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Electrochemical deposition of copper onto Rtl11) in the presence of(bi)sulfate anions
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Usingin situ x-ray diffraction we have studied the underpotential deposititfD) of copper onto a P111)
electrode in sulfuric acid. Deposition occurs in a two-stage process; close to a full monolayer of Cu being
preceded by a 3% /3)R30° structure that consists of both Cu aff)sulfate anions and is similar to the
structure observed on the All1) electrode. Utilizing anomalous scattering methods we can accurately deter-
mine the Cu coverage during UPD and propose structural models based on crystal truncation rod measure-
ments.[S0163-182(07)01332-5

Modifying the atomic structure at the electrode-electrolyte The experimental procedures and methods have been de-
interface by the underpotential depositi@#PD) of a mono-  scribed in detail in our previous publicatioh3.In this ex-
layer of another metal can have important consequences f@eriment the electrolyte consisted of M Cu in 0.2V
the catalytic reactions and charge-transfer processes that takeSO,. All potentials are quoted versus a saturated calomel
place at the interfacein situ probes, such as x-ray-based electrode. The x-ray measurements were made on beamline
techniques and scanning tunneling microscgpffM) are  7-2 at the Stanford Synchrotron Radiation Laboratory using
well suited to the study of the electrode-electrolyte interfacdocused monochromatic x-ray radiation. Th¢1Rt) surface
during the UPD process as is evident by the numerous recef indexed to the hexagonal unit cell where the surface nor-
publicationst Due, in part, to these studies it has been realMal is along the0,0})pex direction, 1,0,0)hexand (0K,0)nex
ized that the presence of other adsorbing species in solutidif In the plane of the surface and subtend 60° and the units
can alter the UPD process. For example, we have shown thi®f . k, and | are a*=b* =4m/\3ap, and c*
the presence of halide anions splits the Cu UPD ontblR} =2/ /6ap;.

into a two-stage process whereby formation of a full Cu Figure 1 shows the Cu adsorption isotherm obtained from

monolayer is preceded by an incommensurate Cu-haligélectrochemical measurements utilizing a rotating ring disk
2 : eglectrode(RRDE) technique in our laboratofy.The filled
' glrcles correspond to the Cu coverage obtained by potentio-

interpretation of the measurements which can be insensitiv ratic measurements. in which the amount of Cu deposited
to the chemical nature of the adsorbed species. This has begl ’ P

illustrated by studies of Cu UPD onto AlLLY) in sulfuric ?hnetzgu(jrgt?segg;gz&nf%r%o:ﬁgtgrsrteesrp)):)rﬁri]rgg%ﬁ:ﬁ%deI?n the
acid where a {/3x /3)R30° adlayer was originally assigned

Y constant C&" flux to the ring electrode. This is known as a
to 1/3 of a monolayer of Cu atom$ut more recently Was  ghie|ding experimentsee Ref. 6 for more detajland en-

shown to consist of 2/3 of a monolayer of Cu and 1/3 of agp|es separation of the charge corresponding to copper depo-
monolayer of(bi)sulfate anionsS.Such inconsistencies also gjtion from the total chargdincluding the charge due to
highlight the problems of accurately determining surfacecoadsorption of anions and charging of the double layer
coverages in an electrochemical environment. which would be obtained by integrating the voltammetric
In this report, we present x-ray-scattering measurementsurve. For reference purposes the lower curve in Fig. 1
during the UPD of Cu onto FI1l) in the presence of shows the cathodic sweep of the cyclic voltammog(a@w)
(bi)sulfate anions. By monitoring the scattered intensity atmeasured on the disk electrode. The presenadigdulfiate
particular reciprocal-lattice points as the electrode potentiahnions in solution causes a splitting of the voltammetric Cu
is changed, it is apparent that the UPD process is a two-stagieposition peak. This result is in agreement with previous
process, completion of a Cu monolayer being proceeded by studies which, depending on the solution concentrations and
(v3%3)R30° structure. Although the scattering from the sweep rates can show single peaks or double peaks in both
superlattice structure is too weak to perform a full structuralsweep directions.
analysis, we attempt to deduce the structure by measurement The CV measured in the x-ray cell was very similar to the
of the specular x-ray reflectivity. The sensitivity of this mea- one shown in Fig. 1 and this indicates that the x-ray system
surement to the Cu adatoms is enhanced by the use e@fas free of detectable contaminants. Structural changes at
anomalous scattering methods in which the incident x-raythe Pt electrode surface during Cu deposition can be ob-
energy is tuned close to the Gl adsorption edge. The re- served by measuring the scattered intensity at particular
sults indicate that the UPD of Cu in the presencélofsul-  reciprocal-lattice points on the ®f1) crystal truncation
fate is similar on both P111) and Au111) electrodes. rods (CTR’s) as the electrode potential is changed. Such a
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T occurs in a two-stage proceés., there are three different
os| ¥ Pt (111) intensity levely and the sharpness of the peak implies that
: 0.05 M H,SO, the structure formed in the middle potential region is present
5x10° M Cu® over a very narrow potential range. The result§®i,2.5
are less dramatic although the presence of a kink in the data
can be detectethote that in some ways, this result mirrors
the Cu coverage measured by RRDE and shown in Big. 1
Having identified the three structural regions of interest
we held the electrode potential at 0.0(Where nominally a
monolayer of Cu is expected to be adsorheat 0.15 V
(where it was found that no significant decay from the peak
intensity at thg(0,0,3.9 position was observednd at 0.4 V
[where the surface is expected to be coveredtisulfate
aniong and searched for in-plane x-ray scattering which
-4 would be associated with an ordered interface superstructure.
No scattering peaks were observed at 0.0 V which is not
surprising as Cu is expected to be adsorbed intd>al)
E/V pseudomorphic Cu overlayer. No peaks were observed at 0.4

FIG. 1. The lower curve shows the cathodic sweep of the cyclic? €ither, although STM and low-energy electron-diffraction

voltammogram(CV) for a P{111) disk electrode in a RRDE con- Studies have shown thaty8x y3)R30° and (/3x7)
figuration in 0.05 M HSO,+1075 M Cu at a rotation rate of 900 Structures of orderebi)sulfate anions can be formédve
rpm potential sweep rate of 10 mV/s. The closed circles represerresume that if such structures are present then they possess
the Cu coveragéatoms per surface Pt atgrassessed from changes only short-range order and are thus undetectable by x-ray
in the ring current during Cu deposition onto the disk electrode a%catteringg. At 0.15 V we were also unable to detect any
the potential is steppedor each poink from E; (see Ref. & The  jn_plane peaks for small values of the out-of-plane momen-
solid line is a guide to the eye. tum transfers, i.e., at=0.1 where survey scans were per-
formed. At higherl, however, weak peaks which could be
measurement, af0,0,3.9 on the specular CTR and at indexed to a (/3% /3)R30° superlattice diffraction pattern
(0,1,2,, a position on a nonspecular CTR, are shown in Figyere observed. For example, rocking scans througfiige
2. The specular CTR is sensitive to the electron density Prog/3; 2, (1/3, 1/3, 1.5, and (1/3, 4/3, 1.5 positions showed
file at the Pt surface averaged over the surface plane and $oad peaks, with full width at half maximugFWHM) of
the measurement &0,0,3.9 is capable of detecting the po-  g4o 0 49°, and 1.72°, respectively, which gives an ordered
tential regions where different adsorbing structures are "o o i the ranée 30—60'R This correlation length
present. In this case the results clearly indicate that UP%S at the limit of detection by x-ray scattering and the weak
intensities coupled with the narrow stable potential range

0.6 ®=900 rpm
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030 anan.1s H o certainly preclude a detailed structural analysis as was re-
UL A . ) cently performed for the A@11)/Cu/H,SO, system by
0.20} o Toney et al* In the top part of Fig. 2 is shown the x-ray
o.10l scattering intensity atl/3, 4/3, 1.5 as the potential is swept
’ at the same rate as the data in the lower figures. Although the
Z 040 : signal to noise is poor, it can clearly be seen that the scatter-
5 o35 @129 ing from the (/3% y3)R30° structure is only present in the
§ 0.301 same narrow region highlighted by the change®a0, 3.9.
2 025l This was confirmed by measurements of the rocking scan
§ 020l through (1/3, 4/3, 1.5 at discrete potentials over the range
NS : ' 0.0-0.3 V.
©,0.39 To gain more insight into the nature of the Cu UPD struc-
0.25+ ::’ . tures we measured the (d)9,(1,0]), and (0,1) CTR scat-
F el tering at 0.0 and 0.15 V in order to derive structural models.
NI . . . . .
PN J Such results are relatively insensitive to the orientation of
0.20pX- X ~¥ ", . L any adsorbedbi)sulfate moleculegat least within the accu-
00 01 02 03 racy of deriving structural parametgrand so we approxi-

E/V mated the(bi)sulfate anion to be that of a single molecule
FIG. 2. Changes in the x-ray scattering @ 0, 3.9, lower  (i-€., single ion coreconsisting of one sulfur and two oxygen
panel,(0, 1, 2.5, middle panel, andl/3, 4/3, 1.5, top panel, as the atoms £=64). Additional sensitivity to the coverage and
electrode potential is swept at 2 mV/s in 0.25 MS©,+103M  location of the Cu atoms was obtained by performing the
Cu. The solid lines and dashed lines are for the positive-g@ing ~CTR measurements with incident x-ray energies of 8.78 keV
odic) and negative-goingcathodi¢ sweep directions, respectively. (200 eV below the CKK adsorption edgeand 8.94 keV(5
The dotted vertical lines are guides to the eye. eV below the CK adsorption edge In simulating the CTR
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FIG. 4. Schematic illustration of the proposed3(x 3)R30°
structure formed at 0.0 V. The open circles correspond to surface Pt
atoms, the shaded circles to Cu atoms and the black circles to
(bi)sulfate molecule$the orientation of thebi)sulfate molecule is
not determinefl The surface normal spacings which are derived
from the fits to the dat#solid lines in Fig. 3 are indicated.

Intensity (arb. units)

The results in Table | show that at 0.15 V, the Cu cover-
age is 0.60 with an adsorbd8i)sulfate layer of coverage
9.22 on top of the Cu layer. By comparison with the struc-
tural model derived from the\3x /3)R30° Cu-(bi)sulfate

(0, 0, ) (units of c*)

FIG. 3. The measured specular CTR scattering for an inciden

x-ray energy of 8.78 ke\(lower panely and the ratio between a .
similar data set measured at 8.94 k@yper panelsat electrode  Structure on Atl11) we can see that our CTR results are in

potentials of 0.15 \left) and 0.0 V(right). The solid lines are fits 900d agreement with that studyhe structural parameters

to the data to a single structural model and the ratio data set i§€rived in Ref. 4 are also listed in Table | for comparjson

calculated by fixed changes in the Cu atomic form fa¢tee text As the | dependence of our 3% y3)R30° reflections

for detailg. showed a similar trend to the results from the system, i.e.,
too weak to be measured at smiaind strongest dt~1.57

data, the Cu atomic form factor in the scattering equationgve propose that Cu UPD in the presence Iof)éulfate an-
(for detailed scattering equations, see Refs. 5 andsithen  ions proceeds by the same structural pathway on both
replaced by Pt(111) and AU11l). Figure 4 shows a schematic of the
proposed (/3% \3)R30° structure. Ideal coverages for the
structure arefc,=2/3 and bs0,= 1/3. The bond lengths we

obtain for the Cudbi)sulfate bilayer are in good agreement
- e with the Au study where it was proposed that thésulfate
where the values dio(Q) are obtained by polynomial fits to is chemically bonded to the hexagonal Cu layer. As the Cu

the values given in Ref. 12 anfl and f” are calculated : .
according to Ref. 13. At each electrode potential a simultafr’1dat0ms are adsorbed into hollow sitésee below, the

neous fit to the CTR dataEi=8.78 keVj and the ratio data Pt-Cu spacing gives a Pt-Cu bond length of 2.63 A which is

set (R=1451ev! 5.04key) Was performed. The structural pa- slightly smaller than the calculated metallic bof&i67 A).

rameters allowed to vary were the Cu coverage, Pt-Cu sur-l—— he fact that we have approximated tig)sulfate molecule

face normal spacindhi)sulfate coverage and Cibi)sulfate to a smglle ion core leads to the large Debyg—WaIIer rough-
surface normal spacing, along with their respective enhancedt o> which presumably represents the spatial extent of the
Debye-Waller-type roughned$Results of fits to the specu- molecule. .

lar CTR data and ratio data at electrode potentials of 0.0 and At0.0 V our results give a Cu coverage of 0.81 monolay-
0.15 V are shown in Fig. 3 by the solid lines. For the specu—ers. per P.t surface atom with 0.21 monolayerstjsulfate
lar CTR, the scattering is insensitive to the in-plane order oftnions still adsorbed on top of the Cu layer. Due to the

the adsorbed species. The parameters to the fits are listed fierease in Cu coverage, thle sulfate anions are located at
Table I. Use of the anomalous scattering techniques e an increased height above the Cu adlayer presumably as the

hances the accuracy of the Cu coverage determination. "hollow sites in the_hexagqnal Cu adlayer have been filled _by
Cu adatoms. It is interesting that the Cu coverage we derive

by the CTR measurement are in good agreement with those
obtained from the RRDE experiments and it appears, there-
ft e, that it is not possible to complete a full Cu monolayer
on the P111) surface'® Fits to the nonspecular CTR data at
both potentialg0.0 and 0.15 VY, again to both raw data and
ratio data sets, gave occupation of both types of threefold

feu=fo(Q)—f' —if",

TABLE I. Fit parameters to the CTR data. The coveragese
atoms per surface Pt atom. The surface normal spacings are defin
in Fig. 4 (cf dpyy19=2.27 A). Results from Ref. 4 for UPD onto
Au(111) are shown for comparison.

015V (Au resuty 0oV hollow sites, face-centered-cuhifcc) and hexagonal close-
Ocy 0.60+0.04 (0.66 0.81+0.04 packed (hcp), although the fcc sites are favordttc/hcp
dprcy 2.08+0.05 A (2.27 A 2.09+0.05 A =0.51/0.09 at 0.15 V and 0.67/0.16 at 0.0 Yhe data is not
oy 0.09+0.05 A 0.14-0.04 A shown but the quality of the fits was similar to that in Fig. 3.
fso, 0.22+0.05 (0.28 0.21+0.05 In contrast to the A(1ll) system where the Cu adatoms
deu-sq, 1.5+0.1 A (1.49 A 1.8+0.1 A occupied only the fcc sitdst appears that on Pt11) the
Tso, 0.55+0.2 A 055-02 A energy difference between these sites may be smaller. We

cannot rule out the fact that the/8x \3)R30° structure
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may only be formed on the fcc sites, i.e., it is quite possiblemonolayer regime and the/8 x y3)R30° Cu-bi)sulfate bi-
that patches of1x1) Cu and (/3x y3)R30° coexist at 0.15 layer. Our interpretation of the CTR results is aided by the
V. Occupation of both types of threefold hollow site may beuse of anomalous scattering methods which allow accurate
responsible for the weak ordering of the intermediate Cudetermination of the Cu coverage and Pt-Cu surface normal
(bi)sulfate bilayer phase and for the inability to complete thespacings.
Cu monolayer at 0.0 V. It might be possible to complete the . )
Cu monolayer at slightly more negative potential. On We would like to thank Frank Zucca for his expert tech-
Pt(111), however, completion of the monolayer is proceedeoﬂica| support and also the staff and user administration at the
immediately by bulk Cu deposition, i.e., they are separatedtanford Synchrotron Radiation Laboratory for running an
by ~10 mv$ excellent facility. We would especially like to thank Sean
In summary we have shown that Cu UPD in the presenc@8rennan for supplying us with the computer program for
of (bi)sulfate anions follows the same structural pathway orcalculating the dispersion corrections. This work was sup-
both the P@111) and AU111) electrode surfaces. The mecha- ported by the Director, Office of Energy Research, Materials
nism is also similar to that for Cu UPD onto(P11) in the  Sciences DivisiofMSD) of the U.S. Department of Energy
presence of halide anions. Adsorption of Cu into both the fc¢DOE) under Contract No. DE-AC03-76SF00098. Research
and hcp threefold hollow Pt sites prevents the formation ofwas carried out in part at SSRL, which is funded by the
structures with significant long-range order in both the CuDivision of Chemical ScienceCS), U.S. DOE.
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