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LETTERS

Initial corrosion observed on the atomic scale

F. U. Renner™, A, Stierle!, H. Dasch!, D M. Kolb”, T.-L. Lee” & 1. Zegenhagen”

Carrosion destroys more than throe per cent of the warlds GDP'.
Recently, the dectrachemical decomposition of metal alloys has

heen more productively hamessed to P'roduxe porois materials
with diverse technolagical potential*', High-resolution insight
into structure formation during ebectrocorrosion is a prerequisite
fiar an atomistic anderstanding and contral of such electrochemi-
cal surface processes, Here we report atomic-scale abservations of
the initial stages of corvosion of & Cu,Aw(111) single crystal alloy
within a sulphuric acid solution. We monitor, by in st X-ray
diffraction with picometre-scale resolution, the strucure and
chemical composition of the dectrolytefalloy interface a5 the
material decomposes. We peveal the Trucmmpu structural
changes associated with a general passiva of
which the origin Inshtm}ndm'lu undmr We ohserve the
farmation of a pold-enriched single-crystal layer that is two o
three ithick, anvd bes an unexpected twverted (CBA-)
stacking sequence, At higher potentials, we find that this protec-
tivee passivation kever deswers and pure gold islands are formed;
auch structures form the templates for the growth of nanoporous
el s, O experiments are carrled out on a model single-crystal
ayaten. However, the insights should equally apply within a
crystalline graln of an ssoctated polycrystalline dectrode fabird-

cated From many ather alloys exhibiting a large difference i the
atandard potentlal of their constituents’, such as stainless steel
{see rell 5 forexanple) or alloys used for mearine applications, such
et Cun o Cudl,

Acomirnon mderoscopie Argerprint of the varows dectrochemical
prooesss that eceur during corrosion i provided by so-called opdic
voltarmmograns (ourrent—voltage curvs ), Such & ovelic voltamemo-
geram B a pristive Cu,Aud 111D surfece is dleswn in Fig, 1, which is
typical for the oormosion belusiour of allmls consisting of oom-
ponents with different noble character™ . A general observation 1
it fenr e intial opele l]‘h.mrrmd.m: e pn.ﬂmt saunriple)—the
current exhibits a pronounced makimuem, bere inthe potentsal
regime Between 100mV and 300mV [Cu dissolution starts at
about 100mV), which 5 not ohserved in subsequent cpcles af the
voltar This pl has given rise 1o many specu-
Latioms about the peesible formation of an wlirathin passivation layer,
Recent in sifn dectrochermcal scanning tunnelling microscopy
experiments in this potential regrme of passivation revealed the
formation of meno-atomee deep vacances, which have been inter-
preted as initial disolution of the more ractive edement from Ag-Au
inef. 90 and Cu-Au {refs 10-12} alloy surfaces. Thickmes and
compasition of the passivation |gwr have been inferred only
andarectly from the voltar

Abeve a critieal potential £, r]n-cnrn.n‘hm.nmx sharply cwang 1o
a hulk de-alloying proces that prodisces nanoporous lzver: of the
nobler component. Such a de-alloyng has been chaerved for
binary alles like Cu-Pd (refl 14), Ag-Au (refs 2, 15, 16) and Cu-Au
{refl 16). Fx st transmmigaon eleciron microsoopy stisdies of Cu-ai,
Cu-Fn and Ag-su alloys show evidence for the presence of either
pits ar threesdimensional idands with a typical sime of 5-100m

"thace- Pl A kil (O Ml Barchang, Huisenbergalrause 1, 0290989 4

i, L ehearsi 181 LIkm, & et -E i -0 4

Frasie "Bhleibing E sl

{refs 16—1%). For controlled production of technically relevant
“corrosinn prosfucts Fke nanoporous materials or related etching
patterns, an understanding of the reevant parameters for the
fermation of patterns with regular morphology below amd abose
the eritical potentizl E. & necessary. A detailed knowdedpe of the

Gurranyt dhars iy ik cmes)
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Figure 1 | and Laye
a, Vultammograms recarded a5 m¥ s chew the typical hehavious foe
corrnsion passivation: the red line indicates the virgm carreni-vallags
curve, exhihiting a pronnunced maxinmum heoeren (0 and 3 mV, which
i mot prosent in the sahsrquent s (hlack cxrvel, The bald red curve
marks the putantial regime in which the X-ray measurements have hen
perfarmed. Refure the passivation breskdamn al

obaerved. B, Structural nesdel of the altratkin passivation layer resulting
from ihe il in the X-ray diffraciion data. Au atoms are represenied by el
spheres, and O atoms by red sphieres. The ABC siacking of the substrate is
imveried in the smgle crystalline averlayer. The twa tapaeost layers are anly
partially accupied. & schematic view of the i g X-ray diffraction ool is
imclhuded.
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structure, corposition and defocts of the passivation layer is thus
nerded o anderstand the formation of the nanopores,

The i sine X-vay diffeaction experiments on the Cuudu (111
surface have heen performed in the potential regime of the initial O
adissodution shemn as the bold ved liee in Fg, 14 The wse of a gingle
arvstal enables s o ohserve with high sesolution the initial desl-
T povceds: s it occurs on a crystalline grain of the associated
polverystalline electiode. By recording the intensity along the
momenturm transfer oy in the suface plane, iformation on the
-plare eadentation and lattice pararmeters of epitavial ovelapers s
obtained, By varying o (normial 1o the surface, “red scans’ the fll
three-dirmersionad stractwee of the overlager s derived ™ [ disployed in
Fig. [b, We neite that the (111) planes exhibit the svwerage Cu,Au
cormposition, and thus the corrosion process described below
shaidd be independent of ordering and disondering phenomena in
the allery

Fiest, we exposed the pristine surface to the de-aeratad 0.0 M
H; S0y dectrolyte with the sample petential kept ar — 100mY below
the equilibrivm potential for Cu dissolution®. After this initial
epoiure to the eectolyte, the in-plane scan along the (1,-10)
sdirection exhibits only the (2,20} bulk diffraction peak from the
Clu, A substrate, When incresing the potential up o 300mV, anew
diffractiom pezk can be oharved at gy valus smaller than for the
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Figure 2 | in-sitw strectural characterization of the pessivation layer.

& Difracied bntensivy along gy in units of 10, — 1,00 Fer varying
electrachemical potenthal; the suavstical ervar har |z below the symibal see &
Hragg prak frem the zpliasial passivatben kayer is growing | 189, — 15301
i wddivion the 12.— 20} suhstrate peak s ebserved. b, Expenmental
neciprcal space map in the (1,1,—20001,1,15 plane characeristic for the
patential regisme fram — L a2V Eo 290 mV. 4 i given in unils ol 11
301,1,=2). The Braga refllectinns lrom the pausivation layer and the Cu s
suhiteale are ahicrved and fram the shilt of the Bragy peak positions
Estwerem the subsirate amd the Glm along g . it can be infereed that an
epitaxial, single-crystalline nverbaper with imorried CHA stacking is fomaing,
[nlrgubﬂl.+n|fn|i1iu.nd'l'|‘|r'u|lﬂl||ir| passivation layer along q

§ = LLE = LG the red line represenis the best fin be the daia based
wmi the seructural madel depicted in Pig th. Solid lines indicate the g ;
pasitiom for a layer with A stacking, dashed lines the g position for an
AR stacking
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O {2, 0 diffraction peak (Fig, 2a), This new peak arises from
& well-ordered, nancsized epitwdal film with an in-plane nearest-
rwighbour distance of a ZHD.flpnl. wiich lies betoeen that of
the CusAu substrate (0= 2pm) oand that of pure Au
(s = 2584 pen), Ulpon furthe u\.um&d:tpm:mna] the growing
peak intensity divectly shows the lateral gronth of the passivation
laer, Tloe ohserved peak shift towards the Au (2,200 reflection
revls o simuliarmeous nense of the in-plase reest-neighbour
distance (the same behavieur was observed in all symmetry-eoquiv-
alent directicns . Frorm e peak width a lateral dosain size of dbout
20 s estivvated. The in-plane orentational disorder of the filim is
typecally 17

The three-dimemional strocture of the pasivation laver is
obitainged from a reciprocal space map in the (1,1, 2001110 plase
[Fig. 2. Thee brosad diffraction fetwnes thatarise betwesn the Cu,dn
subarrare peaks give divect information an the clese-packed Layer
atacking and onertation of the pessivation Loer, From the peak
width a thickness of three monolaers can be etimated. The 4
positions of the overdaver intersity distibuation sith respect to the
subarrare Bragg reflectiong dischose an unexpected stroctaral featuee,
2 UBA stacking, whach inverts the ABC siackang sequence of the
CuyAu face-omtred-cubec (e -substrate (we nate that the peak
postions of the overlayer are shifted g hy (3L A

pomizhle explanation for this unespected ing armversion is the

Hndcmg of regular fe.c. sites by adsorbates from the dectrolyte.

AL a potential of 270mV, the crvstallographic structure of the
epitasial layer has been determined by a quantitzime mesarement ol
the imtegrated intensties of several Bragg diffraction mds normal

thiyves By fartotirany unite

120 1.90

Imn‘ g
( ."y'

winmh

Figure 3 | Tramsformation of the passivation layer into A islands. a. The
lmarkin kayer gives rise 1o & heoad imensiy diaribaten dlong g Witk
EBath in-plane peaks present, the pure gobd peak in the coevesponding

o wcam bas & mich narvewer width, indicating in iland beighn of typlcally
1015 munekayers {2-3 mm . The ultrathin passivation Liyer is rancdaensing
inte A islands, saintsining predominantly he initisl CRA stacking b By
increasing the patential absve 300 me¥oon the tinescale of hows, an in-plane
jpeak al a g pediting dose Lo cpitesial gald i energing 1 the
wliratkin passivatinn laper peak. €, Ex sffu stomic farer microscapr imagr
105 wm 52 0.5 pm i after applying a peeendial of 430 mV venas AgiAgCE in
this prtential regime the farmation of 2-3-nm-thick pure Am islands was
aheerved in ibe X-ray diffraciion experiments, which is 2 iypical cornugatien
wf the surface. d. Height along the line segment in €. The typical kateral
dimension of the s is 20mm. The measured vertical corrugatian of
1.5 mm i prohabdy limited by tip effects,
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o the swface, Figare 1o shows 2 mod sogether with the hest fit
ired curvel, obtzined from 4 simultaneous fit of thres spnmebne-
irequivalent pods. Tl stroctueal rodd devived from e fit B
depicted in Fig, the the film consists of thiree hexagenally close-
packid Au-enesched planes, witlan iverted fe.c CRA ssacking, The
film is single-crystalline and, furthermore, does not show lateral
coexistence of ABC and CBA stacked domaiig, wlich would be
wxpected for the hetero-epitadal growth of fe.c materials in the
(1LY divection, This impplies that the sadcding infonmation frem the
substrate B travsrmitted to the filr Tle structura] modd iixludes
tann fully ocoupied Lavers, 2 third laper swith 45% occupancy and a
forth Layer with 5% cocupancy, This atormic roughess’ gives rise to
4 strong darmping of the so-called Xy Lane oscillations which
wonld etleriise arise around e Bragg intergities in the direction
el tes the el Al The intedayer spacing has incressed by 2%
compared tor the Cu, A bulk value of 217 pr

For potentials between 3000meY and the critical potential at
aMme the corresion belaviour changes dramatically, We find
that the initial passivation kaer tasforms into 26-nm-thick (12
menolayers) Au-rich islands, which inherit the iverted CBA stack-
g sequence. Tlas chaeration can dinectly be mferred from the
diffraction maxima along g asociated with the CBA stacking
{Fag. 3a): the formation of Au-nich slands, whach takes place affer
sheudy merensing the potential up to A00mY over 2 period of 200,
givis rise 1o additional Bragg intenaty, which exlubits a narnower
hineshape perpendicular 1o the surace and a Bragg signal shifled
ar-plane {gp) irards the Au 2, — 20} reflection (Fig. 3k Wiale the
Firngg preak mitensity of these wlands groves with incressing potential,
the peak intersaty of the altmathin paesvation laper decrenses and
fimally vanishes. Thas tramsition regime from the dense passivation
laver to wslands of the more noble component has recently been
predicted by kanetie Monte Cardo simulatsons™.

Ex sitw atomic force microscope images of the Cu,Au (11 surface
after applying 2 potential =300mV abways shiowe 2 surface densely
ervered with idands of 2 herght =15 nm and 20mm lateral dimen-
sion (Fig. Jeand d. These islands can ths be directly associazed with
e A eslanedss observed 1n the X-ray diffraction expeament. The Au
idands exhibit a weak, but significant, short-range correlation and a
hnnwmdaxmhﬂmntﬂ!ndudﬂmzlﬂdmmdmum]dh
reminiscent of a Kpmndﬂ dw:nrrr[mnhnn prsess lhmn! icland
frrmatinm.,

i — Fasoivation layer

5 1004

5

g o mi

E 204 gyt BTS <110 A T

£ 1104

3 _,/\-\ A lslands

B 1004 . .

§ Jr— A -

£ a 13::1 1,0, o Cu
" " s
BB kﬂ iﬂ a2 24
Firaton enaegy )
Flgure 4 | In-plane: of the

uitrathin passivation Lyer, and Au lslands. The sali represent mudel
waliulatinns with varying Cu comeentration. Far the diffractian intensity of
the passivatinn layer (enp a dip al the capper K edge i diearby visihle owing
e the contribution af the anamalous dispersion | and ahsorpeion £
warrection faciors in the asomis form factor of Cu, and the model
calculations agree best for a Cu concentration of 40%. The signal from the
Au islands (hatiem ) exhibis no coniribution of copper Lo the diffracted
imtensity.
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T et aocess o the copper congeritration in the ultrathin passiva-
tion layer and in the Au isdands, energy-dependent Bragg diffraction
Daass b presrfoorerad i tlee energy vange of the Cu ahaorption Kedge
(8579 keV), Tn Fig. 4 this anormalous Bragg intersity associated with
e ultrathin passivation loyer and the Au slands is plotted together
with meded calculations. For the ultrathin pessivation layer 2 dip is
abwervd ar the position of the Cuk edge, and from the modd
caleulation & copper comeenteation of 40 & 1006 can be determined,
Tlee anirmalvns diffeaction peaks from te thicker islands exhibit mo
sl diprand thus appear to e almost puse A, in agreerrent with the
b alvift af the mland - plane lartioe constant roasds te bulk
Auvalue, A sl deviation fromm te oot lattios constant of pure Ao
irwdicates that s residuad strain is present and thar srall amounts
aof Cu g still be present in the iskosds formed at potentials abose
M) iYL

This cermbined structural and dhemical i s analysis of the
grovwtly aof ultrathin peassivation lapers allews us to anderstand the
wnitial eectochermical coreosion of dlogs on 2 microsoopic lewl. A
potentizls up o 300mY, the nital Cu disolution kads 10 an
ulteathin, single-orystalline fee, Au-Cu alloy layer, shich aos as o
nanosized profecton layer against further dealloving. At potentials
abwrve 300 mV, almeest pure A sdands start 1o grow, 2l the expenie of
the inttz] Au-Ca alloy layer, maintaining the ongimal, imverted CHa
slacking sequence of the Au-Cu layer.

Sample prepasation, The Oy
2 of the crpsial groveth Faciny of the Mas-Planck
rom'mlL: IMPL-MFL Adter mechanical polishing, the sumple surface was
treated by several 5 r-annealiog cyclas under ultrahigh v
and the sueface ceanlizess and the L1y superstructure oedering
Aniger docman spectrasony and bwenergy dearni dilfeaction. Ta obtain a
wel-osdesad suparsiructure, the sample was kept ar a mperature 30K below
the oad e isonder phase pransaion tenseraree of Ciiyhn for rppacally 12, The
hagh qqaaliny of the susface supersincure was conlirmed by suaface Xoray

I crystal was grow i

s, this preparaion was epeaisd foe cach sxgpenms
and il s

the devires:hemical sl for the i sin H-eay invesiggation,
Hectroche mical cell lar ifi-sits X-say diffraction. Boedes the Cu e workiesg
dectendr, the el i squipped with 2 Pt comnter dlectrnde and 3 Aglagt]
2 refinnes ) e, T i sambac weith a6 thick Myhr fol, allowieg.
and axm of the X-ray heam' Faor the measuramimts of diffracted
menzitees the Myl foil was sightly presed on the sample surface by apphing.
oan 1o the electralyte in the cell. is wary thee absargeion of
X-ray imewsity can be pinimized, despive a grazieg incidence angle of kess than
1%, while beaviing & macrossetre-thick layer of electrolye abow srface and
thus kecping the surface immersed and under potential conieol, Befors changing.
the clecurode potennal, the decolyie presure was ancresal, providieg o
severalmillimenre: thick soluckon liyer abose e sample surface.

irderd allog b the cubse e ike LIy sonicrure
(g = 375 pam are expressed an balk seciprocal lacne
m-mdu_rrstu’l;b:(nﬁ. ulbsirate. Lhcsutfmcx ol s
were carsied oot i o sl 2o I diflracienssien squipped with e
detetans ar | e 1002 & the ?u.mprnl Syncheoteon Radeilos Fi
CEARF s and the beamline B ha Hambrurgar Syechmtronsod

SY LT i

i hawactenzatios, th

e

enira

angle For total exto
msities seves abtzined Froes rocking scans armand the sampls swsce normal,
o subtractios and apy o mapdard correction factors, The
egraied intensnies was performed us hve software package
abovas diffraction experiments we make wse of the fact that the
despersion comestion | io the atomic fonm cior Fgees negative dose o an X-ry
aborprion edge, which can sige by reduice tye ral part off £ Rel £ = foy +
{7, The measarements were correcied for the enengy dependence of the opical
crans s finctini of the saimple snd for the encigy-dependent absaritosal
the Mylar fodl and the dearolye.
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LETTERS

Winter forest soil respiration controlled by climate
and microbial community composition

Russell K. Monson '™, David L. Lipson®
Mark W, Williams® & Steven K. Schrmidt'

Maost terrestrial carban sequestration at mid-latitudes in the
Northern Hemisphere ocaws in seasanal, mantane forest eco-
systemns’. Winter respiratory carbon diovide bosses from these
ecasystems are high, and over half of the carbon nmlm.illll:d hr
thesis in the summer can be bost the followi

The ameunt of winter carban dioxide loss is potenti
tible to ch in the th of the snowpack;
E has less inmlnli?lmunl:iﬂ cansing colder soil tem-
perTatures nm{ pntentu"‘y luu.zr soil lupm:lhun rates. Recent
climate A declines in the winter
Al ofnwurlwn n'nslnﬂuwemn USA and
MWplzd in pr:gzafmmum ancmalies*™, Tm
stuady the effect of changes. in snow cover on soil carban cpcling
withim the context of natural climate variation We nse @ six-year
record af net ecosystem carbon dicxide exchange in a subalpine
fawest to show that years with a redoced winter snowpack are
accompanied by significantly lower rates of soil respiration,
Furthermare, we show that the cause of the high sensitivity of
soil respiration rate to changes in snow depth s a anigue soil
miicrabial community that exhibits exponential growth and high
rates af substrate utilization at the cold temperatures that exist
heneath the snavw, Our ohservations suggest that a warmer dimate
mivay chamge soil carbon sequestration rates in forest eoosystens
wrwing to changes in the depth of the insulating snow cover.

The revent global prodiferation of tower-measurement networds
has made it possible to analyse detzils of the coupling bebween
climate dymarses and the carbin () opele’. Mest past studies lave
fraoused on evosyster-atmospliere C0, exchange during the growe-
g s becanse the nstantameons o vates are soomoch ligher
tham during colder periods, [n seasonal forests, owever, small but
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Figure 1| Besposses of HEE to air and soil temperature as inflsesced by
SWE for the indicated years. a. The response of » o wverage daily alr
TemperLurE. b, The respanse of NEE wﬂ\.lri#d.l.h sl LEmpEratire
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anmtinumes rates of eooeystem respiration during the winter can, in
ST Calses, rrrm|1k'|u|vd|'h‘ﬂnlm' ammual rates ot O sequestrati 4
Studies using artificial snow remoal have demonstrated a critical
vole for thermal insulation in determining winter hiogenchemical
cycling ", Tn this study, we aimed &0 mowe nel experimental
m:|m|1||]1'|m of snoaw amer, which can cause artificial Eneatment
and examine the factors that contml winter soil C cpeding

within the aontest of natural climate variation.

W used the eddy covarianae approach between | November 1598
and 31 Oetober 2004 tn continuously measure net ecrevstern OO0,
exchange (MEE) at the Niwot Ridpe Ameriflux site in the
Mountains. Interanrual variation in late-vwinder {1 March-15 April)
cumulative NEE was not correlated with variation in mean air
ternperature (<2 (005, Fig, lal, but was comrelated with variation
i rmeean soil temperature [Fig, Thi whicly, in tum, was correated with
variatiom in the 1 April snevewater equivalent (SWE), & messure of
e curmulative winter sno pack (Fig. 1), The rdationship between
wrwsan soil termperature and SWE is best explained by 2 seoond-order
polynomial, reflecting an asympeote at high snow deptls 2 soil
ternperature approadied its natural limit of 0°C, The mean | April
SWE for the period 1982-2004 at the Niwot Hidge site is
36,7+ 35cm, which falls just ahee the threshold of 31.4.0m,
bedonw which deareases in SWE affect late-winter NEE; nine of the
past 23 vears | 390 have been claracterizad by | April SWE values.
that Fall bekonw this tlareshold.

Wi developed a first-order exponential coefficient { 81 to describe
e temperature sensativity of respiration (andogous to the 0,
coefficient used in bicchernical studies). The interanmual terapera-
tare dependency discribed by B was 66 when determined acress all
six years (Fig. 1b), The interanmual range in late-winter NEE

w'll.tlnml-lp hetween SWE (an | Aprils and average daily soil ensperature
=’ + b b oo = e b= 0039, 0= —6.300, BT = 0uag,
P= 029 Ervor bars are mean = s ardare for | March o 15 April
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