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Raman Spectroscopy of Monolayers Formed from Chromate
Corrosion Inhibitor on Copper Surfaces
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Surface enhanced Raman scatteriSRS was used to observe interactions of dilute”'Gsolutions with silver and copper
surfacesn situ. Using silver as a model surface which supports strong SERS with a 514.5 nm laser, it was possible to ofiserve Cr
at the near monolayer level, and the spectra were compared to those ftooxghydroxide species and Cr'' mixed oxide.
Similar experiments were conducted with Cu surfaces and 785 nm excitation. Upon exposufesol@ion, the characteristic

Cu oxide Raman bands disappeared, and"al@mnd increased in intensity over a period-e20 h. The intensity of the ¢rband

on Cu became self-limiting after the formation of several @onolayers, as supported by chronoamperometry experiments. This
Cr'" spectrum was stable after tiwas removed from the solution provided the potential remained negative260 mV vs.
Ag/AgCI. The results support the conclusion that’'Os reductively adsorbed to Cu at the near neutral pH and open circuit
potentials expected for Cu/Al alloys in field applications. Thé' @itm is stable and is a strong inhibitor of electron transfer in
general and oxygen reduction in particular. An important mechanistic featuré''ofo@nation is the substitution lability of Gr
compared to Ct. The C¥'-O bond can be broken much more rapidly than the substitution in&rGCbond, making formation

of Cr''/Cr¥! mixed oxide kinetically favorable. Once reduced td'Chowever, the substitution inert oxyhydroxide film is much
less labile. An important and central feature oF''Cas a corrosion inhibitor is its transformation via reductive adsorption from a
mobile, substitution labile Ct form to an insoluble, substitution inert & oxyhydroxide. Furthermore, &rreduction is likely to
occur at cathodic sites previously responsible for oxygen reduction, which are then permanently blocked by a'sfibienth

a thickness of a few monolayers.
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Currently, chromate conversion coatin@CCs9, and chromate-  analysis is straightforward, providing a means to acquire spectra
based barrier coatings and paints are preferred for the treatment afnder potential control. Spectral enhancement factors of greater than
aluminum alloys because they provide both excellent adhesion propi(® are obtainable with SERS on silver, gold, and copp@ecause
erties and corrosion inhibition. Routine maintenance activities onof the SERS enhancement, the molecular structure of even a mono-
these alloys, however, are a large source of environmentally hazardayer of a Raman active species on roughened copper can be
ous waste containing the hexavalent chromium present in these coaprobed? In fact, it is the scattering of molecules on the first layer of
ings. Hexavalent chromium is a danger to worker health and its use surface that receives the greatest enhancefhigme. effect dimin-
has been limited or prohibited by various local, state, and federaishes significantly with increasing distance from the surface. There-
regulations. In the search for suitable nonchromate replacements, fare, not only is the immediate surface spectrum enhanced, but in-
basic understanding of the mechanism by which chromate-baseterference from species not on the immediate surface is minimized.
protection systems provide such excellent protection will be invalu- Silver was initially used as a model in this study to better understand
able. the formation of a Cf oxyhydroxide and/or a &7Cr¥' mixed ox-

Considerable research has centered on the use of chromate cojite from CV' in solution. Subsequent experiments were then per-
version coatings on aluminum aircraft alloy AA-2024 T3 which con- formed on copper. Previous work in this laboratory provided cou-
tains, by weight, 3.8-4.9% copper, 1.2-1.8% magnesium, and lesgombic evidence of the formation of a near-monolaye d@itm on
than 1% each of other trace metals, the balance being alurri'l_num.Copper exposed to solution & This work provides arin situ
All of the AA-2XXX series alloys are prone to corrosion, particu- - gpectroscopic probe of the formation and structure of this film.
larly pitting and stress corrosion cracking, arising from the inhomo-
geneous distribution of copper in these alléyShis distribution
leads to the establishment of local galvanic cells between copper-
rich and copper-poor areas and thus destructive localized corrosion. Materials—All chemicals were reagent grade and were used as
Approximately 60% of the secondary phase intermetallic particlesreceived. Potassium sulfate, potassium hydroxide, and sodium hy-
found in AA-2024 T3 are copper-rich ACuMg.?2 CCCs such as droxide were obtained from Mallinckrodt; potassium dichromate
commercially available Alodine 1200 form a corrosion-inhibiting and chromiundil) nitrate from Alfa Aesar; cupric sulfate, anhy-
film on both the matrix and the intermetallics of AA-2024 ¥3The drous powder from J. T. Baker; silver nitrate from Fisher Scientific;
mechanism by which a CCC film protects AA-2024 T3, however, is and chromium potassium sulfafehrome alum from Allied Chemi-
not fully understood. In an attempt to better understand the relation<al. All solutions were prepared and rinsing was performed with
ship between CCCs and copper-rich intermetallics, previous studie8arnstead Nanopure water, 17.&Mminimum resistivity. The sil-
in this laboratory were undertaken with pure copper exposedb Cr ver substrate was 99.9985% silver foil, 0.1 mm thick, obtained from
in solution®® These studies indicate that‘Cinhibits the cathodic ~ Johnson Matthey Materials Technology. Unless otherwise noted, the
activity of copper in aluminum alloys, particularly toward oxygen COPper substrate was 99.99% copper sheet, 1.0 mm thick, obtained
reduction. from Alfa Aesar. A 99.999%, 5.0 mm diam copper rod was obtained

The current approach uses Raman spectroscopy, specifically suftom Goodfellow. AA-2024 T3 sheet, 0.025 {i0.064 mm thick,
face enhanced Raman scatterf®ERS, to investigate the forma- Wwas obtained from ALCOA. _
tion of Cr'" oxyhydroxide on pure copper. Unlike many surface  Various chro_mlumgcompounds were prepared using the methods
techniques, Raman spectroscopy probes molecular structure in addilescribed by Xieet al” Ag,CrO, was prepared by dissolving 0.4 g
tion to speciation. Additionally, it is nondestructive amu situ ~ K,Cr,O; in 50 mL H,O and then adding 1.3 g AgNO The pre-

cipitate, AgCrO,, formed immediately and was filtered, rinsed
with H,O, and air dried. GOH); was prepared by dissolving 4.0 g

* Electrochemical Society Active Member. Cr(NO3)3-9H,0 in 25 mL H,0; 1 M KOH was added dropwise to

2 E-mail: mccreery.2@osu.edu the stirred solution until the pH reached 4.5. The precipitate,
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Cr(OH);, was filtered, rinsed with O, and air dried. The in 5 mL of 100 mM potassium sulfate. Approximately 1%of the
ci/c” mixed oxide was prepared by dissolving 4.0 g silver foil was submerged in the electrolyte during roughening.

; . Upon completion of the ORC roughening, the cell was disconnected
Cr(NO3)3-9H,0 and 0.5 Cr,0O; in 50 mL H,0; 1.0 M NaOH . .
(NO;)3-9H,0 an g BCRLO; H, Jrom the workstation, but the electrodes were left in the ORC solu-

; . . ’ : itOh tion. The cell was properly positioned in the Raman spectrometer
4.5. The mixed oxide precipitate was filtered, rinsed wigdtiand and connected to the potentiostat. The electrochemical cell em-

air dried. Concen_trated Ersolutions added to electrochemical cells ployed was a 1X 5 X 5 cm quartz cuvette and all spectra were
were prepared with §Cr,0, and H0. acquired through a % 5 cm face.

Instrumentation—In all cases the reference electrode was Ag/ Copper substrate—The copper sheet was cutdna 1 cnf piece and
AgCl (Bioanalytical System)sand the auxiliary electrode was a a copper wire was attached to one side with silver epoxy &
platinum wire. All noted potential values args. Ag/AgCl. Supplies/Structure Probe, IncThe assembly was then embedded in
Oxidation/reduction cycle€ORCS9 for roughening of the silver foil  epoxy(Buelhe) leaving the smooth side exposed. This copper elec-
electrode and the copper rod were performed with a Bioanalyticaltrode was hand-polished with successive grits of silicon carbide pa-
Systems 100B electrochemical workstation. Copper sheet depositiopers wetted with Nanopure watéBuelher 240, 400, 600, P2400,
roughening and chronoamperometry were performed with a GamryP4000 and then rinsed in 5O. Electrochemical copper deposition
PC3/300 potentiostat. Alln situ potentiostatic control was per- was used to roughen of the surface, which promotes the SERS ef-
formed with a Bioanalytical Systems model PWR-3 potentiostat. fect. Using a method adapted from Kudelskial, deposition was

Raman spectra on the silver substrate were acquired with a 514.&ccomplished by suspending the electrode face down in an unstirred
nm laser on an f/1.5 Kaiser spectrograph with a holographic gratingsolution of 500 mM cupric sulfate and holding it at a potential of
180° backscattered geometry with a laser spot size- & um. A —100 mV for 45 mint® Immediately after deposition all three elec-
video charge coupled devid€CD) camera was used to focus the trodes were rinsed and placed in a crystallizing dd® mm diam,
laser at low power(<200 pW) on the silver foil. Spectra were 40 mm height which served as the electrochemical cell. The elec-
acquired with 5 mW of laser power at the sample and were nottrolyte was 100 mM potassium sulfate. The copper electrode was
intensity corrected for instrumental response. Raman spectra of tharranged with its surface facing up and spectra were acquired
copper sheet substrate were acquired with a 785 nm laser with ;hro_ugh the solution covering the electrode with an immersible ob-
Chromex Raman 2000 spectrograph equipped with a 600 line/mnjective.
grating optimized at 1000 nm and an Olympus 40 times Inexperiments employing a copper rod as the electrode, the end
magnification/0.80 W immersible objective giving a spot size of Of the rod was cut at a 45° angle and the rod was enclosed in Teflon
~3-4 pm with 10 mW of laser power provided at the sample. A shrink tubing(Small Parts Ing.leaving the beveled face exposed.
Logitech QuickCam was used for focusing. Raman spectra of theThls_beveIed face was hand-polished with successive grits of silicon
copper rod substrate were acquired with macro optics consisting of &arbide papersBuelher 240, 400, 600, P2400, P40@Getted with
gold coated, off-axis paraboloidal reflector installed in the sameNanopure water and then rinsed. Using a method adapted from
Chromex Raman 2000 spectrograph with 785 nm excitation. The/Veaveret al, roughening was performed with ORCs consisting of a
laser spot size was50 pm with 50 mW of laser power provided at  Scan from—1000 to+400 mV, a hold at+400 mV for 1 s, a scan
the sample. Focal position was determined by maximizing the intenfrom +400 to—1000 mV and then a hold at1000 mV for 10 €
sity of the CyO bands discussed below. All spectra acquired with 1€ Scan rate was 100 mV/s. This cycle was repeated 20 times in 10
the Chromex Raman 2000 were intensity corrected using NationalL ©f 100 mM potassium sulfate in @4 5 X 5 cm quartz cell. The
Institute of Standards and Technology standard SRM2241 and th&€!! Was disconnected from the workstation with the electrodes re-
method described by Ragt all®! Both the Kaiser and the maining in the ORC solutlon,_ positioned in the Raman spectrometer
Chromex spectrographs were equipped with liquid nitrogen coole nd connected to the pote,ntlostat. Spectra were oacqmred through a
CCD detectors cooled to 110 and—90°C, respectively. Integration X 5 cm face with the rod's beveled face at a 45° angle to the cell
times for all spectra were 30 s or less. face.

X-ray photoelectric spectroscopy was performed with a VG Sci-
entific Escalab MKII system with a Mg & source across a range of
0 to 1000 eV binding energy. An Orion model 520 A pH meter was  |n situ SERS of silver exposed to chromatés a result of the
used to determine pH values. Absorbance spectra of aliquots’bf Cr SERS effect, spectroscopic detection of a monolayer or even a sub-
solutions from the various electrochemical cells were acquired withmonolayer of a Raman active species on silver is not uncorrthon.
a Perkin-Elmer Lambda 900 UV/Vis spectrometer. ConcentrationsSilver was, therefore, used first as a model to obtaisitu Raman
were determined using the Xkt al. previously determined molar  spectra of a metal exposed to“€in solution. Figure 1 shows four
absorptivity ofegzgnm= 1.49x 10° M~ cm 112 overlaid, in situ spectra of the surface of the silver substrate in the
electrochemical cell at = 0 (in K,SO, solution immediately be-
fore addition of C¥') and att = 2, 10, and 30 min after 100 mM
CrV' solution was added to the cell for a final concentration of 5.6
. . . mM CrV'. Baselines on the spectra have not been adjusted or offset.
“g.ht on _the Kaiser spectrometer noted above. SoligQgrwas . During acquisition of these spectra no potential was applied, thus
mixed with 100 mM KSO, to make a paste before spectral acqui- 5j1owing the silver foil to remain at its open circuit potenti@CP)

sition with the same spectrometer. A Raman spectrum of solid approximately+175 mV vs. Ag/AgCl in 100 mM K,SO,. The
chrome aluninot shown was acquired with the Chromex spectrom- g+ 1yious changes in the spectrum acquired 2 min after the addi-
eter noted above. tion of C' are a small feature in the region between 530 and 670
Silver substrate—SERS requires that the surface of the substrate becm ™! and a more prominent band between 730 and 890'ckvith
roughened in order to promote enhancement. To this end, the silvetime, both bands in these regions grow. After about 10 min, the
foil was cut to a strip approximately 0.8 9.0 cm, abraded with  higher energy band began to decrease in size and the lower energy
successive grits of silicon carbide papéBuelher P2400, P4000  band continued to grow. Within 15 mifmot shown the lower en-
wetted with Nanopure water and rinsed. The ORC used to rougherergy band clearly dominated the spectrum. The spectrum showed
the foil was adapted from the procedure of Weaseal. and con- little change between 15 and 30 min.

sisted of a scan from-400 to +600 mV, a hold at-600 mV for 1 The specific identities of the species giving rise to these two
s, a scan from+600 to —400 mV and then a hold at400 mV for bands are not easily assigned, but previous work with metal surfaces
10 s® The scan rate was 100 mV/s. This cycle was repeated 20 timegincluding silve) exposed to chromate, along with the experimental

Results and Discussion

Sample preparation and spectral acquisitierReference
spectra—Raman spectra of solid AgrO,, solid C(OH);, and
solid synthetic CF/Cr! mixed oxide were acquired with 514.5 nm
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Figure 1. In situ SER spectra of silver substrate at open circuit potential,
before ¢ = 0, in 100 mM K;SQ,) and after exposure to ¥r(in 200 mM
K,SQ,, 5.6 mM CM). See text for details.

m
conditions, leads to the assumption that they are some type of chro-

mium surface specié® X-ray photoelectron spectroscopy
(XPS) analysis of the surface of silver foil subjected to identical

treatment showed carbon, oxygen, silver, sulfur, and chromium aft
atomic percentages of 1.00:0.37:0.22:0.03:0.02, respectively. Sp
ciation of chromium with XPS analysis, however, is unreliable as

photoreduction of Cf to Cr'" has been observéf!” Furthermore,
two details indicate that these bands originated from surface and n

sharp band at-900 cni .8 Slight defocussing of the laser spot

while acquiring the spectra of Fig. 1 caused appearance of a sha
900 cm ! peak on top of the broad surface scattering. The absenc
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Figure 2. Reference Raman spectra. Oy 785 nm excitationChromex
spectrometgr Corroded Cr Coupon with broad band between 535 and 665
cm! attributed to a CY species with significant contributions from
«-CrOOH, 647.1 nm excitation; solid @H);, Cr,O; dampened with
K,SQ,, solid synthetic CF/Cr' mixed oxide, and solid AgCrO,, 514.5

nm excitation(Kaiser spectrometgr* Adapted from Reference 19, with per-
ission.

t 600 cm * which was tentatively attributed to @H),, CrOOH

Lr a species with no bulk analog. Likewise, the Melendeesul.

SERS spectra of chromium samples corroded in NaCl exhibit a
broad band centered at580-590 cm*.?! Furthermore, both the
Maslar et al. work and previous work in this lab have attributed

; ; - Vi
solution species. Both dichromate and bichromate were present i(bands in the region from 750 to 950 cito Cr"'-O stretches, as

5.6 mM C' at the cell pH of~5 and these species produce a strong

can be seen in the spectrum of 'GEr' mixed oxide in Fig. £:%
It should be noted that the cross section ol'@ scattering is

,g.lenerally much larger than that of'Coxyhydroxide vibrations and,

erefore, the area of the bands is not a direct indicator for quanti-

of the 900 cm* peak with proper focus indicates that the majority tative comparison? Furthermore, the amorphous nature of''Cr

of the scattering was collected from the surface rather than the sofilms, the degree and type of hydration, and the specific placement
lution. Additionally, when the silver electrode was removed from the and amount of Cf within these films all contribute to their broad-
cell, rinsed and allowed to dry in room air, the same two bandsening and slight variations in Raman sHift?° The distribution

(slightly shifted, but still strongwere present in spectra acquired of

of components and band profiles of both the 400-600 and the 700-

the dry electrode. The shift in peak frequencies of these bands i900 cm * bands are likely to depend on sample history, pH, and

likely due to changes in hydration of ¥y and accompanying

changes in the relative abundance of water and hydroxide coordina-

composition.
Finally, as further evidence that these two bands originate from

tion. Assuming these two broad bands are attributable to chromiunCr"" and C¥' species, the cell was flushed to obtain &'@oncen-
surface species, comparison to the reference spectra in Fig. 2 impligsation of <60 wM. The spectrum of the electrode in the flushed cell

that the lower energy band arose from d'Gpecies and the higher
energy band arose from aXspecies. The reference spectrum from

was virtually identical to that at = 30 min in Fig. 1. Upon the
application of a potential of~1000 mV, however, the higher energy

Maslaret al. of a corroded chromium coupon especially shows the band (attributed to CY" nearly disappeared and the lower energy

broad nature of a ¢r oxyhydroxide band® Maslaret al. acquired
both Raman spectra and X-ray diffractigkRD) patterns of the

band (attributed to Ct) broadened, increased slightly in area, and
shifted downward about 20 cm. An electrochemical experiment

same corroded chromium coupon. The XRD patterns were identifiedvas conducted with silver foil in all ways identical to the above

through comparison to the JCPDS International Center for Diffrac-

Raman experiment with the following exception. After roughening,

tion Data. By combining the XRD data with the Raman data they rather than positioning the cell in the spectrometer, a chronoamper-

attributed the broad band between 535 and 665im Fig. 2 to a
Cr'' species with significant contributions from-CrOOH. Ob-

ometry experiment was performed with the foil held4at77 mV
(the approximate OCP of the silver foil prior to theCinjection

lonsky et al. also acquired SERS spectra of passive films formed onduring the Raman experimgntJsing the Clarket al. estimate that
chromium sample&’ These spectra contained a broad band centeredhe three-electron reduction of ¢rto form a Ct' monolayer re-
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within 85 min, the 575 cm® band clearly starts to appear. Spectra at
4.1, 9.6, and 14.5 h show this band’s continued growth. The experi-
mental conditions and comparison to the reference spectra, particu-
larly the spectrum of the corroded chromium coupon, strongly imply
that the band at 575 ch results from the scattering of a r
oxyhydroxide species with a significant contribution from
a-CrOOH*°

As in the case of the silver SERS spectra, the copper SERS
spectra do not show the solution chromate band at 900" cindi-
cating that the scattering is predominantly that of surface species.
Additionally, a separate experiment was conducted in a manner
identical to the experiment represented in Fig. 3, producing similar
spectra. At the conclusion of the experiment, the electrode was re-
moved from the cell, rinsed, and dried in room air. A spectrum of the
dried electrode still showed the band attributed t8' @ithough it
had broadened slightly and was unsymmetric with a maximum in-
tensity at 533 cm® and a broad shoulder at575 cni®. The band
centered at 533 cht suggests an increase in(OH); character as
seen in the reference spectrum of(@H); (Fig. 2) which has a
broad band centered at 529 ¢hAn increase in QOH); character
is supported by Sunseet al, who conducted photocurrent spectro-

7
W scopic analysis of passive films on chromium and attributed the

Intensity (Arbitrary Units)

=85 m different compositions in these films to'Coxides in various states
| | | . . .
360 460 560 600 700 800 900 1000 of hydration?’ As in the Maslaret al.work, the Sunserét al. analy-
Raman Shift (crr!) sis differs from the present work in that the''Coxyhydroxide was

formed from the oxidation of chromium rather than the reduction of
Figure 3. In situ SER spectra of copper substrate-a200 mV, before { ¢V |n general, however, their work concluded that increasing pH
= 0,in 100 mM K;SO;) and after exposure to Crin 100MMKS0;, 58 o decreasing potential leads to a more hydratéli §ecies on the
mM Cr). See text for details. surface. If a species similar to CrOOH is indeed predominant on the
electrode before rinsing, then removing the electrode from the
slightly acidic cell(pH ~ 5) and rinsing with water would subject it
quires 1.6x 107° Clcn?, the integrated area of the reduction cur- to an increased pH and, therefore, lead to an increase (G1HQg
rent produced upon injection of ¥rsolution indicated the forma- character. ) )
tion of slightly more than a monolayer of ¥12 min after injection One notable difference between the silver substrate spectra and
and slightly less than two monolayers 10 min after injection. the copper substrate spectra is the absence of any definfftéaid
in the copper datdn situ SERS spectra were also acquired in two
In situ SERS and chronoamperometry of copper exposed tgeparate experiments with a roughened copper rod substrate in
chromate—As noted above, copper comprises approximately 4% ofwhich the rod was first held at 1000 mV in 100 mM KSO, for
AA-2024 T3, with the copper-rich intermetallics providing undesir- several minutes, potential control was removed, and 800 mKi Cr
able cathodic sites to drive the oxidative dissolution of the alumi- was added to the cell for a final concentration~ef0 mM CM'. In
num matrix>2 Previous work in this laboratory concluded that chro- poth these experiments, immediately upon addition of ,Cx band
mate inhibits cathodic reactions on copper surfaces, particularlyappeared at 855 ¢t and remained for a minimum of 10 min.
oxygen reductiofl.It was theorized that the reduction ofttforms Synthetic C¥'/Cr¥' mixed oxide(Fig. 2) has a broad band at 858
a film of Cr'" on the surface which occupies oxygen adsorption sitescm™. As discussed above, this band is attributed to the stretches of
and acts as a barrier to electron transfer. Figure 3 shows the overlaigs/V'-0 pridging bonds:22Assuming that the band seen at 855 ¢m
in situ Raman spectroscopic progression of the formation of & chrog 155 due to the ¢-O stretch, it is reasonable to assert thaf! Cr
mium containing film on a copper electrode held at a potential of ghacies can form on copper and that they can be detected with Ra-
—200 mV, the approximate measured OCP of AA-2024 T3 in 100 man spectroscopy. Although no such band appeared in spectra of the
mM K,S0,. Again, the spectra were not baseline corrected andcopper substrate in the experiments described in the preceding para-
share the same intensity scale.tAt 0 (in K,SO, before addition  graphs, a small band at 800 cican be detected in Fig. 3 in the
of C), the spectrum is identical to roughened copper at its OCP iNspectra acquired at= 9.6 h ancdt = 14.5 h. The small band is not
100 mM K,S0, (Fig. 2, top spectrumIn a separate experiment, the cyrrently identified, but several ¥rspecies scatter in that general

same electrode, subjected to the same pretreatment, was held gigion and it is possible that the small 800 ¢hband arose from
—200 mV for more than 15 h in 100 mM #80,. The spectrum  some type of Cf species.??

remained the same as the *= 0 spectrum” shown in Fig. 3 Two other bands in Fig. 3 merit discussion. The band appearing
throughout those 15 h. It has been clearly established that the bandgte in the series at 273 ciis possibly due to CI contamination
centered at-523 and~620 cm * arise from surface G©.#%%2 from the reference electrode. Several metal-chloride stretches appear

These same bands are also present on spectra of dry, unroughengdthis region including Cr-Cl at 268 and Cu-Cl at 290 ¢hf-?
copper (not shown. Coincidentally, the broad, overlapping &2  \when the cell was manually flushed with 100 mMSO, while
bands bracket the range of most'Coxyhydroxide species. The maintaining potential control, the band at 273 Crlisappeared.
series of spectra in Fig. 3 acquired over a period of 14.5 h after therhe band at 978 cit is attributed to the presence of sulfate within
Cr¥! addition, however, shows a definite loss of,Oucharacter and  the film. Spectra of the sulfate electrolyte show its totally symmetric
an increase in a band centered at 575 tnimmediately after ac-  stretch as a strong, sharp band at 981 twhile the spectrum of
quisition of thet = 0 spectrum, 800 mM Ct was added to give a  chromium alum exhibits this stretch at 987 thnPejovet al. as-

cell concentration of 5.8 mM Gt 7 min after the addition, the signed a band centered at 974.8 ¢nto sulfate ions doped in
resolution of the two C40 bands was severely diminished, and K,CrO,.?° It seems probable that the broad nature of the sulfate
within 85 min, they cannot be discerned in the spectrum. Also,band shown in Fig. 3 indicates the presence of several sulfate spe-
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Y — - - = Table I. Current values from chronoamperometry data of Fig. 4,
AN e ' ! experiment 1.
Inset #2 -
E. _ Reduction
= -so =0 \\ / Time elapsed current Percent decrease
g i from injection (nA) in reduction current
2 Inset #1 © ‘ \/
E; — 117 Injeciio;.V o - .5 10 15 20 —-1s —2.415 s
s | :%:-& of Cr Time (hours) 7m —0.634 73.7
o g 85 m ~0.217 91.0
) 4.1 h —0.136 94.4
2000 2200 2400 2600 2800 ' 70 h 70121 950
150 - Time (scconds) 9.6 h —0.158 935
! : . L 145 h -0.073 97.0
0 3 " rime (o) 0 23.7 h -0.010 99.6

Figure 4. Chronoamperometry data of copper electrode in 100 m)8®;

at —200 mV before and after injection of &r Final [CI''] ~ 5.5 mM. ) ) ) o .
Experiments(1) solid; (2) dotted; (3) gray. (Inset 1 shows experiment 1 interest of brevity only experiment 1 is discussed. The integrated
only) area between 6.3 and 16.9finom the time of injectionis slightly

more than twice the integrated area of the initial reduction spike
measured from the time of injection to 5.7 min after the injection.
) ] - Again, the Clarket al. estimation of 1.6x 102 Clcn? or 5.4
cies. No sulfate band was present until the addition of @ the nmol/cr?. for the formation of a ¢f monolayer from C¥' solution
cell. Immediately after the addition of ¥r however, it appeared was used to estimate the coverage of th¥ @im.® Assuming that
and its intensity continued to track that of the!pand throughout  poth the initial spike and the later temporary increase in reduction
the experiment. The proportion of the sulfate band to té Band  cyrrent are due to reduction of ¢ approximately a monolayer of
remained approximately the same after the cell was flush_ed, as wWag ¢l fjlm (1.45 X 103 C/cn? or 5.0 nmol/cri) was established in
the case for spectra of the dry copper electrode acquired at theye first 5.7 min after the injection and the equivalent of approxi-

completion of the above experiments after rinsing and drying in mately two more layers (3.18 103 C/en? or 10.7 nmol/cr) was
room air. Although this evidence indicates that sulfate ions are situ-, ) y

- : . ; established during the later temporary increase in current. Integra-
ated within the film, they are not necessarily required for the growth 9 porary 9

il T ) tion of the late temporary increase in current in the other two ex-
of the Cr" oxyhydroxide film. A SERS experiment was performed poiments indicate similar results, with an additional 4.4731.Q

in all ways identical to the experiment which produced the spectra in( "3
i ) e e 15.4 nmol/cnd) and 3.75x 1073 C (13.0 nmol/cn) passed for
tFk:g.eslev(\:ltlig dt\évc\;v:;(ck?gtc;ogtss, Afgeme\lle(t:rt]rglgte ;I(\;?(ismltagg ggAPN;%l :‘_nd experiments 2 and 3, respectively. All integrated areas were calcu-
2024 T3 in 100 mM NacCl Spectra’ from tElps experiment showed theIated using baselines tangent to the data. Presume}tﬁy,u@s also
: slowly reduced after establishment of the approximate monolayer

same slow growth of a virtually identical Erband, albeit slightly and before the current increase. Uncertainty as to the amount of
shifted to a center of 566 cfh compared to a center of 575 € cyrrent due to oxygen reduction, however, precludes the quantitative
for the K,SO, experiments. _ calculation of the amount of Erreduced during this period. There
_Figure 4 shows the results of chronoamperometry experimentss aqditional support for the assumption that the temporary increase
with a copper electrode subjected to identical conditions as those, requction current was due to the reduction o¥'Ctunder the
used in the SERS experiment which produced the spectra of Fig. 3yytential and pH conditions of the cell, the probable reducible spe-
This experiment was perf_o_rmed thr_ee times over a pe_rlod of ON€ies are oxygen and & The reduction of oxygen is not likely to
month to test reproducibility. Additionally, each experiment was ., so 5 decrease in the overall reduction current over time, whereas
started at a different time of the day to exclude the possibility of the creation of a C film from the reduction of &f should do so

environmental influence such as light and temperature quctuationsB th Fig. 4 and Table | show that the overall reduction current

The electrode was roughened and the cell was established as not ; . .
above with the copper electrode held-a200 mV. After 37.6 min, %fgarly decreases after the late temporary increase in reduction cur-

| o - . rent. Furthermore, this decrease is more than would be expected by
800 mM Ci"! was injected to bring the cell concentration .5 extrapolating the data collected before the temporary increase in

mM Cr'. As in similar experiments performed by Claekal, after  oquction current.
the injection a large reduction spike appeared, indicating the reduc- Combining the chronoamperometry experiments and the SERS
tion of Cr" to Cr"" on the electrode surfafeCombining the chro-  eyperiment shown in Fig. 3 suggests a possible cause for the tem-
noamperometry experiments with the SERS experiment supports thgorary increase and subsequent overall decrease in reduction cur-
theory that the formation of a €rfilm inhibits the reduction of  rent. Care should be taken when attempting to extract quantitative
oxygen through adsorption to oxygen reduction sites. The reductioryjata from SERS spectra, as the amount of collected scattering is
current before injection of CI to the cell has been attributed to affected by the proximity of the scattering species to the surface of
oxygen reductioff.7 min after the CY injection, at the same time the substrate and also by the ability of the scattered light to escape
that the SERS spectrum started to show a loss g0Czharacter, the  from the film, i.e,, as a film thickens, the collected scattering can
reduction current had decreased by 74% in experiment 1, 60% iractually decrease. Keeping this caveat in mind, the large increase in
experiment 2, and 85% in experiment 3 compared to the currenthe area of the 575 cnt band coincides chronologically with the
before the CYf' injection. After 85 min, when the SERS spectrum increase in current between 5.7 and 16.3 h observed in the chrono-
showed no discrete GO bands and the 575 crhband was estab- amperometry experiments. This dramatic increase in the 575 cm
lished, the reduction current had decreased by 91, 93, and 97%hand area between 5 and 15 h after the injection was noted in at least
respectively. Table | outlines the reduction current for experiment 1.three other identically conducted SERS experiments. Furthermore, it
As can be seen in Fig. 4, outlines for experiments 2 and 3 would bés not unreasonable for the SERS effect to show “long range” en-
very similar. hancement of molecules tens of nanometers from the surface, a dis-
Inset 2 of Fig. 4 shows an unexpected but reproducible tempotance which would easily accommodate a bi- or tri-lay&he fol-
rary increase in current beginning approximately 6-10 h after thelowing sequence of events is consistent with the spectroscopic and
injection of CI'. Although observed in all three experiments, in the electrochemical observations. Within 6 min after injection of' @o
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the cell, an approximate monolayer of a"Cfilm formed and
strongly inhibited, but did not completely eliminate, oxygen reduc-
tion. As the film continued to form, the reduction of both oxygen
and CV' contributed to the overall reduction current. Both the re-
duction of oxygen and the reduction of €increased the pH at the

electrode surface. After approximately 5-10 h, a critical pH value

was reached at the surface and the reduction f @creased for
reasons discussed below, and thereby moleférmed on the elec-

trode surface. As the film thickened, however, both the further re-

duction of CV' and oxygen reduction were severely inhibited and

the overall reduction current dropped to almost zero. Fig. 5 illus-

trates this sequence of events.

Why would a rise in pH increase the rate of'Creduction?
Stunziet al’s extensive studies of the hydrolytic polymerization of
cr'" ions bear on this questiofi:*3 As noted in their studies, &r
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tained for 5.7 h after Ct was removedss. holding potential in flushed cell.
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bond occurs, but rather the %O bond breaks and &rbonds with
O-C"" to make CY'-O-Cr"'. The formation of similar bonds with
the polymerizing CF film could then ultimately lead to the reduc-
tion of bonded CY'. It is, therefore, suggested that the increase in
pH brought on by the potential controlled reduction of both oxygen
and CV' could provide a driving force for the further reduction of
Cr' as a CY' film polymerizes, explaining the temporary increase in
reduction current seen in all three experiments of Fig. 4.

As previously noted, the copper substrate in the above experi-
ments was held at 200 mV vs. Ag/AgCl, which is the approximate
OCP of AA-2024 T3 in 100 mM KSQ,. To better understand the
stability of the CH" film, a series of four experiments identical to the
SERS experiment, which produced the spectra of Fig. 3, was per-
formed. In each case, the copper substrate was hete280 mV,
cr" was added to bring the cell ®rconcentration to~5.5 mM,
and the Ct film was allowed to grow for 19-24 h at200 mV.
Acquired spectra from this initial stage of all four experiments
showed essentially the same results as Fig. 3. After 19-24 h, the cell
was manually flushed while maintaining the copper electrode at
—200 mV until a final C¥' concentration of~14 uM CrV' was
reached. At this concentration, the cell is no longer acidic and has a
pH of ~7.1. After the cell was flushed, for each of the four experi-
ments, respectivelyi) the potential was left at200 mV, (i) the
potential was increased te150 mV, (ii) the potential was in-
creased to-100 mV, or(iv) potential control was turned off and the
cell was allowed to drift to its OCP, which was previously deter-
mined to be approximately-63 mV. In each of these four experi-
ments, the flushed cell was maintained under its respective potential
for 5.7 h. Spectra were acquired both before and after this holding
period. The plot in Fig. 6 was created using four replicate spectra
from each of the four experiments. Two of the four spectra were
acquired immediately before the cell was flushed and two of the
spectra were acquired at the end of the 5.7 h. The spectra were

almost exclusively and constantly maintains octahedral coordinapaseline corrected by leveling between 365 and 760%cmnd the

tion, with water molecules filling in any of the six positions not

area of the 575 cmt band was determined by integrating between

otherwise occupied. Although when compared to other_me_tal i0Nthese same endpoints. Galactic’'s Grams spectral softivarsion
octahedral complexes, €rcomplexes are inert, these studies inves- 4,02 was used to perform baseline adjustments and all integrations.
tigated the relative rates of substitution leading to the formation of Figure 6 shows the percent of the 575 chiband area retained after

Cr'" dimers and the further formation of various oligomers. Specifi-

cally, Stunziet al. found that deprotonation of complexed water

5.7 h at each respective holding potential, relative to the 575'cm
band area before the cell was flushed. The film remained stable at

molecules induces a conjugate base effect which leads to significant 200 mV, however, as the holding potential increased, the area of
increases in the rate of replacement and exchange of water mokhe 575 cmi' band decreased, indicating less stability for thé' Cr
ecules at Cf centers, which in turn increases the rate of oligomer film at more positive potentials. Compared to the OCP of AA-2024

formation®2-33 Furthermore, Kinget al. discussed the rapid forma-
tion of CHCrO,)(H,0)s and CfHCrO,)(H,0)Z" in solutions of
cr'" and C' ions3* They propose that no breakage of thd'@d

T3 under most field conditions, a potential-e200 mV is relatively
high. For example, the measured OCP of AA-2024 T3 in 100 mM
NaCl is —540 mV. Therefore, although the ifilm is only a few
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monolayers thick, under near neutral pH conditions and potentialsf Cr'"" and CV' are critical to the process as is the existence of the

<-200 mVvs.Ag/AgCl, it is chemically stable.

cr

'.O-Cr'" linkage during Cr deposition. The product of dilute’Cr

~ Achromium-containing layer of a few monolayers differs greatly interactions with AA-2024 T3 inhibits electron transfer in general,
in thickness from the several micrometer thick CCC, even thoughand particularly oxygen reduction on what had been cathodic sites.

they both originate with Ct in solution. Alodine 1200 solution has
a much higher Cf concentratior{(~40 mM) than that studied here,
and the FECN)g~ “accelerator” generates a high concentration of
Cr'"" during CCC formation. The ®rpolymerized slowly due to the
low pH, so that a sol-gel was formed, containing both @nd CV'.

It is likely that many CY'-O-C"' bonds were formed in such a
sol-gel, and they may have been reduced t8'-OCr"' or been
incorporated into the CCC as '¥iCr¥' mixed oxide. The fact that
crV' is more labile to substitution than Eris consistent with an
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