
diameters with the mass spectra. Another 
important question raised by these results is 
that of the degree of sphericity of the various 
giant fullererks, which requires further in- 
vestigation. 
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Surface Charge-Induced Ordering of the 
Au(ll1) Surface 

Synchrotron surface x-ray scattering (SXS) studies have been carried out at the 
Au(lll)/electrolyte interface to  determine the influence of surface charge on the 
microscopic arrangement of gold surface atoms. At the electrochemical interface, the 
surface charge density can be continuously varied by controlling the applied potential. 
The top layer of gold atoms undergoes a reversible phase transition between the 
(1 x 1) bulk termination and a (23 x G) reconstructed phase on changing the 
electrode potential. In  order to differentiate the respective roles of surface charge and 
adsorbates, studies were carried out in 0.1 M NaF, NaCl, and NaBr solutions. The 
phase transition occurs at an induced surface charge density of 0.07 & 0.02 electron 
per atom in all three solutions. 

T HE UTILIZATION OF SXS, SCAN- 

ning tunneling microscopy (STM), 
and atomic force microscopy tech- 

niques during the past decade has greatly 
enhanced our understanding of surfaces in 
vacuum. These same techniques are also 
being used to study electrode surfaces on an 
atomic scale with an increasing level of 
sophistication (1-5). We report the princi- 
pal results of a comprehensive SXS study of 
the Au( l l1)  electrode surface in aqueous 
electrolytes. In an SXS measurement the 
diffracted intensity distribution couples di- 
rectly to the periodicity of the top several 
layers of metal atoms so that the phase 
behavior versus the applied potential can be 
measured directly with a high degree of 
accuracy. The phase behavior of the 
Au( l l1)  electrode versus the induced sur- 
face charge exhibits universal behavior, in- 
dependent of the solution species. These 
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findings may have general applicability to 
vacuum and electrochemical surfaces. 

The vacuum atomic arrangement of Au 
atoms at the Au( l l1)  surface has been ob- 
tained from STM measurements (6, 7) and 
from a variety of diffraction techniques in- 
cluding low-energy electron diffraction 
(LEED) (8, 9), transmission electron dif- 
fraction (lo), H e  scattering (II) ,  and SXS 
(12, 13). The observed diffraction peaks have 
been interpreted as indicating a rectangu- 
lar (23 x *) unit cell corresponding to a 
uniaxial compression (4.4%) along the 
< 1,0,0> direction (hexagonal coordinates) 
(Fig. 1A). Recent SXS (12) and STM stud- 
ies (6 ) ,  in vacuum, have revealed that the 
direction of the uniaxial compression rotates 
by ?60° to form a regular array of kink 
dislocations. 

The possibility that Au surfaces might 
reconstruct under electrochemical condi- 
tions was postulated on the basis of the 
hysteresis & capacity-potential curves (14, 
15). Ex situ LEED studies have shown that 
the Au( l l1)  surface, after emersion from an 
electrochemical cell, forms a (23 x fl) 
phase in the negative potential regime (16). 
Recently, second-harmonic generation 

(SHG) measurements (1 7, 18) have demon- 
strated that the phase transition between the 
(23 x fl) phase and the (1  x 1) phase can 
be monitored in situ by the additional sym- 
metry pattern in the SHG intensity associ- 
ated with the uniaxial compressed phase. 
However, it is difficult to extract detailed 
structural information from ex situ and 
SHG studies. Concurrent with the present 
SXS study, in situ STM studies (19, 20) in 
HClO, solutions have confirmed the exis- 
tence of the (p x *) reconstruction within 
the negative potential regime. The precision 
in this SXS study of the Au(111) electrode is 
beyond the capBbilities of any of the previ- 
ous probes. The experimental approach is 
described in (4, 21, 22). The applied poten- 
tial is referenced to an Ag/AgC1(3 M KCl) 
electrode. 

In a surface diffraction measurement, the 
(p x fl) reconstruction gives rise to addi- 
tional in-plane reflections beyond the under- 
lying (1  x 1) reflections. As demonstrated 
(9), the reconstruction reflections are ar- 
ranged in a hexagonal pattern surrounding 
the integer (H, IC) positions (Fig. 1B). In 
Fig. lC,  equal intensity contour lines are 
shown in the vicinity of the (0, l)  reflection 
for a 0.01 M NaCl solution at -0.3 V. Four 
reflections surrounding the (0, l)  reflection 
are arranged in a hexagonal pattern, where 6 
is the length of a hexagonal side (dimension- 
less units). This pattern is consistent with 
a (23 x *) unit cell without the additional 
features expected for a regular array of dis- 
commensuration kinks (12). At the most 
positive applied potentials, the reconstruc- 
tion peaks coalesce at the integer positions. 

We investigated the potential dependence 
of the diffraction pattern by measuring the 
scattering profile through the (0, l)  reflec- 
tion along the <1,1> direction (Fig. 1C). 
Along this axis (defined as q,) the scattering 
wave vector is given by (q,/fl, 1 + qJfl). 
In Fig. 2A, the measured scattering intensity 
is shown at a series of decreasing potentials 
between 0.1 and -0.8 V in a 0.01 M NaCl 
solution. At potentials of 0.10 V and above, 
the scattering is centered at q ,  = 0, which 
indicates that the surface is not reconstruct- 
ed. As the potential is reduced below 0.05 
V, a second peak emerges, corresponding to 
the reconstructed phase (see Fig. 1C). Con- 
comitantly, the (0, l)  reflection decreases in 
intensity. The peak position of the re- 
construction, @/*, 1 + 6/f l ) ,  moves 
outward (increased compression), and the 
peak sharpens (increased order) as the po- 
tential is decreased. 

In order to extract the stripe separation p, 
the scattering profiles have been described as 
the sum of two Lorentzians (21) (centered 
at zero and 6). Fits to the Lorentzian form 
(solid lines in Fig. 2A) describe most of the 
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essential features of the profiles. The depen- 
dence of the fitted stripe separation, p = 
fl/(26), is shown in Fig. 2B. Although the 
transition is reversible, the measured p de- 
pends on the sweep direction as indicated in 
the figure. After the initial signs of the 
surface reconstruction at 0.05 V, which 
correspond to the emergence of the modu- 
lation peak, there is a continued compres- 
sion as the potential is decreased, as shown 
by the inverted triangles in Fig. 2B. The 
maximum observed compression corre- 
sponds top  = 23 (6 = 0.038). This result is 
identical to that of the vacuum studies. This 
observation suggests that under both elec- 
trochemical and vacuum conditions the 
Au( l l1 )  surface has the same underlying 
surface motif. As the potential is increased 
above -0.1 V, p increases and reaches a 

Fig. 1. (A) In-plane hexagonal structure of the 
Au(l l1)  surface. The solid (open) circles corre- 
spond to atoms in the second (first) layer. Surface 
atoms in the left and right sides of the figure are in 
undistorted hexagonal sites (ABC stacking se- 
quence), whereas in the center of the figure the 
atoms are in faulted sites (ABA stacking sequence) 
(11, 12). For 24 surface atoms in place of 23 
underlying surface atoms along the <11> direc- 
tion, the compression is 24/23 -1 = 4.4% and 6 
= ( m ) / 2 3  = 0.038. ( 5 )  In-plane diffraction 
pattern from the Au(l l1)  surface. Solid circles 
represent diffraction from the underlying hexago- 
nal lattice. Open symbols originate from the (23 
x reconstructed ~ h a s e  with three rotational 

value of 25 at 0.15 V. Above 0.20 V the 
striped phase is no longer stable. 

We observe a significant increase in the 
correlation lengthdecrease in the width of 
the peak at 6:and a small decrease in p by 
cyclkg the potential within the reconstruct- 
ed potential regime. We refer to the surface 
state where the maximum compression and 
correlation length are achieved as the 
groomed surface. Specular reflectivity mea- 
surements (22) in these same solutions at the 
Au( l l1)  surface show that this process in- 
volves only a rearrangement of the Au atoms 
within the surface plane. In HCIO,, LiCl, 
CsCI, NaF, NaCl, and NaBr solutions, the 
minimum stripe length, observed after pre- 
paring a groomed surface, is p = 23. There- 
fore, cation and anion species do not affect 
the structure of the reconstructed Au( l l1)  
surface. However, the phase transition po- 
tential depends on the anion species and not 
the cation species (22). Cation species re- 
main nearly fully hydrated at the interface 
and do not specifically adsorb. This is con- 
firmed by capacitance data with Kt and 
Naf salts which are invariant to the cation 
species (23). 

Figure 3B shows the potential depen- 
dence of the scattered intensity at (0.038/ 
fl, 1 + 0 . 0 3 8 4 ,  0.2) in 0.1 M NaF, 
NaCI, and NaBr solutions. The transition 
potential decreases in the order F- > C1- > 
~ r - .  In addition. the hvsteresis between the 
negative and positive sweep directions de- 
creases in the same order. An initial increase 
in the scattered intensity (negative sweep) 
corresponds to the formation of a recon- 
structed phase with p = 27. This feature 
appears at a potential of 0.18 5 0.05 V 
(NaF), 0.02 2 0.04 V (NaCl), and -0.18 
* 0.03 V (NaBr). As p decreases to 23, 
there is a hrther increase in the scattered 
intensity. In the positive sweep direction, 
the intensity at ( 0 . 0 3 8 / 4 ,  1 + 0 . 0 3 8 4 ,  
0.2) starts to decrease when p starts to 
expand. The (1 x 1) phase does not com- 
pletely recover until 0.45 V (NaF), 0.25 V 
(NaCl), and 0.00 V (NaBr). 

Previous interfacial capacitance studies at 
the Au( l l1)  surface in salt solutions (24, 
25) are reproduced in Fig. 3A. The potential 
at the capacitance minimum, in a nonad- 
sorbing electrolyte, is generally accepted as 
the potential of zero charge (PZC), where 
there is no excess charge at the metal surface. 
Fluoride ions do not significantly adsorb at 
an Au electrode because there is only a slight 
shift in the capacitance minimum (at about 
0.37 V) as the concentration increases from 

intensity in NaBr (Fig. 3B) does not start to 
fall until -0.17 V. which indicates that the 
reconstruction is stable after the onset of 
anion adsorption. In contrast, the recon- 
struction starts to lift at 0.1 V in 0.1 M NaF 
where there is no F- adsorption because this 
potential is sufficiently negative of the PZC 
(0.37 V). These findings suggest that the 
reconstruction and lifting transition cannot 
be understood in terms of anion adsorption 
alone. 

The reconstruction and lifting transition 
can be directly related to the induced surface 
charge, u(E), independent of the anion spe- 
cies. The induced surface charge density has 
been obtained by integrating the capacitance 
curve from the potential of zero charge 
(PZC) to E, that is, 

Fig. 2. (A) Representative x-ray scattering profiles 
along the q ,  axis (see Fig. 1C) at L = 0.2 in 0.01 
M NaCl solution at a series of potentials chosen 
from scans between 0.1 and -0.8 V. The solid . , 

equivalent domains (Lircles, squares, and trian- 0.002 0.05 M (25). In 0.1 M solutions. lines are fits to a Lorentzian line shape. The , ,  
!gies). The axis, q,, is definedAto be along the ~ 1 -  and B ~ -  to at -0.1 and effective scan rate is 0.5 mV/s. ( 5 )  The stripe 
<1,1> direction. (C) Equal-intensity scattering separation obtained from fitting the data to a sum 
contours in the vicinity of the (0,l) reflection at L -0.25 V, as indicated by the of two ~ ~ ~ ~ ~ ~ i ~ ~ ,  ~h~ Upside- 
= 0.5 measured in 0.01 M NaCl at -0.3 V versus large change in slope of the capacitance down triangles correspond to positive and nega- 
a saturated Ag/AgCl reference electrode. curve (see Fig. 3A). The scattered x-ray tive potential sweeps, respectively 
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where E is a potential, E' is a dummy 
variable for integration, and C is capaci- 
tance. This relation is correct in weakly 
adsorbing electrolytes and nonadsorbing 
electrolytes, such as 0.1 M NaF (22). For the 
CI- and Br- electrolytes we assume that the 
surface charge at -0.8 V is the same as in 
the 0.1 M NaF solution and integrate from 
this point. 

The relation between surface charge and 
the surface reconstruction is apparent from 
Fig. 4 where the intensity at (0 .03814 ,  1 
+ 0 . 0 3 8 4 ,  0.2), acquired as a function of 
potential, is displayed versus the integrated 
surface charge. At a surface charge density of 
~ 0 . 0 7  elatom (excess electrons), in all solu- 
tions, the reconstructed ( p  x G) phase 
starts to form. This is indicated by the initial 
rise in the scattered intensity in Fig. 4. The 
discrepancy in the scattered intensity above 
0.07 elatom for the different electrolytes is 
due to differences in p and the degree of 
surface order. In part, these differences are 
related to kinetic effects (22). In NaF and 

\ ,  

NaCl electrolytes the reconstruction starts to 
lift (an increased stripe spacing) at a = 

+0.07 elatom. This transition occurs at a = 

----- 0.1 M KBr 
150 

0.4 ...... 0.1 M NaF 

----- 0.1 M NaBr 

E ~ g l ~ g ~ l  ("1 
Fig. 3. (A) Capacitance of the Au(l l1)  electrode 
versus the applied potential. The "0.1 M" NaF 
curve is the mean average of 0.05 M NaF capac- 
itance data from (25) and 0.5 M capacitance data 
from (24). The KC1 and KBr capacitance data are 
from (24). (B) Reconstructed scattering inten- 
sity at (0.038/*, 1 + 0.038*, 0.2), normal- 
ized to the groomed state versus applied potential 
in three 0.1 M electrolyte solutions. (C) Surface 
charge, u(E) ,  of the Au(l l1)  electrode versus the 
applied potential in 0.1 M electrolyte solutions 
calculated from the capacitance. The 'WaC1" and 
"NaBr" surface charges have been calculated from 
the KC1 and KBr data shown in (A). This proce- 
dure is vahd because these cation species do not 

o (elatom) 

Fig. 4. Scattering intensity at (0.038/*, 1 + 
0.038fl, 0.2) versus the induced surface charge 
derived from data presented in Fig. 3. 

+0.05 elatom in NaBr solutions. In all 
electrolytes the reconstruction is almost 
completely lifted by zero surface charge. The 
appearance of the reconstructed surface at a 
common value of a in all three 0.1 M 
electrolytes suggests a simple phase transi- 
tion mechanism based on the excess surface 
charge. 

The idea that excess surface charge might 
induce surface atoms to form a structure 
different from that of the underlying bulk 
layers, that is, a reconstructed surface, has 
been discussed in calculations by Fu and H o  
using a local-density-functional (LDF) 
model (26). For Ag(110) they predict that , , - , , A  

the missing-row structure, absent at the 
clean metal surface, is induced by alkali 
adsorbates with an induced surface charge of 
-0.05 elatom. Within the context of the 
LDF model, adsorbates in vacuum mimic an 
applied electric field. At a metal-electrolyte 
interface, electric fields as high as lo7 V/cm 
are accessible and the induced surface charge 
can exceed 0.2 elatom. 

In vacuum where there is no excess sur- 
face charge, all three low-index faces of Au 
form reconstructed surfaces with a higher 
packing density than the corresponding (1  
x 1) surface (13, 27). It is believed that the 
accumulation of delocalized sp electrons in 
the valleys between surface atoms (28) in- 
creases the in-plane sp bonding, which fa- 
vors the more densely packed reconstructed 
state. Therefore, at a negatively charged Au 
electrode (positive a) the reconstruction is 
favored because the excess electrons are ac- 
cumulated in the valleys (29). A positive 
surface charge leads to a weakened in-plane 
sp bonding, hence the reconstruction is lift- 
ed. As such, anion adsorption is indirectly 
responsible for the lifting through the in- 
duced positive surface charge. 

The results of our investigation of the 
phase behavior of the Au( l l1)  electrode 
surface in 0.1 M NaF, NaCI, and NaBr 
solutions with in situ x-ray scattering tech- 
niques support a phase transition between a 
reconstructed and ideally terminated surface 
at a charge density of 0.07 + 0.02 elatom. It 

surface (uncharged) exhibits a (23 x 4) 
pattern, whereas at the solution interface a 
(1  x 1) state is observed at the PZC. 
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