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Inhibition of Corrosion-Related Reduction Processes via
Chromium Monolayer Formation

William J. Clark and Richard L. McCreery **
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210-1185, USA

The oxygen reduction reactiofORR) was examined on copper, platinum, and glassy carbon electrodes, with regard to its
inhibition by exposure of the electrode to chromate ion{ICin NaCl solution. All three electrode materials exhibited a mass
transport limited current for the ORR at sufficiently negative potentials, but this current was strongly inhibited in the presence of
Cc™'. Inhibition persisted in Ct-free solution after the electrode was rinsed thoroughly, indicating thaf@med an irreversibly
adsorbed inhibiting layer. A reduction peak observed il Golution had an area of 1.1-2.5 mC/&nand the area varied little

with Cr¥! concentration, electrode material, and potential in the range®® to —0.6 V vs. Ag/AgCl. This reduction peak is
attributed to Ct formation, and corresponds to formation of approximately a monolayer'b6o®yhydroxide. Once formed, this

Cr'" monolayer inhibits both @reduction and further reduction of €r The onset of monolayer formation at abetd.25 V vs.
Ag/AgCl is the same as the potential of the onset of ORR inhbition in diluté. Ghe monolayer also decreases the electron

+3 . . .
transfer rate to ferrocene and Ru()g, which are known to be outer sphere redox systems that do not require adsorption to the
electrode surface. The results indicate that the adsorb¥dfibm formed by CV' reduction is a powerful inhibitor of oxygen
reduction, due both to occupation of active chemisorption sites and to inhibition of electron transfer. In the context of corrosion
protection, C¥' acts as a “site-directed” irreversible inhibitor which migrates to active sites for the ORR, then is reducét| to Cr
and forms a permanent inhibiting monolayer.
© 2002 The Electrochemical Society.DOI: 10.1149/1.149482%All rights reserved.
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Continuing efforts to reduce exposure to materials containingplicated in both cathodic and anodic corrosion reactiGnthe
hexavalent chromium have necessitated the drive to eliminate chropresent work addresses cathodic inhibition of the ORR. In particular,
mium as a corrosion inhibitor for aluminum alloys. Better under- how does exposure to Brinhibit the ORR on Cu, Cu-containing
standing of the inhibition mechanism of chromium potentially will intermetallic phases, and redistributed Cu particles on AA2024-T3?
enable better design of replacements. The investigations of chroWe noted previously that ORR inhibition in a split cell was preceded
mium oxyanion protection of aluminum alloys have been dominatedby a cathodic current spike tentatively attributed to the reduction of
by studies of the inhibition of the dissolution half-reacti@modic ~ Cr'' to Cr'"'.3 Is this cathodic current spike involved in ORR inhi-
inhibition) of the corrosion process. More recently, the issues ofbition?
cathodic inhibition such as the role of chromium in the inhibition of =~ Chromate reduction has been studied in the context of electro-
the reduction of oxygen have started to be investigite@he ki- plating and industrial chlorate production, and the reactions are
netics of the oxygen reduction reactié®RR) on copper-bearing complex** Although the overall stoichiometry is well knowiRe-
intermetallic compounds present in aluminum alloy AA2024-T3 action 3, the multiple H and € transfers require a very complex
have been examined in the presence of a chromate conversiosequence of fundamental reactions
coating® The oxygen reduction reaction rate was reduced for con- 72 . _ 3
version coated electrodes made of these intermetallics, although the Cr0;° + 14H" + 66 = 2Cr = + 7H,O [1]
role of the conversion coating was unclear. Inhibition of cathodic
reactions on Cu-containing aluminides was attributed to hexavalenPrevious studies of the ¥rreduction mechanism were conducted
chromium adsorption in another recent stddiurther, separation of under conditions similar to industrial procesgasidic or strongly
anodic and cathodic portions of the corrosion process was achievebasio, rather than the near neutral or acidic chloride solutions rel-
by the use of a split-cell with various combinations of aluminum, evant to corrosion. However, several observations relevant to the
copper, and aluminum allogAA2024-T3) electrodes. Dilute solu- present study are available. Kolthaft al. first reported the forma-
tions of chromate strongly inhibited the ORR on copper andtion of a “unimolecular film of CF' on the [rotating platinunj
AA2024-T3 surfaces, and inhibition persisted afte’'Cwas re- electrode.™ This film inhibited numerous redox systenasnder
moved from the solution. varying solution conditionsand was self-inhibiting under mildly

The reduction of Cf to C'' has been shown to be an integral acidic conditions(0.001 M HC). Under strongly acidic conditions
part of the formation process of chromium conversion coatings(l M HCI), slight or negligible self-inhibition occurred. Inhibition
(CCQ). Previous studies have revealed the mechanism for CCC forPersisted after rinsing with chromate-free solution. The chlorate pro-
mation and its composition, as well as its distribution on matrix and ¢€SS is dependent upon the addition of chromate to prevent the re-
intermetallic particle4:” The storage and release of'Cin CCC duct!on of mtermedla_te hypochlorite ions that are f°fm.ed- S'm"".’lr
films has been invoked to explain the self-healing properties of chro-Studies on Cf reduction have taken place under the highly basic
mate coatings, whereby active inhibitor is released by the ccc inconditions encountered in chlorate productt8ri®in 1 M NaOH on
response to a scratch or def8&Cr' migration to exposed alloy platinum aﬁnd gold clalectrodes. self-lthbltlon is |ncompletg, attributed
provides remote protection of newly formed coating defects, possii© CfOH), formation and dissolution, but monolayer films were
bly years after initial coating application. Although past studies of formed based upon oxidation current meiasurements. Inhibition of
CCC formation and behavior explain some of the important featuresseveral redox systems was obser#®@gCNJ; ", O,, and hypochlo-

of chromate containing films for corrosion protection, they did not fite) in 1 M NaOH.ll . . _ _
directly investigate the corrosion inhibition mechanism. Reduction of C¥' in relation to the mechanisms by which chro-

While the copper containing intermetallic phases have been imMium oxyanions and conversion coatings provide protection from
corrosion has been investigatgdCr' reduction was examined on
platinum electrodes in acidic medi@.18 M H,SO, and 0.022 M

* Electrochemical Society Active Member. HsPQO,). An insoluble CY'-phosphate product was formed which

2 E-mail: mecreery.2@osu.edu inhibited CI' reduction after several cycles. It also inhibited the
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oxidation of ferrocendin organic solvent a system that does not 25
require adsorption to the electrode for electron transfer to occur. Cu electrode

The reduction of oxygen, like chromium, is a very complex pro- E,pp = -0.550V ws agiagan aerated
cess and has been studied extensi&Fhe reduction can occur via T
two or four electrons and has a strong pH dependence. The outer
sphere reduction mechanisfnot involving an adsorption steps
kinetically slow, thus catalysis via adsorption to the electrode sur-
face is usually involved. Studies on glassy carlfGiC) electrodes
have illustrated one example of how adsorption sites can be blockec
and the outer-sphere process obsefeebr aluminum alloys, oxy-
gen reduction is the primary cathodic reaction that occurs.rét
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duction can also be an important reaction, but occurs mainly in ——KCn0,added
. ) . . . 0.5 deaerated (to ~10mM CrV)
well-established actively corroding pits having very low local 2(9H.
An important question to answer regarding the inhibition of oxygen -
reduction is whether the mechanism involves blockage of adsorptior . . ,
sites or if the electron-transfer process itself is inhibited. 0 200 400 600 800 1000 1200
It is not the purpose of the present investigation to provide a Time ()

detailed mechanism for either ¢ror O, reduction. Rather, we

sought to determine the relationship between the reactions ‘6f Cr Figure 1. Current response of copper electradetime at constant potential
and the cathodic inhibition of the ORR under common field condi- (—0.550 Vvs.Ag/AgCl) in 0.1 M NaCl. The solution was stirred and aerated
tions encountered by AA2024-T3. The effects ot'Con the ORR or deaerated as indicated."€was injected(to ~10 mM) at ~600 s. Inset
were examined, inifially using Cu electrodes as models of Cu-Shows response in time frame neatdnjection point.

containing intermetallic compounds and redistributed Cu. In addi-

tion, CM' reduction was examined on Pt and GC electrodes to per-

mit a wider potential range than possible with Cu. with a magnetic stir bar and aerated or deaerated as noted. The
. electrode was held at1.500 V for 60 s to reduce surface oxides
Experimental before setting to the desired experimental potential. At a specified

Barnstead NanoPure water with a resistivity of 18)Mm was time an aliquot of analyte was injected into the solution. If the
used for rinsing and solution preparation in all cases. N&&her solution was deaerated the injection aliquot was deaerated also. The

Scientifig, K,Cr,0; (Alfa Aesan, Ru(NH,)sCl; (Aldrich), NagBO, current response was monitored as a function of time.
(Fisher Scientifi, NaOH (Mallinckrodt), HCI (Fisher Scientifig, Hydrodynamic voltammetrs-The solution was stirred and aer-

CHCN (Mallinckrody), and[CH3(CH,)3]4BF, (Aldrich) were re- —  i04'or deaerated as noted. A magnetic stirrer was used rather than a
agent grade and used as received. Electrodes were commercial Pt gfiating disk electrode because the variety of electrode materials
GC (Bioanalytical Systemsor were made from 0.5 mm diam cop- equired a flexible cell and electrode mount. The electrode was held
per wire(99.9% Cu, Aldrich. Copper wire electrodes were attached 4 1 509 v for 60 s to reduce surface oxides. Potential control was

tS? St?nd;"éd coppelr: elgct:ical v(\j/ire vgitg dsi(ljvgr epoxy rer(lsliﬁP ' then removed and the electrode allowed to come to its open circuit
upplies/Structure Probe Incand embedded in epoxBuehley. value for 600 s. Analyte species were added during this step if

They were mechanically polished with successively finer Si:C Pa-gasired. The : P

. " i . potential was then scanned from the open circuit value
pgrs(BuehIer. 240, 400, 600, 8.00' 1.200 gritinsed W'th. water, and to —1.300 V at 1 mV/s. Current response was monitored as a func-
dried under a stream of hot air. Prior to each experiment, all elec-,

. . . tion of potential. In some cases, the open circuit poter{tiCP
g%%ejm\';’?ﬁ dpr?rlllsgge/viliﬁ"\:\?a@ 3 slurries (Buehler, 1.0, 0.3, and period was omitted and the potential was scanned fred500 to

Hydrodynamic and potentiostatic electrochemical measurements_alll‘fj;goif\/(:1 é?gé’te species were added with the potential at positive

were performed using a Gamry Instruments PC3/300 potentiostaty
galvanostat/zero resistance ammeter with Framewdeksion 3.1} Potential step—The solution was stirred and aerated or deaer-
and DC105 dc corrosion measurement software. Cyclic voltammetryyted as noted. The electrode was held &t000 V for 60 s to reduce

was performed using a Bioanalytical Systems BAS100B electro-g face oxides. The potential was then held-8t750 V for a speci-
chemical a_nalyzer using BAS100W software. Experlmerjts Were perfieq time period. Analyte species were added during this step if
formed using a standard three-electrode electrochemical cell. Exgegired. The potential was then stepped to a specified value and held
periments in water utilized Ag/AgCI as the reference electrodefq 4 fixed time. The current response was monitored as a function
(potential= 0.197 Vvs. normal hydrogen electrode, Nhifand all  of time. If the electrode was to be used in a subsequent experiment
potentials quoted are with respect to this reference. Experiments ijyithout additional polishing it was removed from the solution under
acetonitrile used Ag/Ag (filling solution: 0.1 M[CHy(CH,)3]4BF, potential control while being rinsed with water.

in CH;CN) as the reference electrode. Pt wire was used as the ) . .

counter electrode. Unless otherwise noted, 0.1 M NaCl served as the CYclic voltammetry—Experiments were performed in both
background electrolyte for aqueous solutions and 0.1 Madueous and organic media. For aqueous media, the solution was

[CHa(CH,)s]4BF, for acetonitrile. Aerated refers to stirred solu- duiescentand oxygenated. The potential was cycled from 0.000 V to
fions open to air and deaerated refers to solutions purged with prepigither +1.000 or —1.000 V in pH 11 buffer(0.L M BO; /0.9 M
rified argon for>15 min. Where noted, solutions were also satu- NaC) at 200 mV/s while observing current response. In some cases,

rated with extra dry @. Solution additions were made using 0.05 M the electrode was pretreated withVCas described in the Results
K,Cr,0, (0.1 M total C¥) in 0.1 M NaCl, and 10 mM section. For organic media experiments, the solution was quiescent

and deaerated. The potential was cycled betweeh000 and

Ru(NH,;)¢Cl; as noted in the text and figures. Unless stated other- . i
+1.000 V at 1000 mV/s while observing current response.

wise, CM' concentrations are stated as tdt@l¥'] in the form of
HCro,, Crof, Crzo;z, etc. Unless noted, solutions were unbuf-

fered except by C¥ itself, resulting in a pH of-6.
Electrochemical experiments were performed as follows.

Results

Figures 1 and 2 show results of constant/potential hydrodynamic
experiments using a copper electrode hele-8t550 V. This poten-
Constant potential with C¥ injection—The solution was stirred  tial was chosen due to its proximity to the OCP for AA2024-T3
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Figure 2. Effect of C' concentration on current response of copper elec-
trode at constant potentié-0.550 Vvs. Ag/AgCl) in stirred, deaerated 0.1  Figure 3. Effect of previous Cf' exposure on current response of copper
M NaCl. At the indicated time ¢t was injected tda) 5 X 103 M, (b) 5 electrode at constant potentiat0.550 Vvs.Ag/AgCl) in stirred, deaerated

X 1074 M, (¢)5 % 10°° M, and(d) 5 X 10°® M. 0.1 M NaCl. C¥" was injectedto ~10 mM) as indicated. Run 1 is a freshly
polished electrode. For run 2, the electrode was rinsed and placed in fresh
electrolyte.

examined in the previous studyn Fig. 1 both aerated and deaer-
ated solutions of 0.1 M NaCl are shown. The higher current density
before chromate injection for the aerated solution is attributed to tharreversimy adsorbed species on the copper electrode. Run 1 shows
reduction of dissolved oxygen. Upon injection of chrom#te  the current spike and rapid inhibition upon addition o¥'Cio de-
~10 mM total C') the current immediately increases and then rap- aerated 0.1 M NaCl as observed in Fig. 1. Following this experiment
idly decreases for both solutions. The current density of each soluthe electrode was rinsed with water, replaced in fresh deaerated
tion after chromate addition falls to less than 3% of its value prior to electrolyte, and monitored potentiostatically to yield run 2 in Fig. 3.
CcrV! addition. The inset in Fig. 1 shows the cathodic current spikeThe current is greatly decreased compared to ru<0.01 vs.
more clearly and indicates that it occurs for both aerated and deaer-qg 17 mA/cn?) despite the absence of &iin solution. Upon in-
ated solutions, with approximately equal peak area. Table |1 lists thﬁection of C', only a minute current spike is observpike height
area of the current spike for several final concentrations §t.Cr <0.02 mA/cn?) compared to a freshly polished electrotiike
Note that the spike area decreased-§0% while C' decreased height~2.5 mA/cn?). The results indicate that an adsorbed layer is
by thre?” orders of magnltsude. The mean spike area for 5 mM t0 a4 upon the initial injection of ¢t that remains after rinsing
M [Cr'"] was 1.56x 102 C/en? on the copper electrode. Figure e glectrode. Since the current spike observed updhigjection
2 shows the current spikes for concentrations of @om SMMI0  securred immediately prior to the inhibition of reduction currents,
5 uM on an expanded time scale. Higher concentrations 6t Cr the events taking place during the spike must be critical to the inhi-
result in greater spike height but narrower width, and the spike areajition mechanism.
remains constant to within a factor of 2. In fact, the peaks for the A series of constant potential experiments were conducted to
lowest C' additions, 0.5 and 0.0pM (not shown, are so drawn  examine the spike area dependence upon potential, with the results
out that the smaller peak areas listed in Table | for these concentrapresented in Table Il. The applied potential has little effect on the
tions may be caused by measurement difficulty rather than a trendspike area over the range studied for Cu electrodes. The average
The decrease in current following the spike has two implications.spike area from 26 injection experiments for the potential range of
First, the cathodic processes occurring on the Cu electrode before.g 200 to—1.000 V was 1.2< 103 = 0.61 X 102 C/cn?.
CrV! addition are gref';\tly |nh|b|t§d by (”Jr.orllts.rgductlon products. The potential dependence of, @eduction was examined with
Second, the continuing reduction of ‘Cis inhibited after the cur- hydrodynamic voltammetry, shown in Fig. 4 for copper, platinum,
rent spike, so that a steady-state reduction current f8f &rnot and GC electrodes. Platinum and GC electrodes offer wider poten-
observed. Based on the known redox chemistry ¢t &nd previous  tial ranges than Cu, particularly for positive potentials. Although the
reports on electrochemical Crreduction!'™?” we tentatively at-  current densities for ©reduction differ for the three electrodes, the
tribute the cathodic spike to reduction of solution'Cro an ad-  potentials observed for £and CV' reduction follow similar trends
sorbed film of CI' oxyhydroxide. as expected from thermodynamic considerations. In aerated
Figure 3 provides additional evidence for the presence of anCr''-free solutions, the ©reduction current begins to increase be-

Table I. Concentration dependence of C¥' reduction spike on Cu electrode.

Mean
Potential(V) —0.600 —0.600 —0.600 —0.600 —0.600 —0.600
[cM] (M)? 5x 10°° 5x 10°* 5% 10° 5% 10°° 5x 1077 5x 108
Spike area 22x 1073 1.4x 1073 1.6x 1072 1.1x 103 50x 1074 6.0x 1074 1.56x 1073
(Clen)
Cr reduced 7.5 4.9 5.5 3.6 1.8 2.0 54+ 1.6
(nmol/cnt)

#Final concentration of total ¢F after injection into deaerated 0.1 M NaCl.
® Mean =+ standard deviation for first four columns.
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Figure 5. (a) Current responsegs. potential for a GC electrode in stirred,
deaerated 0.1 M NaCl. Potential was scanned negative frOrB00 V at 1
mV/s. C' was addedto ~5 mM) for the indicated trace while the electrode
was at+0.500 V. (b) Same as for a, but with a platinum electrode.

shown in Fig. 4a. The current density remains well below the curren
density for the aerated efree solution until the potential reaches
values near-1V. Since the current increases here for both aerate

and deaerated &rcontaining solutions this current is attributed to |

reduction of C¥' to C'"'. For the Pt electrodéFig. 4b the mass-
transport limited current for ¢k reduction is observed at about

B383
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Figure 6. Cyclic voltammogram of a GC electrode in oxygenated pH 11
buffer (0.1 M BG; /0.9 M NaC). The scan rate was 200 mV/s. Top graph
shows negative scans made before and after exposure’toa@rindicated.
Bottom scan shows scans from 0+td..000 V, as indicated. Between scans

B and C the electrode was pretreated with chromate as outlined in the text.

approximately 2.8< 1072 C/cn? for GC and 6.5x 10 * C/cn?
for Pt.

Cyclic voltammetry was used to examine the reversibility of the
adsorption process and its effect on oxygen reduction current. The
results are shown in Fig. 6. Scans A and B show the current response
of a GC electrode in an oxygenated pH 11 buffer solution when
scanned in both positive and negative directions. A wave corre-
sponding to the reduction of oxygen is observed on the negative
scan(scan B at about—0.600 V. The electrode was then treated
with Cr' by scanning between 1.000 ard.750 V (ending at the
negative potentialin chromate [Cr¥'] = 5 mM). After the GC
electrode was removed, rinsed, and replaced in Cr-free electrolyte,
negligible G reduction current was observed on a negative scan
(scan @. An anodic stripping peak was observed at ab60t600 V
t\/s.Ag/AgCI on a subsequent positive scétan D, with an ap-
roximate area of 3.& 10 “ C/cn?. After stripping, the Q reduc-
ion wave returnedscan B with nearly identical current/potential
esponse to the background sdanan B.

The reduction peak in Fig. 5a was examined more closely using
potential step experiments on GC electrodes. Figure 7 shows the

—0.9V. Finally, each electrode was removed, rinsed, and replacegesults of potential steps from0.750 V to the indicated potentials

in fresh CV'-free aerated solution after a negative scan iti Go-

in 5 mM Cr/', with the hydrodynamic voltammogram of Fig. 5a

lution. The current after this pretreatment was similar to that in theshown for comparison. The insets show current transients when the

Cr¥'-containing solutions, showing little current attributable to oxy-
gen reduction. Since the catalytic properties of Cu, Pt, and GC fo
O, reduction differ substantially, the products, potentials, and limit-
ing current densities differ also. However, "Cexposure has the

potential is stepped, and the arrows indicate the potential to which
the step was made. If the potential was stepped to a value more
positive than the Cf reduction peak of the voltammogram, no cur-
rent spike was observed. When the potential was stepped to values

same effect on all three electrodes. A reduction spike such as thategative of the hydrodynamic peak the current spike appears, with a
shown in Fig. 1 is observed, the current for the ORR is greatly shape that depends on potential. As the step becomes more negative
decreased, and a persistent film is formed that resists removal bthe spike becomes narrower and the height increases. The area of the

rinsing.

Figure 5a shows a hydrodynamic voltammogram of Golution
on a GC electrode, starting &t0.5 V vs.Ag/AgCI in order to ex-
ploit the more positive potential limit of GC compared to Cu. Since

spikes shown in Fig. 7 are plotted in Fig(&en squaresand listed
in Table Il. Despite significant variation in peak height, the area is
fairly constant with potential in the range200 to —400 mV. This
limiting value corresponds to 8% 104 Clen? of reduction for

the solution is stirred, a typical mass transport limited reductionseven potential steps in the range-68.250 to—0.400 V.
should yield a steady-state current plateau. However, the reduction The GC electrodes used in the potential step experiments of Fig.

of CrV! yields a peak at about0.32V, quite similar to a peak
observed on a Pt electrode in the same solutiéig. 5b. The areas
under these peaks in the potential range+d.4 to +0.2V are

7 were removedunder potential contrgl rinsed, and replaced in
fresh aerated 0.1 M NaCl. They were then held-4t000 V for 60
s to reduce any surface species. Following this pretreatment, the
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Figure 9. Current response of a GC electroge time for stirred, deaerated
o , ; : ; , ‘ 0.1 M NaCl containing 1 mM Ru(NB3". At 200 s, the potential was
04 02 00 02 04 06 stepped from+0.750 to—0.600 V. At 500 s Cf' was injectedto ~5 mM).
Potential (V)

vs. Ag/AgCl

Figure 7. Potential-step experiments using GC electrodes in stirred, deaer-  Given the well-established electrocatalysis of @duction by
ated 0.1 M NaCl with 5 mM Cf. The potential was held at0.750 V and  chemisorptior? it is likely that part of the mechanism of ORR
stepped to potentials indicated by the arrows. Insets show current responsehipition by chromate is blockage of adsorption sites by 4 cr
vs.time at the moment the potential was changed overlayed onto Fig. 5a. Th ayer. A C" layer may also be an effective barrier to electron trans-
vertical scale bar represents 0.6 mAfcfor all insets, and each inset covers fer eiven if chemisorotion i . | . . hi .
60 s on the time axis. , ption is not involved. To investigate this possi
bility, the reduction of Ru(NI§|)§+ was studied on both copper and
GC electrodes, and the oxidation of ferrocene in acetonitrile was
examined on GC. Both systems are well-known examples of outer-
potential was scanned from the OCP+d.300 V at 5 mV/s with  sphere redox processes, in which adsorption to the electrode is not
aeration and stirring. Figure g&olid circles shows a plot of the  involved in the electron transfét:2®Figure 9 shows the steady-state
current density at-0.600 V (from the hydrodynamic voltammetry  cuyrrent for a GC electrode in a stirred solution of 1 mM Ru@F
v_s.the size of the potential st_ep used to construct Fig. 7. Based ONlin 0.1 M NaC) at an initial potential of+750 mV. When the po-
Fig. 4c, the current at 0.60 V in aerated, Cr-free electrolyte corre- tanfig| js stepped te-600 mV at 200 s, the mass transport limited
sponds to @ reduction. Figure 8 shows a strong inverse correlation oqction of Ru(NH)¢® produces a current density of
between the observed current spike area M €olution and the @ ~0.7 mAlen?. Att = 50% s, CY' was injected to a level of 5 mM
reduction current following Ct exposure. Stated differently, the ,roqucing a current spike similar to those shown in Fig. 1. After this
Cr"! reduction spike aregFig. 8 and CI' reduction peakFig. 53 gpike the Ru(NH) ¢ reduction current decreased to 0.54% of its
correspond directly to the onset of, @eduction inhibition. The re- mass transport limited value. Ru(ly)%" reduction was inhibited on

st sl il hat C oes nol adsorh stongly encul L P copper eectode in a simiar fashimot shown. The reucton
after rinsing. If it did, the constant/potential pretreatment before hy_current for a stirred solution containing 0.5 mM Ru(Ygf" in the

drodynamic voltammetry should reduce the adsorbetl @yer to 2?tsence ?f C;'L wa?~(_)t.|§ n;A/ch? %t{ot.GOO v or: atCu t?[lectt_r?def.
cr'" and some inhibition should have been observed. er pretreatment wi m at a constant potential 0

—0.600 V, the electrode was removed, rinsed, and replaced in fresh
0.5 mM Ru(NH)3" in the absence of &}, The Ru(NH)2" reduc-

tion current at—0.600 V decreased t6-3% of its previous value.
Figure 10 shows a cyclic voltammogram on a GC electrode in 1 mM
ferrocene in acetonitriléwith 0.1 M tetrabutylammonium tetrafluo-

25 roborate background electrolyteand for the same electrode after
pretreatment with 5 mM Ct at a constant potential of0.600 V.

The oxidation and reduction waves of ferrocene are clearly apparent
for the untreated electrode but current on the treated electrode is
nearly absent.

0.25 3.0

2.0
0.15

Discussion

O Cr¥'reduction spike area
Known chemistry of Cf' leads to the conclusion that the product

of Cr' reduction at the electrode surface leads td' CEY (as
Cr0, %) and CI have been reported in pulse radiolysis experiments,
but their lifetimes are in the submillisecond region in aqueous

@® O, reduction current

(zma-pur) ayds Jua.Lmd Jo eaxy

0.05
0.5

Absolute Current Density at -600mV (mA/cm?)

o o " N o o o solutions?* They rapidly disproportionate to form ¥rand Ct', but
Potential Step from +750mY to (mV) they have been characterized as transient species. Oflteha@r
v AgAgCl been formed, presumably as a hydrated*on, it polymerizes to

; ; : 108,25 | _
Figure 8. Correlation between onset of Ereduction spike and inhibition yield an insoluble ct oxyhydroxide>=The rate of the ct poly

of oxygen reduction on GC electrodes. The''Qeduction spike area () is merl;a}tlon is strongly dependent on botH"'Groncentratlon and pH,

for potential step experiments from0.750 V to the indicated value in 5 mM and !t IS DOI clear from the presen_t experiments _h(_)W fast the oxyhy-
CI' (as in Fig. 7. The current density®) value is taken at-0.600 V from droxide film forms after _Cf‘ reduction. However, it is clear that the

a hydrodynamic voltammografas in Fig. 4 in aerated 0.1 M NaCl follow-  resulting film is irreversibly adsorbed on the electrode surface, and
ing the step to the indicated potential. is removed only at quite positive potentidls0.5 V vs.Ag/AgCl).
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800

Freshly polished monolayer until the potential is negative 6f0.8 V vs. Ag/AgCI.

. clectrodex assy © slectroden Thus the C¥ layer causes more than 1.0 V of kinetic overpotential,
shifting the CV' reduction from+0.3 to —0.8 V vs.Ag/AgCl. This

400 large shift is presumably what stops'Cformation at one mono-

layer unless the electrode potential is very negative. It is important

that the OCP of AA2024-T3 is sufficiently negative to form a mono-

layer, but not so negative that reduction continues past a monolayer.

This property permits ¢t monolayer formation, but prevents bulk

reduction of CY' in the CCC or primer layers.

The self-inhibition of CY¥' reduction by a CY film is apparently
inconsistent with the formation of a thickseveral micrometeys
cr'-crV' mixed oxide film during CCC formation. For example, the
Alodine 1200 process subjects AA2024-T3 to a solution containing

CrV1 pretreated

electrode\

=200 T

200 T

Current Density (uA/cm?)

-400 4

<600 +

300 ‘ = = = | = = ~40mM CM, plus F ion and ferricyanide, and chromate film
1000 750 500 250 0 -250 -500 -750 -1000 . -
Potential () formation proceeds far beyond a monolayer to a thickness of 1-5
5. AGAT' pm. However, the conditions for CCC formation are very different

] ] o from those studied here, or those anticipated in the field. The high
Figure 10. Cyclic voltammograms of GC electrode in quiescent, deaerated VI -gncentration and Fe(ClJaccelerator” generate a high &y

acetonitrile containing 1 mM ferrocene and 0.1 M tetrabutylammonium tet- trati t th I . hich | . to W C
rafluoroborate. Pretreatment was performed as outlined in the text. The pofoncentration at the alloy surlace, which polymerizes to r

tential was scanned at 1000 mV/s starting—t.000 V. oxyhydroxide*® F~ etching will continue to expose fresh Al and
provide reducing sites for further &rreduction, and the low pH in
Alodine 1200 will retard CI polymerization. Furthermore, the
present work dealt with Cu surfaces as models of Cu-rich phases in
Under the assumption that the process occurring during the curAA2024-T3. Raman and infrared microscopy have revealed that the
rent spike in Fig. 1-3 is the reduction of ¢ito Cr'", the area of the ~ CCC is significantly thinner over Cu-rich phases, compared to the
spike can be used to calculate the quantity of @educed via Fara- Al matrix.” Inhibition of Fe(CN);*® redox mediation or of Ct re-
day’s law. The mean spike area on GC of X410~ C/cn? for 5 duction by a Ct film on Cu-rich phases would account for slow
mM [Cr'] (Table 1l) corresponds to 8.4 nmol/émof Cr''. Addi- CCC formation on Cu, and is consistent with the present observa-
tional Ct'"' coverages are listed in Tables | and Il. Classical experi- tions.
ments on Cf reduction on Pt reported deposition of 1.9 and  Figure 8 indicates a strong correlation betweel @im forma-
2.2-3.0 nmol Cr/cra 11~1418ysing the octahedral geometry of &r  tion and Q reduction inhibition. It is tempting to conclude that the
and assuming a bond length 6f0.19 nm for C—O bonds?® a cr'' film is acting as a “barrier” to the electrolyte, thus preventing
close-packed G monolayer is predicted to contain 2-6 nmol of O, reduction or alloy dissolution. However, a hydrated monolayer
Cr/cn? depending upon orientation of the '€octahedron. An ex-  would be an imperfect barrier, and would permit electron tunneling

amination of hydroxylated GO, thin films in high vacuum using ~ and probably permeation by,OThe results permit identification of
X-ray some more definite properties of the barrier film that are important

photoelectron spectroscopy, total dissolved solids method, lowto inhibition of the ORR. First, the & film should block sites for
energy electron diffraction, and scanning tunneling microscopy re-O, chemisorption, thus greatly reducing the electrocatalytic activity
ported a Ct surface density of 1. 10'° atoms Cr/crh, or of the surface. Without chemisorption, slow kinetics decreases the
3.2 nmol Cr/cmd.?” The projected areas were used to calculate the€ffective G reduction potential from approximately0.8 V (vs.
Cr coverages herein, and roughness would increase the microscopiHE) down to the outer sphere reduction potential of abeQt5 V
surface area and apparent coverage by a factor of about 1.5 to 2.&s. NHE).*® At the outer sphere reduction potential, @ reduced
compared to a flat surface. Within the uncertainty caused by surfacéo superoxide, which disproportionates in solution to eventually
roughness and film %eometry, the present results as well as thoserm HO, or H,0,. With chemisorption blocked, the catalyticly
reported by Kolthoff" for Pt electrodes indicate formation of a inactive surface significantly decreases the driving force for®
monolayer of CH' on Cu electrodes. The Ercoverage observed on  duction, resulting in partial or complete ORR inhibition.
GC was somewhat higher than that on Cu, but still corresponds to  sjnce CV' is itself an oxidizing agent, it may react with the same
1-2 monolayers. This coverage varied little over wide ranges 6f Cr syrface sites as O As shown in Fig. 4, Cf reduction is slow in the
concentration and electrode potential. _ absence of adsorption. It is quite likely that both &d C' adsorb
Before considering the anticorrosion properties of thé" Cr g similar sites on Cu, presumably bare copper atoms. The difference
monolayer, two aspects of its formation deserve special note. First, if5 that Q is reduced and eventually desorbed, whild'Geduction
forms at potentials of approximately-0.30 V vs. Ag/AgCI ( leads to permanent occupation of the site. Sinck iSrsubstitution

+0.50 V vs. NHE) or more negative on Cu, Pt, and GC surfaces jnert the Clf oxyhydroxide film is quite stable, and blocks, O
(Fig. 5,7-8. In fact, an examination of the Pourbaix diagram for aqsorption indefinitely.

chromllum Iﬁhows that for solutions of pH 6¢ds for 0.1 M NaCl In addition to occupation of catalytic sites, a'Cmonolayer can

the CI''-Cr'" reduction potential is near this value depending on the giso inhibit electron transfer. Numerous reports have shown that
hydration state of the iorf§. Consequently, the OCP of Cl- electrons can tunnel through nonconducting monolayers, with an
— 0.1V vs. Ag/AgCI) or AA2024 (~ — 0.6V vs. Ag/AgCI) is  exponential dependence of tunneling rate on monolayer thickness.
sufficiently negative to rapidly form a #rmonolayer. Under most  For example, electron transfer through an aliphatic hydrocarbon
if not all conditions expected to occur for AA2024-T3 in field ap- monolayer yields a linear plot of the log of the electron transfer rate
plications, the potential will be sufficiently negative to reduc&'Cr vs.layer thickness, with a slope of1 A~1.?2 In other words, each

to C"', and to form the C¥ monolayer, even if the solution & A of monolayer thickness causes a 1/e decrease in electron tunneling
concentration is at the micromolar level. Second, thé @rduction rate. A Ct' oxyhydroxide made under ultrahigh vacuum conditions
is self-inhibiting, in the sense that further reduction ot'ds ex- is ~4 A thick?” By itself, such a monolayer would decrease the
tremely kinetically hindered by the tfrmonolayer. Based on Fig. 4, electron tunneling rate by é, or to ~2% of the rate without the
cr! reduction does not occur on electrodes covered by tHe Cr monolayer. However, the rfilm may adsorb a layer of Gt to
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form a C"-Cr¥' mixed oxide® Such a bilayer would decrease the 6. The reduction of C! and inhibition of Q reduction occur
tunneling rate by at least another factor of eThe strong inhibition ~ over the entire potential range relevant to corrosion of AA2024-T3
of electron transfer to Ru(NfJ¢® and from ferrocene apparent in ~ alloys.

Fig. 9 and 10 is consistent with decreased tunneling rates to outer

sphere redox systemgresumably including &0;), but the

present results permit only a semiquantitative estimate of the mag- Acknowledgments
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