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Modeling Heterogeneity in UO2 Nanoparticles Using X-ray
Absorption Spectroscopy
Shinhyo Bang,[a] Dominic R. Russo,[b] Ashley D. Knapp,[a] Mark D. Straub,[b] Kurt F. Smith,[b, c]

Corwin H. Booth,[b] Stefan G. Minasian,[b] and Liane M. Moreau*[a]

EXAFS provides the capability to interrogate nanoparticle (NP)
structure in atomistic detail without relying on long-range
crystallinity. There is a limitation in that EXAFS provides
averaged structural information, making it difficult to separate a
small amount of heterogeneous structure from bulk. In this
work, models were developed to extract surface-specific
information from conventional EXAFS measurements collected
on UO2 NPs of varying size. Specifically, the surface terminating
species of UO2 NPs was determined from comparison of

coordination numbers with geometric models while the origin
of static disorder was interrogated from user-defined simula-
tions. Results show that the degree of oxygenation on the NP
surface does not significantly deviate from bulk surface and
that static disorder is highly enhanced in NP surface layers but
cannot be attributed to surface relaxation effects alone. The
approach described herein has the potential to be adapted to a
range of inorganic NP systems to interrogate surface structure.

Introduction

The application of nanoscience to actinide (An) chemistry has
been crucial in elucidating the transport mechanism of radio-
nuclides in the environment, owing to its pertinence to radio-
active contamination.[1] It has been reported that upon the
exposure of nuclear materials to environmental conditions,
radionuclides (notably U and Pu) can form An oxide nano-
particles (NPs).[1–2] Therefore, a more complete understanding of
the synthetic environment of these NPs and their properties will
enable more accurate predictions and improved strategies for
remediation of radioactive contamination sites. Furthermore,
actinide nanochemistry shows promise in the development of
advanced nuclear fuel with superior mechanical properties
including radiation-damage resistance,[3] which would enhance
the safety and efficiency of nuclear power plant operation. UO2
NPs also require lower sintering temperatures compared with

bulk UO2, which suggests a promising path for reusing actinides
from spent nuclear fuel.[4] The potential application of An-
containing nanostructures spans beyond the nuclear industry
to the development of constructs for targeted alpha-therapy[5]

and heterogeneous catalysis.[6]

It is imperative to characterize the structural attributes of
these An NPs (both at the NP surface and in the interior) for a
better understanding of their behavior due to the intimate
connection between structure and resulting properties. The
surface structure in particular deserves attention due to its
pivotal role in the reactions that take place at the interface,
such as adsorption and corrosion.[7] Unfortunately, the surface
characterization of An NPs proves challenging due to their
radioactivity, which requires encapsulation of the material or
dedicated instruments to avoid potential contamination. This
fundamentally limits the use of conventional surface-character-
ization techniques such as X-ray photoelectron spectroscopy
(XPS). The ejected photoelectrons from the material surface
cannot reach the detector if the material is encapsulated. Even
if encapsulation-free photoelectron spectroscopy is possible
with a dedicated radiological instrument, this method is not
suitable for the characterization of NPs embedded in a matrix
or in solution. Also, while the importance of XPS in extracting
the surface composition and electronic structure attributes
cannot be overstated, XPS requires NPs to be isolated and
prepared in the solid state under ultra-high vacuum or below-
ambient pressure conditions to extract accurate photoelectron
spectra which can be difficult to achieve and may not be
representative of the nascent solution environment.[8] High
resolution transmission electron microscopy (HRTEM)[9] and
scanning tunnelling microscopy (STM)[10] are techniques pre-
viously utilized to probe atomic scale arrangements at the NP
surface. Both typically rely on the same UHV conditions that
limit XPS use and relevant in-situ environments. While in-situ
HRTEM sample holders have been developed,[11] the beam
energy is maintained at a high level (often hundreds of keV) to
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achieve atomic resolution, which often results in beam damage
to ultra-small NP samples and significantly limits the ability to
measure structure with atomistic confidence.[12] Another chal-
lenge in the characterization of NPs is the insensitivity of
diffraction-based methods such as X-ray diffraction (XRD) to NP
structure due to inherent Scherrer broadening resulting from
small grain size and lack of long-range order.[13] Although it will
not be discussed in this paper, it should be noted that in
contrast to XRD, scattering-based methods such as high-energy
X-ray scattering (HEXS) are powerful tools to investigate the
structures of amorphous and nanostructured materials which
lack long-range order.[14] One shortcoming of scattering techni-
ques, however, is a lack of elemental specificity (unless
anomalous methods are used). Element specificity is only a
minor issue for the case of actinide oxides, where the actinide
species of interest is a much heavier scatterer than oxygen.

Extended X-ray absorption fine structure (EXAFS) spectro-
scopy has proven an advantageous alternative in the character-
ization of An NP atomic scale coordination environments
because it does not require long-range crystallinity in order to
extract local structure.[15] The highly penetrating nature of hard
X-rays also aids in overcoming encapsulation barriers and
facilitates measurement in-situ for NPs confined to solid-state or
solution matrices. A key disadvantage to the use of EXAFS for
elucidating NP structure, is that it provides the averaged
coordination environment of the element of interest within the
sample and therefore is not a precise probe of the hetero-
geneity that may be present. This poses an issue in NP
characterization, where the environment of a surface-bound
atom differs from that of an atom within the NP interior.
Therefore, extraction of accurate structural information from
such a heterogeneous system necessitates accurate models of
heterogeneity and considerations of their effects on EXAFS
spectra. The use of grazing incidence (GI) EXAFS can remove
the necessity of these models because it directly provides the
surface structure of a material by confining the X-ray field to
the first few layers of the surface by varying the incidence
angle.[16] However, conventional EXAFS cannot be entirely
replaced by GI EXAFS because it requires solid-state samples
with low surface roughness. Additionally, the interaction
between NPs and a substrate has the potential to affect the
structure.[17]

A few key EXAFS-derived models to account for hetero-
geneity in NPs have already been demonstrated in the NP
literature. For example, an accurate description of the under-
coordinated nature of NP’s surface atoms (also known as the
termination effect) successfully predicted the morphology of a
NP from the EXAFS-evaluated coordination number (CN).[18] CNs
were estimated based on the hypothetical size and shape of
NPs, and then compared with the experimental results to
backtrack their actual size and shape. These aforementioned
methods have predicted the morphology of NPs with a simple
geometric consideration (the arrangement of absorbing atoms)
that ignores radially dependent heterogeneity, which may occur
in layers closer to the NP surface. To account for surface-
dependent heterogeneity, Yevick and Frenkel[19] simulated
EXAFS spectra based on molecular dynamics-informed surface

relaxation models. The similarity between the simulated and
experimental EXAFS was used to extract the morphology of
NPs[20] and to consider the validity of the atomistic simulation.[21]

While this is a powerful method, it has yet to be extended to
more complex structures, such as ceramic oxides or bimetallic
systems. We believe that insights made through these existing
models can be further enhanced by incorporating informed
user-defined inputs which will construct radially dependent
distance and disorder distributions extending from the NP core
to the terminating surface.

Herein, we present a method to extract surface-specific
structural information from averaged NP EXAFS spectra by
properly modeling the heterogeneity of UO2 NPs through user-
defined heterogeneous inputs informed by size-dependent
trends and a priori knowledge of bulk UO2 surface structure.
UO2 NPs were prepared by thermal decomposition of a
molecular precursor in covalent organic framework (COF)
templates, as has been previously reported.[22] The absence of
significant surface ligand interaction and higher surface
oxidation for this NP system (as was already investigated in
detail in Ref [21] and thus not discussed here) provided an
optimal ground to investigate surface structure of spectroscopi-
cally clean surfaces. Our primary objective in this work was to
develop models to determine surface-terminating species and
surface-dependent structural differences for UO2 NPs in compar-
ison to bulk UO2 counterparts. This was accomplished through
comparison to experimental NP spectra of varying size and
developing models that consider a bulk-like core and surface-
dependent shell, such that surface results were preferentially
extracted from bulk signal. In particular, user-defined surface
relaxation and amorphization effects can be incorporated and
fit to experimental data to extract surface-dependent informa-
tion. Key results of our investigation include: 1) oxygen
shielding on the NP surface is present at comparable levels to
bulk and 2) surface disorder is appreciably larger than that
observed in the NP core, and this trend is more pronounced for
smaller NP sizes. Overall, this work provides insight into An NP
surface attributes by developing models to extract surface-
dependent information from conventional EXAFS. These models
can be extended with appropriate system-specific assumptions
to describe the structural attributes of inorganic NPs beyond
the case of UO2.

Results

XAFS data show systematic trends as a function of NP size

XAFS spectra were collected at the U L3 absorption edge for
three quasi-spherical UO2 NP sizes (1.4, 4.7, and 8 nm, refer to
the supporting information for more details) as well as bulk
UO2. Since the NP sizes are all below 10 nm, the measurements
sampled a large percentage of atoms that reside on the NP
surface (60-69% for 1.4 nm, 24–37% for 4.7 nm and 14–22% for
8 nm, with variations accounting for different surface faceting,
Table S4). This means that the NPs will be varyingly sensitive to
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changes that are imparted due to the presence of surface vs.
interior atoms.

From the near edge XANES region of the spectrum, as
shown in Figure 1a, all NPs exhibit edge and white line (first
main peak) energies indicative of U(IV),[23] which are within
~1 eV of bulk (Table S1). Near edge features also resemble bulk
UO2. One exception is that in all cases, the NP samples exhibit
an increased white line peak, which is the main absorption
peak after the sharp edge increase. This is not surprising due to
the trend for NPs to have a sharpened 5d band, which has
previously been attributed to the loss of long-range order at
the particle surface.[24] Overall, the NP XANES well-retains the
expected characteristics of bulk UO2, providing support that
there is not significant higher oxidation present.

Figure 1b shows c Rð Þ, the Fourier transform of k3c kð Þ from
the EXAFS region where k is the photoelectron wave vector and
c kð Þ the EXAFS function. The dampening of NP c Rð Þ peaks with
R relative to the bulk displayed in Figure 1b suggests a
significant decrease in the CN for NPs with respect to bulk,
which are more pronounced for NPs with smaller size.[15d,25] This
dampening can be attributed to the surface termination effect.
The decrease in amplitude can also indicate increased

disorder.[15d,25] The dampening effect of disorder is difficult to
decouple from decreased CN due to the high degree of
correlation between CN and σ2. Therefore, great care needs to
be taken to collect data with a sufficient k-range and at multiple
temperatures. Of great importance to this study was the ability
to extract static disorder with confidence by performing Debye
analysis as described in the following section.

An appropriate fitting process involving c kð Þ and c Rð Þ was
implemented using ARTEMIS[26] to extract accurate structural
information. The fitting-extracted parameters are shown in
Table 1 and Table S2 and fitting models shown in Figure S2.
The change in interatomic distances of U� O and U� U was less
than 1.2%, which suggests the geometric change in the crystal
structure was insignificant. As expected from the termination
effect, CN was smaller for smaller particles. The Debye-Waller
factor σ2 of 1.4 and 4.7 nm NPs were significantly larger than
that of 8 nm NPs and bulk material.

Extraction of NP static radial disorder from Debye analysis

NP static disorder was extracted from σ2 (which contains
contributions from both thermal and static disorder) by
applying a correlated-Debye model[27] to the fit results from the
first and second coordination shells (U� O) and (U� U), respec-
tively, as a function of temperature (Table 2, Figures S2 and S4,
Table S3). Details of our analysis process are provided in the
Supporting Information. The fitting process removes the
thermal contribution to disorder so that radial disorder due to
inherent differences in structural bond lengths can be observed.
With the exception of comparable static disorder values of the
first shell for 1.4 and 4.7 nm NPs within error, decreasing trends
in the average static disorder of both first shell (U� O) and

Figure 1. (a) Normalized XANES spectra and (b) the real part (dotted) and
magnitude (solid) of the Fourier-transformed XAFS for 1.4 nm (red), 4.7 nm
(blue), 8 nm (green) UO2 NP compared with bulk UO2 (black).

Table 1. EXAFS fitting-extracted parameters(50 K). Fitting details and addi-
tional parameters can be found in the supporting information.

NP size Path CN R (Å) σ2 (Å2)

1.4 nm U� O 7.2�0.6 2.341�0.009 0.01�0.01
U� U 4�1 3.854�0.008 0.004�0.001

4.7 nm U� O 7.5�0.6 2.340�0.007 0.011�0.002
U� U 5.3�0.7 3.859�0.004 0.0025�0.0006

8 nm U� O 8.0�0.5 2.360�0.007 0.004�0.001
U� U 10�2 3.871�0.003 0.0015�0.0006

Bulk U� O 8�1 2.341�0.008 0.003�0.001
U� U 12�2 3.866�0.004 0.0008�0.0004

Table 2. Fitted static disorder and correlated-Debye temperatures.

NP size Path σstatic
2 (Å2) Debye T (K)

1.4 nm U� O 0.008�0.001 900�200
U� U 0.0031�0.0007 400�100

4.7 nm U� O 0.009�0.001 900�200
U� U 0.0020�0.0004 500�100

8 nm U� O 0.0031�0.001 1000�400
U� U 0.0010�0.0003 340�30
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second shell (U� U) were observed. In all cases, the disorder
values extracted are greater than those observed for even
combined radial and thermal disorder in bulk. This result
suggests that either reduced size or increased surface contribu-
tions lead to enhanced structural disorder.

Quantification of surface-terminating species

The termination effect, or reduction in coordination number
due to a reduction in coordination at the surface, was employed
to quantify the surface terminating species of UO2 NPs (namely
whether the surface is terminated with open U-sites or if
oxygen fully shields surface-adjacent uranium). To create an
effective model, a few key assumptions were required. First, the
NPs were assumed to be ideally spherical. Although in practice
NPs are not perfect spheres, TEM images (Figure S1) revealed
no substantial anisotropy. Therefore, the NPs can be approxi-
mated on average as a sphere. Second, NPs were assumed to
be single-faceted, even though the lowest energy structure is
often multi-faceted, even for quasi-spherical particles.[28] Still,
quasi-spherical NPs are generally dominated by the single,
lowest energy facet, making a single-facet assumption generally
acceptable.[29] Additionally, a single-facet assumption gives
useful insight since a) a consistent trend between NP sizes is
observed regardless of the specific surface orientation, and b)
because the actual surface will be a combination of multiple
facets with different orientations, this extreme single-facet
assumption can provide upper- and lower-limit boundaries for
expected surface-terminating species distributions. To this end,
the three lowest energy surfaces of UO2, (1 1 1) < (1 1 0) < (1 0
0) were considered.[30] Finally, the UO2 NP surfaces were
assumed to resemble those of bulk UO2 for the purpose of our
calculations, which does not fully account for potential defects.
Average structural trends suggest that the overall structure is
not greatly different from bulk on average. For instance, the
lattice parameter of bulk was used for NPs since the EXAFS
results for R are similar within error (Table 1).

A new parameter a was introduced to quantify possible
deviation of the NP surface U’s CN from the bulk surface U’s CN
(Figure 2). If the NP surface U has the same coordination
environment as bulk surface U, CNnano, the average CN of U
atoms in the NP would be: CNnano ¼ f 1 CNcore þ f 2 CNsurf , where
f 1 and f 2 are the relative population of core and surface U
atoms, CNcore is the CN of the U atoms in bulk core and CNsurf is
that of the U atoms on a bulk surface. The relative population f 1
and f 2 are determined by dividing the number of core U atoms
and surface U atoms with the total number of U atoms in the
NP (see supporting information for detailed calculation). CNcore

is 8 and CNsurf for bulk (1 1 1), (1 1 0) and (1 0 0) surfaces are 7,
6 and 8 respectively.[30]

It was hypothesized, however, that CNnano may deviate from
f 1 CNcore þ f 2 CNsurf , due to differences in the coordination
environment between the U atoms on NP and bulk surfaces. NP
core U atoms were assumed to have the same CN as bulk core
U, while the CN of the atoms on NP surface was expected to
deviate from that of bulk surface atoms due to curvature and

energetic effects which may affect the stoichiometry. A new
parameter a quantifies this deviation, so that the CN of the NP
surface U is aCNsurf rather than CNsurf . As a result, the
termination effect can be expressed as the following equa-
tion (1):

CNnano ¼ f 1 CNcore þ f 2 aCNsurf (1)

Namely, an a value of 1 demonstrates no deviation from
expected bulk surface CN whereas a value greater or less than 1
signifies deviation.

The value of a was evaluated for each NP size and for each
surface orientation (Figure 2). There was an increase in a in the
4.7 to 8 nm region for all surface orientations (this increase is
notably within error). The error of a increased with increasing
NP size. Although it isn’t possible to differentiate between the
potential facets from these results, the results provide the
potential range of α for these NPs. Overall, regardless of size or
surface facet, the value of α did not deviate substantially from
1, which suggests the structural resemblance of NP surface to
bulk surface.

Simulating the effects of NP surface layer structure

EXAFS simulations were implemented to account for potential
differences in U� O bond length and disorder that might occur
in surface layers compared with the NP core, which is expected
to more greatly resemble bulk UO2. The equation used for the
first-shell EXAFS simulation of the first shell (which corresponds
to the U� O path in this case) is equations 2–3:[15d,19]

c kð Þ ¼
Z rmax

rmin

c k; rð Þ1 rð Þdr (2)

Figure 2. a evaluated for NPs of varying size and surface faceting. a of bulk
is always 1 (regardless of surface facet) according to its definition.
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where c k; rð Þ ¼
S20
kr2 f kð Þe� 2r=l kð Þsin½2kr þ d kð Þ� (3)

The reduction factor S20 is set to 1, and functions for the
scattering amplitude f kð Þ, mean free path l kð Þ, and phase d kð Þ
were acquired from the FEFF6 calculation of cubic fluorite UO2.
1 rð Þ is the distribution of U� O distances, as derived using inputs
from the NP structure. In typical EXAFS analysis, as reported
above, 1 rð Þ is defined as a Gaussian. In our simulations below,
rather than using a fixed distribution, the distribution varies out
from the NP core to its surface.

The NPs were assumed to be spherical, and their structures
were defined with two parameters: 1) the distance between U
and O atoms r ~R

� �
and 2) its variance s2 ~R

� �
, where ~R is the

distance from the NP’s center to the U atom of interest. These
user-defined r ~R

� �
and s2 ~R

� �
values were used to acquire 1 rð Þ,

assuming the distances from the U atom to the neighboring O
atoms follows a Gaussian distribution of mean value r ~R

� �
and

variance s2 ~R
� �
.

In this model, the surface of NPs was assumed to be
terminated with the lowest energy, (1 1 1) surface facet. Among
various factors that may affect surface structure, we aimed at
modeling the surface reconstruction of the UO2 NP. Surface
reconstruction is a thermodynamically driven process, which
can exist for systems without significant surface ligand binding
interactions,[19,30–31] and is the case for the NP system discussed
here. To stabilize the surface energy, the bonds near the UO2
surface are known to contract, as determined by Rutherford
Backscattering Spectroscopy (RBS) and computation.[30,31b, 32] For
bulk UO2, the U� O bond length on the (1 1 1) surface is 2.324 Å,
which is smaller than the 2.368 Å of the reported U� O bond
length of bulk interior atoms.[30,31b, 32]

The U� O bond length at the NP center was assumed to be
the same as the bond length observed in bulk interior atoms
(2.368 Å) while that on the NP surface was assumed to be the
same as the bond length on a bulk UO2 (1 1 1) surface. Four
scenarios of r ~R

� �
were considered to describe the U� O bond

length distribution in the NPs (Figure 3). This allows for
simulation of the degree in which relaxation at the NP surface
might affect atoms in near-surface or interior layers. Under the
first scenario r ~R

� �
decreased linearly with increasing ~R. The

second scenario followed the ‘deep penetration’ curve where
surface relaxation affected (or penetrated) deeply into the core
of the NP so that r ~R

� �
was smaller than r ~R

� �
predicted by the

linearly decreasing scenario. The third and fourth scenarios
followed the ‘shallow’ and ‘very shallow penetration’ curves
where the surface relaxation only affected the bonds in the first
two or one layers near the surface. The shallow and very
shallow penetration curves were adjusted to pass through (
~R* ; r* ), where ~R* was the distance from the NP’s center to the
two or one interplanar spacings of U (1 1 1) from the surface
and r* the point which internally divided the uncontracted
(unaffected) bond length and fully contracted bond length in
the ration 1 :9 (See supporting information for details).

As for the local disorder, four scenarios of s2 ~R
� �

have been
considered. In all cases, the disorder at the NP center was

assumed to be same as the static disorder determined
experimentally for bulk UO2 (s

2
bulk ¼ 0:003A

∘2) (Figure 4). The first
scenario assumed that the disorder of the NP did not change
with increasing ~R, with its value fixed at s2bulk . Two scenarios
assumed higher surface disorder at the NP surface, where s2 ~R

� �

increased linearly with increasing ~R, the surface disorder being
1:5 s2bulk and 3 s2bulk . The last scenario assumed that s2 ~R

� �

decreased linearly with increasing ~R, the surface disorder being
0:5 s2bulk .

The U� O distance distribution 1 rð Þ was determined for each
NP based on the structure defined by these scenarios. Figure 5
represents example resulting average 1 rð Þs simulated for
4.7 nm NPs. It was observed that as the surface relaxation
penetrated deeper into the NP, the distributions were shifted

Figure 3. U� O distance vs. radial position used in simulating 4.7 nm NPs
from the interior (0) to surface (2.35) nm. Surface relaxation effects are
considered which vary in potential penetration into the NP core. The circles
mark (~R* ; r* ) or the intersections between the shallow and very shallow
curves with the line that divides the uncontracted bond length and fully
contracted bond length in the ratio 1 :9.

Figure 4. U� O disorder vs. radial position used in simulating 4.7 nm NPs. In
all cases, the NP interior disorder was assumed to be the same as that
observed in bulk UO2 (0 nm) and was varied linearly out to the NP surface
(2.35 nm).
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toward shorter r (Figure 5a), and as the surface disorder
increased, the distributions were broadened (Figure 5b).

EXAFS simulations were generated for all 1 rð Þ using
equations 2–3 and fit with Artemis[26] (see code in supporting
information). The k range and r range used in the simulated
EXAFS fitting were the same as the range used to fit the
experimentally acquired EXAFS signals. Artemis uses the
Gaussian approximation to find the best-fit CN N, the average
distance r, and disorder s2 according to the following
equation (4):

c kð Þ ¼
NS20
kr2

f kð Þe� 2k
2s2e

� 2r=l kð Þ
sin½2kr þ d kð Þ� (4)

In the simulated EXAFS fitting, N was fixed to the CN values
extracted from experimental EXAFS via ab-initio modeling. Both
experimental and simulated spectra were directly fit with
ARTEMIS to determine the average distance r and disorder s2

for each spectrum. The simulated EXAFS signal of bulk UO2 was
fit in advance to obtain the reduction factor, S20; which gives the

correct N for the bulk UO2 structure. S
2
0 was found to be 1.033

and was fixed at this value for the rest of the fits.
The average U� O distance r, and disorder s2 were found for

all generated EXAFS signals (Table S5). Figure 6 illustrates the
fitting results of EXAFS signals generated from user-defined
simulations for the 4.7 nm NP U� O distance distributions as
described above. It was observed that as the surface relaxation
penetrated deeper into the NP, r for the average U atom was
shortened and as the surface disorder increased, s2 for the
average U atom increased.

Discussion

Oxygen termination of UO2 NPs@COF-5

By introducing a into the termination effect, the CN of U atoms
on the NP surface can be extracted from EXAFS. Notably, in all
cases, α does not drastically deviate from 1. This suggests that
the surface is indeed terminated by O atoms, which mimics the
structure observed in bulk. This result has previously been
suggested for AnO2 NPs with either a lack of or weak-binding
surface ligands.[18f,22] The observed result also provides support
that the NP surface layers are unlikely to contain super-
stoichiometric UO2. A slight increase in a in the 4.7 to 8 nm
region for all surface orientations is observed (is notably within
error). If real, the result may suggest that additional terminal
oxygen is required for larger NPs, which still exhibit high energy
surfaces but may have a reduced concentration of surface
defects that could otherwise compensate for energetically
unfavorable surface layers. To further consider this trend,
additional NP sizes (particularly in the range larger than 5 nm)
need to be investigated and compared.

The error of a was significantly large as expected, given the
relatively large error bars typically associated with EXAFS-
extracted CN. The uncertainty was further amplified when

Figure 5. Example U� O radial distributions for 4.7 nm NP of (a) various r ~R
� �

cases with s2surf ¼ s2bulk and (b) various s2 ~R
� �

cases with r ~R
� �

following the
‘very shallow penetration’ curve.

Figure 6. The EXAFS fitting results (U� O average distance and disorder) for
the various simulated first nearest-neighbor distributions of 4.7 nm NP.
Errors for the fitting results are negligibly small compared to the size of the
symbol (supporting information).
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applying the termination effect. It was observed that the error
of a increased with increasing NP size. This was because the
relative population of surface U atoms to the total number of U
atoms within the NP decreases with increasing NP size. This
trend has also been observed in other studies involving
termination effect: the amplification of error for larger NPs limits
the scope of termination effect-based size determination to
very small NPs.[18a–e] Still, despite the degree of error, it is
worthwhile to contrast NP and bulk surface terminating species,
and this model can be also applied to systems where it may be
more ambiguous which species would be energetically ex-
pected to terminate NP surface facets.

The origin of disorder within UO2 NPs@COF-5

Debye analysis shows that the NPs display significant radial
disorder compared to bulk UO2, but the origin of this disorder
remains unclear using Debye analysis alone. Results from our
user-defined EXAFS simulations provide insight into observed
trends. In particular, we aimed to determine whether increased
disorder can be attributed solely to relaxation of surface layers
or if additional amorphization is observed, and if there is any
difference in core vs. surface layers to this end.

Figure 7 plots the simulated EXAFS spectra which yield the
closest values of r and s2 to the experimental EXAFS (Figure 8).
The discrepancies between simulation and experiment may
originate from the inaccuracy in 1 rð Þ, which can be attributed
to some of the assumptions that were made in this model. First,
it may be erroneous to assume that the U� O bond length at a
specified point followed the Gaussian distribution of mean
value r ~R

� �
and variance s2 ~R

� �
. The use of this assumption was

unavoidable because we wanted to keep the definition of
disorder consistent with that of the EXAFS-fitting disorder, as
described in equation 4. Furthermore, the discrepancies might
have arisen from the imperfectness of the ‘scenarios’ for r ~R

� �

and s2 ~R
� �
. Still, for the most part, the model serves its end in

predicting the local structure of NP based on the knowledge of
bulk UO2 structure, given the noticeable similarity between the
simulation and experimental EXAFS. Also, although higher oxide
formation was not confirmed for the system, as it was a large
component of a previous study[22] and would be inconsistent
with the EXAFS-derived fitting parameters, we cannot rule out
the possibility that a small amount of higher oxide below the
detection limit may have caused distortion of 1 rð Þ.

Figure 6 suggests that that the surface disorder contributes
significantly less to the fitted value of U� O distance than the
degree of surface relaxation penetration into the NP does. As
for the disorder, the degree of surface relaxation penetration
contributes significantly less to the fitted value of disorder than
the surface disorder does. Therefore, the degree of surface
relaxation penetration into NPs can be deduced by comparing
the fitted U� O distance of simulated and experimentally
acquired EXAFS (Figure 8a), while the surface disorder of NPs
can be deduced by comparing fitted disorder values (Figure 8b).
Because simulations inherently have very small error (as can be

Figure 7.Weighted first shell EXAFS signals acquired by experiments and
most representative simulations for 8 nm (top), 4.7 nm (middle), and 1.4 nm
(bottom) NPs. The experimental spectra were aligned with adjusted ΔE0.

Figure 8. Fitted (a) U� O distance and (b) disorder of simulated EXAFS (solid
symbols) and experimentally acquired EXAFS (hollow symbols) for varying
NP size. For 1.4 nm NP, the ‘linear’ scenario and the ‘shallow penetration’
scenario overlap with the same r ~R

� �
curve due to the small NP size

(Figure S8).
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confirmed by the negligible error bars of the EXAFS fitting
values, refer to the supporting information), the error of U� O
distance and surface disorder extracted from the model will
directly depend on the error of EXAFS-fitted U� O distance and
disorder of UO2 bulk and NPs from ab-initio modeling.

According to the model, Figure 8a suggests that the surface
relaxation for the larger, 8 nm NP is mostly limited to the bonds
in the first two (shallow penetration) or one (very shallow
penetration) U layers. Localization of the relaxation effect on
the UO2 surface was predicted by Tasker’s theoretical calcu-
lations on bulk UO2.

[31b] For the 1.4 and 4.7 nm NPs, the data
suggests that the penetration may propagate further into the
NPs (between shallow and linear). The authors are hesitant to
place much emphasis on this result considering the fitted value
of U� O distance of bulk UO2 was actually smaller (2.34 Å) than
the accepted value of 2.368 Å. Moreover, the insensitivity of
surface disorder values to the surface relaxation scenarios, as
observed in Figure 6, suggests that the increased static disorder
within the UO2 NPs@COF-5 cannot be explained through
surface relaxation effects alone.

As for the surface disorder, Figure 8b suggests that the
small (1.4, 4.7 nm) NPs had larger surface disorder than their
bulk counterparts ( s2surf > 3 s2bulk). The surface disorder of 8 nm
NP surface was evaluated to be comparable to bulk disorder (
s2surf � s2bulk). A discernible decrease of surface disorder was
observed with increasing NP size between 4.7 and 8 nm. One
possible explanation for this can be attributed to the higher
curvature of smaller nanoparticles. Higher curvature adds addi-
tional energy to the surface which may enhance amorphization,
resulting in higher overall disorder.[33] The slight increase in
alpha in this region (Figure 2) may be relevant to this
phenomenon. There is a possibility that the additional oxygen
attachment on the 8 nm particle lowered the surface energy
and hence reduced the amorphization and consequently the
surface disorder. Another more plausible source of disorder is
the nonstoichiometry of the surface, which leads to a high
defect concentration. Previous research in NP amorphization
suggest that there is a critical defect density beyond which the
amorphous phase starts to form and it decreases with NP
size.[34] Thus, the higher degree of disorder for smaller particles
can be attributed to the formation of amorphous phase due to
lower critical defect density. Regardless of the origin of the
much-increased disorder in sub-5 nm vs. 8 nm particles, this
suggests that there may be a critical size within this range
under which longer-range order effects become favorable and
may correlate with observed properties.

This size-dependent surface disorder suggests that it is
inherently impossible to decouple the effects of NP size and
surface disorder in the size range investigated. Additional data
points beyond 8 nm are needed to confirm the surface disorder
of the larger NPs are same as that of their bulk counterparts.
Also, additional data points between 4.7 and 8 nm can reveal if
the marked decrease of UO2 surface disorder was gradual or
abrupt. The surface disorder transition in such a small range can
be advantageous in extracting the pure size dependency of
NP’s physicochemical properties such as magnetic coercivity or
superconductivity transition temperature of NPs which are

known to occur in the few tens to hundreds of nanometers in
length scale.[35] It is therefore surprising to observe such
similarity to bulk UO2 within size regimes smaller than when
bulk-like behavior is typically expected to emerge. Moving
forward, the ability of this model to quantify the surface
disorder will enable a more accurate description of the
structural dependent properties of UO2 NPs which can be
correlated with electronic, thermal and magnetic properties of
interest to future studies.

Advantages and limitations of the user-defined two-
parameter model

It should be noted that isotropic NP system can be modeled
using our approach by varying r ~R

� �
and s2 ~R

� �
. Since introduced

by Yevick,[19] EXAFS simulations involving atomistic simulations
have been more broadly implemented to determine the
structure of various NPs.[20–21] In spite of the high accuracy and
precision of those models, the rigorous computation of the
interactions between the atoms may not always be necessary if
the objective is simply to obtain a more thorough under-
standing of radially-dependent NP structure. Additionally,
actinide-based systems in particular benefit from a model that
does not rely on atomistic simulations, due to the difficulty in
computational prediction of NP structure based on additional
complications from spin-orbit coupling and relativistic effects.

The two-parameter model successfully combines with
EXAFS and serves its end in predicting the radially-dependent
structural attributes of UO2 NPs. The simplicity of this model
allows the modeling of a variety of structures with multiple
elements, which adds significant complexity to the computa-
tion. The model can additionally be applied to metal oxide
systems, semiconductors, and An carbide and nitride systems.
However, the application of this method to anisotropic systems
such as multifaced or heterogeneously doped NPs will not be
trivial because the local disorder cannot be expressed with
uniformly representative r ~R

� �
and s2 ~R

� �
. Another limitation is

that there can be multiple 1 rð Þ that can give the same EXAFS
fitting results. Therefore, the ambiguity has to be lifted with
scientific intuition.

Conclusion

This study reports the extraction of EXAFS results from UO2 NPs
to obtain surface vs. bulk structural characteristics by modeling
which incorporates NP heterogeneity. This enabled us to
determine the surface terminating species, U� O bond length
and disorder specific to NP surface layers.

The key findings of the study are as follows:
* The CN of U atoms on the NP surface was determined using
the termination effect. Overall, the NP surfaces are oxygen-
terminated and resemble bulk UO2 surface compositions. Our
presented method to determine deviations in NP vs. bulk
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surface termination proves more accurate for ultra-small NP
sizes.

* A two-parameter model was developed to simulate radial
dependence from the NP core to surface on U� O bond
length and radial disorder. Results from user-defined simu-
lation were compared with experimental EXAFS to decouple
surface vs. bulk contributions to the overall EXAFS signal.

* The surface disorder of small (1.4, 4.7 nm) NPs were notice-
ably larger than that of their bulk counterpart, which
markedly decreases to the bulk level for 8 nm NPs. This
suggests that there may be a critical NP size at which
ordering at the surface occurs. Investigation of NPs at
additional sizes will assist in confirming this trend. The
universality of size-dependent surface ordering can be ex-
plored through extending our investigation to other inor-
ganic NP systems.

* Results from this work suggest that increased static disorder
in UO2 NPs@COF-5 cannot be attributed to surface relaxation
effects alone. Rather, substantial radial disorder at the surface
is observed compared to what would be expected in bulk.

* Overall, we have developed a primitive model to account for
heterogeneity to extract surface-dependent information from
bulk EXAFS signals. With the ease of considering user-defined
trends, this work presents an opportunity to further decouple
NP surface structure from bulk. The model can serve as a
good first step to structurally characterize inorganic NPs
beyond the case of UO2 with the application of system-
appropriate assumptions.

Experimental Section

Sample preparation

The UO2 NPs@COF-5 were synthesized via thermal decomposition
of a molecular precursor embedded in a COF-5 template, as
described previously.[22] Decomposition temperatures of 200 °C,
250 °C, and 300 °C were used, providing particle sizes of 1.4 nm,
4.7 nm and 8 nm, respectively, as determined by TEM (Figure S1).
The smaller 1.4 nm UO2 NPs remained confined the COF-5 template,
while the larger 4.7 and 8.0 nm NPs showed a tendency for
segregation to the surface. Nanoparticle samples were mixed with
dry boron nitride in an argon-filled glovebox to ensure a uniform
sample of ideal concentration. The diluted samples were then
packed into indium-sealed aluminum holders. Due to air and water
sensitivity, samples were stored under argon until measurement
and sealed holders were exposed to air for less than one minute
while being transferred to vacuum with a He backfill. Samples were
measured at multiple temperatures (50 K, 100 K, 200 K and 300 K)
using a liquid He-cooled cryostat in order to conduct Debye
analysis for extraction of radial disorder from thermal contributions.

X-ray absorption fine structure spectroscopy

XAFS data at the U L3 absorption edge (17.166 keV) were collected
at Beamline 11–2 at the Stanford Synchrotron Radiation Lightsource
using a Si 220 (ϕ = 0) monochromator detuned to 50%. Data were
collected in fluorescence mode, using a 100 Element Canberra Ge
fluorescence detector (sample at 45° from the incident beam and
fluorescence detector) and corrected for dead time. Transmission-
mode data were collected simultaneously to monitor any potential

self-absorption effects. Multiple scans were collected for each
sample and compared to confirm that no photoreduction or sample
damage was observed over time in the high energy X-ray beam.
Edge energies were calibrated by comparing to Zr foil (17.998 keV)
and UO2 (17.170 keV) standards. To ensure that the data resolution
was core-hole lifetime limited, a slit height less than 0.7 mm was
used. Data were reduced and analyzed using the IFEFFIT software
package.[26] The background was removed using the AUTOBK
algorithm[36] and data fit in R-space to multiple k-weights using
theoretical pathways generated by FEFF6. The number of variables
varied in the fit were limited to be less than two thirds the number
of independent points. Experimental data in k-space are available
in Figure S2a.
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