5b and c).

However, it can be seen that still the chemiadsorption of
u(II)OEP is achieved without using a covalent bond (Fig. 5d). This is

 result of the nature of porphyrins (and other macrocycles), which
), (c) GC + 4aminopyridine (GC + 4AP), (d) GC + Cu(II)OEP, (e) GC ox + Cu(II)OEP, (f)

are capable of forming � interactions with carbon by their own.
Though this direct deposition might affect the electronic properties
of the Cu(II) porphyrin, the advantage is that this synthetic strategy
does not require any prior chemical modification [33].

Fig. 6 shows images corresponding to the modified electrodes
and the comparison between methods of modification. There are
obvious differences between the samples modified by immersion
and those modified by reflux, which are the responsible of the elec-
trocatalitic response towards her. In this sense, the refluxed systems
can give a different morphology of the entire system that helps to
carry the electron transfer out.

3.4. Structural studies: Raman spectroscopy

Raman spectra were obtained to study the linkage between
the electrode, oxidized groups, the 4AP molecule, and metallo-
porhyrins. In this study, gold and graphene electrodes were used
with the aim of obtaining better responses by using the Raman tech-
nique. The electrodes were modified as was done for glassy carbon
electrodes, and the modifications were corroborated by electro-
chemical responses.

Molecular vibrations of the four-coordinate planar metallopor-
phyrins are classified into the in-plane and out-plane modes, in
which A1g, B1g, B2g and Eg modes are Raman active. However, in
resonance with B0 and Q0 bands, these modes are expected to gain
Raman intensity [34].
Also, it is possible to consider the Raman spectra for modified
electrodes with covalent bonds. At this point, oxidized groups can
be recognized at 1034 and 576 cm−1 [35] and chemisorbed pyri-
dine [36] gives their corresponding frequencies as shown in Table 5.
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ig. 6. SEM images of (a) GC + Cu(II)OEP (In) and GC + Cu(II)OEP (R), (b) GC ox + Cu(I
R).

hese modifications enable the linkage to the gold electrodes, by
cting as new active sites. It is possible to observe the differences
etween spectra obtained with the anchoring molecule only and
pectra obtained after the metalloporhyrin deposition. These lat-
er spectra show characteristic frequencies for metalloporphyrins
Table 5), but also, it is possible to recognize that there are shifts
ccurring at Raman frequencies by comparing the systems obtained
y immersion and reflux. This provides additional evidence that
here are structural differences between films prepared by the two

ethods.
For supramolecular systems obtained in this study (and the

ure reagents as well), the totally symmetric C C stretch-
−1
ng mode appears around 1475–1510 cm . The peak around

360–1375 cm−1 is attributed to the totally symmetric C N
tretching mode and this band may  be referred to reflect � delo-
alization; as the extent of the d� electrons to the LUMO of the
(In) and GC ox + Cu(II)OEP (R), (c) GC + 4AP + Co(II)OEP (In) and GC + 4AP + Co(II)OEP

porphyrin increases, its frequency decreases [37,38]. Due to the
metal-axial ligand interactions, some Raman bands are affected. In
this sense, C N interactions are important in order to recognize the
metal-axial ligand coordination. The stronger the Metal-N(pyrrole)
bond, the shorter distance between the center of the porphyrin
and the N(pyrrole) and the higher the ring stretching frequen-
cies. When an axial ligand of the metalloporphyrin is occupied,
a repulsive interaction between the ligand and pyrrole nitrogens
occur which correspond to the repulsive interaction between the
dx

2-dy
2 (metal) and 2px,y (N) orbitals [39]. Finally, it is possible

to compare the pure reagent spectra with the results obtained in
Fig. 7. C N interactions appear around 1390 cm−1 and 1406 cm−1
(non-shown) for Cu(II)OEP and Co(II)OEP pure reagents, respec-
tively. These latter results give evidence that the change of the
C N frequency in supramolecular systems is a result of coordina-
tion between the porphyrin and the covalently bound molecule
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Fig. 7. Raman spectras of bare electrode (Au) and different modified electro

n the electrode surface. Finally, Fig. 8 shows results obtained for
raphene electrodes, which also present a good electroactivity and
tability towards her when these substrates are modified to gen-
rate supramolecular systems as the ones presented here (Fig. S5,
upporting information).

With these results, it is possible to corroborate the generation
f supramolecular systems, which imply an electrodic substrate
GC), the existence of an anchoring group and the coordination of

etalloporphyrins through the metallic center. This system finally
ossesses a high stability due to the generation of a covalent bond
revious to the porphyrin deposition, and with high efficiency
owards hydrogen production.
Here, there is evidence of the modification of the graphene
onolayers with the supramolecular catalysts.
exc = 786 nm (in absence of porphyrins), 532 nm (in presence of porphyrins).

4. Conclusions

The generated systems with covalent bonds and direct depo-
sition via reflux behave as good electrocatalysts towards her and
are highly efficient in comparison to other reported systems
with similar molecular structures. This effect is attributed to the
supramolecular structure of the electrode films, which facilitates
the diffusion of reactants and products and the charge transfer
processes. AFM and SEM studies show how the morphological
behavior changes when different methods of modification are
applied (immersion and reflux) and also, when covalent bonds
are formed at the electrode surface prior to porphyrin deposition.

Finally, Raman studies prove the existence of covalent bonds and
the formation of supramolecular complexes on gold and graphene
electrode surfaces, which are consistent with the electrocatalytic
activity of the films towards her.
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Table 5
Raman assignments for different systems (� = in plane bends, � = out of plane bend,
v  = stretch, � = deformation vibration about the C2 axis of pyrrole ring).

System Raman shift/cm−1 Assignment

Au-
ox

1034 � (OO)
576 � (OH)

Au + 4AP 1792 � (CC)
1006  ̨ (CCC), � (CC)
850 � (CH)
746 Ring bend
565  ̨ (CCC)

Au + Cu(II)OEP
(In)

3026 �(CH)
2958 � (CH)
1424 � (CC), � (C-Et)
1223 ı (CH), � (C-Et)
1379 � (CN), ı (C-C)

Au  + Cu(II)OEP
(R)

3782 � (CH)
3568 � (CH)
3015 � (CH)
2947, 2823 � (CH)
1436 � (CC), � (C-Et)
1210 ı (CH), � (C-Et)
1368 � (CN), ı (CC)

Au
ox  + Cu(II)OEP
(In)

1421 �(CC), � (C-Et)
1376 � (C N), ı (C C)
1143 � (CN), ı (C-Et)

Au
ox  + Cu(II)OEP
(R)

1424 � (CC), � (C-Et)
1368 � (CN), ı (CC)
1154 � (CN), ı (C-Et)

Au  + 4AP + Co(II)OEP
(In)

3004 �(CH)
1413 � (CC), � (C-Et)
1378 � (CN), ı (CC),
1223 ı (CH), � (C-Et)
1143 �(CN), ı (C-Et)

Au  + 4AP + Co(II)OEP
(R)

3050 � (CH)
1426 � (CC), � (C-Et)
1402 �(CN), ı (CC),
1210 ı (CH), � (C-Et)
1143 � (CN), � (C-Et)

F
�

A

p
D
R

[

[
[

[
[

[
[
[
[

[

[

[

[

[

[
[

[
[
[
[
[
[
[
[

[

[
479–494.

[36] M.  Fleischmann, I.R. Hill, J. Electroanal. Chem. 146 (1983) 353–365.
[37] T.G. Spiro, T.C. Strekas, J. Am. Chem. Soc. 96 (1974) 338–345.
[38] T. Kitagawa, T. Iizuka, M.  Saito, Y. Kyogoku, Chem. Lett. 4 (1975) 849–852.
[39] J. Kincaid, K.J. Nakamoto, Inorg. Nucl. Chem. 37 (1975) 85–89.
ig. 8. Raman spectras of bare graphene (GF) and different modified electrodes.
exc = 532 nm.
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