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1. Abstract

Many consider further development of nuclear power to be essential for sustained
development of society; however, the fuel forms currently used are expensive to recycle. In this
project, we sought to create the knowledge and knowhow that are needed to produce
nanocomposite materials by directly depositing uranium nanoclusters on networks of carbon-
based nanomaterials. The objectives of the proposed work were to (1) determine the control of
uranium nanocluster surface chemistry on nanocomposite formation, (2) determine the control
of carbon nanomaterial surface chemistry on nanocomposite formation, and (3) develop
protocols for synthesizing uranium-carbon nanomaterials. After examining a wide variety of
synthetic methods, we show that synthesizing graphene-supported UO, nanocrystals in polar
ethylene glycol compounds by polyol reduction under boiling reflux can enable the use of an
inexpensive graphene precursor graphene oxide in the production of uranium-carbon
nanocomposites in a one-pot process. We further show that triethylene glycol is the most
suitable solvent for producing nanometer-sized UO, crystals compared to monoethylene glycol,
diethylene glycol, and polyethylene glycol. Graphene-supported UO, nanocrystals synthesized
with triethylene glycol show evidence of heteroepitaxy, which can be beneficial for facilitating
heat transfer in nuclear fuel particles. Furthermore, we show that graphene-supported UO,
nanocrystals synthesized by polyol reduction can be readily stored in alcohols, preventing
oxidation from the prevalent oxygen in air. Together, these methods provide a facile approach
for preparing and storing graphene-supported UO, nanocrystals for further investigation and
development under ambient conditions.

2. Objectives, Efforts and Accomplishments

Many consider further development of nuclear power to be essential for the sustained
development of our society using low-carbon baseload energy supplies. 2 Currently, there are
71 reactors under construction in the world. Future nuclear reactors are expected to be more
accident-tolerant, modularized for rapid assembly and mobility, and operated with fuels that
are easy to disassemble for reprocessing (i.e., removal of radioactive fission products and
extraction of fissile materials). To provide designers of future reactors with fuel options
superior to conventional bulk uranium dioxide (UO,), research has begun to focus on UO,
nanocrystals for potential benefits that include a lowered sintering temperature® thanks to
melting-point suppression and the increased kinetics of UO, dissolution in reprocessing” thanks
to the increase of specific surface area. In addition, using UO, nanocrystals presents a new
opportunity for blending UO, with highly conductive nanomaterials to provide novel solutions
for the long-standing issue regarding uranium dioxide’s low thermal conductivity. Recent
simulations have shown that blending UO, with 10% of graphene by volume can increase the
thermal conductivity of fuel particles by more than 30%, which can not only increase the rate of
energy extraction but also improve reactor safety by lowering the fuel operating temperature.’

The overall objective of the project was to create a foundation of knowledge in support of a
new type of reactor fuel that could capture the accident-tolerant advantages of carbon-actinide
composites mentioned above, but in a form that could be readily recycled and that is relatively
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inexpensive to manufacture. Towards achieving this goal, we have utilized the nano-scale
control of actinides and carbon chemistry. We have investigated the use of a self-supporting
grid of carbon nanomaterials onto which networks of actinide nanoclusters were deposited.
Specific research objectives included (1) determine the control of uranium nanocluster surface
chemistry on nanocomposite formation, (2) determine the control of carbon nanomaterial
surface chemistry on nanocomposite formation, and (3) develop protocols for synthesizing
uranium-carbon nanomaterials. In the following sections, we will provide detailed descriptions
of research efforts and research for each of the specific objectives. We will show that after a
wide variety of synthetic methods were tested, polyol reduction has emerged as a facile
approach for depositing well-defined single crystal uranium dioxide (UO;) nanocrystals on
graphene sheets, which is promising for improving thermal conductivity because UO,
nanocrystals are intimately bonded to graphene through heteroepitaxy. Heteroepitaxy is
known to induce coupling effects between metal oxide and graphene.® In graphene-UO,
nanocomposite, strong phonon-phonon coupling between UO, nanocrystal and graphene can
lead to an improved long-range thermal conduction, in which graphene serves as the thermal-
conduction channel thereby bypassing the highly resisting UO, grain boundaries.

(1) Control of Uranium Nanocluster Surface Chemistry

We have synthesized uranium-carbon nanocomposites using both complex uranium cage
clusters and simple uranyl nitrate as precursors. As shown below, using the same carbon
support (i.e., graphene oxide), uranium can be deposited in the forms of uranium cage clusters,
two-dimensional uranium sheets, or uranium dioxide nanocrystals.

Uso cage cluster on graphene oxide. Uranium peroxide cage clusters (e.g., Ugo in Figure 1a) are
a class of newly discovered actinide supermolecules. They can be readily created by bridging
uranyl ions with peroxo bridges under oxidative conditions and in the presence of counter
cations (e.g., Li* colored in purple in Figure 1a). The formation of cage clusters is proposed as a
novel technique for recovering uranium from spent fuel; therefore, it is interesting to
investigate the possibility of create uranium-carbon nanocomposites using cage clusters. We
have created Ugo-graphene oxide (GO) nanocomposite by directly mixing the two constituents
together. The Ugy nanoclusters were prepared by oxidizing uranyl (prepared form nitrate salt)
by peroxide in aqueous solution. The nanoclusters crystalized in aqueous solution in
approximately one week. The crystal was taken out of the original solution, rinsed, and re-
dissolved in water. Graphene oxide was prepared by chemically exfoliating high-quality
naturally occurring graphite by a mixture of sodium nitrate, potassium permanganate, and
sulfuric acid at 98°C in ice bath (a.k.a. the modified Hummer’s method). Graphene oxide was
extracted from the reactive solution by acetone and cleaned with DI water. The two materials
were then mixed together in deionized water at diluted concentrations.

In the nanocomposite shown in Figure 1b, Ugo clusters (dark spots) are homogeneously
distributed between graphene oxide sheets. The clusters, which have an average diameter
2.2(x0.5) nm (Figure 1c), are well isolated from each other under electrostatic repulsion
originating from their negative charges. High-resolution transmission electron micrograph
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reveals the lattice fringes of graphene oxide sheets that are laid on top of Ugg clusters (Figure
1d).

Figure 1. (a) Schematic diagram of the Ugg cluster; (b) Transmission electron microscope (TEM)
image of the homogeneously distributed Ugg cluster; (c) Size distribution of the dark spots in b;
(d) High-resolution TEM image of one typical dark spot.

Studtite on graphene oxide. By increasing the concentrations of graphene oxide to
approximately 1 g L™, we can create an acidic solution with a pH as low as 3 — 4. It is known that
Ueo Nanoclusters are not stable under acidic conditions. The inherent acidity of graphene oxide
can then destabilize the curved peroxide bond in Ugy and stretched the curved structure into a
sheet of studtite. As shown in Figure 2, studtite ([(UO;)O0,(H,0),]*2H,0, a) and graphene oxide
(CgH304 with intercalated water and cations, Figure 2b) are both two-dimensional layered
nanomaterials. The sandwich nanocomposite is created by laying alternating layers of studtite
and graphene oxide on top of each other (Figure 2c). X-ray diffraction of the nanocomposite
shows distinctive patterns of studtite and graphene oxide (Figure 2d). The diffraction angles for
the layered constituents are determined by fitting the diffraction patterns with Lorentzian
functions, which permits the estimation of lattice spacings according to Bragg’s law. The lattice
spacings are estimated to be 5.93(+0.01) A and 8.45/9.54(+0.04) A (higher value for K-
intercalated layers, cf. Figure 2b) for studtite and graphene oxide, which are consistent with
literature values. The numbers of studtite and graphene oxide layers in the alternating
sandwich configuration are determined to be 31(+2) and 12(+2) using Scherrer’s equation (cf.
Figure 2c). Scanning electron microscopy (SEM, Figure 2e) and energy-dispersive X-ray
spectroscopy mapping (Figure 2f) show homogeneous mixing of uranium and carbon. The
resulting nanocomposite can be readily casted into macroscopic forms (Figure 2g).

UO, on graphene oxide. Monodispersed GO is very easy to be produced and shows good
dispersion due to the abundant functional group (-COOH, O<, and -OH) on the surface. As a
result, GO exhibits negative charge which can easy to interact with cations. Uranyl is the main
structure of uranium, which suggests that we can produce uranium-GO nanocomposites by
mixing GO and uranyl directly. Figure 3a shows the schematic diagram of the formation
mechanism of in-situ synthesis of uranium oxide-GO nanocomposite. Due to the charge
interaction between uranyl and GO, uranyl is easily coated on the surface of GO. Bound uranyl
may be reduced by the functional groups on GO to nucleate and form uranium oxide
nanoparticles. Energy-dispersive X-ray spectroscopy (EDS) (Figure 3b) shows the appearance of
uranium element on GO. The monodispersion of uranium oxide nanoparticles can be observed
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through the low magnified TEM images (Figure 3c and d). The high-resolution TEM image
(Figure 3e) reflects the typical lattice fringes of the UO, nanoparticles. The sizes of the
nanoparticles are about 2 nm.

Figure 2. Studtite-carbon nanocomposite prepared from Ugg cage cluster and graphene oxide.
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Figure 3. (a) Schematic diagram of the formation mechanism of uranium oxide-GO
nanocomposite; (b) Energy-dispersive X-ray spectroscopy of the nanocomposite; (c, d, and e)
from low to high magnified and high resolution TEM images of the nanocomposite.

(2) Control of Carbon Nanomaterial Surface Chemistry

The deposition of uranium nanophases is not limited to the use of graphene oxide as support.
Below, we show that uranium nanoclusters and uranium dioxide nanocrystals can also be
deposited on reduced graphene oxide and inside carbon nanotubes, respectively.

Uso cage cluster on reduced graphene oxide. Monolayer dispersion of Ugg clusters on reduced
graphene oxide (rGO) by organic amine linker. Ugg cluster is produced by bridging uranyl ions
with peroxo bridges under oxidative conditions and showing negative charge, which can be
stable in the presence of counter cations (Figure 4a). rGO is two-dimensional layered
nanomaterials with lower negative charge than graphene oxide, which is suitable for the
positive charged surface functionalization. A new type of Ug-rGO nanocomposite was
synthesized through the charge interaction between organic amine linker and Ugg clusters. The
rGO was first treated with a molecule (3-phenylpropan-1-amine) which contains both the
positive charged amine group and phenyl group. After the functionalizaiton, rGO is easy to
connect with U60 cluster via the charge interaction (Figure 4a). TEM image shows that small
dark domains are homo-distributed on the rGO sheet reflecting that the monolayer dispersion
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of Ug clusters (Figure 4b). High-resolution TEM image (Figure 4c) shows the lattice fringes of
the nanoparticles. Combining with the selected-area electron diffraction (SAED, which is not
presented here), the nanoparticles are assigned to UO,. This method is ready to be generally
applied to bind negative charged nanoparticles or clusters on rGO surface.

Figure 4. (a) Schematic diagram of the Ugo-rGO nanocomposite formation mechanism; (b and c)
show the low-magnification and high-resolution TEM images of the Ugo-rGO nanocomposite.

U-filled carbon nanotubes. Mono-dispersed uranium oxide nanoparticles filled into multi-
walled carbon nanotubes (MWCNTs). MWCNTs have been used to fill different metal/metal
oxide owing to the large cavity. Previously, the most popular driven-force for the CNT filling is
capillary force, which usually shows low filling intensity. Here, we produce the uranium-carbon
nanocomposite by filling MWCNTs with mono-dispersed uranium oxide nanoparticles through a
liquid phase filling technique. Hydrophobic uranium oxide nanoparticles have been synthesized
by high-temperature thermal decomposition of uranyl oleate. So we filled the carbon nanotube
with uranyl oleate first. Due to the hydrophobic property of the oleate, the filling efficiency of
uranyl is high, which guarantees the final filling density of uranium oxide nanoparticles. TEM
images reflect that uranium oxide nanoparticles with the mono-distribution (about 5 nm in
diameter) are appeared in the channel of CNTs (Figure 5a and b). Different loading intensities
can be observed in the TEM image (Figure 5c). This may be due to the different length of the
CNTs or the concentration of uranyl oleate. By controlling the concentration, loading time,
loading temperature, and loading pressure of uranium precursor, uranium filled CNT
nanocomposite can be synthesized with different loading intensity.
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Figure 5. (a) TEM image of a typical segment of carbon nanotube filled with mono-dispersed
uranium oxide nanoparticles; (b) The magnified TEM image of a; (c) TEM image of carbon
naotubes with different filling density of uranium oxide nanoparticles.

(3) Optimal Protocol for Synthesizing Uranium-Carbon Nanomaterials

Per the survey results presented in section (1) and (2), we believe that the deposition of
uranium dioxide nanocrystals on graphene represents the most promising route to creating
well-defined and well-control U-C nanocomposites. In this section, we present the logic and
formulation of our synthetic method for optimizing the deposition of uranium dioxide
nanocrystals on graphene sheets using polyol reduction.

A well-established route for synthesizing graphene-supported metal and metal oxide
nanocrystals uses graphene oxide as a graphene precursor.” Graphene oxide can be prepared
as single-layer carbon sheets from natural graphite by chemical exfoliation that breaks apart -
7 stacking.’®™ Because of the use of strong acids and oxidants in chemical exfoliation,
graphene oxide contains a rich number of hydroxyl, carboxyl, and epoxyl surface groups,
making it hydrophilic and dispersible in polar solutions.** *> The majority of the oxygen-
containing functional groups can be removed upon reduction, which converts carboxylate,
hydroxyl, and epoxyl groups back to sp? carbon, creating graphene sheets (formally known as
reduced graphene oxide to be distinguished from graphene prepared from bottom-up
synthesis)."®’ The reduction of graphene oxide can be incorporated into the synthesis of
nanocrystals in a one-pot process when polar solvents are used to accommodate the dispersion
of graphene oxide, producing graphene-supported nanocrystals.® **1°

Previously, UO, nanocrystals having a nominal diameter of 10 nm or less have been made by
employing ferrous,”® amine-assisted,”* ™ radiolytic,? electrochemical,?* and microbial mediated
reduction of U(VI) salts.”>?” Among the existing methods, the thermal reduction of uranyl
acetylacetonate (UO;(CsH,0;),) by oleylamine is a scalable chemical method carried out in
nonpolar solvents such as octadecene, which offers good control of nanocrystal structure, size,
and morphology.”” 2 Because UO, nanocrystals, like most oxide nanoparticles, are hydrophilic,
synthesis in nonpolar solvents requires the use of capping agents such as oleic acid to give the
nanocrystals a hydrophobic surface in order to stabilize them against aggregation in nonpolar
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solvents. In principle, it is possible to switch nanocrystal surface wettability from being
hydrophobic to being hydrophilic through ligand exchange so that they can be dispersed in
polar solvents;*® however, successful experimental protocols are not yet available for UO,
nanocrystals. Obviously, using graphene oxide as the precursor for preparing graphene-
supported UO, requires a synthetic route performed in polar solvents.

A widely used synthetic method for preparing metal oxide nanocrystals, such as those made of
iron oxide and copper oxide, is polyol reduction in ethylene glycols (EGs; (CH,)2,0,.1(OH),, n =1,
2,3,4..).2°% EG compounds are mild reductants that can be oxidized to aldehydes, then
carboxylic acids, and eventually carbon dioxide and protons.??>* They have sufficient reducing
potential to transform graphene oxide to graphene;”” however, whether the polyol reduction
method can be used to prepare graphene-supported UO, nanocrystals has not been
investigated. One of the two objectives of this study is, therefore, to determine the possibility
of and conditions for preparing graphene-supported UO, nanocrystals by polyol reduction in a
one-pot operation. The second objective of this study is to determine how to handle the
resulting graphene-supported UO, nanocrystals under ambient conditions so that they can be
stored and studied without oxidizing U(IV) back to U(VI).

We begin our investigation of synthesizing graphene-supported UO, by selecting an ethylene
glycol compound with an appropriate chain length in the absence of graphene oxide.
Unsupported UO, nanocrystals are synthesized by the reduction of uranyl acetylacetone in the
EG solution heated to boiling reflux. As outlined in Figure 6, the synthesis protocol includes two
main steps. First, uranyl (U0,%") nitrate aqueous solution is mixed with acetylacetone to
produce UO5(acac),, which is collected by precipitation.> *® Second, UO,(acac), is dissolved in
an ethylene glycol solvent in a one-pot operation. The reactive solution is heated to boiling
reflux under argon protection. The boiling point of the EG solvent increases with the chain
length.?’

o SINTTN\ e

uo?2+ > U » UO,
o o \ I\ ~

M O 0O O0— (CH3)2,0,.4(0OH),
n=1,2,3,or4

Figure 6. Polyol reduction process investigated for the synthesis of uranium dioxide
nanocrystals.

Figure 7 shows the synthetic products prepared with the four EG solvents. As the aliphatic chain
of ethylene glycol increases in length, the color of the product solution changes from orange to

yellow, black, and then grey (Figure 7a —d). The yellow-to-black color transition is a well-known
characteristic associated with the U(VI)-to-U(IV) reduction. The observation of the gradual color
change with the increasing EG chain length indicates that the reduction of U(VI) is incomplete
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with MEG and DEG but complete with TEG and PEG. Close examination using transmission
electron microscopy shows that nanowires are formed with MEG (Figure 7e) while

nanoparticles are formed with DEG, TEG, and PEG (Figure 7f — h). Further analysis using powder
X-ray diffraction indicates that the nanowires produced by MEG are ianthinite
(U(U03)s0,-10H,0),%® a U(VI) oxide hydrate (Figure 7i). For the sample synthesized with DEG,

the characteristic diffraction maxima for UO, become prominent, confirming the formation of
UO, nanocrystals. However, the presence of equally prominent reflections from ianthinite (e.g.,
004 at 12°) indicates the existence of a significant amount of ianthinite as an impurity. The
reflections for ianthinite become indiscernible for the TEG product, suggesting that the amount
of U(VI) impurity has become negligible (Figure 7j). The XRD patterns for the nanocrystals

match well with those for bulk UO, (i.e., uraninite),* although the peaks are broadened in the
synthetic sample due to diminished particle size (as expected). Compared to the product of TEG,
the sample obtained from PEG shows broad reflections with barely discernible peaks,

suggesting that the sample lacks long-range ordering and thus is amorphous in nature. The
formation of amorphous materials is an indication that the reducing power of PEG is too potent,
which creates a high level of supersaturation favouring instantaneous nucleation without much
crystal growth.™

Figure 7. Reduction of uranyl acetylacetone by (a, e, i) ethylene glycol, (b, f, j) diethylene glycol,
(c, g, k) triethylene glycol, (d, h, 1) polyethylene glycol. (a — d) Digital graphs. (e — h) Transmission
electron micrographs. Scale bars: e, 1 um; f—g, 5 nm. (i — 1) Powder X-ray diffraction. Vertical

Page 11/19



lines mark reflections from ianthinite (JCPDS 12-272; dash lines) and uraninite (JCPDS 65-285;
solid lines).

Under TEM, nanocrystals made with TEG are identifiable as particles around 3 nm in diameter
(Figure 7g). The lattice fringes of the nanocrystals, although visible, are not sharp, which
suggests the presence of a relatively high percentage of defects. The defect concentration can
be greatly reduced by adding PVP and preheating TEG to reflux temperature, which provides an
improved temperature control. As shown in Figure 8a, nanocrystals synthesized with preheated
TEG have sharp lattice fringes. Nanocrystals shown in Figure 7g and 8a are slightly aggregated
when they are deposited on the TEM grid. The aggregation of nanoparticles often occurs during
sample preparation because the evaporation of solvent creates capillary force that pulls
nanocrystals together. Evaporation-induced aggregation can be prevented by replacing PVP
with either citrate or ascorbate, which provides improved steric repulsion that can resist
capillary pulling.”’ Citric acid is thermally stable at the synthesis temperature,** while ascorbic
acid likely decomposes into products containing carboxylate formed by opening the lactone
ring.*> As shown in Figure 8b and ¢, citrate and ascorbate-capped nanocrystals exhibit a more
uniform and isolated distribution on TEM grids, which offers the opportunity for accurately
measuring the sizes of the nanocrystals. According to measurements made with 228 isolated
nanocrystals, their nominal diameter is drem = 2.8(+0.3) nm by fitting the histogram with a
Gaussian function, as shown in Figure 3d. This value agrees well with the value estimated from
XRD peak broadening. According to Scherrer’s Equation, d = 0.89 A 8™ cos™ 68 where Cu Ko X-ray
wavelength A = 1.54 A.*® For the {111} peak with diffraction angle & = 14.00(+0.03) deg and
broadening at half the maximum intensity 8 = 0.050(=0.004) radian, dygp = 2.85(+0.23) nm.
According to these estimates, the coefficient of variation is computed at 8 — 10%, suggesting
the nanocrystal population has a near mono-dispersed size distribution.***®

9

4

‘-Diameler (nm)

Figure 8. Uranium dioxide nanocrystals synthesized with (a) pre-heated triethylene glycol as
well as (b) citrate or (c) ascorbate capping. (d) Statistical analysis of nominal diameter of
nanocrystals in b and c. Scale bar: 5 nm.

To synthesize graphene-supported UO,, single-layer graphene oxide is added to TEG with uranyl
acetylacetone. Under boiling reflux, TEG reduces both uranyl acetylacetone and graphene oxide.
As shown in Figure 9a, nano-sized UO, deposits are formed uniformly on graphene sheets,
suggesting a switch of crystallization mechanism from homogenous to heterogeneous
nucleation. As expected, reduction removes a significant amount of oxygen functional groups
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on graphene oxide (61% — 34%,; Figure S1) without changing the overall sheet thickness (i.e.,
1.7 nm; Figure S2).* XRD confirms that the deposits are UO,, as shown in Figure 9b. Compared
to the XRD patterns shown in Figure 7k, UO, deposited on graphene shows an intensified (002)
reflection. The lack of a distinctive peak at 20 = 26.6° corresponding to the 002 reflection of
graphite®® confirms that graphene sheets are made of single layers of carbon without a
significant amount of multi-layer sheets consisting of rt-it stacking. The lack of peaks around 26
= 11° suggests that there is also no stacking of graphene oxide sheets through water
intercalation. As shown in Figure 9c, high resolution TEM reveals that UO, on graphene has a
shape of parallelogram. Statistical analysis estimates that the parallelograms have a nominal
diameter of 2.49(+0.46) nm, as illustrated in Figure 9d.

40 — o d
" /
C g 307
2 g
R 5 20—
g 2

e T T

1 2 3 4

Diameter, d (nm)

Angle, 20 (deg)

Figure 9. Uranium dioxide nanocrystals decorated on graphene sheets. (a) Transmission
electron micrograph (TEM). (b) Powder X-ray diffraction. (c) High resolution TEM. (d) Statistical
analysis of nanocrystal size. Scale bars: a, 20 nm; ¢, 5 nm.

Further analyses of the lattice structures of unsupported and graphene-supported UO, suggest
that heteroepitaxy is likely the mechanism responsible for UO, growth on graphene. An
unsupported UO, nanocrystal synthesized in TEG is visualized using high resolution TEM
(HRTEM) in Figure 10a. The HRTEM image shows that the nanocrystal has a face-centred close
(FCC) packing structure and is seated with the (110) plane facing upward and almost perfectly
perpendicular to the electron beam. The orientation of the nanocrystal is determined by
comparing the Fast Fourier transform (FFT) of the HRTEM image, as presented in Figure 10b,
with the electron diffraction pattern of a UO, standard.®® Using CrystalMaker’, we have
identified the prominent electron diffraction spots of the nanocrystal, several of which are
marked in Figure 10c.

-.'O.‘O.'O.‘;-.';.';.'
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Figure 10. Structure and morphology of suspended UO, nanocrystals. (a) High resolution
transmission electron micrograph of a single UO, nanocrystal. To compare with the molecular
model in ¢, the near surface uranium atoms are connected by yellow dash lines and the
distinctive pattern of uranium atoms in the (110) planes are marked with seven yellow dots. (b)
Fast Fourier transform of b, showing electron diffraction spots. (c) A model molecule of
truncated UO; nanocrystal U,g1079, viewed from the [110] direction. Seven black circles are
used to illustrate the pattern marked by the seven yellow dots in a. (d) A model of truncated
octahedron. Atoms in color: U, yellow; O, red. Scale bars: a, 5 A; b, 5 nm™.

The individual nanocrystal in Figure 10a is further analyzed with the assistance of a molecular
model. As shown in Figure 10c, the molecule, which is terminated with oxygen atoms on the
surface, has the shape of a truncated octahedron. The molecule consists of 281 uranium atoms
and 792 oxygen atoms and has a mass m = 132 x 10 g. According to the uraninite density p =
1.01 x 10’ g m3,* the model molecule has a volume of 1.3 x 10%® m* and a nominal diameter of
2.8 nm. To aid comparison, we have marked the distinctive patterns of seven uranium atoms in
the centre of the (110) plane on both the HRTEM image and the molecular model in Figure 10a
and ¢, which match perfectly. We have also marked the edge of the model molecule in the
HRTEM image with dashed lines in Figure 10a. These results suggest that UO;, nanocrystals
suspended in alcohols are likely in the shape of a truncated octahedron, as illustrated in Figure
10d. Several uranium atoms of the nanocrystal are located outside the model boundary,
suggesting that the nanocrystal surface can be rugged on the atomic level.

A close examination of UO, nanocrystals deposited on graphene, as shown in Figure 11a,
indicates a preferred orientation and thus possible heteroepitaxy. FFT performed on
representative crystals show that the nanocrystals still have the FCC structure but that they are
always seated with the [110] zone axis perpendicular to the underlying graphene sheet. As
shown in Figure 11b — d, the diffraction spots of individual crystals are formed by the reflections
of {111} and {002} planes. Three types of rotational transformations are found among the
nanocrystals, consistent with the 3-fold symmetry of graphene, as demonstrated in the HRTEM
of Figure 11e, which shows UO; nanocrystals as hexagons with clear lattice fringes. An
alternative explanation of the orientation is due to the formation of a network of UO,
nanocrystals, which connect with one another through specific planes. However, such an
explanation is inconsistent with the presence of isolated islands of UO; crystals on graphene (cf.
Figure 9a and b).
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Figure 11. Heteroepitaxy of UO, nanocrystals deposited on graphene. (a) Transmission electron
micrograph (TEM) showing nanocrystals with equivalent orientations. (b, ¢, d) Fast Fourier
transform of nanocrystals in a with 0°, 60°, and 120° rotations, respectively. (e) High resolution
TEM showing the sharp edges of nanocrystals. (f) Molecular model showing heteroepitaxy.
Atoms in color: U, yellow; O, red. Scale bars: a, 10 nm; b—d, 5 nm™ e, 2 nm.

The epitaxial interface between graphene and UO, is further modelled in Figure 11f, with U and
O atoms on top of the center of the six-member carbon rings. The distance between U and O is
2.37 A and that between O and O is 2.73 A. The angles of the hexagonal UO, are 109° and 125°,
which are identical with the angles shown in the model. Because the distance between two
adjacent six-member carbon rings is 2.46 A and the angles for the six-member carbon rings
beneath the hexagonal UO, are 120°, the structures of UO, and graphene have mismatch on
the atomic level, which may have constrained the size of the nanocrystals. Epitaxial linkages
with similar degrees of mismatch have been observed at the interfaces of graphene with
ruthenium,* copper,®® molybdenum sulfide (MoS,),>* bismuth selenide (Bi,Ses),>* and gold
cyanide (AuCN).>® Density functional theory calculations suggest that the interfaces are likely
formed by graphene donating 1t electrons to the overgrowing phases.>® A distinctive feature of
the weak van der Waals bond, compared to the much stronger covalent® and ionic>® bonds, is
the preferred formation of islands and nanowires instead of continuous films.*® This is
consistent with the UO, islands over graphene observed in our experiments, as shown in Figure
11a.

In theory, the hypothesized heteroepitaxial growth mechanism can be validated by comparing
the lattice of UO; and that of the underlying graphene. To achieve the atomic resolution of a
single-layer graphene or graphene oxide, the observation requires a transmission electron
aberration-corrected microscope operated under a low beam energy.>’ Although a beam of
electrons accelerated at tens to hundreds of kilovolts can provide atomic resolutions in TEM,
the actual resolution is restricted by spherical and chromatic aberrations.’® In addition, single-
layer graphene is fragile and can be readily damage by electrons having an energy above 85
kev.>® ©°
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