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Platinum-Based Electrocatalysts for Generation of Hydrogen
Peroxide in Aqueous Acidic Electrolytes

Rotating Ring-Disk Studies
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The electrocatalytic activity of selenium-, and sulfur-modified polycrystalline Pt electrodes,foedDction in acid media has

been examined using rotating ring-disk electrode techniques. The results obtained indicated that, within a rather narrow range of
coverages, both Se-, and S-modified Pt surfaces prompteddction via a two-electron pathway to yield hydrogen peroxide at

close to 100% faradaic efficiency over a wide potential region. Also presented in this work is an experimental procedure for
Se-modification of high area, unsupported Pt particles based on fluidized packed bed reactor principles. Such a strategy could be
readily scaled up opening new prospects for the development of large scale hydrogen peroxide generation in acid media, including
electrochemically based, room temperature, Nafion-based oxygen concentrators.
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The reduction of dioxygen in aqueous electrolytes, including disk electrode(RRDE) techniqué® to assess the activity4) and
Nafion}™> has received extraordinary attention over the past fewselectivity(S) of Se- and S-modified polycrystalline Pt surfaces for
decade$:” Much of the research impetus has been driven by theO, reduction to HO, as a function of coverage and applied poten-
need to improve the performance of gas permeable cathodes for fuglal. The methodologies involved in the preparation and electro-
cell applications, including stationary energy generafieehicular chemical characterization of modified Pt electrodes were largely
propulsion® and, more recently, portable electrontfs! Not sur-  based on the reports of Wieckowski al3%!for S and Felitet al32
prisingly, most of the emphasis, from a fundamental viewpoint, hasfor Se, and those of Sticknegt al®3* for S- and Se-modified
focused on the search for electrocatalysts displaying both high acsingle-crystal Au surfaces. As is shown, faradaic efficiencies for
tivity and selectivity for the four-electron reduction of, @ vyield H,0, generation(f) approaching 100% can be achieved within a
water as the product. Yet another electrochemical process thatather narrow range of Se and S coverages.
involves Q as a reactant is the electrosynthesis of hydrogen

peroxide!?® an environmentally benign chemical currently being
considered for use in diverse technological areas, ranging from the All measurements were performed with a(Bisk)/Pt(ring) ro-
industrial bleaching of paptr'®and wastewater treatmelitto oxi- tating ring-disk electrode(RRDE, Pine Instruments, disk area
dation of hazardous chemicals and bioremediatiohlthough cer- = 0.164 cms, inner and outer ring diameters, 4.93 and 5.38 mm,
tain types of carbon are effective electrocatalysts for ther2euc- respectively,i.e., theoretical collection efficiencil = 0.22), in

tion of O, in alkaline media, in terms of potency and high 0.50 M H,SQ, for Se-, or 0.10 M HPQ, (J.T. Baker Ultrex, diluted
selectivity? materials displaying equally desirable properties in acid With ultrapure water, Barnsteaéor S-modified Pt surfaces, respec-
electrolytes are quite rare. Notable exceptions are provided by cerively, at room temperature, using a conventional three-compartment

tain transition metal macrocycles of the phthalocya?ﬂnmd por- electrochemical cell. Sollu.ti.ons were purged with fOr at least 1 h
phyrin type€:2 and by a few simpler inorganic and organic spe- before RRDE data acquisition, and continuously thereafter. A revers-

cies, either in solution phase or immobilized on the surface ofible hydrogen electrodéRHE) in the same solution was used as
otherwise inert electrodes by spontaneous adsorption, chemical dééference, and a platinized Pt fé¢dee belowks counter electrodes.
rivatization, and other means. Unfortunately, many of these molecuPrior to dynamic polarization RRDE measurements jrs@turated
lar electrocatalysts also promote decomposition of hydrogensolutions, the Pt ring was platinized to prevent rapid contamination
peroxidé® generating radicals that attack their often delicate struc-With adventitious impurities in the solution. This procedure was per-
tures rendering products devoid of significant activity. Direct gen- formed by cycling the Ptring in a 2-3%,RtCl; aqueous solution at
eration of KO, in acid media is particularly advantageous, as it 20 MV/s between-0.1 and+1.1 Vvs. SCE and then holding at
would meet pH conditions required for Fenton's reagent —0.1_0 V for 3 min. The electrO(_je was then removed from this
application&®27 both in chemical synthesis and chemical degrada_solutlon and rinsed thoroughly with ultrapure water before further
tion without further processing. In addition, it could impact mark- USe. Increases in the actual area of the Pt ring of up to an order of
edly the development of lightweight, Nafion-based, room- Magnitude could be achieved by this methodology.

temperature electrochemical oxygen concentrators for medical and Selenium-modified Pt surfaces were prepared by electrochemical
other applicationg® deposition from 1.0 mM SeQin 20 mM H,SO, solutions (J.T.

The approach currently under investigation in our laboratoriesBaker, Ultrex)in a separate three-compartment cell to avoid cross
relies on the use of elemental surface modifiers capable of blockingontaminatior* Sulfur-modified Pt surfaces were obtained by plac-
active sites on Pt responsible for the four-electron reduction,of O N9 @ small volume of an aqueous Msolution in the concentration
while opening pathways for 40, generation. Based on an initial range of 0.27-1.0 mM on t_he Pt_dlsk for a specified period of time
screening of a large number of atomic species, particularly thosd©!lowed by thorough rinsing with pure wath.Such electrodes
capable of undergoing underpotential deposition, sulfur and sele¥Vere then immersed in&free 0.10 M HPO, or 0.50 M H,SO, and
nium were selected as the most promising candidates. the platinized-Pt ring was subsequently cycled at 50 mV/s in the

This work exploits the well-known virtues of the rotating ring- ange 0.03-1.49 \bs. RHE to oxidize any remaining sulfur or se-
lenium on the surface. Once the ring voltammogram showed fea-

tures characteristic of clean Pt, the solution was saturated with O
N . ) and dynamic polarization measurements were then initiated.
Electrochemical Society Student Member. .. ipe
** Electrochemical Society Active Member. The degree of selectivity of Se-, and S-modified Pt surfaces for
2 E-mail: dxs16@po.cwru.edu the 2e reduction of Q to H,O, as a function of coverage and
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Figure 1. Cyclic voltammogram for a Pt disk of a Pt/Pt RRDE in a 1.0 mM
SeQ in 20 mM H,SO, quiescent solution in the range 0.34 -1.4%. SHE Figure 2. A series of linear potential scans for deposition and stripping of Se
(thin line) at a scan rate = 5 mV/s. The voltammogram in thick lines was on the Pt disk of a Pt/Pt RRDE electrode in a 1.0 mM $&©20 mM
obtained by first scanning in the negative direction from 1.4 down to 0.54 V H,SQ, quiescent solutiom( = 20 mV/s). The scans in the negative direc-
and then up to 0.74 ¥s. SHE under otherwise identical conditions. At this ~ tion were interrupted at various potentidise, vs. SHE in the range 0.34-
point the scan was interrupted foa. 3 min and then resumed up t01.4 V 0.54 Vus. SHE and, after a holding periadof 2.5 or 3.5 min, resumed in
vs. SHE. the positive direction. Thin solid lin€ e, = 0.54 V,7 = 3 min; thick solid
line: Egep = 0.49 V, 7 = 3.5 min; dotted lineEg, = 0.44 V,7 = 3 min;
dashed line:Ege, = 0.39 V, 7 = 3 min; dot-dash line:Ege, = 0.34 V,
potential, was determined from the analysis of digk) and ring T = 2.5 min.
(iring) currents measured with the Pt/Pt RRDE assembly. For all
these experiments, the platinized Pt ring was polarized at 1.4.V

RHE, i.e., positive enough for the oxidation of,8, generated at  \yas first scanned in 1.0 mM Se® 20 mM H,S0O, solutions in the
the disk to proceed under diffusion-limited conditicfis. negative direction at = 20 mV/s, subsequently reversed at 0.54 V,
and finally stopped and held &, = 0.73 Vvs. SHE forca. 3
min. The electrode was removed from the solution under potential
Se-modified Pt electrodesCyclic voltammetry curves recorded control, washed thoroughly with ultrapure water, and then reim-
at a scan rates = 5 mV/s in 1.0 mM Se® in 20 mM H,SO, mersed in a deaerated, Se-free 0.50 p$6B, solution in a different
solutions over the range of 0.34-1.40¢. SHE(see thin line, Fig. 1)  cell without potential control. No evidence for hydrogen adsorption
displayed two sets of peaks, labeled as A, (8entered at 0.64 and was found for such Se-modified electrodes cycled between 0.08 and
1.11V, respectivelyand C, C (centered at 0.44 and 0.83 V, respec- 0.73 V (see curve a, in panel A, Fig) Bonsistent with the blocking
tively) similar in shape to those reported by Stickney and co- of active sites on the Pt surface. Moreover, a subsequent scan in the
workers for Se deposition on the three low index faces of single-positive direction up to 1.43 \(see dotted line in panel A, Fig) 3
crystal Au3®3*A stripping peak at potentials slightly more negative Yyielded a well-defined peak'Aover virtually the same region where
than C (denoted as Bby Listeret al.) has also been observed for Pt oxidation occurs on the bare metal in Se-free 0.50J8@, i.e.,
Se on Au, although in this cageee feature centered at 1.07, 0.9-1.4 V(see thin solid line in Fig. B in agreement with the results
may have contributions due to Pt oxide formation. Similar experi- shown in Fig. 1.
ments in which the scan in the negative direction was reversed at The coverage of Sefs., was determined by subtracting the
0.54 Vuvs. SHE, stopped at 0.74 ¥s. SHE (see arrow), and then charge obtained by integrating the stripping curve up to 1.456é
resumed afteca.3 min up to 1.4V, yielded only peak A without any dotted lines, Fig. 3jrom +0.73 to 1.45 V and 1.45 to 1.35 V during
contributions due to B(see thick solid lines In an analogy with the  the reverse scan, from the voltammetric curve for the same Pt elec-
assignments of Listeet al.3* peaks A and A are ascribed to the trode over the same potential range in a solution devoid of.Se,
surface-limited underpotential depositi@PD) and stripping of Se,  ca. 0.144 mC for the Pt electrode used for these experimes
which in this case has also contributions due to Pt oxidation andthin solid line, Fig. 3. The oxide corrected Se-stripping charge in
reduction(see below), whereas C and @re attributed to the for-  this case yielded a value of 0.161 mC. If it is assumed that UPD Se
mation and stripping of a second, distinct adsorbed Se phase. Cois present as a zero valent species and its oxidation up to 1v45 V
relations between the shapes and magnitudes’oéd C were SHE is not kinetically hindered, standard redox potentials would
obtained from a series of experiments in which the Pt electrode wasredict for the oxidation of the UPD layé€in the potential range in
scanned ab = 20 mV/s from 1.45 V down to the desired potential, question)to proceed via a 6e process. On this basis, the extra
Egep: in the region 0.34-0.54 V, held at that value for a certain charge under the linear scadotted lines)in Fig. 3 would be con-
period of time,r, in the range 2.5-3.5 min, and then scanned at thesistent with the stripping afa. 1.7 X 10**atoms. The actual area of
same rate up to 1.45 V to oxidize adsorbed(S=e Fig. 2). Cursory Pt estimated from the charge associated with hydrogen adsorption/
inspection of these curves reveals that in the redigg < 0.54 V, desorption in Se-free solutiorisee thin solid line, panel A, Fig.)3
and fort in the range specified, the area undériizreases as the i.e., 220 pLC/cmz, is about 0.230 c?n(roughness factoca. 1.4);
value of Eg4e, becomes more negative, and its peak potential shiftshence, the number of Se atoms per Pt atom on the surface would
toward more positive values. correspond to a Se coveradghs., of about one-half a monolayer.
Further insight into some of the properties of Se deposits wasThis value is in excellent agreement with that reported by Huang
obtained from measurements in which the potential of the Pt disket al33 for Se on Au(100)for experiments in which the scan was

Results and Discussion
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0.0 L 1 L 1 1 1 1 Figure 4. Plots ofi g (Upper panel)jng (middle panel, and |iing/igisd
0.4 0.5 06 0.7 0.8 (lower panel)vs. Egq for a bare(curves a)and Se-modified Pt disk of a
Edep (V vs SHE) Pt/Pt RRDE electrodécurves b-f)in O,-saturated 0.50 M k8O, at o

= 400 rpm forfg, = 0.15(curves b), 0.2%curves c), 0.34curves d), 0.51
Figure 3. Panel A, cyclic voltammograms of a bare Pt disk of a PPt RRDE (curves ), 1.24curves f).(See inset Fig. 3 and also text for details
in the range 0.03-1.43 Vs. SHE (thin solid line and of the same electrode
modified by preadsorbed Seee text for detai)sin the range 0.08-0.73 V
vs. SHE (curve a, thick solid lingin 0.50 M H,SO;, v = 20 mV/s. Also  gejectivity of the Se-modified surfaces were found to be optimum

shown in this panel is a linear scan in the range 0.73 to 1.43 V for a Se- _ :
modified Pt disk surface recorded immediately after holding at 0.73 V under(ca' 1/2 = 8., see below). As evidenced by the data colledteat

otherwise identical conditionsee dotted line). Panel B, stripping curves for Shown), the differences ifis. observed in independent experiments
the Se-modified Pt disk in panel A as a functionaf,, (r = 3 min, see ~ Were about 3% and thus regarded as negligible. This is an important

inset in this panelunder otherwise identical conditions as those specified in Observation as it indicates that the emersion/washing/immersion
panel A. Panel C, plot of selenium coveragge vs. Egep. procedure, at least for the most active Se-modified surfaces, does not
lead to changes ifg., providing a useful strategy for preparing
Se-modified Pt in high area form, as would be required for technical
reversed between peaks A and C, for which the onset of Au oxideapplications. It is also essential to note that the onset,akQuction
formation occurs at more positive potentials compared to Pt. occurs at potentials negative to the onset of Se-stripfseg be-

A series of experiments involving this same basic protocol werelow), allowing the electrocatalytic properties of such surfaces for
then performed to determirtes, as a function o 4, in the poten- _this rea_ction to be examined as a functiordgfin the absence of Se
tial region about peak A. Once immersed into the Se-free solutionjn solution.
the Se-modified electrode was scanned in the negative direction to
assess blockage of hydrogen adsorption, and then scanned in the Rotating disk-ring electrode dynamic polarization curves for O
positive direction up to 1.45 V. The results obtained for varifyg, ~ reduction.—Correlations betweefils, and electrocatalytic activity
values(see insert, panel B, Fig. 3), including a plot&f,vs. Egep, for O, reduction were obtained using fi&, values(see inset, Fig.
based on coulometric analyses of these data are shown in panels B at a single rotation ratey = 400 rpm. In each casg&g.,was set
and C, in Fig. 3, respectively. In earlier studisproblems were by scanning the electrode in a 1.0 mM S&® 20 mM H,SO, in a
encountered for determinirfis, on Pt(110 and Pt(100), the two low  separate cell to potentials in the negative direction at 20 mV/s to the
index surfaces which would more closely resemblg@ly), be- desired value and holding for 3 min. Immediately thereafter, the
cause the potentials required for full electro-oxidative desorption ofSe-modified Pt electrode was removed from the solution under po-
Se are too high to avoid compromising the single-crystalline char-tential control, rinsed thoroughly with pure water, and immersed in
acter of their surfaces. This behavior is unlike that observed by thehe O,-saturatedmore than 30 min purgingSe-free 0.50 M HSO,
same authors for Se on Pt(31lhich displays a sharply defined without potential control.
surface bound, 4eredox process, thereby allowing reliable coulo- Plots Of i gisk, iring, @nd|ising/igisd vS. Egisk for five different
metric determination 06 g. values ofE 4, (Or equivalentlyd g, andt = 3 min (see curves b-f,

Efforts were also made in our studies to establish whethgr  Fig. 4 and inset in Fig. )3 including those obtained with bare Pt
measured in Se-containing solutions, under otherwise identical contcurve a), are shown in Fig. 4. Fég, = 1.25, for which the strip-
ditions, differed from the values determined by the method de-ping curve shows a quite prominent peak e electrode displayed
scribed above foE 4, values in the region in which the activity and  virtually no activity,i.e., igis = inng = 0. This behavior was unlike
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Figure 5. Plots ofi;p, (solid circles, left ordinaeand 2j;,4/N (open circles, s 4
right ordinat¢ vs. 6g, based on the data shown in Fig. 4 at 03} -
= 400 rpm(see caption for detailsThe collection efficiency based on the __ - b
geometry of the RRDE assembly is 0.22. £ 02 %—“ .
o1t -
that found in the range 0.15 g, < 050, i.e., 0orF T
0.54=< Egep =< 0.69, for which the limiting currents for 00 01 02 03 04 05 06 07 08

O,-reduction,i;,,, measured at 0.18 Vs. SHE (see left ordinate,
Fig. 5), as well as the amount of,B, generated at the disk, as Edisk (V vs SHE)
judged by the magnitude df;,y (See right ordinate, Fig. 5), were
quite significant. In fact, fobge = 1/2 (Egep = 0.54 V), |iting/i gisk
ca.0.21 and (6= 0)= 2i;n(65. = 0.5), which are consistent
with the quantitative reduction of Oto yield H,O, as the only
product(note that for bare Pt is negligible). Prompted by its
unique performance, the overall electrocatalytic characteristics of
(6se = 0.5)Pt surfaces were examined in more detail.

Plots of i gisk (upper panel)jng (Middle panel), andiing/i gisd
(lower panellvs. Egg, for Pt/(6g. = 0.5)Pt RRDE in Q-saturated
0.50 M H,SQ, at ® = 400 (curve a), 900b), 1600(c), and 2500
rpm (d) are shown in Fig. 6. As indicateding/igsd for 0.07
< Egisk
< 0.6 V, isca. 0.21 for all , affording strong evidence that,O
reduction over this voltage range proceeds predominantly via a 2e
pathway to yield HO,. Additional support for this view was ob-
tained from the linear character of the Levich pigf, vs. o2 for
which the slope was-0.167 mA cm? s'2 i.e., about half that
obtained for Q reduction on baréSe-free)Pt, (a 4e -process)or
which the experimental slope was0.356 mA cm? s'? (see
Fig. 7).

S-modified Pt electrodes-Shown in Fig. 8 are dynamic polar-
ization curves obtained in Ssaturated 0.10 M purified 40O, so-
lutions at a scan rate of 10 mV/s amd= 900 rpm for a Pt diskof
a Pt-Pt RRDE), which had been previously exposed to a solution
0.27 mM NaS for 3 min (curve apnd for 20 s(curve c). Curve b -
in that figure was recorded under the same conditions for an elec
trode prepared by the same procedure using, instead, a 1.0 m® Na
solution for 20 s. Correspondirigis, andi,q data recorded with a
S-free Pt-Pt RRDE at the same rotation ré&®t shown in this
figure) yielded, as before, largeg with i,q about two orders of 0 L=
magnitude lower. These data indicate that ther@luction activity 0 2 4 6 8
is rather low for large sulfide exposufeurve a); as the exposure is
reduced however, bothy and iy increase(curve c), signaling
significant HO, generation at the disk. In fact, increasing the con-
centration of sulfide, while keeping the time of exposure constantrigure 7. Plots of i, vs. w2 for a bare Pt disk(curve a)and a

Figure 6. Plots of i g (upper panel)jng (Mmiddle panel, and |iing/igisd
(lower panel) vs. Egg for a Pt Bse= 0.5)/Pt RRDE electrode in
O,-saturated 0.50 M kB0, at @ = 400 (curve a), 900(curve b), 1600
(curve c), and 250Qcurve d)rpm. Eyjpg = 1.38 Vus. SHE.

This phenomenon was explored in more detail by performing
measurements in which sulfur was gradually removed from a
S-modified Pt disk19 pL of 1.0 mM NaS solution for 5.5 minpy
scanning the potential in stages to potentials sufficiently positive for
sulfur to undergo partial oxidation to solution phase sulfate at
= 10 mV/s. Prior to sulfide exposure, the Pt disk was cleaned by
electrochemical cycling in ©free 0.10 M HPQO,. Following S
adsorption, the platinized Pt ring was cycled in-ftee 0.10 M

(mA/em’)
N WA OO N

10 12 14 16

18
o' (3-1/2)

(20 s), decreaseidys, but increased,,q (curve b),i.e., the selec-
tivity (S) of the S-modified Pt electrode was greatly enhanced.

Pt (65 = 0.5) disk(curve b)of a Pt/Pt RRDE in 0.50 M kS0, solutions
(see text for other conditiohs
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3 Figure g P!Ots Ofidisk! iringv and“ring./idisk' US.' Edisk for the firSt, 7th, and
o 20 . 18th oxidative cycles for a S-modified Pt disk surface of a Pt/Pt RRDE
£ prepared by placing 18L of a 1.0 mM NaS solution for 51/2 min followed

'_ - 4 by rinsing with ultrapure waterof = 900 rpm).v = 10 mV/s. The dotted

line in the right panel was collected during the scan in the negative direction.
0 4
1 L 1 . 1 2 | L 1
0.0 02 04 0.6 0.8 that despite the changes in the activigf) of S-modified Pt due to
changes imMg, the surface, within a certain range @§, displays
E (V VS SHE) very high selectivity(S) toward H,O, generation. Also noteworthy
disk ’

is the fact that cycle ten coincides with the onsets for the increase in
both i 4isx andi i,y and an overall decrease fifyng/i gisd - Based on

Figure 8. Dynamic polarization curves for Oreduction in Q-saturated these results, four electrocatalytic regidigV in Fig. 10), can be

purified 0.10 M HPO, solutions for a S-modified Pt disk electrode of a
Pt/Pt RRDE prepared by exposure to an aqueous solution 0.27 ;B fda
3 min (curve ajfor 20 s(curve c)followed by rinsing with ultrapure water.

Curve b was obtained via the same procedure, except that the Pt disk elec 01F (5\' LA L L L R R L L e
trode was placed in contact with a 1.0 mM J$asolution for 20 s ¢ 0.2 [ O\O‘O ]
= 900 rpm,v = 10 MV/s,E;py = 1.3 Vus. SHE). — <1 ,'O-O—O—clb-o\o\o i
<< 03} | ! O -
E - ) ) i O\ J
. - = 04} i ! L0 .
H;PO, at 50 mV/s in the range-0.07 to 1.4 Vus. SHE to oxidize ~ - ' ' i AN -
any sulfur that may have adsorbed on the surface. Once the ring 5 -0.5 | ) , | O\o -1
voltammogram showed features characteristic of clean Pt, the solu - 0.6 [ i ) E ]
tion was saturated with O After collecting RRDE data for the L e e e i ————————
freshly prepared S-modified Pt disk surfacewat= 900, theelec- 60 |- ! | 9 ®0-0.¢ n
trode was cycled in the same solution once in the rafRge  __ 50 [ /6-0'.‘."; :\0\ _’
= 0.10-0.70 V at 10 mV/s, and a new set of polarization curves 5 o : ] -
recorded under otherwise identical conditions. This procedure was = 40 | ./ i J ' \ .
followed for a total of 18 cycles wittR = 0.10-0.70(cycles 2-4); 2 3 - / E ! E ° 1
R = 0.10-0.90(cycles 5-8);R = 0.10-1.00(cycles 9 and 10), and ,_< e I : II :‘ III : IV \ ]
R = 0.10-1.10 V(cycles 11-18). Shown in Fig. 9 are plotsiggy, 20+ : ! ; o |
i ings and|ir_mg/idi5k| vs. Egisy for the first, seventh, and 18th cycles. ——
Data of this type collected for the entire series of cycles was then 0.25 | 0-0-0—0-0—0—0—0—0\0 -
used to create plots Ofy (Egsk = +0.10 V),inng (Erng = 13V),  —=% g [ o, 1
and |iing/igisd vS. number of cycles, a parameter that correlates at__% U \o\ i
least qualitatively with a monotonic decrease in sulfur coverége, ~ 0.15 € .
This does not represent a serious limitation, as the conclusions mad 2 i \o 1
from the analysis of the data do not rely on a quantitative knowledge.—= 0.10 | \ -
of 65. As shown in Fig. 10, the overall activity of Pt is low for large 0.05 [ °\ ]
6g, increases to reach a plateau up to about cycle 10 and finally ) R R S R T T A - A
increases even further as the sulfur is oxidatively removed from the 0 2 4 6 8 10 12 14 16 18
surface. The amount of D, produced, on the other hand, is small
for high 6g, reqches two plate_aus, and fina_lly decreases after t_he Number of Oxidation Cycles
14th cycle. Particularly interesting, however, is the fact that, despite
variations inigsc andising, |iing/1aisd (€€, lower panel, Fig. 105 Figyre 10. Plots of iy (Eqsc = +0.10 V us. SHE), g, and|irimg/igis

very high,ca. 0.25, and independent 6k up to cycle ten, decreas- data extracted from the complete series of 18 oxidation cycles for a
ing monotonically thereafter. It becomes evident from these dataS-modified Pt disk electrodgee caption Fig. 9 for detajls
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Figure 12. Plots of iy, (Egisk = +0.13 V), iting (Ering = 1.38 V), and
living/idisd @s a function of time for a Se-modified P84, = 0.5) disk of a
Pt/Pt RRDE in 0.50 M HSQ, solutions atv = 400 rpm. Polarization of the
disk and ring was discontinued foa. 48 min keeping the electrode rotating
and then resumed under the same initial conditions.

Figure 11. Plots of iggy, iring and [ing/igisd vS. time recorded for a
Se-modified Pt disk electrode of a Rilatinized)/Pt RRDE polarized at
Egisk = 0.13 V andE,y = 1.38 Vus. SHE in Q-saturated 0.50 M 50,
atw = 200 (curve a), 400 (curve b), and 900 rpfTurve c).

defined as region (cycles 1-3), where4 for peroxide generation o . o

increases steadily to reach in regior(dycles 4-8)a maximum both ~ On the results shown in Fig. 11 and 12, this deactivation does not

in A andS. Based on the rather large and constay/igsd. the seem to be Caqsed by Se desorption, but rather to adsorptiqii of a
faradaic efficiency for this process in both these regions appear§elution-phase impurity that desorbs under op_een-cwcwt conditions.

close to 100%. As the cycling is continueick., region Il (cycles [N fact, assuming a diffusion coefficient of§ 10 cn/s and also

11-14), the amount of §O, produced increases but at lower faradaic that adsorption occurs under pure diffusion control, the onset to
efficiency and finally region IV represents a gradual activation of deactivation(ca. one monolayeryvould correspond to the contami-

. ) s
the Pt surface for 4ereduction,i.e., lowers for H,0, generation. "Nt being present at a concentratiorcaf 10~ M. -
2229 Much faster deactivation was found in the case of S-modified Pt

Transient experiments-Insight into the stability of Se- and electrodes as illustrated by transient data of the same type as that
S-modified Pt as electrocatalytic surfaces for the reduction pf O shown in Fig. 13 acquired between cycles 6 angée Fig. 10at
was obtained from measurements in whigh, andi 4 for the Pt/Pt Egisk = +0.10 V. Despite the gradual loss in activitgee Fig. 13)
RRDE were monitored as a function of time in-Gaturated acid |iring/idisk| remained virtually unchangede., electrode deactivation
electrolytes at various rotation rates. Plotd gf (Egisx = 0.13 V), does not lead to losses in specificity, as was found.for Sg-modified
iring (Ering = 1.38 V) and i ing/iisd @s @ function of time for Se- Pt electrodes. Rather unambiguous evidence for an impurity, and not
modified Pt @s.= 0.5) in 0.50 M HSO, solutions recorded at sulfur des.orption, as bging responsible for dgactivnatiori was found
® = 200 (curve a), 40Qcurve b), and 900 rprfcurve c)are shown ~ UPON cyclir_ig the deactivated electro@gycle 8)into the_ O_X|de for-
in Fig. 11. These curves are characterized by an initial period inmation region, a procedure that restored fully the activity and selec-
which both.4 and S for the Se-modified Pt disk electrode are high, Ve of the surfacdsee Fig. 10).
followed by a region in which4 decreases, b remains virtually
unaffected. At longer times, boflg, andiing/igisk fell to very low
values signaling significant deactivation. In the casavof 400 The results obtained in this work have provided ample evidence
rpm (curve b)polarization of the disk and ring was discontinued at that the amount of adsorbed sulfur or selenium can have a profound
aboutca. 100 min forca. 48 min keeping the electrode rotating, and effect on the overall electrocatalytic activity and selectivity of poly-
then resumed under the same initial conditions. As shown in Fig. 12¢rystalline Pt for the reduction of dioxygen in acid electrolytes. Al-
the activity of the disk electrode was to a large extent restoredthough actual coverages of the surface modifiers could only be reli-
although the time to deactivation was shortened considerably. Basedbly determined for Se, analysis of results obtained with the RRDE

Conclusions and Future Prospects
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Figure 15. Chargevs. potential of a Pt foi11 cnf cross-sectional argn

20 mM H,SO, obtained with the minireactor in Fig. 14, while the main
compartment was purged with Aopen circles). The data in solid circles was
obtained in an otherwise identical experiment, except that 0.4 mg Pt black
was added to the solutidffilled circles).

washing and subsequent immersion in either deareated or
O,-saturated acidic solutions devoid of Se do not seem to affect the
actual surface coverage. On this basis, it would seem possible to
prepare Se-modified high area Pt surfaces of that speéifigasing
fluidized packed-bed-reactor-type techniques. Promising results
were obtained with a minireactor shown schematically in Fig. 14,
which consists of two chambers separated by a Nafion tube. The
outside or working electrode compartment houses a large Pt foil or
cathode current collector mounted along the inner walls of a Teflon
nipple. Prior to the actual experiments, the Nafion tube was filled

for both types of modified Pt surfaces indicated that dioxygen can bewith high area Pt using two Pt wires inserted one from the bottom
reduced to hydrogen peroxide at nearly 100% faradaic efficiencyand one from the top, which serve as current collectors for the
over a wide potential range provided the coverage of Se or S are setnode. The bottom of the cell is then closed, and the main chamber
within a rather narrow range. Unlike S, for which the coverage canfilled with an acid solution through the top of the cell. A Teflon tube
be changed by anodic stripping, although in an as yet noncontrolpressed to fit into an orifice drilled into the wall of the nipple was

lable fashionf s, can be readily adjusted by polarizing the Pt elec-

trode at the desired value within the UPD region to yield the highest

activity and selectivity. Furthermore, subsequent emersion anc T . T . T . T

UHP Ar

\

W.E. Connection

Pt foil (W.E.)

O-ring
_—~Ar outlet

O-ring
Nafion tubing
filled with Pt black

‘Connect toR.E.

t wire connection, C.E.

1 1 1

" ] L 1
0 200 400 600

Time (s)

Figure 16. Plot of chargevs. time for a Pt foil recorded upon stepping the
potential fromca. 0.84 down to 0.54 \Ws. SHE ina 1 mM Se@+ 20 mM
H,SO,, (dotted line)using the minireactor in Fig. 14. The cur(@lid lines)

Figure 14. Schematic diagram of a fluidized-type minireactor for Se modi- was obtained in an otherwise identical experiment except that the 0.40 mg Pt

fication of high area Pt. W.Bwvorking electrodg R.E.(reference electrode

and C.E.(counter electrode

black was added to the same solution before application of the potential step
(see text for detai)s
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used to connect the main reactor chamber to an external compart2.

ment that houses the reference electrode. During operation, the so-

lution in the main reactor chamber which contains the high area Pt is 3

agitated continuously by bubbling Ar gas.

2 ; ) . 4
For these preliminary experiments, the reactor was filled first

with a 20 mM H,SO, solution and a cyclic voltammogram recorded s,

after deaeration yielded features characteristic of cleannBt

shown). The potential of the Pt foil was then stepped freth74 V 6.

vs. SHE (platinum-oxide-fregto the desired potentid.,and held
at that value while recording the current foa. 80 s, a time suffi-
cient for the current to reach steady state. Inmediately thereafter, the,

electrode was stepped backt®.74 V for a few minutes and then ¢

10.
plots of the charge obtained from integration of the steady-statell.

stepped to a neviEgep, value. Shown in Fig. 15open circles)are

background current as a function of potential. Once the entire series
was completed, 0.40 mg Pt black was added into the cell and the
same type of experiments repeated yielding the results shown iri
solid circles in the same figure.

The solution was then replaced by deaerated 1 mM,SeQ0

mM H,SO, solution and the potential stepped front 0.84 to 16.
+ 0.54 Vus. SHE while monitoring the currerisee dotted line in -~ 17
Fig. 16). Immediately thereafter, 0.40 mg Pt bldélfa) was added i‘;'

and the potential stepped from0.84 to+0.54 Vvs. SHE yielding
the chargevs. time curve shown in Fig. 16&olid line). As indicated,
the charge difference between the Pt black and the foil is larger in

the presence compared to the absence of Se in solution, and ther@z2.

fore consistent with the adsorption of Se on the Pt black surface.

Unfortunately, the amounts of Se-modified Pt that could be prepare&3'

with this minireactor were found to be too small to carry out mean-
ingful electrocatalytic experiments. However, high activities and se-

lectivities for the reduction of dioxygen to hydrogen peroxide in 25,
acid electrolytes were observed recently in our laboratory for high2e.
area Pt particles embedded on the surface of a glassy carbon rotatir?g.
28.

the effects observed for massive Pt can indeed be reproduced for th&:

disk electrode modified by 9a situ>’ providing clear evidence that

technically more relevant Pt blacks.
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