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【緒言】 電気化学反応中の固／液界面の構造を知ることは、基礎・応用両面にとっ

て重要である。広く一般に利用されている走査型プローブ顕微鏡（Scanning Probe 

Microscopy; SPM）に比べ、放射光利用表面Ｘ線散乱（Surface X-ray Scattering; SXS）

法は、高い空間分解能を有しているだけでなく、SPMが最表面の原子／分子配列しか

分からないのに対し、二次元構造が分かる表面Ｘ線

回折（Surface X-ray Diffraction; SXRD）法と深さ方向

の構造情報が分かる CTR（Crystal Truncation Rod）

法とを組み合わせることで界面の三次元構造を知る

ことができるという特徴をもつ。ここでは、SXS法

により、Au(111)単結晶電極上に UPD した Ag、Pd

層の構造をその場追跡した結果[1,2]及び Au(111)表

面上に形成した表面酸化膜の構造をその場追跡した

結果[3]について紹介する。なお、本稿ではすべて逆

格子空間表示した。 

【UPD Pd/Au(111)】 

 図１に Au(111)電極上に Pd を UPD させたときの

(a) (00)ロッドおよび(b) (01)ロッドを示す[1]。(00)ロ
ッドより、Pd層はほぼ 1 MLであり、Au(111)-(1×1)

表面の三点ホローサイトに吸着していることが分か

った。Au(111)-(1×1)表面には３つ下の層の真上とな

る ccpサイトと２つ下の層の真上となるhcpサイトと

の二種類の三点ホローサイトがあるが、(01)ロッドよ

り ccpサイトに吸着していることが示された。よって、

下地の Auと電析した Pdとでは格子のミスマッチが

5 %以上もあるにもかかわらず、UPD 層では

"pseudomorphic"に吸着していることが分かった。 

【UPD Ag/Au(111)】 それまで Au(111)上に UPDした Agの表面二次元構造について

の SPMによる研究例は数多くあったが、何層の Agが UPDされるか、また基板原子

配列と UPD Agの原子配列の関係については分からなかった。そこで、UPDする際の

鋭い還元電流ピーク後の電位（50 mVおよび 10 mV vs. Ag/Ag+）において SXS測定を

行った[2]。その結果、50 mVでまず完全な 1 MLの UPD Ag層が、さらに電位を負に

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
図１ UPD Pd/Au(111)の(a) (00)
ロッドと(b) (01)ロッド．(a) 黒
丸はデータ点、実線はフィッテ

ィング曲線、点線は理想的な

Au(111)表面の計算結果．(b) 黒
丸はデータ点、実線、点線、一

点鎖線は、それぞれ Pd が ccp
サイト、hcp サイト、atop サイ
トに吸着したときの計算結果． 
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mined by the cathodic charge that flowed during
a cycle of potential scan. In this paper, one mono-
layer (ML) is defined as 1.39×1015 cm−2 for the
Au(111) surface. The solution between the
electrode and the Mylar film was thicker than
5 mm during the deposition. After the deposition
of Pd, the window was deflated so that an about
30 mm thick electrolyte layer remained on the
sample surface.

The SXD experiments were performed with the
vertical-axis four-circle diffractometer installed on
beamline 4C at the Photon Factory, Tsukuba,
Japan. The X-rays were monochromatized by the
Si(111) double crystal system and focused by a
Pt-coated cylindrical bent mirror. The incident slit
was set to 0.1 mm (vertical )×0.5 mm (horizontal ).
The angular acceptance of the receiving slit was
3 mrad for the 2h direction and 30 mrad for the x
direction. A wavelength of 1.283 Å was selected to
avoid the fluorescence from the Au substrate. All
the measurements were carried out in such a mode
that the incoming and outgoing angles with respect
to the sample surface were equal. At each measur-
ing point, the rocking scan of the v axis was
performed for background subtraction and for the
integration over the mosaic spread of the sample.

3. Results
Fig. 1. The specular (a) and the non-specular (b) rod profiles

Fig. 1 shows the (a) specular and (b) non- for 1 ML Pd/Au(111). The solid lines are the best fit curves
based on a pseudomorphic growth model. The dotted line inspecular rod profiles for the Au(111) electrode
the specular rod profile represents the profile for the ideallyonto which 1 ML Pd was deposited. For conve-
terminated Au(111) surface. The dashed and dot–dashed linesnience, a measuring point in the reciprocal space
in the non-specular rod profile were calculated for the Pd

Q is described in terms of the Miller indices adsorption to the hcp threefold hollow site and the atop site,
(H, K, L) with the reciprocal basis a1=(2p/a

0
) respectively, with the same surface normal structure as the best

fit model.(23 , 23 ,−43)cubic , b1=(2p/a0) (−23 , 43 ,−23)cubic , c1=
(2p/a0) (13 , 13 , 13)cubic ], which corresponds to the hex-
agonal unit cell defined by a=a

0
(12 , 0,−12)cubic , dips can be explained qualitatively by the forma-

tion of a uniform Pd layer on the Au(111) sub-b=a
0
(−12 , 12 , 0)cubic , c=a0(1, 1, 1)cubic. strate. The scattering amplitude from the substrateAn important feature in the specular rod profile

is given by 12 fAu exactly at the middle of the twois the remarkable dips that are observed between
Bragg points. When the topmost Au layer istwo adjacent bulk Bragg peaks. Compared with
replaced by a Pd monolayer, the scattering ampli-the profile calculated for the ideally terminated
tude becomes 12 fAu−fAu+fPd=−12 fAu+fPd .Au(111) surface, which is represented by a dotted

line in Fig. 1, the reflected intensity decreases by a Considering that the atomic form factor is approxi-
mately equal to the atomic number and that thefactor of 10−2 around l=1.5 and l=4.5. These



した 10 mVでは完全な 2 MLの UPD Ag層が形成していることが分かった。また、(01)

ロッド測定により、下地 Agと電析させた Agとでは格子のミスマッチが 4 %あるこ

の系においても UPD層は 1 ML、2 MLとも pseudomorphicであることが分かった。 

【酸化還元サイクルにおける Au(111)表面】 

Au(111)電極の硫酸中の酸化還元サイクルについ
てはたくさんの報告例があり、特に(√3×23)再配列

構造／(1×1)構造の電位依存性や吸着した硫酸イオ

ンの配列構造など、SPMや SXSによって詳細に調

べられている。ここでは、応用的にも重要な表面

酸化物形成／還元除去過程の電位領域で SXSその

場構造追跡した結果（図２）について述べる[3]。0 
V（vs. Ag/AgCl）及び 0.90 Vにおいて(√3×23)再配

列構造及び硫酸イオンの配列構造を確認した後、

酸化電流が流れ始める 1.05 V、鋭い酸化電流ピー

クより正電位側の 1.40 V、還元後の 0.65 V、及び 0 

Vに戻した時の構造をその場追跡した。1.05 Vで

は酸素種が atopサイトに 1.00 ML吸着しており、

1.40 Vになると酸化二層膜を形成していること、
及び酸化膜中のAu原子の数は 0 V時に(√3×23)再配

列構造を形成とっているときの最表面 Au原子の数

と一致していることが分かった。また表面酸化膜が

還元された 0.65 Vでは Au(111)-(1×1)表面に吸着した硫酸イオンの配列構造が確認さ

れ、さらに 0 Vでは多少電位サイクル前よりも表面の凹凸が増えたものの(√3×23)再配

列構造を形成していることが分かった。 
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図２ 50 mM H2SO4中 Au(111)電極
の各電位における表面構造．(A) 0 
V（vs. Ag/AgCl）、(B) 0.90 V、(C) 1.05 
V、(D) 1.40 V、(E) 0.65 V、(F) 0 V． 

of Au and the third layer of the oxygen species was negative
(Table 1), indicating that the gold surface was expanded. This
result indicated that the adsorbed sulfate anion at +0.95 V was
desorbed and oxygen species were adsorbed onto the Au(111)-
(1 × 1) surface. The height of the oxygen species layer
calculated from the present data was ca. 2.3 Å. This value was
slightly different from the value (1.5 Å) obtained by STM18

but closely matched the calculated value (2.14 Å) when the
oxygen atom was adsorbed at the atop site of the Au substrate.
Because STM data did not show the real geometric height but

contained electronic information, the geometric height obtained
by SXS measurements should be more accurate. Although there
have been many discussions on the nature of the adsorbed
oxygen species (i.e., O, OH, OH-, water molecules, H3O+, etc.)
in this potential region,8-12,26,56 one cannot distinguish these
species based on the results of SXS measurements because X-ray
is not scattered by hydrogen atoms, but it can be concluded
that oxygen species were adsorbed at the atop site of the
underlying Au(111)-(1 × 1) surface.55

D. At +1.40 V. The X-ray scattering intensity gradually
changed with time, indicating that the surface reaction (i.e.,
oxide formation reaction) took place even in the thin electrolyte
configuration, although only a very small current flowed.
Because it requires a very long time (10-12 h) to obtain one
reflectivity curve, the SXS measurement was carried out not at
+1.40 V but at+1.10 V. The positive-going potential scan was
reversed at +1.40 V and was scanned negatively with a scan
rate of 20 mV s-1. As soon as the potential became +1.10 V,
the potential scan was stopped, the electrode surface was pushed
to the Mylar window, and the reflectivity measurement was
started. Data obtained at this potential was considered to be the
one at +1.40 V because neither anodic nor cathodic current
was observed in the negative-going potential scan between
+1.40 V and+1.10 V and because the X-ray scattering intensity
did not change at this potential.
Figure 2D shows the reflectivity profiles measured at

+1.10 V. Best-fit data showed that the Au(111)-(1 × 1)
substrate was covered with the first, the second, and the third
layers composed of 0.73 ML of gold, 0.31 ML of gold, and
1.00 ML of oxygen species,55 respectively. The results indicating
that the coverage of gold atoms in the first and the second layers
was less than 1 ML showed that gold atoms coexisted with
oxygen atoms, indicating that gold oxide was formed, although
we cannot determine the fraction of oxygen atoms in these oxide
layers. The schematic illustration of the interfacial structure is
shown in Figure 3D. As a result of the penetration of oxygen
atoms into the gold surface layers, the distances between the
outermost layer of the gold substrate and the first layers and
between the first and the second layers were 2.90 and 2.50 Å,
respectively, and were larger than the value (2.36 Å) of the bulk
Au(111).
The above result supports the model proposed by Conway et

al. based on the results of conventional electrochemical mea-
surements that the two-atom thick oxide layer was formed as a
result of a turnover reaction.7,8 The total number of gold atoms
in these oxide layers was equivalent to 1.04 ML, which was

TABLE 1: Structural Parameters Obtained from the Analyses of the Specular Rod Profiles at Au(111) Electrode/electrolyte
Interface at Various Potential Regions as a Three-layers Model on Au(111)a

0 V (before
potential cycle) +0.95 V +1.05 V +1.40 V +0.65 V

0 V (after
potential cycle)

fm1 fAu fO fAu fAu fO fAu
fm2 fAu fS fAu fAu fS fAu
fm3 fO fO fO fO fO fO

distance, zms1/Å 2.36 ( 0.01 2.37 ( 0.02 2.36 ( 0.02 2.99 ( 0.03 2.36 ( 0.03 2.43 ( 0.03
distance, zm12/Å 2.43 ( 0.01 1.08 ( 0.03 2.36 ( 0.01 2.50 ( 0.05 1.07 ( 0.04 2.90 ( 0.02
distance, zm23/Å 2.31 ( 0.02 1.86 ( 0.03 -0.08 ( 0.01 1.55 ( 0.04 1.86 ( 0.03 0.43 ( 0.03

coverage, Fm1/ML 1.00 ( 0.01 0.88 ( 0.02 1.00 ( 0.02 0.73 ( 0.02 0.87 ( 0.02 1.00 ( 0.02
coverage, Fm2/ML 1.04 ( 0.01 0.22 ( 0.02 0.04 ( 0.01 0.31 ( 0.01 0.22 ( 0.02 1.06 ( 0.03
coverage, Fm3/ML 0.74 ( 0.02 0.24 ( 0.01 1.00 ( 0.01 1.00 ( 0.01 0.24 ( 0.02 0.99 ( 0.02

RMS, σm1/Å 0.09 ( 0.01 0.26 ( 0.02 0.09 ( 0.01 0.63 ( 0.03 0.14 ( 0.02 0.09 ( 0.04
RMS, σm2/Å 0.13 ( 0.01 0.50 ( 0.03 0.13 ( 0.03 0.67 ( 0.04 0.13 ( 0.02 0.73 ( 0.03
RMS, σm3/Å 0.37 ( 0.02 0.36 ( 0.03 0.99 ( 0.05 1.11 ( 0.03 0.43 ( 0.03 0.39 ( 0.03

a The atomic form factors, fAu, fO, and fS are of Au, O, and S, respectively. The term fm means the atomic form factor of specie of m. The
subscripts of m1, m2, and m3 represent first layer, second layer, and third layer, respectively. Distances of zms1, zm12, and zm23 represent atomic
layer distances between the outermost substrate and first layers, between first and second layers, and between second and third layers, respectively.

Figure 3. The schematic illustrations of the Au(111) electrode/H2SO4
solution interface at various potentials. Hydrogen atoms are not shown
because their positions cannot be determined by SXS measurements.55
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