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D
ramatically enhanced catalytic activ-
ities have been observed for a variety
of noble metals in the form of nano-

particles supported on oxide surfaces.1�4

The formation of metal nanoparticles is gov-
erned by the surface free energy, which is, in
turn, determined by the atomic bonding
across the interface between a particle and
a supporting surface. Detailed structural in-
formation on multiple length scales, includ-
ing the atomic scale, is required to gain
insight into formationmechanisms and their
links to catalytic activity.
A prime example is Pt on SrTiO3 as a

photocatalyst for water splitting.1,2 The
structure and resulting electronic properties
of the Pt/SrTiO3 interface are also of impor-
tance to thin-film technologies such as
those used for dynamic random access
memory devices.5 Therefore, predictions of
the metal/oxide interface structure, in gen-
eral, would impact our understanding of
numerous chemical and physical processes.
Several theoretical investigations have pre-
dicted a complex interface structure at the
atomic level for ultrathin film coverages
from the submonolayer level to several
monolayers.6,7 Experimentally, direct ima-
ging provides a way to look into the details
of the interface structure of supported
nanoparticles.
SrTiO3 (STO) has a room-temperature

(RT) lattice constant (a = 3.905 Å, perov-
skite cubic-P crystal structure) close to that
of Pt (a = 3.924 Å, cubic-F). Cross-sectional
transmission electron microscopy (TEM)
and X-ray diffraction (XRD) studies of var-
ious growth methods for Pt on SrTiO3(001)
have shown that this close lattice match
leads to Pt thin films with strain-relaxed
cube-on-cube epitaxy to the substrate lat-
tice, namely, [001]Pt ) [001]STO and [010]Pt )

[010]STO.
8�10 Therearealso recent studies11�13

of Ptnanoparticlesgrownonsingle-crystal STO
nanocubes, which are important for catalysis

applications due to the enormous gain in sur-
face area.
In addition to electron microscopy, X-ray

imaging techniques with 10�100 nm reso-
lution have been initiated for in situ and/or
real-time investigations of nanoparticles.
Examples are X-ray coherent imaging of
strain in supported nanocrystals,14 nanopar-
ticle imaging using ultrashort X-ray laser
pulses,15,16 and nanoscale structural ima-
ging by resonant X-ray diffraction micro-
scopy.17 To complete the picture down to
the level of interfacial bonding configura-
tions requires element-specific, atomic-
scale imaging of the supported nanoparti-
cles. Herein, we show how this requirement
can be met by X-ray standing wave (XSW)
3D atomic imaging, which has previously
been applied to bulk impurities18 and sur-
face adsorbate atoms.19,20 We use this non-
destructive method to produce atomic-
lattice images of supported nanoparticles
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ABSTRACT The nucleation of noble metal nano-

particles on oxide surfaces can lead to dramatic

enhancements in catalytic activity that are related

to the atomic-scale formation of the nanoparticles

and interfaces. For the case of submonolayer Pt

deposited on the 2�1 SrTiO3(001) surface atomic-

force microscopy shows the formation of nanoparti-

cles. We use X-ray standing wave (XSW) atomic

imaging to show that these nanoparticles are com-

posed of Pt face-centered-cubic nanocrystals with cube-on-cube epitaxy laterally correlated to

the substrate unit cell. The phase sensitivity of the XSW allows for a direct measurement of the

interface offset between the two unit cells along the c-axis. Different Pt coverages lead to

differences in the observed XSW image of the interfacial structure, which is explained by a

proposed model based on the Pt�Pt interaction becoming stronger than the Pt�substrate

interaction as the global coverage is increased from 0.2 to 0.6 ML.
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for the first time. Our case study is for the early (low
coverage) stages of the nucleation and growth of Pt
nanoparticles on the TiO2-terminated surface of
SrTiO3(001).
Single-crystal XSW experiments21�24 use a selected

H = hkl strong Bragg reflection to generate an E-field
intensity pattern with the periodicity of the diffraction
planes (dH). Advancing in Bragg angle through this arc-
second-wide reflection causes the antinodal planes of
the XSW to shift inward by one-half of a d-spacing,
which induces modulations in the characteristic X-ray
fluorescence (XRF) signals from atoms above and
below the substrate single-crystal surface. In simple
terms the phase of this measured modulation is sensi-
tive to the Δd/d positions of the XRF-selected atoms
relative to the diffraction planes, and the modulation
amplitude senses the fraction of atoms at (or distribu-
tion about) this position. More rigorously the modula-
tion measures the model-independent Fourier phase
(PH) and amplitude (fH) for the distribution of XRF-
selected atoms. By Fourier summation we produce
3D maps for the surface-deposited Pt and bulk Ti
atomic distributions that are used to register
(correlate) the Pt lattice relative to the SrTiO3 lattice.
This includes a determination of the interfacial offset
between the Pt and SrTiO3 unit cells along the c-axis
and an estimation of the Pt occupation fractions for
different lattice sites.

RESULTS AND DISCUSSION

Following well-established surface preparation
procedures,25,26 two separate SrTiO3(001) single-crys-
tal substrates were cleaned, etched, and then O2

annealed to obtain atomically flat, TiO2-terminated
surfaces. The substrates were then loaded into an
ultra-high-vacuum (UHV) chamber located at the Ad-
vanced Photon Source 12ID-D station.27 The chamber
(Figure S1 in the Supporting Information) was
equipped with molecular-beam epitaxy (MBE), low-
energy electron diffraction (LEED), Auger electron
spectroscopy, and XSW facilities. After annealing to
950 �C for 30 min, the SrTiO3(001) surfaces revealed a
two-domain 2�1 LEED pattern, as shown in Figure 1a.
Surface XRD- and TEM-based models for the 2�1
reconstructed surface propose an extra TiO2 layer atop
the TiO2-terminated SrTiO3(001) surface.

28�30 Pt was
then deposited from an e-beam evaporator onto the
SrTiO3(001) surface with the substrate at 400 �C. On the
basis of X-ray fluorescence (with Rutherford backscat-
tering calibration), the substrate with a 10 min Pt
deposition time had a Pt coverage of Θ = 0.60 mono-
layers (ML), and for the substrate with 2min deposition
time, Θ = 0.17 ML. (1.00 ML = 6.58 atoms/nm2.) These
as-deposited surfaces retained the sharp 1�1 LEED
spots, but weaker half-order spots, as shown in
Figure 1b. After a series of annealing steps at increasing

temperatures that ended at 910 �C, the 2�1 sharp
LEED pattern was recovered, as shown in Figure 1c.
Previously published atomic-force microscopy (AFM)
studies of similarly grown ML coverage Pt on SrTiO3-
(001) show a surface morphology with nanoparticle
formation.29

Using an incident X-ray energy of 12.50 keV, UHV RT
XSW measurements were made for the as-deposited
surface and after each annealing step for the 0.60 and
0.17 ML Pt/SrTiO3(001) samples. These in situ XSW
measurements were restricted to observing the mod-
ulation in the Pt LR and Ti K XRF yields while scanning
the incident angle through the SrTiO3(002) Bragg peak.
Ex situ, open-air, XSW measurements (Figure 2) were
then made on each sample with a four-circle diffract-
ometer, positioned just upstream of the UHV chamber.
This goniometer allowed the single-crystal substrate to
be rotated to several different selected hkl SrTiO3

Bragg peaks as required for a complete 3D triangula-
tion (or imaging) of the Pt atomic distribution relative
to the substrate lattice. The surfaces were then exam-
ined by AFM, which showed nanoparticles supported
on a surface with flat terraces separated by atomic
steps (see Supporting Information). This morphology is
consistent with similarly prepared Pt/SrTiO3(001)
surfaces.26

Figure 1. Low-energy electron diffraction (LEED) patterns
for (a) the clean SrTiO3(001) surface after the UHV annealing
treatment to obtain the two-domain 2�1 surface recon-
struction, (b) the as-deposited 0.60 ML Pt/SrTiO3 (001) sur-
face, and (c) the 0.60ML Pt/SrTiO3(001) surface after the 910
�C anneal. The electron beam voltage was set at 65 V for
each collected LEED pattern.

Figure 2. Ex situ (002) XSW results show the angular de-
pendence of the experimental data (symbols) and fitted
curves (lines) for reflectivity and fluorescent yields of Pt LR
and bulk Ti KR. The Ti yield is shifted vertically by þ1 for
clarity.
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For the 0.60 ML Pt/SrTiO3(001) sample the ex situ

XSW measured values for the (002) Fourier amplitude,
f002 = 0.39, and phase, P002 = �0.18, agree with the
in situ UHV measured values (see Supporting Infor-
mation). This strongly indicates the stability of this
surface against oxidation and the reliability for attribut-
ing the atomic-scale structural results for the ex situ

surface to the in situ surface. Figure 2 shows the XSW
data and fit for the SrTiO3(002) Bragg peak. The surface
Pt LR and bulk Ti KR XRF yields are both analyzed.
Due to diffuse (incoherent) scattering, the tails of the
experimental reflectivity (rocking) curve are higher
than the theory for a perfect single crystal. Table 1
and Table 2 list the entire ex situ measured set of fH
and PH values of Pt and Ti for the 0.60 ML sample,
respectively. The summation of these two sets of XSW-
measured Fourier components (and their symmetry
equivalents) produce model-independent 3D maps18,31

of the Pt and Ti atomic distributions,

F(r) ¼ 1þ 2 ∑
H6¼ � H,H6¼0

fHcos(2πPH �H 3 r) (1)

Figure 3a and c show, respectively, the Pt and Ti 3D
atomic maps for the 0.60 ML sample as referenced to
the SrTiO3 substrate unit cell with Sr positions at the
corners of the cube. As expected the Ti shows up in the
body-centered position. Due to the Fourier summation
process, the XSW maps have the 3D periodicity of the
substrate primitive unit cell. What was not obvious
from studying the values in Table 1, but becomes
immediately obvious by their subsequent Fourier sum-
mation, is that the Pt atoms form a face-centered-cubic
(fcc) lattice that is registered to the substrate unit cell,
namely, [001]Pt ) [001]STO and [010]Pt ) [010]STO.
Furthermore, one sees that the Pt density maxima
are shifted vertically inward relative to the Sr sublattice,
by ∼(1/10)aSTO = 0.4 Å.
To better understand the Pt 3Dmap, a 1D projection

along the c-axis is shown in Figure 3b. The Δz = 0.25
fwhm of the two peaks corresponds to 1/2 d002, which
is the resolution of themeasurement due to truncation

of the Fourier summation at hkl = 002. The two peaks
have nearly equal density (occupation) and are spaced
by 1/2 aSTO. This corresponds to Pt in a nearly perfect
fcc atomic arrangement, for which f001 ≈ 0 (analogous
to structure factor F001 = 0 for fcc). As will be discussed
later, this is different from the 0.17 ML case, where a
value significantly greater than zero, f001 = 0.21, was
measured.
Figure 3d shows a proposed interface atomic model

for explaining the observed 0.60ML 3D Pt densitymap.
This is based on the 2�1 reconstructed double layer
(DL) model,28�30 in which one extra TiO2 layer is
added to the TiO2-terminated SrTiO3(001) surface.
For this fcc-like Pt unit cell there are three types of

TABLE 1. For the 0.60 ML Pt/SrTiO3(001) Case: XSW-

Measured H = hkl Fourier Amplitudes, fH, and Phases,

PH, for Pt
a

Pt measured Pt calculated

hkl fH PH fH PH

001 0.07(3) 0.07 0.07
002 0.39(3) �0.18(2) 0.32 �0.15
011 0.07(3) 0.06 0.07
022 0.22(3) �0.16(2) 0.23 �0.15
111 0.35(3) �0.13(2) 0.37 �0.07
222 0.15(3) �0.08(5) 0.16 �0.15

a The calculated values for Pt are determined from the best fit of the model
described in eq 2.

TABLE 2. XSW-Measured Fourier Amplitudes, fH, and

Phases, PH, for the Bulk Ti Sublattice of SrTiO3(001)
a

hkl 001 002 011 022 111 222

f 0.68(3) 0.60(3) 0.59(3) 0.49(3) 0.55(3) 0.55(3)
P 0.50(1) 0.00(1) 0.00(1) 0.00(1) 0.50(1) 0.00(1)
R� 8 11 48 40 40 41
exp(�M) 0.98 0.92 0.96 0.85 0.94 0.78
f/exp(�M) 0.69 0.65 0.61 0.58 0.59 0.71

a The takeoff angle (R) of the detected Ti KR XRF emission relative to the surface is
also listed. The P values are referenced to the Sr atom at the origin. exp(�M) =
exp(�2(πσ/dH)

2) is the Debye�Waller factor, where σ = 0.12 Å is the thermal
vibrational amplitude of the Ti atom at RT.

Figure 3. For the 0.60 ML Pt/SrTiO3(001) interface: (a) XSW-
measured model-independent 3D Pt atomic map. The out-
lined green cubes are the SrTiO3 unit cell with Sr at the
corners (origin). (b) Projection of the 3D density along the
c-axis to produce a 1D Pt atomic density as a function of the
fractional c-axis coordinate, z, for the SrTiO3 unit cell. (c)
XSW-measured 3D Ti atomic densitymap. The contour plots
in (a) and (c) are at 80%. (d) Proposed interface atomic
model of fcc Pt on a double-layer TiO2-terminated SrTiO3-
(001) surface, where A, B, and C refer to the three symmetry-
inequivalent Pt sites. The striped light blue spheres in the
extra TiO2 layer represent Ti sites that are on average 50%
occupied due to the two-domain 2�1 reconstruction of the
surface.
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symmetry-inequivalent adsorption sites on the SrTiO3-
(001) surface: the corner site (A site), base-center site
(B site), and the two symmetry-equivalent side-center
sites (C site).32 To better quantify the Pt occupation
fractions (cX) and heights (hX = aSTO 3 zX) above the bulk-
like SrO plane for the three sites, we used a least-
squares global fit of the proposed model to the set of
measured Fourier components,

FH ¼ fHe
2πiPH

¼ e�2(πσ=dH )
2)fcAe2πiH 3 rA þ cBe

2πiH 3 rB þ cC[e
2πiH 3 rC1þ e2πiH 3 rC2]g

(2)

where vectors rA = (0,0,zA), rB = (1/2,1/2,zB), rC1 = (1/2,0,
1/2þzC), and rC2 = (0,1/2, 1/2þzC) locate the four Pt sites
relative to the substrate unit cell origin andσ is thewidth
of the Pt distribution (assumed to be isotropic) about
these sites. The best-fit determined results are cA = 0.16,
cB = 0.11, cC = 0.11, hA = 7.69 Å, hB = 7.44 Å, hC = 5.49 Å,
andσ= 0.26 Å,which agree verywell with the numerical
analysis of the model-independent 3D map (Figure S10
in the Supporting Information). The occupation ratio
between the three sites (cA:cB:cC ≈ 3:2:2) is reasonably
close to the ratio of an ideal fcc arrangement (1:1:1),
where there are an equal number of Pt atoms in each
layer.
Results also show that cAþ cBþ 2cC = 0.49. Normally

for a highly perfect single-crystal substrate, such as Si
or Ge, this would mean that only 49% of the Pt atoms
are correlated with the substrate lattice. However, this
is not a perfect single-crystal substrate, as the diffuse
tails of the measured reflectivity (Figure 2) indicate.
Using XSW analysis of the Ti sublattice within bulk
SrTiO3(001) as a reference, we determine that 0.78 is a
better estimation of Pt correlation fraction. (See Figure
S11 and discussion in the Supporting Information.)
The Ti KR XRF yield was collected simultaneously with
the Pt signal (Figure S2 in the Supporting Information).
The analysis results are listed in Table 2. The XRF takeoff

angle, R, relative to the sample surface is used to
calculate the effective thickness of the Ti KR fluores-
cence signal, which includes the extinction effect.24 (As
an example, the effective thickness sampled by the Ti K
XRF yield for the 002 XSWmeasurement varies from2.9
μm at the off-Bragg wings of the reflection to 0.5 μm at
the center of the Bragg reflection.) By inserting the
measured coherent fractions and positions (i.e., Fourier
amplitudes and phases) of bulk Ti into eq 1, a Ti atomic
density map is generated, as shown in Figure 4 and
Figure 3c. As it should be, the Ti density maximum is
located in the center of the SrTiO3 cubic unit cell. This
further validates our XSW analysis procedure. The
much weaker subsidiary maxima in the 3D map of
Figure 4 are due to the truncation of the Fourier
summation.
For the 0.17 ML case, the XSW-measured 3D Pt

densitymap, Figure 5a, also shows an fcc-like structure,
but with a vertical shift of ∼(1/2)aSTO. This is quite
different from the 0.60 ML case shown in Figure 3a.
Therefore, a different interface model is proposed in
Figure 5c that shows the first layer of Pt directly above
the O atoms in the DL TiO2-terminated SrTiO3. Model-
independent andmodel-dependent analyses (see Sup-
porting Information) both show that the Pt occupation
fraction ratio of the three sites is cA:cB:cC = 2:2:1. Unlike
the 0.60ML case, this indicates that at 0.17ML there are
twice as many Pt atoms in the layer containing the A
and B sites as in the neighboring layer containing the C
site. The 1D projection of this Pt atomic density along
the c-axis (Figure 5b) also shows a significant deviation
in layer spacing from the ideal fcc arrangement; that is,
the two layers have a vertical spacing of 0.4aSTO, rather
than (1/2)aSTO (see Supporting Information).
The Pt/SrTiO3(001) interface structures observed by

XSW can be attributed to the SrTiO3(001) surface
termination, Pt-support interactions, and Pt�Pt inter-
actions. Earlier experimental28,30 and theoretical29,33

Figure 4. 2D plane-cuts through 3D titanium atomic density map along the (a) outer surfaces of the SrTiO3 unit cell and (b)
interior surfaces of the unit cell. Themap is generated by the summation of XSW-measured (hkl) Fourier components listed in
Table 2 plus their symmetry equivalents.
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studies of the bare 2�1 SrTiO3(001) surface support the
formation of a double-layer (DL) TiO2-terminated sur-
face.We found no reported theory predictions for Pt on
the DL TiO2-terminated surface. However, density
functional theory (DFT) calculations for very low Pt
coverages on TiO2-terminated SrTiO3(001) predict that
the Pt�support interaction is stronger than the Pt�Pt
interaction,7 and Pt atoms strongly prefer to adsorb on
top of the O atoms.6,7 Furthermore, DFT calculations by
Asthagiri and Sholl7 show that as the Pt coverage
increases from 0.5 to 1 ML on the TiO2-terminated
SrTiO3(001) surface, the Pt�substrate bond is wea-
kened due to additional Pt�Pt bonds on the surface.
For 1ML this sameDFT study proposes that interface Pt
atoms would prefer to bind above Ti sites on the TiO2-
terminated surface to continue the fcc-like packing.7

This leads to the interface structure model proposed in
Figure 3d for the 0.60ML case. The equal occupation of

the three symmetry-inequivalent sites further indicates
that the Pt nanoclusters seen in the AFM are primarily
built frommultiple layers of Pt. The AFM analysis shows
that the average Pt nanocluster height is ∼1.5 nm for
the 0.60 ML case, which is reasonably consistent with
our atomic model and the equal-occupied multiple
layer structures. For the 0.17 ML case this AFM mea-
sured average height is ∼1 nm. From our measure-
ments of the 0.17 ML Pt/SrTiO3(001) interface, we
propose that a significant fraction of first-layer Pt
atoms are not capped off with additional Pt layers.
This could lead to a stronger Pt�O interaction as
proposed with the interface model shown in Figure 5c.

CONCLUSIONS

In summarizing this first XSW imaging of atoms in
supported nanoparticles, we observed the fcc cube-
on-cube epitaxial structure for submonolayer Pt grown
on SrTiO3(001) surfaces by MBE. We experimentally
show for the first time that two different interface
structures of Pt are formed with different initial Pt
coverages, which could be further explained by the
surface termination of SrTiO3(001) and the interactions
of Pt�Pt and Pt�support. Our proposed atomic-scale
interface models, which start with a TiO2 double-layer
SrTiO3(001) surface, indicate that at a very low cover-
age (0.17 ML) Pt prefers to bond on top of the O atoms
due to the strong Pt�support interaction. However, at
a higher coverage (0.60 ML) taller Pt nanocrystals are
formed with stronger Pt�Pt interaction, which causes
the interface Pt atoms to bond above Ti atomic sites.
Equal occupation in the three symmetry-inequivalent
sites indicates those Pt nanocrystals have two or more
complete Pt layers locally, which is in contrast to our
finding of unequally occupied layers for the 0.17 ML
case. This atomic-level metal/perovskite interface
study is important for understanding subsequent phy-
sical and chemical properties in electronic and catalytic
applications.

METHODS

Preparation of Substrates. Strontium titanate (SrTiO3) single
crystals were oriented, cut (10 � 10 � 1 mm3), and polished
parallel to the (001) byOKEN (Japan). SrTiO3(001) substrateswere
ultrasonicated for 10 min in deionized water (18 MΩ/cm) and
subsequently etched in a hydrofluoric acid buffer solution for
approximately 30 s. The substrates were then rinsed in deionized
water and dried in Ar gas. To produce atomically flat terraces
terminated with titanium oxide,25,26,34 the substrates were
loaded into a tube furnace with O2 flow (∼100 sccm) and
annealed at 1050 �C for 5 h. After annealing in O2, the substrates
were mounted on a tantalum sample plate using spot-welded
tantalum wire and loaded into an X-ray Surface Science ultra-
high-vacuum multichamber (Figure S1 in the Supporting
Information) located at the 12ID-Dundulator BESSRC-CAT station
at the Advanced Photon Source (APS), Argonne National Labora-
tory. The vacuum chamber was maintained at a base pressure of

2 � 10�10 Torr and equipped with a reverse-view low-energy
electron diffraction (LEED; PHI), Auger electron spectroscopy
(AES: PHI), and an electron-beam evaporator source (Omicron).

Platinum Growth. Prior to platinum deposition, the substrates
were annealed at 950 �C for 30 min in the UHV chamber using a
resistive tungsten filament heater placed behind the sample.
Auger analysis showed clean surfaces with negligible carbon
contamination. A 1.5 mm diameter Pt rod was placed inside the
e-beam evaporator to deposit Pt thin films. Platinum was
deposited onto the atomically clean SrTiO3 (STO) surface, which
was held at 400 �C. After cooling to RT the “as deposited” (002)
XSW measurement was made. The sample was then annealed
to a series of increasing temperatures, cooled to RT, and given a
002 XSW measurement. The series of annealing temperatures
were 0.5 h at 500 �C, 1 h at 700 �C, 1 h at 800 �C, and 1 h at 910 �C.

Characterizations. LEED measurements were taken before Pt
deposition, after Pt deposition, and after the 910 �C annealing
step.

Figure 5. For the 0.17 ML Pt/SrTiO3(001) interface: (a) 3D
XSW-measured Pt atomic density map as referenced to the
SrTiO3 unit cell with Sr positions at the corners (origin). (b)
Projection of 3D Pt density along the c-axis. (c) Proposed
atomic interface model.
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XSW measurements were performed at the APS undulator
station 12ID-D of BESSRC-CAT. An incident photon energy of
12.50 keV was selected with a Si(111) high-heat-load mono-
chromator and conditioned further with a Si(004) channel-cut
post-monochromator crystal. The incident beam slit was 20 μm
high by 100 μmwide. Using this small X-ray spot it was possible
to find lateral positions on the sample surface that produced
reflectivity curves that reasonably matched dynamical diffrac-
tion theory predictions for a SrTiO3 single crystal. A solid-state
Si(Li) detector was used to collect the X-ray fluorescence
spectra. An XRF-collected spectrum is shown in Figure S3 in
the Supporting Information. The Pt coverages, 0.17 and 0.60ML,
were determined from a side-by-side XRF comparison to a Si
implanted standard that was calibrated by Rutherford back-
scattering. One monolayer is defined as 6.58 atoms/nm2.
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