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Substituted phenyl-modified glassy carbon electrodes were functionalized with metal/metal oxide/
metal hydroxide and inorganic compounds. More specifically, the glassy carbon electrodes were first
functionalized with 4-sulfonate phenyl amdiN-diethylaniline groups by electrochemical reduction of
the corresponding diazonium salt in nonaqueous media. Second, the functionalized electrodes were soaked
in a solution containing the metallic ions and treated with a reductant (MeBlthe case of the formation
of the Ru- and Cu-based species or with redox species (Fe(ll) or F&(GN) the case of Prussian
Blue. The resulting Cu/Cu(OH)and RuQ/Ru(OH)-modified glassy carbon electrodes displayed
electrochemical activity for selected reaction such as nitrate reduction and hydrogen peroxide oxidation,
respectively. X-ray photoelectron spectroscopy was also used to confirm the presence of the metallic
species and Prussian Blue at the electrode surfaces. The curve-fitting of the appropriate core level spectra
was useful to distinguish between the oxide/hydroxide species and the metallic state. The atomic
concentration of the metal-based species at the surface of the modified glassy carbon electrodes, estimated
from the XPS data, ranged between 0.2 and 1 at. %, which corresponds to surface concentration of 0.55
x 10710, 0.87 x 1071, and 0.21x 10 *° mol/cn? for Cu, Ru, and Prussian Blue, respectively. These
relatively low surface concentrations and the scanning electron micrographs of copper- or ruthenium-
modified glassy carbon electrode suggest that very small particles are present at the electrode surface.
On the other hand, the presence of submicrometric particles was found to be evident for Prussian Blue
formed on the modified surface. In the case of the copper-modified electrode, stripping voltammetry was
used to estimate the amount of metallic copper, which was found to be in reasonably good agreement
with the XPS data.

Introduction selecting the terminal functional group of the template, it

The formation of metallic particles or aggregates at carbon was shown that Itis possmle to load metalh_c lons or adsorb
etallic colloidal particles at the surface or in this template.

and electrode surfaces has been recently studied because thrlre]‘h
resulting assemblies could be potentially used as catalysts ereafter, the use of a suitable reducing agent afforded the

and/or electrocatalystsi* Several studies have dealt with reduction of the metal ions and the formation of the metallic

the use of templates to control the formation of these Species.

: : - : A wide variety of templates has been investigated and
technologically important metallic particles. By carefull
gieally mp P y y consisted of self-assembled monolayers (SAMs), dendrimers,

*To whom correspondence should be sent. E-mail: belanger.daniel@ muIti_Iayered polyelectrolyte ﬁlms,_ and_ polymers b_earing
ugam.ca. ) terminal groups such as carboxylic acid, amine, thiol, and
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hydroxyl>~14 As a representative example, the SAMs were mental conditions. In addition, we have recently shown that
formed on a metallic surface such as gold by immersion in substituted phenyl functionalized carbon electrodes are useful

an amine-terminated thiol solutiddmmersion of the latter
in a solution of carboxylic acid derivatized silver colloidal

for the recovery of metallic ions (Ct, PI#", C#") present
in aqueous solutior®.The recovery yield of such modified

particles afforded the assembly of metallic particles on the electrodes was much higher than that of unmodified elec-
SAM surface by electrostatic interaction. On the other hand, trodes due to the presence of the surface functional groups.

transition metal ions such as €uAg*, P&, P, RUY,
and N7+ were loaded into the interior of polyamidoamine

As a natural extension of these previous studies, in the
present work we have used these functionalized carbon

dendrimers and reduced in situ to yield metal particles electrodes as templates for various metallic and redox active

encapsulated in the dendrimé&r8.The resulting materials

species. Along those lines, we have recently reported our

were then cast onto an electrode for further investigation. In preliminary results on copper-modified carbon electrddes,
addition, SAMs were also used as template for the formation and in related studies, platinud#tsilver 23 palladium2*¢ and

of nonmetallic materials (e.g., oxides, eté.).

golc?* nanoparticles have been electrochemically generated

On the other hand, the number of similar studies on carbonon a 4-aminophen$t and 4-mercaptobenzetfemodified
electrodes is much more limited primarily because the carbon substrate. In the present work, phenyl groups func-
procedures for their derivatization with such templates are tionalized glassy carbon electrode loaded with metallic ions
rather scarce. A first example involved metal formation at were placed in contact with a suitable reductant to form the

highly oriented pyrolytic graphite (HOPG) or glassy carbon

electrodes that usually rely on defects as nucleation ¥ites.

metal particles, whereas Prussian Blue was generated by
reaction of the ferricyanide loaded surface witl?'FerThe

Another procedure for the controlled derivatization of carbon presence of the metallic (for Cu) and oxide/hydroxide (for
surfaces is based on the electrochemical reduction of acy and Ru) species was confirmed by X-ray photoelectron

substituted diazonium salt according to the followifig?*
Carbon+ "N,C4H,R + e — Carbon/GH,R

where R= COOH, NQ, H, N(GHs),;, CF;, etc. This

spectroscopy and also, indirectly, by evaluating the electro-
catalytic activity for the reduction of nitrate (Cu-modified)
and the oxidation of hydrogen peroxide (Ru-modified),
whereas the presence of Prussian Blue was evidenced by its
characteristic redox waves.

procedure can yield a coverage of the carbon surface which

can be close to monolayer coverage in appropriate experi-
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75, 296.
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chemistry for the New MilleniunClearwater Beach, FL, November
7—-11, 1999. (b) Hamouche, H., M®ire de mé&rise, Universitedu
Québec aMontreal, 1999; 111 p.
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Society, Volume 2000-Electrochemical Society: Princeton, NJ, 2000;
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Experimental Section

Chemicals.The 4-diazoN,N-diethylaniline tetrafluoroborate salt
was obtained from Aldrich and was used as received. The
4-sulfonate phenyl diazonium and 4-carboxy phenyl diazonium
tetrafluoroborate salts were synthesized from the corresponding
amined® and characterized by FTIR and NMR. Tetrabutylammo-
nium tetrafluoroborate (NBBF,) (Aldrich) was heated at 50C
under vacuum for 8 h. The precursors for the formation of the
metallic species at the surface of the modified glassy carbon
electrode were CuCl, RugIK;Fe(CN), and FeSQ@ and were used
as received. All other chemicals were analytical reagent grade
(Anachemia or Aldrich).

Procedure. Glassy carbon electrodes (AIMCOR, Pittsburgh,
grade GC-10) were prepared from 3-mm diameter rods embodied
in epoxy resin (Hysol, 56C) or obtained from Bioanalytical Systems
Inc. (model MF-2012; diameter 3 mm) and were used as working
electrodes. For the XPS measurements, a glassy carbon plate
(GLCP-10; 1x 2 cm; thickness 2 mm) from The Electrosynthesis
Co. was used as working electrode. Platinum gauze and a Ag/AgClI
(saturated KCI) electrode were used as counter and reference
electrodes, respectively. All potentials were reported versus the Ag/
AgCl reference electrode. The glassy carbon electrode surface was
cleaned by polishing with m and 0.0%m alumina slurries. After
polishing, the electrode was washed with water and ultrasonicated
for 5 min in acetonitrile.

Electrochemical modification of the glassy carbon electrode was
carried out in acetonitrile containing the diazonium salt (5 mM)
and 0.1 M NBuBF,. The applied potential was-1 V for the

(23) (@) Liu, S.; Tang, Z.; Wang, E.; Dong, Blectrochem. Commug00Q
2,800. (b) Tang, Z.; Liu, S.; Dong, S.; Wang, E Electroanal. Chem.
2001, 502, 146. (c) Guo, D.-j.; Li, H.-1Electrochem. Commu2004
6, 999.

(24) Harnisch, J. A,; Pris, A. D.; Porter, M. 3. Am. Chem. So@001,
123 5829.
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deposition ofN,N-diethylaniline and-0.7 V for 4-sulfonate phenyl
and 4-carboxy phenyl groups. After a 4-min modification, the
electrode was thoroughly washed by rinsing in acetonitrile. The
functionalized electrode was then soaked in the metallic ions
solution for an appropriate period of time. After rinsing with
deionized water, the metal-loaded (Ru and Cu) electrodes were
dipped for 1 min in aqueous 0.1 M NaBEIThe amount of copper

on the resulting modified electrode was estimated by stripping
voltammetry performed between0.6 and 0.6 V vs Ag/AgCl in
0.1 M CH;COOH/CHCOONa (pH= 4) at a scan rate of 20 mV/

s. In the case of the ferricyanide-loadddN-diethylaniline/carbon
electrode, exposure to a 0.1 M¥dpH 3.5) solution afforded the
Prussian Blue/DEA modified electrode.

The adsorption of Cu(l) species was carried out at the surface
of a DEA-modified glassy carbon electrode rftca 5 mM CuCl R R i e
pH 3 solution for 30 min. In the case of the Ru system, a 0.5 mM (U) 300nm
RuCk pH 2.9 solution was used and the 4-sulfonate phenyl modified
electrode was soaked in this solution for 30 min. A 0.1 MF&-
(CN)s pH 2 solution was used to incorporate ferricyanide anions
at the surface of the DEA-modified glassy carbon electrode. It
should be noted that, for simplicity, the Cu and Ru loaded electrodes
will be designated as DEA-Cu and sulfonate-Ru even though metal
oxide and metal hydroxide also can be present at the electrode
surface.

Equipment. Electrochemical measurements were performed in
a one-compartment cell using the three-electrode configuration.
Cyclic voltammetry was performed using either a potentiostat/
galvanostat model M263A (EG&G Princeton Applied Research)
or an electrochemical interface SI1287 (Solartron Instruments)
interfaced with a PC and the electrochemical setups were both
controlled with the model DC Corrware (Scribner Associates, .
version 1.2) software. S-4700HQ 5.0kV 4.9mm x100k SE(U) 500nm

X-ray photoelectron spectra (XPS) were obtained for modified Figure 1. Scanning electron micrographs of (A) GLi-diethylaniline-
glassy carbon plates with an Escalab 220i XL from VG equipped modified glassy carbon electrode, and (B) Prussian Bliediethylaniline-
with a hemispherical analyzer and an Al anode (monochromatic modified glassy carbon electrode.

Ko X-rays at 1486.6 eV) used at 24 kV and 16-20 mA. The
data were obtained at room temperature and typically the operating
pressure in the analysis chamber was below 10-° Torr. XPS

the Cl1s peak by a factor of 7.8 10-° mol/cn?.17a This factor
represents the carbon atom surface density of basal plane graphite
survey and core level spectra, as well as Auger spectra, Wereand was used as a rough approximation.ofthe glassy carbqn surface.
recorded for the modified electrodes. For the high-resolution spectra, FTIR measurements were performed with a Mlchelsqn Series FTIR
the step size was 50 meV and the analyzer pass energy was ﬁxeépectrometer (Bomem Hartmann_& Braun)_ MB series and NMR
at 20 eV in the CAE mode. The conventional method of calibration measurements were performed with a Gemini 300 MHz spectrom-
using the C 1s peak of carbon at 284.5 eV was used. The core®ter (Varian Instruments).

level spectra were peak-fitted using the CasaXPS software. The
raw data were treated by subtraction of a “Shirley” background

?ndha n;ixeglsGaussian/Lorentzian (30:70) function was used to peak- Copper/N,N-Diethylaniline (DEA-Cu)-Modified Glassy
It the data- . Carbon Electrode. The DEA groups electrochemically
The core level spectra were used to evaluate the atomic
grafted at the surface of the glassy carbon electrode are

concentration of the species present at the glassy carbon electrod di idi di d theref llow for the bindi
surface. The atomic concentration (at. %) of each individual element protonated in acidic media and therefore aflow for the binding

was determined, by assuming a homogeneous surface layer, fronPf the negatively charged C_'U(l) chloride Spgcies (Gugl
the relative peak areas of the spectra and the correspondingthat are subsequently chemically reduced. Figure 1A shows

Results and Discussion

sensitivity factors according to the scanning electron micrograph of a DEA-Cu-modified
glassy carbon electrode. This micrograph is identical to that
at. %= (A/s)/Z(A/s) obtained for a bare glassy carbon electrode (not shown).

However, it will be demonstrated below by X-ray photo-
whereA; is the peak area of the elemerdnds is the sensitivity  electron spectroscopy and electrochemistry (stripping of Cu
factor for this element. Sensitivity factor values of 1, 1.8, 2,93, gnd electrocatalytic activity in the presence of nitrate) that
1.68,25.4,9.6, and 16.4 were ‘.Jsed forCls,N1s,O1ls, S 2p. Cucy is present at the surface of this electrode. Thus, it appears
2p, Ru 3p, and Fe 2p, respectively. The S.“”?"e concentration Ofthat it is not possible to get the exact information as to
the grafted groups was calculated by multiplying the ratio of the . .
total area under the N1s peak and the substituent with respect towhether a copper film or partlc!es are present at the elt_ac_trode

surface. Presumably, the particles are very small as it is the
(25) Mcintyre N. S.: Sunder S.: Shoesmith D. W.; Stanchell FJWac. case for Pt particles generated at the surface of a 4-amino-

Sci. Technol1981, 18, 714. phenol modified carbon electrod&However, the XPS and
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Figure 2. X-ray photoelectron survey spectra for (A) GiX-diethylaniline
(DEA-Cu)-modified glassy carbon electrode, (B) Ru/4-sulfonate (sulfonate-
Ru)-modified glassy carbon electrode, and (C) Prussian B|Nedieth-
ylaniline (DEA-Prussian Blue)-modified glassy carbon electrode.
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Figure 3. X-ray photoelectron Cu 2p (A) and O 1s (B) core level spectra
for a DEA-Cu-modified glassy carbon electrode.

electrochemistry data (vide infra) will suggest that the
presence of a continuous metal film is unlikely.

The XPS survey spectrum of a DEA-Cu-modified glassy
carbon electrode following chemical treatment with NaBH
is depicted in Figure 2 (curve A). The XPS spectrum shows
the Cu 2p peaks at about 930 and 950 eV in addition to the
C 1s (285 eV), O 1s (532 eV), and N 1s (400 eV) peaks.
Figure 3A shows the Cu 3pregion of the core level Cu 2p
spectrum with its major component at about 934 eV together
with a satellite peaks envelope centered at 942.5 eV. The

main envelope of the Cu 2p core level spectrum can be curve-

fitted with two peaks at binding energies of 933.0 and 934.8
eV (see Table Sl 1 in the Supporting Information). The latter
peak can be attributed to Cu(O44y3° The presence of Cu-
(OH), at the DEA-Cu electrode is also indicated by the
satellite peaks observed above 938 &V These peaks
appear about 10 eV above the main Cy,2peak?’ The Cu

Marwan et al.

2ps2 component at 933.0 eV could be assigned to either
metallic copper (932.6 eV) or GO (932.7 eV), despite that

it is located at slightly higher binding energies than those
expected for these speci#<® 30 Since these binding ener-
gies are very close to each other, it is hard to distinguish
between metallic copper and &uon the Cu 2p core level
spectrum presente@?83031To clarify this, it is useful to
consider the O 1s (Figure 3B) and the GNL sM,4s Auger
(Figure SI 1 in the Supporting Information) specttadThe
curve-fitting of the O 1s spectrum yielded two main peaks
at binding energies of 532.7 and 531.4 eV, which can be
attributed to adsorbed @ and Cu(OH), respectively?>282°
The CulgM4sM4 s Auger spectrum (Figure Sl 1) shows a
peak at 568.2 eV characteristic of metallic Cu and a more
prominent component above 570 eV that can be attributed
to Cl0?80:30¢or Cu(OH)? species.

By analyzing together the Cu 2p, O 1s, and @k sM 45
spectra, it is possible to conclude with fairly good confidence
that the DEA-Cu electrode contains metallic copper and Cu-
(OH),. Even if the presence of CuO and LQucannot be
ruled out completely at this stage, the following observations
will demonstrate that, at the most, only tiny amounts of these
species might be present (vide infra). First, the O 1s spectrum
can be fitted very well without a component at 529529.6
eV (see arrow on Figure 3B), which would be required to
account for the presence of Cid®Accordingly, the curve-
fitting of the Cu 2p spectrum was performed without a CuO
component at about 933.8 eV. This information obtained
from the O 1s spectrum is extremely valuable because it is
impossible to completely exclude the presence of Cu(ll)
species (CuO) on the basis of only the Cu 2p spectrum.
Second, the O 1s spectrum could also be possibly fitted with
another component at about 53830.3 eV (assigned to
Cw0) that could accountfor about 5%, at the most, of the
total copper species (not shown). Therefore, this observation
confirms the presence of a significant amount of metallic
copper since the fit of the Cu 2p spectrum without & Cu
contribution and a Cu(l) component representing only 5%
of copper species (the remainder being Cu(9Mjpuld not
be acceptable. The presence of metallic Cu was also
confirmed by the CutM, M4 s Auger data. In conclusion,
the XPS data are consistent with the presence of Cu and
Cu(OH), at the DEA/Cu electrode surface but it is not
possible to unambiguously identify gD due to the uncer-
tainties associated with curve fitting. Nonetheless, ifQu
were to be present, it would not be formed by the decom-

(26) (a) Desrochers, P.; Bager, D. In Environmental Issues in the
Electronics and Semiconductor Industries and Electrochemical and
Photochemical Methods for Pollution Abateme&tmpson, C. R.,
Mendicino, L., Rajeshwar, K., Fenton, J., Eds.; Electrochemical
Society: Princeton, NJ, 1998; Volume-98, p 108. (b) Desrochers,
P., Manoire de mérise, Universitedu Quédec aMontreal, 2000; 181

pp.

(27) Mcintyre, N. S.; Cook, M. GAnal. Chem1975 47, 2208.

(28) Shoesmith, D. W.; Sunder, S.; Bailey, M. G.; Wallace, G. J.; Stanchell,
F. W.J. Electroanal. Chem1983 143 15.

(29) Kautek, W.; Gordon, J. Gl. Electrochem. Sod.99Q 137, 2672.

(30) (a) Sung, M. M.; Kim, YBull. Korean Chem. So@001, 22, 748. (b)
Sung, M. M,; Sung, K. S.; Kim, C. G.; Lee, S. S.; Kim, ¥. Phys.
Chem. B200Q 104 2273. (c) Chavez, K. L.; Hess, D. W.
Electrochem. So2001, 148 G640. (d) Kirsch, P. D.; Ekerdt, J. G.
Appl. Phys.2001, 90, 4256.
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Table 1. Atomic Composition of the Surface of the Modified Glassy Carbon Electrode Evaluated from the XPS Data

atomic concentration (%)

C (¢} N Cu Ru Fe Cl S M3/C T mol/cn?

DEA-Cu 79 14 6.4 0.6 0.0076 0.5610°10
(1.5 x 10-10¢

sulfonate-Ru 84 12 2 1 0.5 0.5 0.012 0.87L0°10

DEA-Prussian Blue 77 11.4 9.1 0.32 2.2 0.0042 032010
(0.3 x 10710

aM represents the atomic concentration of the metal (Cu, Ru, oFé)e surface concentratioR, is calculated from the equatiol? = R/IC x 7.3 x
10° whereR is the relative atomic concentration (%) of either Cu, Ru, or’Féhe surface concentration is evaluated from stripping voltammetry (Cu) and
cyclic voltammetry (Prussian Blue).

position of Cu(ll) specie€? because monochromatic (not ol CUDEANGCI
achromatic) X-radiation was used in the present study. The ‘4::;"1?’—
presence of Cu(OH)can be explained by the oxidation of € ol / /,',',,'
copper upon exposure to air and moisture. The presence of § veanano, 7’
Cu(OHY, instead of CuO is also confirmed by the shape of £ 4l v
the shake-up spectrum and the relative intensities of the two § P
components of the peak envelofie. £ ol 7 J

A semiquantitative analysis of the surface was performed e ;o
by XPS and the results are gathered in Table 1. The atomic N CUrpEARaNG,
concentration of the surface of the DEA-Cu-modified glassy . . . . .
carbon electrode was found to be 0.6 at. % and the surface 14 12 1 08 -06
concentration was 0.55< 10°%° mol/cn?. The atomic Potential (V vs. Ag/AgCl)

concentration of nitrogen (6.4%) is mu_Ch |_arger than that of Figure 4. Cyclic voltammetry for a DEA-Cu-modified glassy carbon

copper (0.6%). The nitrogen content is slightly lower than electrode 2 M NaCl (), a DEA-modified glassy carbon electrode in 2
- H M NaNOs; (— —), and a DEA-Cu-modified glassy carbon electrode in 2

that recenst(lzy r_eported for DEA-modified gIas;y carbon M NaNO, (- ). Scan rates 50 mVis.

electroded This suggests that some DEA moieties, present

at the electrqde surfgce following the grafting step, were | the presencef® M NaNOs, a significant modification
desorbed during the ion-exchange and reduction steps. The i,a cyclic voltammogram is observed for the DEA-Cu-

_relatlve_ly small Cu concentration is due to the weak o dified glassy carbon electrode (Figure 4, @urv- -).

interaction between the monoyalent p_rotonate_d amine groupShqeed. a cathodic wave with an onset potential of about
and the copper (I) complex in chloride media (CuGF?  _q g/ is clearly detected and is related to the presence of
This could also have contributed to the loss of copper speciesyner ot the electrode surface and the reduction of nitrate.
that was observed by XPS (not shown) for an electrode |, the apsence of copper, this cathodic wave decreased
before and following the NaBHreatment of the modifica- g hstantially and only a modest increase of the current is

tion procedure. The low content of Cu with respect to N qhqened for potential more negative thaa.2 V (Figure
(Cu/N ratio= 1:10) suggests the presence of tiny particles , curve— —)

distributed at the electrode surface instead of a continuous
metallic film. The surface concentration of Cu on the
modified electrode, estimated by stripping voltammetry (1.5
x 10719 mol/cn?), was found to be in reasonably good
agreement with that evaluated by XPS, considering the
uncertainties of both procedures.

The electrocatalytic activity of copper electrode toward
the electrochemical reduction of nitrate has been demon
strated in our laboratory for bulk copper electréé&his
property was used to indirectly show that copper is indeed
present at the DEA-modified electrode. The cyclic voltam-
mogram of a DEA-Cu-modified glassy carbon electrode in
aqueos 2 M NacCl displays little electroactivity between
—0.6 and—1.5V vs Ag/AgCl (Figure 4, curve-). The slight
increase of the cathodic current with an onset at abdu8
V is attributed to the hydrogen evolution reaction at the
copper surface. This is confirmed by the smaller current
between—1.3 and—1.5 V for the DEA-modified glassy
carbon electrode relative to the DEA-Cu-modified electrode.

The reduction of the Cu(l) species is required to get some
significant electrocatalytic activity. The cyclic voltammogram
recorded following adsorption of Cu(l) species at the DEA-
modified electrode, but without the chemical reduction step,
displays some electrocatalytic activity but only at more
negative potential values (not shown). The increased elec-
trocatalytic activity for the latter in comparison with that of
“the DEA-modified electrode can be explained by the presence
of some metallic copper that is being generated during the
cyclic voltammetry experiment. This phenomenon can also
occur for the DEA-Cu electrode if the chemical reduction
of all Cu(l) species with NaBllis incomplete.

Several other copper loaded electrodes or surfdp&s®132
have been prepared but only few of them have been tested
for some catalytic or electrocatalytic processes. One of these
studies dealt with copper microparticles dispersed into
functionalized polypyrrole which has been shown to be active
for the electrochemical reduction of nitrobenzene to anifine.
Thus, the latter and other electrocatalytic reactions such as

(32) (a) The stability constant for the CyClcomplex is 3.2x 1CP. (b)
Martell, A. E.; Smith, R. MCritical Stability ConstantsPlenum: New (33) Zouaoui, A.; Stghan, O.; Carrier, M.; Moutet, J.-Q. Electroanal.
York, 1982; Vol. 5, p 418. Chem.1999 474, 113.
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the reduction of carbon dioxi@ecan be envisioned for the
DEA-Cu-modified glassy carbon electrode. Finally, the short-
term stability of the electrode was also evaluated and no
variation of the electrochemical response was observed after
10 voltammetric cycles. The modified electrode was also left
exposed to air for 4 days without any significant decrease
of activity.

The adsorption of Cu(ll) at the surface of 4-carboxy phenyl
modified carbon electrodes has been recently demonstrated
in our laboratory’? In these instances, cationic metal
complexes are required. It is interesting to note that the
change from DEA to 4-carboxy phenyl to initially modify
the glassy carbon electrodes did not affect the electroactivity
of copper toward nitrate. B) O1s

Ruthenium/4-Sulfonate Phenyl Modified Glassy Car-
bon Electrode. In a 0.5 mM RuC} pH 2.9 solution,
ruthenium exists as an oxo-hydrated speéiefRuO-
(H20)4)?", and therefore cannot be ion-exchanged at the
surface of a 4-carboxy phenyl modified carbon electrode
because at this pH the 4-carboxy groups are protori&ted.
Instead, a 4-sulfonate phenyl Kp = — 7)% modified
electrode was used to adsorb ruthenium species. It should
be noted that a solution of higher pH, which would be ‘
required to deprotonate the 4-carboxy phenyl groups and 540 535 530 525
have a negatively charged surface to adsorb [RuOJiF+, Binding Energy (eV)

could not be used with Ru due to the formation of a black Figure 5. X-ray photoelectron Ru 3p (A) and O 1s (B) core level spectra
RuQ, precipitate. for a sulfonate-Ru-modified glassy carbon electrode.

Counts (CPS)

500 490 480 470 460 450
Binding Energy (eV)

RuO 'xH O
2 2

Counts (CPS)

The XPS survey spectrum of the Ru-loaded 4-sulfonate
phenyl modified electrode shows the characteristic C 1s, O
1s, N 1s, and S 2p peaks at 285, 532, 400, and 167 eV,
respectively (Figure 2B). The latter is attributed to the
sulfonate groups as evidenced by the S 2and S 2g;
doublet at 168.6 and 167.5 eV for the S 2p core level
spectrum (not showr?f? The presence of Ru species is
confirmed by the survey spectrum by the 3p components
around 463 and 485 eV and the Ru 3d core level spectrum
presented in Figure 5A. It should be noted that some chloride
is detected by XPS on the survey spectrum (Figure 2B). This
might be due to the presence of adsorbed Rulthe
modified electrode surface.

The curve-fitting results of the Ru 3p core level spectrum
are also shown in Figure 5A. The Ru 3p signal was .chosen RUO,, and adsorbed water, respectivély.
as the Ru 3d peak strongly overlaps with the C 1s signal of o : i
the carbon support. The peak with the binding energy of 1he curve-fitting of the Ru 3p is not straightforward and
462.6 eV is attributed to Ru®@-“0while the signal at higher ~ May appear arbitrary due to the contribution at higher binding
binding energy (464.0 eV) is assigned to hydrous R(£8e energies. However, the validity of the fit can be confirmed
Table SI 2)3” A comparison with literature data for the Ru Py comparing the results of the curve-fitting of the Ru 3p,
3d core level data suggests the presence of hydrateg RuoRU 3d, and O 1s spectra. This approach has recently proved

(RuO»xH,0) as indicated by the shift to higher binding 0 be useful for the analysis of conducting polymer-dopant
electrodes$* For these three core level spectra (data not

(34) DeWulf, D. W.: Jin, T.; Bard, A. . Electrochem. Sod989 136, shown for the Ru 3d spectrum) the contribution of RuO

1686. was found to be 23t 2% of the ruthenium species.

(35) Chrzanowski, W.; Wieckowski, A.angmuir1997, 13, 5974.
(36) Allinger, N. L.; Cava, M. P.; De Jongh, D. C.; Johnson, C. R.; Lebel,
N. A.; Stevens, C. LOrganic Chemistry Worth Publishers: New (41) Rolison, D. R.; Hagans, P. L.; Swider, K. E.; Long, J. M&ngmuir

energy and the broader peaks expected for a hydrated form
in comparison to anhydrous Ry The shift of about 1.4

eV between Ru@and RuQ-xH,0, even if the metal is in

the same oxidation state, was ascribed to the presence of
OH functionalities on Rd! A shift is also expected for the
components of the Ru 3d core level spectrum. On the other
hand, some caution should be taken with this attribution since
similar binding energies have been also reported for anhy-
drous and hydrated Ry(? The third component of the Ru

3p spectrum at 467.5 eV can be tentatively assigned to the
contribution of core-hole coupling*? Evidence for the
metallic Ru state has not been given by XPS. The O 1s core
level spectrum (Figure 5B) shows three peaks at 530.5, 531.4,
and 532.8 eV, which can be attributed to Ru@ydrous

York, 1976. 1999 15, 774.
(37) Roth, C.; Goetz, M.; Fuess, B. Appl. Electrochem2001, 31, 793. (42) Chan, H. Y. H.; Takoudis, C. G.; Weaver, M.JJ.Catal.1997, 172
(38) Kotz, R.; Lewerenz, H. J.; Stucki, $. Electrochem. S0d.983 130, 336.

825. (43) Vukovic, M.; Valla, T.; Milun, M.J. Electroanal. Cheml993 356,
(39) Zhang, X.; Chan, K. YChem. Mater2003 15, 451. 81.

(40) Goodenough, J. B.; Manoharan, R.; Shukla, A. K.; Ramesh, K. V. (44) Naudin, E.; Ho, H. A.; Branchaud, S.; Breau, L j&®er, D.J. Phys.
Chem. Mater1989 1, 391. Chem. B2002 106, 10585.
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in the case of glucose sensing the presence of biological
interferent such as anionic ascorbate in the solution to analyze
is detrimental since ascorbate is electrooxidized at a potential
similar to that of hydrogen peroxid€.Interestingly, the
4-sulfonate phenyl layer which is present with the Ru
particles might play the role of barrier to such anionic
interferents. This is confirmed by the cyclic voltammogram
(not shown) recorded for bare and 4-sulfonate-modified
glassy carbon electrodes in the presence of 10 mM ascorbate
at pH 7 which revealed a 50% decrease of the anodic peak
0 e current for the modified electrode in comparison to the bare
: one. Further experiments are required to optimize the

02 0 02 04 06 08 1 giti btain the b bari X f th
Potential (V vs. Ag/AgCl) conditions to obtain the best barrier properties of the
4-sulfonate layer.

Figure 6. Cyclic voltammetry for a bare (- - -) and a sulfonate-Ru-modified ) . - .
(—) glassy carbon electrode in 0.01 M®b, phosphate buffer, pH 7. Scan Prussian BlueN,N-Diethylaniline Modified Glassy Car-

rate= 50 mv/s. bon Electrode. The formation of Prussian Blue &{,N-
diethylaniline (DEA)-modified carbon electrodes required
two steps. The positively charg®&N-diethylaniline groups

25

Current (mAIcmz)
- &

o
o0
v

The Ru atomic concentration of the surface of the modified

0
glassy carbon elegtrode was foun(ljo to be 1 at. % and thebind Fe(CN)®~ anions in the first step which is followed by
surface concentration was 0.871071° mol/cn? (Table 1). . . . . .
their complexation with F&. This procedure is analogous

Surprisingly, the Ru concentration is larger than that of sulfur. X . ;
This is unexpected on the basis of the charge of the sulfonateto that described by Guo et al. for the formation of Prussian

and ruthenium moieties. The formation of ruthenium particles Blue at sulfonated monolayer surfae.The scanning

electron micrograph of Figure 1B presents Prussian Blue
was also detected at a bare glassy carbon electrode Whe'?ormed at the DEA-modified glassy carbon electrode surface
this electrode was soaked in the 0.5 mM Ru@H 2.9 glassy '

: : . . It shows the arrangement of submicrometric particles over
solution. However, the amount of ruthenium species being )
: . . . the whole surface. The morphology of the surface differs
deposited in this case is much smaller than that for the

4-sulfonate phenyl modified electrode as evidenced by XPS. significantly from that of a bare glassy carbon electrode (vide

The spontaneous deposition of metal at glassy carbonsuma)'

electrode has been reported and is thought to occur in thep Figl_”e é? shomés_f_thde >I(PS survt;ey erJectru;n Olf ad%EA'
presence of incompletely oxidized functionalitfésThe russian Blue-modified glassy carbon electrode. In addition

spontaneous deposition was not investigated in detail in this© the Fe 2p and N 1s peaks at 710 and 400 eV, respectively,

study but our results demonstrate clearly that more metallic which suggest the presence of Prussian Blue, the spectrum

species can be immobilized in the presence of the 4—su|fonatealso shows C 1s (285 eV), O 1s (532 eV), and Cl 2p (200

functionalities. Nonetheless, it seems obvious that the eV) peaks. The latter can be attributed to the presence of

ruthenium species present at the electrode cannot only](fhlorr]Ide anlons,gvh.lch act afsl:;:gzrg_lt_ehcompensatm? spemﬁs
originate from cationic ruthenium species involved in or the protonated nitrogen o - |he presence of a sma

electrostatic interaction with the surface sulfonate groups. amount of potajs(lju? IS alsoze;\gdené:ezdggn \t/hg Cohre }I<ev2el
Finally, as was the case for the DEA-Cu electrode, the SEM spectrum recorded between an eV by the P

did not reveal the presence of any particles at the eIectrode'Oeak at 293.5 eV _(Figure S 3)'_ The Fe 2p core level
surface (Figure Sl 2). spectrum also provides further evidence for Prussian Blue

The electrocatalytic activity of Ru electrode toward the fﬁrmstmzn and 'Sls"OW'f‘ :3 Iz;gl;re 7'3.‘ 'I_'he curve-fitting of
electrooxidation of hydrogen peroxide is well-kno?ihis t7 oeg Oe 71@62 gnve(;)p;i 92/ 'g \e/ _:_hret?_ Istinct compo_rl;entz at
electrochemical reaction is relevant to the biosensing of N & an -6 eV. The first two are attributed to

Fe(Il) and Fe(lll) species and the broad satellite at the higher
binding energy is characteristic of Fe (Il) speéfg8 The
ratio for the peaks at 709 and 710.2 eV is about 2:1. This

glucose with enzyme electrode and has been used to
characterize the Ru-modified electrode prepared in this study.

A set of representative cyclic voltammograms for both an "= ™ ™~
unmodified and a sulfonate-Ru-modified glassy carbon ratio differs somewhat from the value of 3:4 expected for

i |
electrode are depicted in Figure 6. The bare glassy carbonF;]russ'r‘?n Iiluedbaﬁed (;n the Lormyla&l'—;[fi (CN)sls). On f th
electrode does not display any electrochemical activity in the other hand, the observed ratio and the presence of the

the presence of 0.01 M 4@, at pH 7 between-0.2 and 1 bt:oadhsatellltlelat 213'6 eV,fassomgtedB\;wth FeE(II) _su,ggeslts
V (Figure 6 - - -). On the other hand, the sulfonate-Ru- that the partial reduction of Prussian Blue to Everitt's salt

modified electrode is characterized by a broad anodic Wave(K“Fe‘”[Fe”(CN)Gh) occqrred during th? formgtion of the

centered at about 0.75 V corresponding to the oxidation of surface film?® The formation of the latter is also in agreement
H,0,. This cyclic voltammetry response is in very close
agreement with that reported for Ru particles dispersed in
carbon paste electrode Thus, the sulfonate-Ru-modified  (47) Guo, Y.; Guadalupe, A. R.; Resto, O.; Fonseca, L. F.; Weisz, S. Z.

electrode could be eventually used for biosensing. Moreover, _ Chem. Mater1999 11, 135.
(48) Datta, M.; Datta, AJ. Phys. Chem199Q 94, 8203.
(49) Somani, P.; Mandale, A. B.; RadhakrishnanASta Mater.200Q

(45) Liu, J.; Lu, F.; Wang, JElectrochem. Commuri999 1, 341. 48, 2859.

a(46) Fortier, G.; Vaillancourt, M.; Banger, D.Electroanalysis1992 4,
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T Figure 8. Cyclic voltammetry for a DEA-modified glassy carbon electrode
B) N1s without (--+) and with Prussian Blue-Q) and three sequential immersions

in Fe(CN)}3~ and Fé&* solutions (- - -) h a 1 M KCI pH 3solution. Scan
rate= 50 mV/s.

716 714 712 710 708 706

are in agreement with those reported for bulk lafe?? sol
gel composit¢/ and LangmuirBlodgett Prussian Blue
films.5* The redox waves centered at 0.25 V are well defined
compared to those at 0.94 V. The potential peak separation
between the anodic and cathodic peaks is larger for the latter
indicating slower redox kinetic¥.The surface coverage, as
evaluated by integration of the first voltammetric anodic
wave, was found to be 0.8 1071° mol/cn? and therefore
is in very good agreement with that determined from the
Binding Energy (eV) XPS data (Table 1). Figure 8 also shows that additional
Figure 7. X-ray photoelectron Fe 2p (A) and N 1s (B) core level spectra jmmersions led to an increase of the Prussian Blue surface
for a DEA-Prussian Blue-modified glassy carbon electrode. coverage. The stability of the voltammetric response of the

with the presence of potassium that was confirmed by XPS Prussian-Blue-modified electrode was in\(esti_gate_zd. _First, an
(vide supra). The N 1s core level spectrum (Figure 7B) can elec_:trode that was allowed to sFand overnlght in air dlsp!aye_d
be peak-fitted with three components at 398.0, 400, and 401_5§1n increase of t.he voltammetrlc waves. This observation is
eV that can be attributed to the presence of Prussian®lue, IN @greement with a previous report and can presumably be
the grafted DEASc and excess supporting electrolyte (Bt due to loss of water in the filrP? Secon_d, the voltlammet_rlc .
with a ratio of 1.9:5.8:1.4, respectively. The surface con- "€SPonse remained unchanged following potential cycling in
centration of Prussian Blue was evaluated from the XPS data PH 3 solution over a potential window ranging fror0.1
(Table 1) and was found to be in the submonolayer range ast® 1.1 V. As a control experiment, the bare glassy carbon
a value of 0.32x 10-1° mol/ci? was determined. This  €lectrode was also subsequently soaked in the FetChhd
surface coverage corresponds to only about 6% of the the F&* solutions but in this case the characteristic Prussian
coverage of the aryl groups. A lower coverage is expected Blué redox waves were not observed. Interestingly, a
because only one ferricyanide anion is required to compen-Prussian Blue film can also be generated at a 4-sulfonate
sate the protonated nitrogens of three diethylaniline groups.Phenyl modified electrode. For this experiment, the modified
The N/Fe ratio of 6, albeit slightly larger than that expected glectrode is initially sgaked in the Fesolution apd thereafter
for Prussian Blue (2.6) or Everitt's salt (3.6), can be nan Fe(CNg* solution. The CV of the resulting electrode

considered in relatively good agreement with that expected IS Similar to that shown in Figure 8 (curve).
for these compounds. General DiscussionThe XPS data revealed the presence
Figure 8 displays the cyclic voltammograms of a bare of Cu, Ru, and Pruss_ian Blue on the glassy carbo_n _rnodiﬁed
glassy carbon electrode {), aN,N-diethylaniline-modified ~ Surface. The analysis of the spectra by curve-fitting also
electrode after successive immersion in ferricyanide atl Fe demonstrated the presence of metallic species with different
solutions {) and after three sequential immersions in the ©Xide states. More specifically, in the Cu 2p, O 1s XPS core
two solutions (- - -). The presence of Prussian Blue is level and the CutM,sM4s Auger spectra the presence of
confirmed by the sets of reversible redox waves at 0.25 andP0th metallic copper and Cu(Otijvas clearly evidenced.
0.94 V which correspond to the well-known Prussian Blue/ On the other hand, it was also shown that the peak for
Everitt's salt and Prussian Blue/Berlin Green redox inter- Metallic Ru does not appear in the Ru 3p core level spectrum.

conversiong75-54 The cyclic voltammograms of Figure 8 It is likely that the Cu and Ru metal undergo significant
oxidation upon exposure to solution and ambient air to form

Counts (CPS)

405 400 395

(50) Itaya, K.; Ataka, T.; Toshima, S. Am. Chem. S0d982 104, 4767.
(51) Itaya, K.; Shoji, N.; Uchida, J. Am. Chem. Sod.984 106, 3423. (53) Dostal, A.; Meyer, B.; Scholz, F.; Schroder, U.; Bond, A. M.; Marken,
(52) Karyakin, A. A.; Karyakina, E. E.; Gorton, Electrochem. Commun. F.; Schaw, SJ. Phys. Chem1995 99, 2096.

1999 1, 78. (54) Ravaine, S.; Lafuente, X.; Mingotaud, Cangmuir1998 14, 6347.
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the corresponding metallic oxides and hydroxides. However, Conclusion

the electroactivity of the Cu-, Ru-, and Prussian Blue-

modified glassy carbon electrodes was clearly demonstrated In this study, we demonstrated that substituted phenyl
by cyclic voltammetric measurements. The fact that these groups electrochemically grafted at carbon electrode surfaces
electrodes display electrochemical activity might be surpris- could be used as template for the formation of catalysts
ing in light of the blocking behavior of substituted phenyl (metal, oxide, and hydroxide of Cu and Ru) and inorganic
modified carbon electrode in some selected experimentalcompounds (Prussian Blue). The substituents were chosen
conditions!®2¢ Indeed, the electrochemical response of an to be positively or negatively charged in a solution of
anionic redox probe such as Fe(GN)was substantially  appropriate pH. The resulting ionized interface was then used
suppressed in a pH 7 electrolyte in which the 4-carboxy to adsorb metallic species of opposite charge. Thus, the
group of a phenyl-modified electrode was deprotonated andfactors that need to be closely considered for the preparation
became negatively charged. The results presented hergyf such electrodes are th&pof the surface groups and the
indicate that the blocking effect does not seem to be an form of the metallic species. For the latter, the nature of the
important issue, espegiglly for the reduction of anionic nitrate electrolyte (e.g., potential ligands) is very important and will
at the 4-carboxy modified electrode. In contrast, the DEA- o the resulting charge of the metallic complex. Further
Cu electrode should favor the preconcentration of nitrate at chemical treatment (reduction, reaction with other chemical
the'electrode surface due tolthe presence of the prOt(,)nate%pecies) allowed the formation of the targeted materials. This
amine group4®2The observation of similar electrochemical procedure is very versatile and could be used to prepare a

activity for both the DEA-Cu and the Cu/4-carboxy phenyl variety of other metal and metal oxide structures at a carbon

modified electrodes seems to suggest that the metallic species . )
N . ; : surface. Experiments along those lines are currently under-
are in direct electrical contact with the underlying glassy

way in our laboratory, and, more specifically, we are
carbon electrode. y y p y

interested in the preparation of platinum (and other metal)

Thus, it seems plausible to assume that the metal-baseq,,icies at electrochemically modified carbon electréties
species are surrounded by substituted aryl groups. Presumz, chemically modified carbofié

ably, these organic species might have a beneficial effect

on the long-term electrochemical activity of the modified

electrode if they can prevent the agglomeration of the metal- Acknowledgment. The financial support of the Natural
based species. The detrimental agglomeration would lead to>¢i€nce and Engineering Research Council of Canada (NSERC)
a decrease of the active surface area of the catalytic or'S acknowledged for a Research Grant to D.B. and for an
electroactive specié§. These phenomena are relevant for EduiPment grant for the XPS spectrometer (to D.B. and 9
applications such as fuel cells that require dispersed and high—OtherS)'
surface-area catalyst. The nature of the forces that maintain
the metallic species at the electrode surface is also of the Supporting Information Available: XPS data for modified
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groups (vide supra), another possibility lies in the formation glassy carbon electrodes (PDF). This material is available free of
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electroless deposition of copper onto 4-mercaptobenzoic acidcmos7871l

self-assembled on a gold electrdfe.
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