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The electrochemical reduction of oxygen)bn Au nanoparticle-electrodeposited glassy carbon electr@@€&s) has been
performed in 0.1 M phosphate buffer solutigpH 7.2). Two well-separated electrochemical reduction peaks f@n0GCE were
observed at about 750 and—2000 mVvs.Ag/AgCI/KCI (sat.)i.e., a peak separation ¢f. 1250 mV. Those two peaks were
attributed to the two-step four-electron reduction gft® H,O through HO, . A remarkable decrease of the separation of the two
peaks(down to 550 mV along with a significant positive shift of the two reduction peaks ¢ft® —350 and—9880 mV,
respectively, were observed upon loading of a very minute amount of Au nanoparticles onto thigy@iCally 2.78 X 107" g

cm ). Further positive potential shift of the two peaks along with a concurrent decrease of the peaks separation could be achieved
by controlling the extent of Au loading on the GCE. Au-electrodeposited GCE with an equivalent Au film thickness of 10 nm
showed almost the same behavior toward theeduction as the bulk Au electrode. These observations were interpreted in view
of the increase of the effectieeal) surface area of the Au film by the increase of its thickness, as indicated by scanning electron
micrographs in addition to the characteristic cyclic voltammogram for Au nanoparticle-electrodeposited GCEsaiarhited

0.05 M H,SG,.
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The electrocatalytic reduction of molecular oxygen) @ either  and regular positive shift in the overpotential o @duction was
hydrogen peroxide (5D,) or to water (HO) is a reaction of prime  achieved upon loading the Au nanoparticles onto the GCE. The elec-
importance in many industrial, environment&iand electrochemi-  trocatalytic activity of such electrodes was compared with that of the
cal applications like fuel cell$” This reaction has been extensively bare GCE and bulk Au electrode in the same electrolyte.
studied at various electrode materials in different médfaThe
reaction pathway depends markedly on the electrode material as

well as the electrolyte pH. A desirable cathode for such applications Experimental

should satisfy several advantagesy., low overpotential, high cur- The working electrodes were bare glassy carbB€) and Au
rent density(i.e., high reaction raje long lifetime of operation, as  nanoparticle-electrodeposited GC electrodgs< 3 mm), and bulk
well as low cost. Au electrodes ¢ = 1.6 and 2.0 mm)were used for the cyclic

Glassy carbon electrodé&CEs)are characterized by their high voltammetric(CV) and the rotating disc electrod®DE) voltam-
chemical inertness as well as low oxidation rate in addition to smallmetric experiments. A spiral Pt wire and an Ag/AgCI/K@4t.)were
gas and liquid permeabilit}f These properties render GCEs a suit- the counter and the reference electrodes, respectively. Prior to the
able base for the loading of various metals and polymer thin filmselectrodeposition of Au nanoparticles, the GCEs were polished first
aiming to improve its electrocatalytic activity toward several elec- with no. 2000 emery paper, then with aqueous slurries of succes-
trochemical applicatiort§ *® rather than use as a bulk electrode. For sively finer alumina powdefparticle size down to 0.0gm) with
instance, Au thin-film-coated GCEs have been used as cathodes fdhe help of a polishing microcloth. The bare GCEs were then soni-
0, reduction in acidic and in alkaline medi&!” The electrocata- ~ cated for 10 min in Milli-Q water. Au nanoparticles were electrode-
lytic activity of such electrodes toward the, ®eduction in acidic ~ Posited from acidic bath of 0.5 M 3$0, solution containing either
medium was independent of film thickness and was similar to that of0.11 or 1.0 mM Na[AuC]] by applying a potential step from 1.1 to
the bulk Au electrode, which supports mainly the two-electron re-0.0 V vs. Ag/AgCI/KCI (sat)*® The duration time of the potential
duction mechanism of Oto H,0,.1® While in alkaline mediurk’ step was varied from 5 to 600 s to obtain Au deposits with different

the Au thin-film-coated GCE produces HGas a major reduction characteristicgcf. Table I). The Au electrodes were first polished in

product at relatively positive overpotentials, and at higher cathodic® similar manner to the GCE and then electrochemically pretreated

. . ; : N,-saturated 0.05 M k50, solution by repeating the potential
overpotentials the formation of OHpredominategi.e., two-step In Ny 4
four-electron pathway This behavior is also similar to that of bulk scan in the range-0.2 to 1.5 Vvs.Ag/AgCI/KCI (sat.)at 100 mvis

Au in alkaline medium? In both cases the Au films were deposited I/(;;slgbrtg\l; :c: lg‘ggrmﬁ] C\e/leccht?g(r;\lcrﬁgfggcg aM():lgﬁgl ,B\SLiJsecl)?%rgde
onto the GCE via the evaporation technique. ; 9 2 y

—. u particles deposited on GCE was carried out using a JSM-T220
Recently, the use of nanoparticle-based electrodes have Shov‘@canning electron microscog@EOL Optical Laboratory, Japaat

superior advantageous electrocatalytic properties over bulk elec: . - ) i
trodes for many vital electrochemical reactiorgy., CO oxidation, an acceleration voltage of 15 kV and a working distance of 4-5 mm.

O, reduction, and for catalytic hydrogenation of unsaturated alco Oxygen reduction was studied in 0.1 M phosphate buffer solu-
2 ) i i i i
hols and aldehydésié.19 tion (PBS)of pH 7.2 using a conventional two-compartment Pyrex

. . . . lass container. Milli-Q wate(Millipore, Japan)was used to pre-
In this study, the electrochemical deposition of Au nanopartlclesgare all solutions Pri(cg)r to e;ch S}x erimgnt;_,)(jas was bubfmled
onto GCE has been performed under different conditions of electro™ . ) . pet X
lyte concentration and deposition time. These Au nanoparticle-dwecuy into the cell for 30 min to obtain an aturated solution,

electrodeposited GCEs are used as cathodes for the electrochemicdld during the measurements, @as was flushed over the cell

reduction of O in 0.1 M phosphate buffefoH 7.2). A sianificant solution. For the RDE exper_iments, the working electrode
uct Qi phosp uffefp ) gni compartment was 200 chio eliminate possible change of the, O

concentration during the measurements. All the measurements were
. ) ) ) performed at room temperature (251°C). Electrochemical
- Electrochemical Saciety Active Member. . . _measurements were performed using a BAS 100 B/W electro-
Permanent address: Department of Chemistry, Faculty of Science, Cairo Univer- . .
sity, Cairo, Egypt. chemical analyzer. Steady-state voltammograms were obtained at a

Z E-mail: ohsaka@echem titech.ac.jp bare GC and at a Au nanoparticle-electrodeposited GC disk
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Table I. Characterization of the Au loadings on GCE under different conditions of electrodeposition.

Average surface Equivalent film

Electrode Deposition Au loading! area of Au thicknes$
no. time (s) Bath composition (gcm? loadind (cn?) (nm)

1 5 0.11 mM Na[AuCj] 2.78 X 1077 5.40 X 1073 0.14

in 0.5 M H,SO,
2 5 1.0 mM Na[AuC}] in 1.50 X 10°® 1.68 X 1072 0.77
0.5 M H,SO,
3 300 As above 1.98 x 10°° 1.07 x 10°* 10.3
4 600 As above 416 X 10°° 1.46 X 1071t 21.6

@As calculated from thé-t curve during the potential-step electrodeposition.
b As estimated from the charge consumed for the reduction peak of the surface oxide monolay¢ihef peak at 900 mV in Fig.)aising a reported value of 4Q0C cm 22123
¢ 1t is the thickness of a homogeneous Au film that covers the entire surface area of the GCE and has the same Au loading as that of nanoparticles.

(b = 3.0 mm-Pt ring electrode(RRDE) using a rotary system Results and Discussion
from Nikko Keisoku, Japan. The Pt ring was potentiostated at 0.8 V o . . .
vs.Ag/AgCIKCI (sat), where oxidation of hydrogen peroxide arriv-  Characterization of the Au depositsThe typical SEM micro-

ing to the ring is under diffusion control. The current density was graphs of the Au nanoparticles electrodeposited onto the GCEs un-

calculated on the basis of the geometric surface area of the GCEsler different operating conditions are shown in Fig. 1a-h. It is clear
Electrolyte solutions were, if necessary, deaerated by bubbling N from these figures that the increase of either the time of deposition
gas for at least 30 min prior to electrochemical measurements.  or the concentration of the Auglresulted in an increase in the

(@) (h)

Figure 1. SEM micrographs ofa) bare GCE and Au nanoparticle-electrodeposited GCEs prepared from 05/, lHolution containingb and ¢ 0.11 mM
Na[AuCl,] or (d-h) 1.0 mM Na[AuC};] via (b-d) 5, (e,g) 300, and(f,h) 600 s potential steps from 1.1 to 0.0v¢. Ag/AgCI/KCI (sat).
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Figure 2. CV response, in Blsaturated 0.05 M 5O, for Au Figure 3. CVs obtained for the @reduction at(a) bare GC andb) Au

nanoparticle-electrodeposited GCEs prepared from 0.5 J804 solution nanoparticle-deposited G@lectrode no. 1jn O,-saturated 0.1 M PBGH
containing(a) 0.11 mM Na[AuC}] or (b-d) 1.0 mM Na[AuC}] via (a and b) 7.2). Potential scan rate 100 mV'ls

5, (c) 300, and(d) 600 s potential steps from 1.1 to 0.0vg. Ag/AgCI/KCI
(sat). Potential scan rate 100 mVsCurve(e) represents the CV response
of the bulk Au electrode.
form a linearly expanding diffusion region, as can be expected by
comparison of the average distance between the Au nanoparticles
average particle size of the Au nanoparticles. Furthermore, the AU~0.02 um, see Fig. 1bjand the diffusion layer thickness-@.1
particles deposited from the 0.11 mM [MaiCl,] solution are inthe X 1072 cm, under the experimental conditions of Fig).36onse-
nanoscale sizétypically ~20 nm)and homogeneously distributed quently, the CV responsé.e., the voltammetric shape of the, O
throughout the GC surfadfig. 1b and c), while in the case of the reduction wave)f this electrode is similar to that observed at the
electrodeposition from the 1.0 mM NauCl,] solution, in addition GCE with the same apparent geometric surface area. Figure 4 com-
to the 20 nm scale particles, bigger particles of about 80-100 nmpares the CVs obtained with the bare and Au-depodigdettrode
(clusters)are formed(Fig. 1d). no. 1) GCEs in 0.1 M PBS saturated with,Mr O, in the absence
In order to estimate the real surface area of the Au nanoparticlegnd presence of 1.8 mMJ@,. It is clear from this figure that the
electrodeposited on the GCEs, the characteristic CV response ofddition of H,0, to the Q-saturated 0.1 PBS resulted in an increase
each electrode is measured ip-Baturated 0.05 M k80,. Figure 2 in the reduction peak current at880 mV, while the peak current at
shows such CV response. The increase of the reduction peak current3s50 mv was not affectettompare curves d and e for electrode 1
atca. +900 mV reflects the increase of the Au loading on the GCE. The addition of HO, to the N-saturated solution caused the ap-
The real surface area of the Au loading was estimated by calculatingyearance of a reduction peak @880 mV, and no peak was ob-
the amount of charge consumed during the reduction of the Auserved at-350 mV (compare curves a andl As expected, the first

surface oxide monolayer using a reported value of 400  reqyction peak of @on GCE was not affected by the addition of
cm - Table | summarizes the loading characteristics of the Au %_'202 (curves b and c)

nanoparticles electrodeposited on GCE under different conditions o

electrodeposition. Figure 5 shows the CV response obtained for the&uction at

the Au nanoparticle-electrodeposited GCEs in 0.1 M RBS$ 7.2).
This figure shows that the increase of the Au loading tiaed in
turn the average film thickneskeads to a more positive shift of the
two reduction peaksgcurves a-c). The first and second reduction
peak potentials in curve c are almost the same as those obtained at
the bulk Au electrodécurve d).

Consequently, from a practical point of view, the loading of a
very minute amount of Au nanoparticles on the G@&j., curve b
in Fig. 3 and curve a in Fig. 55 most desirable for the following
reasons(i) it utilizes a small amount of a precise metaé., saving
in the cost), andi() it can efficiently and selectively produce,B,

Electrochemical reduction of £© at Au nanoparticle-
electrodeposited GCEs-Figure 3 shows the CVs for the oxygen
reduction at bargcurve a)and Au nanoparticle-electrodeposited
(electrode no. 1, curve)bGCEs in Q-saturated 0.1 M phosphate
buffer solution of pH 7.20.1 M PBS pH 7.2). In curve a, the first
reduction peak of @is observed ata. —750 mV and the second
one is obtained as a shoulder at arout2D00 mV. The first peak is
due to the two-electron reduction of,@ H,O,, while the second
one is due to the further reduction o8, formed to HO (cf. Fig.

4). Interestingly, a considerable positive shift of these two reduction

peaks of Q from ca. —750 andca. — 2000 mV(on the bare GCE) without interference from the second reduction peak, which be-
e - I to th ti k i f the A
to —350 and—880 mV, respectively, was observed at the GCE comes closer to the #; production peak upon increase of the Au

loading (see Fig. 5).
loaded with a very minute amount of Au (2.38 1077 g cm 3, 9 g-5)

curve b). The Au nanoparticle-electrodeposited GCE is considered a Steady-state hydrodynamic voltammetric studigsigures 6-8
microdisk array-type electrodésee Fig. 1b and cat which the  show the steady-state hydrodynamic voltammograms for the O
diffusion layers at individual Au nanoparticles overlap each other toreduction at a GCE, a Au nanoparticle-electrodeposited GCE
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Figure 6. Hydrodynamic voltammograms for the oxygen reduction at bare
Figure 4. CV response obtained at the bare Gtc) and Au nanoparticle-  GC RDE (¢ = 3.0 mm) in O,-saturated 0.1 M PB$pH 7.2) at different
deposited GQelectrode no. 1 curves d-fn 0.1 M PBS pH 7.2 solution  rotation rates ofa) 100, (b) 200, (c) 400, (d) 600, (e) 800, (f) 1000,(g) 1200,
saturated with(a and f)N, or (b-e) O, in the absenceda, b, d)and the (h) 1600, (i) 2000, and(j) 2400 rpm. Potential scan rate 10 mV's
presencédc, e, f) of 1.8 mM H,0,. Potential scan rate 100 mV's

(electrode no. 2), and a bulk Au electrode, respectively, in
O,-saturated 0.1 M PBSpH 7.2). The ill-defined two reduction
waves were observed for the ,Oreduction on the Au-

| electrodeposited GCE and the bulk Au electrode in the potential
range of+0.2 to —1.1 V (Fig. 7 and 8), while only one reduction
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Figure 5. CVs obtained for the @reduction at Au nanoparticle-deposited
GC electrodes in @saturated 0.1 M PBSH 7.2). A potential step from 1.1 ~ Figure 7. Hydrodynamic voltammograms for the oxygen reduction at a Au
to 0.0 V was used for the electrodeposition of Au particles from 0.5 M nanoparticle-electrodeposited GC RDOB = 3.0 mm) (electrode 2)in
H,S0O, solution containing 1.0 mM NauCl,] with deposition time ofa) 5, O,-saturated 0.1 M PB$pH 7.2) at different rotation rates aofa) 100, (b)
(b) 300, and(c) 600 s. Curve d represents the CV response of the bulk Au 200 (c) 400, (d) 600, (e) 800, and(f) 1200 rpm. Potential scan rate 10 mV
electrode. Potential scan rate 100 m\t.s
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Figure 8. Hydrodynamic voltammograms for the oxygen reduction at bare Figure 9. K-L plots for the G reduction at the bulk GC RDE in
AU RDE (¢ = 2.0 mm in O,-saturated 0.1 M PBSpH 7.2)at different O,-saturated 0.1 M PB®H 7.2). The dotted line represents the theoretical

rotation rates ofa) 200, (b) 400, (c) 600, (d) 800, () 1000, (f) 1200, (g) K-L line calculated usingn = 2. The electrode potentiala) —600, (b)
1600, (h) 2000, and(i) 2400 rpm. Potential scan rate 10 mVis —700, (c) —800, and(d) —900 mV vs.Ag/AgCI/KCI (sat.). The data were
taken from Fig. 6.

wave could be obtained on GCE in the same potent|a| dom nanoparticle eleCtrOdeposited GC di$k|ectr0de no. 2) Pt I’ing

6). The data are analyzed using the Koutecky-Levich equation glverRRDE electrodegcurves b and B in O,-saturated 0.1 M PBS pH
by?* 7.2. The measurements were performed at a scan rate of 20mV s

and a rotation speed of 400 rpm. The Au nanoparticles were elec-
1i = 1l + 1fig = —1(nFAKC) trodeposited onto the GC electrode from 0.5 MS#), solution
/3 containing 1.0 mM NpAuCl,] by applying a potential step from 1.1

- 1/(0.62nFAI:éZv 0w 1?) 11 woov fgr 5s. The tB:p of4ghisyfigljolf)rg.e? cuprves aand UF; shows
the ring currents, which correspond to the oxidation of hydrogen
wherei is the measured current at a given potentiggndi 4 are the
kinetic and diffusion-limited currents, respectivelyis the rate con- 0.025
stant for Q reduction,n is the number of electrons involved in the
oxygen reduction reactionF is Faraday constant96,484 C
mol ~ 1), Ais the geometric electrode aréan?), o is the rotation
rate(rad s %), C° is the saturated concentration of @ 0.1 M PBS 0.020
(pH 7.2, 8.8 10" molcm™ %), DO2 is the diffusion coefficient of

0, (2.7% 10°% cn? s7Y), andv is the kinematic viscosity of the
solution (0.010 cnf s 1). The values ofC° and Do, were deter-

0.015 - °

P T ST S VRS SN SR ST NUNY S AT SN ST RSN SN NN N T S

mined by the hydrodynamic chronocoulometric techn?au@he -

data are not shown here), while the valuevolras measured using § ®

an Ubbelohde viscometer at 25°C. = o® O
Figures 9-11 show typical K-L plots for the data shown in Fig. < 0.010 d o m

6-8, respectively. The dotted lines represent the theoretical predic- ' A o 0© oA

tions from Eq. 1 using an effective value nf= 2 (for Fig. 9) and - - A v -

n = 4 (for Fig. 10 and 11andi, — . Good agreement is found a]n AA v ;

between the experimentally measured currents and those predicte g ggs5 B B AA vY '

using Eq. 1. These results confirm the conclusion of Fig.e4, the ' L n32 X % % é

two-step four-electron reduction pathway fos @duction). In other r \ gg%

words, the values dfi, for example, at-800 mV, are 2 at bare GCE [
and 4 at both Au nanoparticle-deposited GCE and Au bulk electrode. g ggg lesti v 1 b L N I
There is no intercept for the K-L plot$=ig. 10 and 11)at the po- 0.00 0.05 0.10 0.15 0.20
tential at which the limiting current is reacheéd., the Q reduction
is under diffusion controlas expected from the thegryput at other
potentials we have intercept depending on the potential. The vaIueE.

; M igure 10. K-L plots for the G reduction at the Au nanoparticle-
of these intercepts refer to the kinetic current component of the tota lectrodeposited GC RDE@lectrode 2jn O,-saturated 0.1 M PBEH 7.2).

measured currerisee Eq. 1). (- -) The theoretical K-L line calculated using= 2 and 4. The elec-
Figure 12 compares the steady-state hydrodynamic voltammofrode potential:(a) —200, (b) —240, (c) —280, (d) —300, (e) —360, (f)

grams for the @ reduction obtained at a bare GC digk = 3.0 —400, (g) —500, (h) —600, (i) —700, (j) —800, (k) —900, and(l) —1000
mm)-Pt ring (curves a and ‘a with those obtained at Au mV vs.Ag/AgCI/KCI (sat.). The data were taken from Fig. 7.

(o/rads"y™
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Figure 11. K-L plots for the G reduction at the bulk Au RDE in  Figyre 13. Relation between the extent of the Au nanoparticle loading and

O,-saturated 0.1 M PB§H 7.2).(- - - -) The theoretical K-L line calcu-  the specific energy savings at the GC cathode during the reduction tf O
lated usingn = 4. The electrode potentiala) —200, (b) —300, (c) —400, H,0, in 0.1 M PBS(pH 7.2).

(d) —500, (e) —600, (f) —700, and(g) —800 mV vs. Ag/AgCI/KCI (sat.).

The data were taken from Fig. 8.

potential(compare curves’and b). This clearly indicates the elec-
trocatalytic enhancement of the Au nanoparticles toward thee©

peroxide (HO,) produced on the disk, while the bottom panel y . tion compared to the bare GCE.

shows disk currents. A large positive shift in the first reduction peak

of O, is evident upon loading a minute amount of Au onto the GCE  Energy savings during D, production.—The significant posi-

(compare curves a and b); at the same time the corresponding ringive shift of the cathodic peak potential for the reduction of t©

current starts to rise and reaches its maximum at a more positive4,0, upon loading the Au nanoparticles on the GCEs corresponds
to a remarkable reduction in the energy consumption at the cathode.
At a particular currentj, the energy savings;s, in watt hours is

8085 ) given by®
-~ a '
_\-E H 2 . & = IAE((t/3600 [2]
0.0e+0|-
i 1 wheret is the electrolysis time in seconds, ané&  is the shift in
L . the peak potential at a certain rate o§®3 production(i.e., at a
5065 L h constant currentbrought about by the Au nanopatrticles loading on
‘ L . the GCE. The amount of 40, produced(in g mol) is given by the
[ ] Faraday law a#t/nF, wheren(=2) is the number of electrons con-
< F i sumed per KO, molecule produced. Thus, the energy savings at the
L -1.0e4 b " s qi
2 b a . cathode per g mol of §D,, &, is given by
L ] £, = &/(it/nF) = (iIAEt/3600/(it/nF) = AEnF/3600
504 - 5 (3]
i ] The values ofAE, were obtained from Fig. 3 and 5. The energy
2.0e-4 - savings at the cathode per gram of Au nanoparticle loadiag the
rb ] specific energy savingsvas calculated using Eq. 3 and is plotted in
L . Fig. 13. As a conclusion of this figure, the most beneficial effect of
oBed e e ] the Au loading appears upon loading a minute amount ofi&u, 5
42 40 08 08 -04 02 00 02 s electrodeposition, in the nanoscale range, typicaB0 nm, with
an equivalent film thickness of 0.14 nran the GCE, resulting in
E1V vs. Ag/AgCIKCI (sat) the highest specific energy savings of the electrode.
Figure 12. Steady-state voltammograms fop @duction aia) bare GC and Conclusion

(b) Au nanoparticle-electrodeposited GC disk electrodes and $Q, Hbxi-

; ; : The electrochemical reduction of ,0at Au nanoparticle-
dation at(a’ and B) Pt ring electrode in @saturated 0.1 M PB&H 7.2). . 2 .
The Pt ring was potentiostated at 800 ma¥. Ag/AgCI/KCI (sat). Rotation electrodeposited GCEs has been performed in 0.1 M @B57.2).

rate 400 rpm, potential scan rate 20 msA 5 s potential step from 1.1to A regular positive shift of the cathodic peak potentials correspond-
0.0 V was used for the electrodeposition of Au nanoparticles from 0.5 M ing to the reduction of @to H,0O, and HO, to H,O with a con-
H,S0O, solution containing 1.0 mM N&uCl,]. current decrease in the peak separation is achieved upon the increase
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