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A
t present, there is a great demand for
electrocatalytic devices for energy sys-
tems and sensors. In particular, there is

a need to find new oxygen reduction reac-
tions (ORR) for fuel cells and oxygen�Zn
batteries that replace the traditional Pt/C
systems.1 Graphene-based hybrids seem to
be a promising candidate for such purposes.
Graphene, a sp2-bonded carbon network

in a honeycomb lattice,2 has been inten-
sively studied due to its interesting electri-
cal, optical, and mechanical properties, as
well as its high surface area. Graphene can
be used in photovoltaics,3 catalysis,4 elec-
trochemical sensing,5 and for energy pro-
duction and storage.6 Various chemical
modifications can be applied to significantly
enhance its properties.7�9 The properties of
graphene can also be modified by doping it
with various additives. Doping with even a
small amount of metal nanoparticles leads
to the formation of graphene hybrids that
can be suitable for electrocatalysis.
Various methods of synthesizing doped

graphene hybrids have been reported.10�13

The electrocatalytic effects of such doping
usually lead to a shift in potential of tens of
millivolts. In such hybrids, a graphene sheet
acts as the current collector and supports
the catalyst. Theoretical aspects of ORR pro-
cesses for Pt-, Fe-, and Al-doped graphene
have been intensively studied in recent
years.14,15

Although such a catalyst is typically a tran-
sition metal, we wondered if an actinide-
based catalyst might be evenmore effective.
For example, uranium has proved itself
useful in catalysis in recent years.16,17 Al-
thoughuranium, like thorium, is a radioactive
element, they have sufficiently longhalf-lives
to be safely used on a large scale: the half-
lives of their two most stable isotopes
(238U and 232Th) are ∼4.5 billion years and
∼14 billion years, respectively.18

Despite this, thus far, nothing has been
published in the literature about the use of
uranium- or thorium-doped graphenes in
electrocatalysis. In this paper, we show
that actinide-based graphene hybrids can
be used for highly efficient oxygen and
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ABSTRACT Oxygen reduction and hydrogen peroxide reduction

are technologically important reactions in the fields of energy

generation and sensing. Metal-doped graphenes, where metal

serves as the catalytic center and graphene as the high area

conductor, have been used as electrocatalysts for such applications.

In this paper, we investigated the use of uranium�graphene and

thorium�graphene hybrids prepared by a simple and scalable method. The hybrids were synthesized by the thermal exfoliation of either uranium- or

thorium-doped graphene oxide in various atmospheres. The synthesized graphene hybrids were characterized by high-resolution XPS, SEM, SEM-EDS,

combustible elemental analysis, and Raman spectroscopy. The influence of dopant and exfoliation atmosphere on electrocatalytic activity was determined

by electrochemical measurements. Both hybrids exhibited excellent electrocatalytic properties toward oxygen and hydrogen peroxide reduction,

suggesting that actinide-based graphene hybrids have enormous potential for use in energy conversion and sensing devices.
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hydrogen peroxide reduction reactions. Both hybrids
were prepared by the thermal exfoliation and reduc-
tion of doped graphene oxides in hydrogen and nitro-
gen atmospheres. We describe the effects of the
different atmospheres and the influence of the dopant
on the hybrids' electrocatalytic activity.

RESULTS AND DISCUSSION

We created U-doped and Th-doped graphene ox-
ides (Hofmann method) by exposing graphene oxide
to either uranium or thorium salt. The doped graphene
oxide slurries (labeled U-GO and Th-GO) were subse-
quently thermally exfoliated and reduced in a hydro-
gen or nitrogen atmosphere. The synthesis of these
actinide-based graphene hybrids is shown in Scheme 1.
The formed graphene hybrids (labeled according to acti-
nide type and exfoliation atmosphere as U-H, U-N, Th-H,
and Th-N) were then characterized using variousmethods
and their electrocatalytic properties determined.
First, the morphology of the U-GO and Th-GO pre-

cursors was analyzed by scanning electronmicroscopy
(SEM) and SEM/energy-dispersive X-ray spectroscopy
(SEM-EDS). The SEM images show that both samples
have the platelet structure typically observed for
graphene oxide samples (Supporting Information
Figure SI1). It is not possible to recognize the actinide
dopants in either sample, which indicates that the size
of the doping particles was in the range of nanometers
or sub-nanometers.
The distribution and concentration of individual

elements within the precursors were measured by
SEM-EDS. The distribution of the major elements
(C, O, and U/Th) is shown in Figure SI2, from which it
can be observed that U and Th were distributed
homogeneously in both precursors. In U-GO, the con-
centrations were 76.6 wt % of C, 21.6 wt % of O, and
1.4 wt % of U; for Th-GO, the concentrations were
83.4 wt % of C, 15.2 wt % of O, and 0.7 wt % of Th. In
both samples, low concentrations of S and Cl were
found as impurities. It is likely that the Th and U were
bonded to the graphene oxide surface by carboxyl and
hydroxyl groups. The highly uniform distribution of all
elements is documented by the SEM-EDS concentra-
tion maps.
After thermal reduction and exfoliation, the hybrids

were also analyzed by SEM. Whether exfoliated in
nitrogen or hydrogen, every hybrid exhibited similar
lamellar “worm-like” structures, thereby confirming the
successful formation of thermally reduced graphene

(Figure 1). However, it was not possible to identify and
visualize the individual actinide dopants on the gra-
phene sheets.
SEM-EDS showed that the distribution of O, Th,

and U was highly uniform in all hybrids (Figure 2). In
U-H, the concentrationswere 91.3wt%of C, 6.4wt%of
O, and 1.5 wt % of U; in U-N, the concentrations were
89.1 wt % of C, 8.4 wt % of O, and 1.3 wt % of U. These
results show that U-H was more reduced than U-N. In
Th-H, the concentrations were 96.2 wt % of C, 3.0 wt %
of O, and 0.5 wt % of Th; in Th-N, the concentrations
were 96.3 wt % of C, 3.2 wt % of O, and 0.4 wt % of Th.
Thus, the oxygen concentration was lower in the
graphene hybrids exfoliated in a hydrogen atmo-
sphere. All of the graphene hybrids contained small
amounts of S and Cl originating from the graphene
oxide precursors.
Scanning transmission electron microscopy (STEM)

was used, at various magnifications, to investigate the
structures of the hybrids. The graphenes exhibited a
typical wrinkled structure, but no actinide particles
were observed (Figure 3). Together with the SEM-
EDS maps, this further illustrates the highly uniform

Scheme 1. Synthesis of actinide-based graphene hybrids.

Figure 1. Morphology of actinide-based graphene hybrids
obtained by SEM: (A) U-H, (B) U-N, (C) Th-N, (D) Th-N.
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distribution of the actinide particles, which did not
appear to agglomerate.
To determine the overall composition of the gra-

phene precursors, the composition of all samples was

compared to the results obtained from combustible
elemental analysis (CHNS-O). TheU-GO samplewas com-
posedof 54.28wt%C, 1.91wt%H, and43.82wt%O; the
Th-GO was composed of 55.77 wt % C, 1.96 wt % H, and
42.27 wt % O.
After exfoliation/thermal reduction, the composition

obviously changed. In terms of the U-doped graph-
enes, U-H was composed of 92.15 wt % C, 0.63 wt % H,
0.05 wt%N, and 7.18 wt%O, while U-Nwas composed
of 81.97wt%C, 1.18wt%H, 0.47wt%N, and7.18wt%O.
In terms of the Th-doped graphenes, Th-Hwas composed
of 96.80wt%C, 0.51wt%H, 0.05wt%N, and2.66wt%O,
while Th-N was composed of 96.35 wt % C, 0.34 wt % H,
0.04 wt % N, and 3.28 wt % of O. The data were
recalculated to atom % as shown in Supporting Informa-
tion (Table SI1).
The oxygen concentration was always lower for the

samples exfoliated in a hydrogen atmosphere, which is
to be expected with exfoliation in a reducing atmo-
sphere. Interestingly, the concentration of H was high-
er than O in atom %. This can be explained by the
formation of C�Hbonds during the thermal exfoliation
of the doped graphene oxides. In the oxygen func-
tional groups, the H/O ratio is 1 in a hydroxyl group, 0.5
in carboxylic acid, and 0 for ketone and epoxide.
Therefore, if we assume that oxygen is present only
in the form of hydroxyl groups, the minimum concen-
tration of C�H can be calculated. Our calculations
showed that the minimum theoretical concentrations

Figure 2. Elemental distribution maps of actinide-based graphene hybrids obtained by SEM-EDS: (A) U-H, (B) U-N, (C) Th-H,
(D) Th-N.

Figure 3. STEM images of actinide-based graphene hybrids:
(A) U-H, (B) U-N, (C) Th-H, (D) Th-N.
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of C�H were 1.6 atom % for Th-N, 2.1 atom % for U-N,
2.2 atom% for U-H, and 4.2 atom%Th-H. Of course, the
actual concentrationswere even higher, possiblymuch
higher. The graphenes exfoliated in nitrogen had lower
concentrations of hydrogen compared to those exfo-
liated in hydrogen. Although actinide ions can act as
hydrogenation catalysts for the introduction of hydro-
gen into a graphene framework, the explanation for
such a mechanism is not obvious.
High-resolution X-ray photoelectron spectroscopy

(XPS) was used to analyze chemical composition and
structure. The XPS spectra of the U-graphene hybrids
are shown in Figure 4. Peaks were detected at 284.5 eV
for C1s, 532.5 eV forO1s, 381.8 eV forU4f7/2, and392.8 eV
for U4f5/2; however, the O 1s and U 4f peaks were of
very low intensity. The energies of the U 4f peaks indi-
cated the presence of uranium, either in the form of
UO3 or in a mixed-valence state such as U3O8. It is also
possible that some part of the uraniumwas in the form
of carbide.19

The detailed high-resolution XPS spectra of C 1s
showed a single peak at 284.5 eV with an asymmetrical
tail at higher energies (Figure 4). Careful curve fitting
was performed on both C 1s spectra to quantitatively
differentiate the different carbon stages: CdC (284.5
eV); C�C/C�H (285.1 eV); C�O of alcohol/ether groups
(286.2 eV); the CdO of carbonyl groups (287.4 eV);
O�CdOof carboxylic acid/ester groups (289.1 eV); and
the π�π* interaction (291.0 eV). The relative abun-
dance of these functional groups is shown in Table 1.
The high concentration of the C�C band, which has a

similar energy to C�H, may also indirectly indicate the
presence of the above-mentioned C�H bond.
XPS analysis was also performed for the Th�

graphene hybrids. Peaks were detected at 284.5 eV
for C 1s, 532.5 eV for O 1s, 334.2 eV for Th 4f7/2, and
343.5 eV for Th 4f5/2 (Figure 5). The energies of the Th 4f
peaks indicated the presence of thorium in the form of
ThO2. It is also possible that some part of the thorium
was in the form of carbide because carbide can be
formed on the Th�graphene interface at elevated
temperatures.20 C 1s curve fitting showed the relative
abundance of the individual functional groups
(Table 1). Compared to the U-doped hybrids, the Th-
doped hybrids had slightly higher concentrations of
the C�C/C�H bond. This indicates a higher concentra-
tion of C�H functional groups, which was also con-
firmed by the elemental analysis.
The C/O ratios (atom %) were calculated from the

XPS survey spectra for all four actinide-based graphene

Figure 4. XPS spectra of uranium�graphene hybrids; survey spectra U-H and U-N on the left, U 4f details in the middle, and
high-resolution XPS spectra of C 1s signal on the right.

TABLE 1. Quantitative Comparison of Individual Carbon

Stages in C 1s Obtained by High-Resolution XPS

concentration (%)

groups U-H U-N Th-H Th-N

CdC 53.4 41.0 50.2 55.4
C�C/C�H 18.7 20.6 18.9 16.8
C�O 17.1 11.4 8.1 7.9
CdO 7.4 3.1 8.1 7.7
O�CdO 8.5 5.1 5.9 1.0
π�π* 13.5 18.8 8.9 11.2

A
RTIC

LE



SOFER ET AL. VOL. 8 ’ NO. 7 ’ 7106–7114 ’ 2014

www.acsnano.org

7110

hybrids andcomparedwith the results obtained from the
other analytical techniques (Table 2). The results were in
relatively goodagreement, thus confirming the synthesis
of highly reduced actinide-based graphene hybrids.
To determine the quality of the supporting gra-

phene layer, we used Raman spectroscopy. The Raman
spectra showed two major bands (Figure 6). The first
band, the D band associated with sp3 defects in the
sp2 lattice, gives a signal at ∼1350 cm�1. The second
band, the G band associated with a pristine sp2 gra-
phene lattice, gives a signal at∼1560 cm�1.21 The ratio
between the D and G band intensities (D/G ratio)
indicates the degree of disorder in a carbon structure.
In our case, higher values were observed for the graph-
ene hybrids exfoliated in a hydrogen atmosphere. This
effect may be due to a number of factors but is most
likely caused by the hydrogenation of the graphene
skeleton catalyzed by the presence of actinide ions
combined with the enhanced effect of graphene etch-
ing in a hydrogen atmosphere.

The Raman spectroscopy results were also used to
determine the average crystallite size (La) by applying
the following equation:22

La ¼ 2:4� 10�10 � λlaser
4 � IG=ID (eq 1)

where IG/ID is the ratio of the intensities of the D and G
bands and λlaser refers to the laser wavelength. The D/G
ratios and corresponding crystallite sizes of the four
hybrids are summarized in Table 3.
The inherent electrochemistry of the hybrids was

investigated in 50 mM phosphate buffer. A GC elec-
trode and undoped thermally reduced graphene (TRG)
were used as controls. While the controls showed
no peak, the cyclic voltammograms for the hybrids
showed an intense peak with its maximum around
0.15�0.20 V (Figure 7). This peak likely originated from
the oxidation of the doping atoms.
The heterogeneous electron transfer (HET) rates of

the hybrids were evaluated using a [Fe(CN)6]
3�/4�

redox probe in 50 mM PBS as a supporting electrolyte
(Figure 8). The HET rates were calculated using
Nicholson's equation.23 The peak-to-peak separation
values and the HET rate constants are shown for all
samples and controls (Table 4). The peak-to-peak sepa-
ration was almost identical for both of the U-doped
graphenes: 0.168V forU-N and0.172V forU-H.Agreater
difference was observed between the Th-doped sam-
ples: 0.181 V for Th-N and 0.146 V for Th-H. Compared
with these results, the GC electrode and TRG sample
exhibited significantly slower HET rates, as shown by
peak-to-peak separation values of 0.324 and 0.241 V,
respectively. These results show that doping graphene
with actinides significantly improves HET rates.

Figure 5. XPS spectra of thorium�graphene hybrids; survey spectra Th-H and Th-N on the left, Th 4f details in themiddle, and
high-resolution XPS spectra of C 1s signal on the right.

TABLE 2. Comparison of C/O Ratios Obtained by SEM/

Energy-Dispersive X-ray Spectroscopy, Combustible

Elemental Analysis, and High-Resolution X-ray

Photoelectron Spectroscopy

atom % C/O

SEM-EDS CHNS-O XPS

U-N 14.12 6.66 60.3
U-H 19.05 17.05 58.5
Th-N 40.10 39.17 49.0
Th-H 42.76 48.49 53.9
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The oxygen reduction reaction is of major impor-
tance in energy conversion and storage devices, such
as fuel cells and zinc�air batteries.24 However, there is
an urgent need for the development of efficient low-
cost catalysts in both acidic and basic media.25�35

Electrochemical measurements of the oxygen reduc-
tion reaction showed that oxygen reduction in an
alkaline environment had a dramatic electrocatalytic
effect. Oxygen reduction for Th-N, Th-H, and U-H

started at �0.25 V and reached its maximum at
�0.36 V (Figure 9). For U-N, reduction started at
�0.22 V and reached its maximum at �0.33 V. The
GC and TRG controls showed weak reduction peaks;
reduction started at�0.28 V and reached its maximum

Figure 6. Raman spectra of actinide-doped graphene hybrids.

TABLE 3. D/G Ratios and Corresponding Crystallite Sizes

Measured by Raman Spectroscopy

sample D/G La (nm)

Th-H 1.29 14.9
Th-N 1.16 16.5
U-H 1.32 14.6
U-N 1.15 16.7

Figure 7. Inherent electrochemistry of U- and Th-doped
graphene hybrids. Conditions: 50mM PBS, pH 7.0, scan rate
100 mV/s.

Figure 8. Cyclic voltammograms of 10 mM ferro/ferricya-
nide at U- and Th-doped graphene hybrids. Conditions:
50 mM PBS buffer, pH 7.0, scan rate of 100 mV/s.

TABLE 4. HET Rates Calculated Using an [Fe(CN)6]
3�/4�

Electrochemical Probe (Conditions Are the Same as in

Figure 8)

sample HET rate (cm s�1)

U-N 1.78 � 10�3

U-H 1.73 � 10�3

Th-N 1.50 � 10�3

Th-H 2.22 � 10�3

TRG 6.50 � 10�4

GC 2.04 � 10�4

A
RTIC

LE



SOFER ET AL. VOL. 8 ’ NO. 7 ’ 7106–7114 ’ 2014

www.acsnano.org

7112

at �0.44 and �0.54 V, respectively. The potential shift
of 60 mV is technologically important. For comparison,
we also measured ORR for a commercial 1 wt % Pt/C-
modified GC electrode typically used as an industrial
standard for such reactions. For this electrode, oxygen
reduction started at �0.22 V and reached its peak at
�0.36 V. This is very important because it shows that our
U-doped graphene is practically identical, indeed even
slightly superior, to the electrocatalytic properties of the
commercial Pt/C catalyst at similar loading. This finding
could be of huge potential industrial importance.
Electrochemical measurements were also con-

ducted for hydrogen peroxide reduction. While a weak
reduction peak (maximum at �0.32 V) was found for
the Th-doped hybrids, a much more intense reduction
peakwas detected for the U-doped hybrids (Figure 10).
For U-H, reduction started at �0.52 V and peaked at
�0.85 V. For U-N, reduction started at �0.11 V and
peaked at �0.54 V; a second, weaker reduction peak

was also observed at�0.85 V. No peaks were observed
for the controls (GC and TRG). The high electrochemical
activity of the Th- and U-doped hybrids is probably
related to the formation of actinide in a mixed-valence
state. This effect is most significant in the case of
uranium, which suggests that uranium oxide has a
crucial role to play in electron transfer in electrocata-
lytic reactions. Uranium and thorium compounds are
broadly used in chemical catalysis.16 However, to the
best of our knowledge, no previous study has com-
pared the electrocatalytic activity of uranium and
thorium. In this respect, the differences between thori-
um and uranium are related to their chemical behavior.
Thorium's main oxidation state is Th4þ, but uranium
is able to form compounds across a wide range of
oxidation states, from U3þ up to U6þ. We suppose that
its enhanced electrocatalytic activity is related to this
phenomenon. It is well-known that, in the case of
cerium-oxide-based electrocatalysts, the ability to
change between Ce3þ/Ce4þ has a significant effect
on catalytic activity.36

CONCLUSION

Uranium�graphene and thorium�graphene hy-
brids were prepared by the reaction of UO2

2þ and
Th4þ ions with graphene oxide and subsequent ex-
foliation in hydrogen and nitrogen atmospheres. The
high C/O ratios obtained from all of the analytical
techniques confirmed the formation of highly reduced
graphene hybrids, particularly in a hydrogen atmo-
sphere. The hybrids contained ∼1 wt % of actinide
ions. In all samples, the actinide was uniformly distrib-
uted on the graphene sheets without the formation of
agglomerates. The concentration of uranium was
slightly higher than that of thorium due to the higher
sorption capacity of graphene oxide toward uranyl ions.
Although both of the synthesized materials exhibited
significant electrocatalytic activity toward the reduction
of oxygen and hydrogen peroxide, the uranium-doped
hybrid possessed significantly better electrochemical
properties. Furthermore, the oxygen reduction reaction
electrocatalysis of the U-doped graphene was virtually
identical to that of a Pt/C catalyst at the same loading.
This could be of huge potential industrial importance
because it represents a potential use for depleted
uranium, which is currently only used in a few minor
applications and is generally stored as waste. Indeed, it
suggests that the use of uranium as a graphene dopant
has considerable potential for application in fuel cells
and other electrochemical devices.

EXPERIMENTAL SECTION

Graphene oxide was prepared from pure graphite micropar-
ticles (2�15 μm, 99.9995%, from Alfa Aesar, Germany). Sul-
furic acid (98%), nitric acid (68%), potassium chlorate (99%),

hydrochloric acid (37%), silver nitrate (99.5%), barium nitrate

(99.5%), hydrogen peroxide (30%), andN,N-dimethylformamide

(DMF) were obtained from Penta, Czech Republic. Potassium

phosphate dibasic, potassium phosphate monobasic, potassium

Figure 9. Electrochemical reduction of oxygen of U- and
Th-doped graphene hybrids. For comparison, voltammetry
at 1 wt % Pt/C is shown. Conditions: 0.1 M KOH saturated
with oxygen; cyclic voltammetry scan rate of 100 mV/s.

Figure 10. Electrochemical reduction of 10 mM hydrogen
peroxide at U- and Th-doped graphene hybrids. Conditions:
50mMPBS, pH 7.0; cyclic voltammetry scan rate of 100mV/s.
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ferrocyanide, and potassium chloride were obtained from
Lach-Ner, Czech Republic. Active carbon with 1 wt % Pt was
obtained from Sigma-Aldrich, Czech Republic. Deionized water
(16.8 MΩ) was used for all syntheses. Uranyl nitrate hexahy-
drate and thorium nitrate pentahydrate were obtained from
Lachema, Czechoslovakia. High-purity hydrogen (99.9999%),
argon (99.999%), and nitrogen (99.9999%) were obtained from
SIAD, Czech Republic.
Graphene oxide was prepared according to the Hofmann

method is termed “GO”.37 Concentrated sulfuric acid (87.5 mL)
and nitric acid (27mL) were added to a reaction flask containing
a magnetic stir bar. The mixture was then cooled at 0 �C, and
graphite (5 g) was added. The mixture was vigorously stirred to
avoid agglomeration and to obtain a homogeneous dispersion.
While the reaction flask was kept at 0 �C, potassium chlorate
(55 g) was slowly added to the mixture in order to avoid a
sudden increase in temperature and the consequent formation
of explosive chlorine dioxide gas. Upon the complete dissolu-
tion of the potassium chlorate, the reaction flask was then
loosely capped to allow the escape of the evolved gas and the
mixture was continuously vigorously stirred for 96 h at room
temperature. On completion of the reaction, the mixture was
poured into deionized water (3 L) and decanted. The graphene
oxide was first redispersed in HCl (5%) solutions to remove
sulfate ions and then repeatedly centrifuged and redispersed in
deionized water until all chloride and sulfate ions were re-
moved. The graphene oxide slurry was then dried in a vacuum
oven at 50 �C for 48 h before use.
The graphene oxide (200 mg) was redispersed in water

(100 mL) by ultrasonication (150 W/60 min). Thorium-doped
graphene oxide was prepared by the addition of 100 mL of a
solution containing 5 wt % of Th4þ (in the form of an acidified
aqueous solution of thorium nitrate) to the graphene oxide
dispersion. The mixture was stirred for 6 h and left to stand for
the following 24 h, during which the graphene oxide absorbed
the Th4þ ions from the solution. Next, it was filtered by suction
and repeatedly washed with deionized water before being
dried in a vacuum oven prior to further use (48 h, 60 �C). The
Th-doped graphene oxide was termed “Th-GO”.
Uranium-doped graphene oxide was prepared by the addi-

tion of 100 mL of a solution containing 5 wt % uranium (in the
form of a slightly acidified aqueous solution of UO2(NO3)2). The
reaction mixture was stirred for 6 h and left to stand for the
following 24 h, during which time the graphene oxide absorbed
the (UO2)

2þ ions in the solution. Next, it was filtered by suction
and repeatedly washed with deionized water before being
dried in a vacuum oven prior to further use (48 h, 60 �C). The
U-doped graphene oxide was termed “U-GO”.
The thermal exfoliation of the doped precursors was carried

out at 1000 �C for 12 min in either a nitrogen or hydrogen
atmosphere. First, the precursor was placed inside a porous
quartz glass capsule connected to a magnetic manipulator
in a vacuum-tight quartz reactor under a controlled atmo-
sphere. This system provided a temperature gradient of over
1000 �C min�1. Then, the sample was flushed repeatedly with
pure nitrogen or pure hydrogen and subsequently inserted into
a preheated reactor in a nitrogen or hydrogen atmosphere
(pressure: 1 atm) to produce the doped graphene hybrid. The
gas flow was 1000 mL min�1, which ensured the removal of
reaction byproducts. Using this simple, scalable method, four
samples were created and termed “U-H”, “U-N”, “Th-H”, and
“Th-N” according to dopant and exfoliation atmosphere.
The morphology was investigated using scanning electron

microscopy with a FEG electron source (Tescan Lyra dual-beam
microscope). Elemental composition and mapping were per-
formed using an energy-dispersive spectroscopy (EDS) analyzer
(X-MaxN) with a 20 mm2 SDD detector (Oxford Instruments)
and AZtecEnergy software. To conduct the measurements, the
samples were placed on a carbon conductive tape. SEM and
SEM-EDSmeasurements were carried out using a 10 kV electron
beam. For the STEMmeasurement, the graphene was dispersed
in ethanol (1 mg/mL) and 1 μL was placed on a carbon/copper
200 mesh grid.
Combustible elemental analysis was performed using a PE

2400Series II CHNS/Oanalyzer (PerkinElmer,USA). The instrument

was used in CHN operating mode (the most robust and inter-
ference-free mode) to convert the sample elements to simple
gases (CO2, H2O, and N2). The PE 2400 analyzer automatically
performed combustion, reduction, homogenization of product
gases, separation, and detection. AnMX5microbalance (Mettler
Toledo) was used for precise weighing of the samples (1.5�
2.5 mg per single sample analysis). Using this procedure, the
accuracy of CHN determination is better than 0.30% abs.
Internal calibration was performed using an N-fenyl urea.
An inVia Raman microscope (Renishaw, England) was used

for Raman spectroscopy in backscattering geometry with CCD
detector. DPSS laser (532 nm, 50 mW) with 50� magnification
objective was used for exciting the sample. The instrument was
calibrated with a silicon reference, which gives a peak position
at 520 cm�1 and a resolution of less than 1 cm�1.
High-resolution X-ray photoelectron spectroscopy was per-

formed using an ESCAProbeP spectrometer (Omicron Nano-
technology Ltd., Germany) with a monochromatic aluminum
X-ray radiation source (1486.7 eV). Wide-scan surveys of all
elements were performed, with subsequent high-resolution
scans of the C 1s, O 1s, U 4f, and Th 4f peaks. Relative sensitivity
factors were used to evaluate the carbon-to-oxygen (C/O) ratios
from the survey spectra. The samples were placed in a con-
ductive carrier made from a high-purity silver bar.
All glassy carbon electrodes were cleaned by polishing with

an alumina suspension to renew the electrode surface then
washed and wiped dry prior to any use. The materials were
dispersed in DMF as the organic solvent to obtain a 1 mg mL�1

suspension. The suspension was then sonificated for 5 min at
room temperature before every use. A cleaned GC electrode
was then modified by coating with a 2 μL aliquot of the
suspension and left to dry at ambient temperature to give a
layer of randomly dispersed material on the GC surface. The
modified GC electrodes, Ag/AgCl reference electrode, and
platinum counter electrode were then placed into an electro-
chemical cell which contains the electrolyte solution, and the
measurements were then taken. The electrolytes used were
50 mM, pH 7.2 phosphate buffer solution (PBS) as the blank
buffer electrolyte and 10 mM ferro/ferricyanide dissolved in
PBS. For the other set of experiments, we used 10 mM H2O2

dissolved in 50 mM PBS and oxygen-saturated 0.1 M KOH. All
measurements were performed for two consecutive scans at a
scan rate of 100 mV s�1. The inherent electrochemistry in PBS
wasmeasured under argon atmosphere. Themeasurement was
performed using an Interface 1000 potentiostat (Gamry, USA).

Safety Considerations. From the point of view of radiation
safety, the depleted uranium and thorium used in this work
are safe; their activity is less than 0.2 kBq/g of the synthesized
material. However, long-term exposure to radioactive materials
through ingestion (either via the oral or nasal route) can result in
adverse health effects and must be avoided.
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