
www.advmatinterfaces.de

2200510 (1 of 9) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

ReseaRch aRticle

High Surface Area “3D Graphene Oxide” for Enhanced 
Sorption of Radionuclides

Nicolas Boulanger, Anastasiia S. Kuzenkova, Artem Iakunkov, Andreas Nordenström,  
Anna Yu. Romanchuk, Alexander L. Trigub, Pavel V. Zasimov, Mariana Prodana,  
Marius Enachescu, Stephen Bauters, Lucia Amidani, Kristina O. Kvashnina, 
Stepan N. Kalmykov, and Alexandr V. Talyzin*

DOI: 10.1002/admi.202200510

materials.[4] It is generally assumed that 
high surface area of material is an advan-
tage for sorbent material.[5] However, most 
common high surface area carbons (gra-
phene, graphitic carbons, and activated 
carbons) are not efficient for sorption of 
radionuclides due to the lack of suitable 
binding sites, such as oxygen containing 
functional groups.

Functionalization of carbon surface 
with various oxygen-containing groups has 
been demonstrated to increase sorption of 
radionuclides significantly. In particular, 
graphene oxide (GO) has been shown to 
provide a high sorption capacity for radio-
nuclides and various heavy metals.[6]

GO is non-stoichiometric material with 
a somewhat uncertain molecular structure 
strongly depending on many factors, such 
as synthesis methods, ageing, and degree 

of oxidation.[7] The GO is functionalized mostly with epoxy and 
hydroxyl groups on the planar surface, while the edges of flakes 
are terminated mostly by carbonyls and carboxylic groups.[8] 
Moreover, the defects (holes and vacancies) are an essential part 
of the GO,[9] important for various applications.[10]

Our recent studies demonstrated that an increased number 
of defects and carboxylic groups in GO is correlated with the 

Here preparation of high surface area activated reduced graphene oxide (arGO) 
oxidized into a 3D analogue of defect-rich GO (dGO) is reported. Surface oxida-
tion of arGO results in carbon to oxygen ratio C/O = 3.3, similar to the oxida-
tion state of graphene oxide while preserving high BET surface area of about 
880 m2 g−1. Analysis of surface oxidized arGO shows high abundance of oxygen 
functional groups which converts hydrophobic precursor into hydrophilic mate-
rial. High surface area carbons provide the whole surface for oxidation without 
the need of intercalation and lattice expansion. Therefore, surface oxidation 
methods are sufficient to convert the materials into 3D architectures with 
chemical properties similar to graphene oxide. The “3D graphene oxide” shows 
high sorption capacity for U(VI) removal in an extraordinary broad interval 
of pH. Notably, the surface oxidized carbon material has a rigid 3D structure 
with micropores accessible for penetration of radionuclide ions. Therefore, the 
bulk “3D GO” can be used as a sorbent directly without dispersing, the step 
required for GO to make its surface area accessible for pollutants.
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1. Introduction

Processing of radioactive wastes for long-term storage or perma-
nent disposal is a challenging problem, which can be addressed 
using new materials. Many materials have been studied for 
the capture of radionuclides, including, for example, zeolites,[1] 
cement-based materials,[2] clays[3] and various kinds of carbon 
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improvement of sorption capacity for several radionuclides.[6b] 
This trend led us to the synthesis of extremely defect-rich modi-
fication of GO (dGO). The dGO has been prepared using Hum-
mers oxidation of the defect-rich reduced graphene oxide (rGO) 
and demonstrated excellent sorption properties toward U(VI) 
with up to a 15-fold increase compared to standard GO.[11] The 
material was also demonstrated to exhibit specific selectivity 
in the sorption of organic pollutants.[12] The enhanced sorp-
tion of radionuclides has been correlated in these studies to 
interactions with carboxylic groups on the edges of flakes or 
holes and vacancy defects.[6b,11] Preferential interaction of metal 
cations with carboxylic groups is also in agreement with inde-
pendent studies.[13] However, dGO requires relatively complex 
procedures for preparation, which increases costs. The syn-
thesis might be challenging to scale up for real applications. 
Moreover, both GO and dGO need to be dispersed in water in 
order to make their high surface area accessible. The theoretical 
surface area of GO is about 2400 m2 g−1 (depending on oxida-
tion degree) for a single-layered GO sheet.[14] However, the N2 
BET surface area of powder GO is negligibly small since the 
GO sheets are stacked in a multilayered structure, not allowing 
nitrogen to access the inter-layer space. The GO in aqueous dis-
persions prepared by sonication exhibit a smaller experimental 
surface area of 700–800 m2 g−1 determined by the sorption of 
various molecules.[5,15] Preparation of dispersions and removal 
of GO from solutions are technological steps, which complicate 
using these materials for practical applications.

An alternative approach to preparing carbon sorbents is the 
oxidation of common high surface area carbon materials. Sev-
eral surface oxidation methods have been previously tested for 
carbon nanotubes,[16] activated carbons[17] and natural carbon 
materials like coals.[18] However, only very few of these materials 
have been tested for the sorption of radionuclides so far. More-
over, in some studies the surface area of tested carbon mate-
rials was relatively small, for example, <20 m2 g−1 for carbons 
produced by permanganate oxidation.[18] The most common 
method for surface oxidation of graphite or activated carbons 
is treatment by nitric acid.[19] However, several other chem-
ical treatments aimed at surface oxidation have been studied 
for graphite and other carbon materials. These include, for 
example, direct oxidation by oxygen at elevated temperature[20] 
and chemical treatments using solutions of H2O2, NaOCl, 
(NH4)2S2O8, AgNO3, H2PtCl6, etc.[21] It is likely that somewhat 
different types of functional groups will be attached to carbon 
material surface depending on the specific oxidation method 
but no systematic studies were so far performed for sorption of 
radionuclides by surface oxidized carbon materials.

Here we suggest that carbon materials with the type of sur-
face functionalization similar to GO but easier in preparation 
and handling could be of interest for application as sorbents for 
removal of radionuclides. The sorbent materials for removing 
radionuclides were prepared using carbon material, which has 
a stable 3D structure with a high surface area modified by sur-
face oxidation. Activated reduced graphene oxide (arGO), also 
named “activated graphene” in literature, is a high surface 
area material with up to 3000 m2 g−1 BET surface area, high 
micropore pore volume, and relatively low oxygen content.[22]

In this study, we report the preparation of surface oxidized 
arGO with high surface area (≈880 m2 g−1) as a new material 

with high sorption capacity for radionuclides in a broad pH 
range. The material demonstrates a porous 3D structure and 
does not require dispersion for sorption applications. Highly 
abundant surface functional groups similar to those found in 
GO make these materials extremely attractive as highly efficient 
sorbents for removing radionuclides from wastewaters. The 
oxidized arGO can be named “3D graphene oxide” due to the 
high degree of oxidation and sorption properties closely resem-
bling the defect GO.

2. Results and Discussion

The main idea of this study is to produce carbon material 
with high surface area and high degree of surface oxidation. 
The surface oxidation of carbons with an extremely high sur-
face area can be considered as an approach to the synthesis 
of highly oxidized carbon materials alternative to oxidation of 
graphite. Synthesis of graphene oxide includes two-step pro-
cess: first intercalation and expansion of inter-layers (e.g., using 
H2SO4) in order to make all the surface area of individual gra-
phene sheets accessible for oxidants and second is oxidation. 
High surface area carbons (activated graphene and activated 
carbons) provide the whole surface for oxidation without the 
need of intercalation and lattice expansion. Therefore, here we 
demonstrate that the surface oxidation methods are sufficient 
to convert the materials into GO-like 3D architectures.

The precursor arGO material was extensively characterized 
in our previous studies.[22a,b,23] It shows a relatively high BET 
surface area (2730 m2 g−1 for specific batch used here), micropo-
rous nature with a diameter of pores below 4  nm (Figure 1; 
Figures S1,S2, Supporting Information) and almost negligible 
amount of surface oxygen (C/O = 55). Several surface oxidation 
methods were tested in our study in order to achieve an oxida-
tion degree similar to graphene oxide while keeping the BET 
surface area as high as possible.

Oxidation of arGO was first tested using the treatment by 
10 m HNO3 for different periods of time. The nitric acid treat-
ment during 5 days resulted in efficient oxidation (C/O = 3.4)  
but also in a complete collapse of arGO porous structure  
providing material with BET SSA of only 25 m2 g−1. There-
fore, the duration of acid treatment was reduced to 6 and 24 h. 
The samples will be named in following as nitric acid oxidized 
(NAO), NAO6h, and NAO24h, respectively (Table 1).

The treatment for 6 and 24  h resulted in the formation of 
moderately oxidized carbon materials (C/O = 8.2 and C/O = 
6.0, respectively). This oxidation level is similar to the one typi-
cally observed in hydrophobic rGO (C/O ≈ 5–10) prepared by 
thermal or chemical reduction of GO.

The surface area of NAO decreased significantly compared 
to precursor arGO but remained relatively high (Table 1). Partial 
collapse of pore structure in nitric acid treated oxidized arGO 
is detected not only by the decrease of surface area but also evi-
dent in the analysis of pore size distribution (Figure S2, Sup-
porting Information). The precursor arGO shows a relatively 
narrow pores size distribution with two peaks corresponding to 
pore diameters of ≈0.7–0.9 nm and ≈3–3.5 nm. The NAO mate-
rials demonstrate somewhat different pore size distribution 
with pores mostly below 1 nm in diameter. The change is also 
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reflected in pore volume which decreases from 2.30 cm3 g−1  
in precursor arGO to 1.05 and 0.39 cm3 g−1 in NAO6h and NAO24h 
samples, respectively. (Figure S2, Supporting Information)  
The collapse of wider pores is responsible for the significant 
drop in SSA values. Some changes in the surface roughness are 
also evident in SEM images recorded from oxidized samples 
(Figure S3, Supporting Information).

The pore collapse and decrease of the surface area do not 
allow achieving higher oxidation degree using the HNO3 oxida-
tion method without the significant drop in surface area.

In contrast, ammonium persulfate oxidation (APO) of arGO 
resulted in a material preserving a significant surface area  
(880 m2 g−1) and a high degree of oxidation. The decrease in sur-
face area is mainly related to the collapse of pores with half pore 
width 10 to 20 Å abundant in rGO and nearly absent after oxidative 
treatments in all samples. The total pore volume of 0.46 cm3 g−1  
is found mostly in pores with diameter smaller than 3  nm. 
(Figure S2, Supporting Information). The smallest pores (<1 nm 
in diameter) are more stable against oxidation and, as earlier 
reported, also survive stronger mechanical treatment.[22b,24]

The C/O = 3.3 estimated for the APO sample using XPS 
is similar to the oxidation of carbon in graphene oxide. For 
example, this value is identical to oxidation achieved using 
one-step Brodie oxidation method (C/O = 3.4). The Brodie 
graphite oxide with that degree of oxidation exhibited swelling 
transitions and other properties typical for graphene oxide.[25] 
Following the definition of graphene oxide as an overall hydro-
philic material, materials with C/O > 4  should be considered 
as rGO. These materials do not show swelling in water.[26] The 
“standard” graphene oxide has C/O in the range of ≈2–3.5 and 
shows swelling in polar solvents.[7f,8,27]

It can be concluded that the oxidation using ammonium per-
sulfate is superior to nitric acid oxidation providing a higher 
oxidation degree while preserving relatively high surface area.

The nitric acid and ammonium persulfate methods are 
found to result in somewhat different types of surface oxida-
tion, as revealed by XPS analysis. Figure 2 shows the fitting of 
C1s spectra for precursor arGO, NAO6h, NAO24h, and APO 
samples. As expected, the main peak found in all four spectra 
is from not oxidized carbons (284.2–284.6 eV). Oxidized sam-
ples exhibit additional C1s components due to carbon atoms 
functionalized with several common oxygen groups. Remark-
ably, there is a major difference in the relative intensity of 
peaks typically assigned to epoxy and carboxylic groups. The 
strong 286.5  eV peak due to epoxy CO groups is found in 
the C1s spectrum of APO sample while the samples oxidized 
using nitric acid demonstrate a stronger peak at 287.0–287.2 eV, 
which is typically assigned to carboxylic groups. The relative 
abundance of carbon atoms in carboxylic groups is somewhat 
larger in APO sample (15.1%) compared to NAO24h sample 
(12.0%).

In respect to the type of functionalization, the APO sample 
is more similar to graphene oxide (higher abundance of epoxy 
groups),[6b] while NAO samples resembles defect GO produced 
by oxidation of rGO.[11]

The similarity of the APO sample to GO is evident from an 
analysis of the thermal deoxygenation pathway revealed by TGA 
traces. The hydrophilic nature of the persulfate oxidized sample 
results in much stronger water sorption, which desorbs below 
100  °C (about 15% weight loss). The main and rather steep 
weight loss step is observed in the TGA trace of APO at around 
150–260  °C, similarly to the thermal de-oxygenation of typical 
Hummers GO (Figure 3).[27]

The weight loss of the NAO sample occurs almost linearly 
over a much broader temperature interval, indicating a more 
complex composition of material functionalized with a variety 
of oxygen groups (Figure S4, Supporting Information). The 
TGA trace of NAO shows more similarity to extremely defective 
dGO material analyzed in our earlier publications. It should be 
noted that TGA data cannot be used directly for the analysis of 
oxygen content in carbon materials since the thermal deoxygen-
ation occurs with the formation of carbon oxide gases (CO2 and 
CO).[28] That is also known to be the mechanism for thermal 
de-oxygenation in graphitic materials.[21] However comparing 
TGA traces on the relative scale clearly confirms stronger oxida-
tion of the APO sample.

Table 1. BET Surface area, cumulative surface area calculated using 
QSDFT model, and C/O ratio of samples produced by surface oxidation 
of arGO using treatments by nitric acid (NAO) and ammonium persul-
fate (APO).

Sample Oxidizing agent and 
reaction time

BET surface area  
[m2 g−1]

DFT surface area  
[m2 g−1]

C/O

arGO none 2730 2260 55

NAO6h 10 m HNO3 6 h 1810 1580 8.2

NAO24h 10 m HNO3 24 h 830 920 6.0

APO Ammonium persulfate
5 days

880 790 3.3

Figure 1. High resolution STEM images of arGO showing the porous structure of the material with most pores <4 nm in diameter.
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The hydrophilic nature of the APO sample was also confirmed 
by water sorption isotherm recorded using DVS (Figure S5,  
Supporting Information). The shape of isotherm and relatively 
high surface area (740 m2 g−1) determined by water sorption are 
once again very similar to GO and sharply different compared 
to hydrophobic arGO (<10 m2 g−1) The BET surface area deter-
mined by water sorption is only about 15% smaller compared to 
the BET surface area calculated using nitrogen isotherm. It can 
be concluded that most of the surface in APO material (at least 
85%) is well oxidized.

Efficient oxidation of arGO was also confirmed using FTIR 
(Figure 4). The FTIR spectrum of the APO sample shows 
several strong peaks due to oxygen functionalization, most 
notable peaks at 1717 and 1205 cm−1 typically assigned to CO 

and CO groups. As expected from the lower oxidation of 
NAO24h, peaks from oxygen groups are much weaker in the 
FTIR spectrum of this sample. The APO spectrum also shows 
similarity to spectra of graphene oxide and even stronger simi-
larity to spectra of dGO (Figure  4). The carbon framework of 
oxidized activated graphene is obviously very different from the 
2D structure of graphene oxide, which results in the shift of 
CO and CO peak positions by 12 and 27 cm−1, respectively. 
However, the type of functionalization seems to be very similar 
since all the main features are present in both dGO and APO 
spectra (Figure S6, Supporting Information).

Figure 3. TGA traces recorded in nitrogen at 2 K min−1 for samples of 
arGO oxidized in ammonium persulfate.

Figure 4. Spectrum of APO and NAO24 samples compared to spectra 
of standard Hummers graphene oxide (HGO) and defect-rich graphene 
oxide (dGO).[11]

Figure 2. XPS C1s spectra of a) arGO, and arGO oxidized in b) ammonium persulfate, c) 10 m HNO3 oxidized for 6 h, and d) 10 m HNO3 oxidized for 24 h.
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To evaluate the sorption properties of oxidized high surface 
area carbon materials, a rapid test was initially performed with 
Am(III) in the presence of Al(III) as a competing agent (Figure 5).  
The choice of competing agent is motivated by possibility to use 
high concentration of Al3+ in solution which allows achieving 
saturated sorption. We note also that mono- and divalent cat-
ions are not a high competitor to the sorption Am3+.

The lowest sorption ability was found for non-oxidized  
arGO precursor material. As expected, a low amount of  
oxygen-containing functional groups is not favorable for the 
sorption of radionuclides. All oxidized materials demonstrate 
significantly higher sorption. The sorption capacity of oxi-
dized carbons is also higher than for reference Hummers GO. 
Am(III) sorption tests showed that oxidized carbons have a 
high potential for application as radionuclides sorbent.

Therefore, a more detailed study was performed to evaluate 
the sorption properties of oxidized arGO to remove U(VI) from 
aqueous solutions. In particular, sorption isotherms and pH 
dependence of sorption were investigated.

The sorption isotherm allows us to estimate the sorption 
capacity of materials (Figure 6). As expected, U(VI) sorption 

by arGO is dramatically lower compared to oxidized materials. 
All three oxidized arGO samples showed very similar sorp-
tion isotherms. Isotherms were fitted by the Langmuir model: 
Csorb = QmaxKLaCsol/(1 + KLaCsol), where Csorb is the equilibrium 
concentration of adsorbed radionuclides, Csol is the equilib-
rium concentration of radionuclides in aqueous solution, Qmax 
is the maximum sorption capacity, and KLa is an adsorption 
coefficient. The calculated sorption capacities are presented 
in Table 2. The sorption capacity of oxidized materials toward 
U(VI) is very high. The highest sorption (1950 ± 64 µmol g−1) 
was found for the persulfate oxidized arGO (APO sample). The 
APO sample is also the material with the strongest oxidation. 
The overall U(VI) sorption is slightly lower than sorption by 
previously reported extremely defective graphene oxide, dGO. 
However, APO has several advantages for sorption applications 
compared to dGO as discussed below.

Another essential characteristic of the sorbents is the pH 
region where they can work. Figure 7 presents the pH edge of 
U(VI) onto APO compared with the natural sorbents, which are 
usually considered promising for removing uranium and some 
other radionuclides. APO shows very high U(VI) sorption in 
the wide pH range: from 2 to 11 similarly to dGO (Figure S8, 
Supporting Information). The sorption of U(VI) decreases dra-
matically with increasing pH over 7 because of the formation of 
the U(VI)-carbonate complexes in a solution that competes with 
the sorption. It is the unique feature of U(VI) sorption which 
needs to be addressed in advanced sorbents. Most of the known 
sorbents are not efficient for removing uranium at natural pH. 

Figure 5. Sorption test: sorption of Am(III) in the presence of competing 
Al(III) ([solid] = 0.7 g L−1, [Al (III)] = 1.3 g L−1, pH = 3.5).

Figure 6. Sorption isotherms of U(VI) onto studied materials ([solid] = 
0.5 g L−1, pH = 5.1).

Table 2. Capacity for U(VI) sorption onto precursor arGO and two types 
of surface oxidized materials calculated by applying the Langmuir model 
at pH 5.1. Data for dGO are from ref. [11].

Sample Maximum sorption capacity Qmax [µmol g−1]

arGO 644 ± 78

NAO24h 1590 ± 38

APO 1950 ± 64

dGO  2250 ± 53

Figure 7. pH sorption edges for U(VI) onto APO in comparison with the 
published data on natural sorbents[29] ([U(VI)] = 2 × 10−7 m, [solid] = 0.5 g L−1).

Adv. Mater. Interfaces 2022, 9, 2200510
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The oxidized high surface area carbon materials obtained in 
this work demonstrate high sorption even at pH higher than  
8 because of the high amount of functional groups which serve 
as sorption sites for uranium. Natural sorbents cannot provide 
such an advantage.

It is clear that several types of oxygen functional groups are 
present on the surface of oxidized arGO. Therefore, we per-
formed additional characterization of samples exposed to radio-
nuclide solutions to study the sorption mechanism.

EXAFS spectra of U(VI) sorbed onto studied samples (Figure 8a)  
show that the local atomic environment of sorbed uranium is 
very similar in the case of APO and NAO24h samples. At the 
same time, these spectra are quite similar to U(VI) sorbed onto 
previously studied dGO samples. The parameters of the fit 
show good agreement among each other (Table S1, Supporting 
Information). In all these cases, the first peak of the Fourier 
transform at 1.3–1.4 Å is the U–O shell and can be addressed 
to two axial uranyl oxygen atoms in UO2

2+ cation. The next 
peak refers to equatorial oxygen atoms and latter subshell cor-
responds to U–C interactions. The EXAFS of U(VI) sorbed onto 
dGO, APO, and NAO24h indicate that the interaction occurs 
with carboxyl groups similar to the structures C4 (Figure  8; 
Figure S7, Supporting Information).

Rather different U(VI) local surrounding was observed in 
case of sorption onto precursor arGO sample. In this spec-
trum, third peak that correspond to U–C interaction is more 

pronounced. The number of oxygen functional groups in arGO 
is much lower and likely limited to very few kinds of func-
tional groups. That is evidenced by a more ordered environ-
ment of uranium EXAFS spectra which leads to an increase in 
the intensity of the peaks. Moreover additional U–C distance 
appears in the fit at the distance 3.26 Å. This distance seems to 
appear when U binds not to carboxyl groups but to groups like 
C1 or C3 (Table S1, Figure S7, Supporting Information).

The experimental U M4  edge HERFD-XANES spectra[30] 
recorded after sorption experiments demonstrate three distinct 
features. (Figure 8b). The first intense peak corresponds to the 
transition to the 5fδ and 5fφ U orbitals while two other features 
shifted from the first one by ≈2.1 and 6.2 eV, respectively, cor-
respond to the transition to the 5fπ and 5fσ U orbitals.[31]

The height ratio for the second feature relative to the first 
is similar for U(VI) sorbed on dGO and APO  samples (0.52) 
but increases in case of interaction with NAO24h (0.59) and in 
arGO (0.64) samples. In contrast, the relative intensity of the 
third peak decreases in the same sequence.

The HERFD-XANES spectra of oxidized samples are notice-
ably different compared to U(VI) sorption on precursor arGO. 
It can be concluded that the change in relative height of the 
main features of HERFD-XANES spectra correlates with the 
degree of oxidation.

Guided by the structural analysis of GO derived from the 
present EXAFS data (see the previous section), we performed 
FDMNES calculations of the U M4 edge HERFD-XANES for 
several structures similar to our earlier study for sorption of 
U(VI) in defects of GO.[6b,11] (Table  S1, Figure  S9, Supporting 
Information). Results (Figure S10, Supporting Information) 
indicate that the differences observed in experimental data are 
compatible with U(VI) adsorbed in holes for the more oxidized 
materials.

It can be concluded that modeling supports similarity 
between GO and APO materials with respect to mechanism of 
U(VI) sorption. The modeling results suggest that interaction 
of the radionuclides with GO and surface oxidized arGO occur 
on the small holes or vacancy defects.[6b,11]

The sorption capacity of surface oxidized arGO is likely 
related to overall number of carboxylic groups accessible on its 
surface. According to XPS data, the relative number of double 
bonded oxygen groups (CO) is almost the same in APO and 
NAO24h samples (15.1% and 12.0% respectively). The surface 
area of APO is somewhat higher than in NAO24h (880 and  
830 m2 g−1, respectively) but the overall number of oxygen 
groups is almost twice higher (C/O = 3.3 in APO compared to 
C/O = 6 in NAO24h). Higher oxidation degree of APO mate-
rial provides higher sorption of U(VI). As it is suggested by the 
spectroscopy data, certain geometrical configuration related to 
small holes in carbon sheets is most favorable for sorption but 
clearly not all carboxylic groups are arranged in the real mate-
rial in that specific type of sites.

It needs to be emphasized that that surface oxidized mate-
rials presented in our study are extremely disordered. The 
precursor arGO is none-crystalline material without long range 
ordering. Oxidative treatment obviously makes the material 
even more defective as evident by partial collapse of pores and 
smaller surface area. Therefore, surface oxidation provides 
variety of oxygen functional groups and large variety of possible 

Figure 8. a) U L3 EXAFS spectra of U(VI) sorbed onto precursor arGO, 
NAO24h, APO, and dGO. b) U M4 HERFD-XANES spectra U(VI) for 
arGO, arGO oxidized in 10 m nitric acid for 1 day, and arGO oxidized in 
ammonium persulfate. The spectrum of defect graphene oxide (dGO) is 
provided for comparison. Inset shows C4 structure for U(VI).
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sorption sites. The overall sorption is averaged over all possible 
sites.

The sorption capacity of APO samples is on the similar 
level as for previously reported dGO but with very clear advan-
tages for practical applications. One of the main advantages of 
surface oxidized porous carbons presented in our study as com-
pared to graphene oxides is easier synthesis. Hummers oxida-
tion commonly is required to prepare graphene oxides and 
dGO starting from graphitic precursors. It is relatively complex 
procedure, which includes using concentrated acid, requires 
temperature control, slow adding permanganate in many 
steps, and known to be dangerous with certain risk of explo-
sions. It is difficult to scale up Hummers oxidation for indus-
trial production. In contrast, the surface oxidation by ammonia 
persulfate is rather simple one step procedure which can be 
applied to any high surface area porous carbon including not 
only arGO but also activated carbons. The oxidation method is 
easy to scale up for industrial production of materials in bulk  
amounts.

The 3D GO is also a material with rigid microporous struc-
ture, which is an advantage for the sorption applications com-
pared to graphene oxides. The material can be applied to the 
sorption of contaminants from water by simple immersion and 
removal of powder. The surface area of GO is not accessible for 
sorption without dispersing this material to single sheets. The 
dispersions are typically produced using sonication or other 
strong mechanical treatments. The concentration of single-lay-
ered dispersions is not high (≈2–3 mg mL−1) and large volumes 
of solvent are required for practical applications. Once the dis-
persion of single-layered GO sheets is exposed to contaminants, 
the sorption occurs and then the sheets need to be removed, for 
example, by filtration or centrifugation. It is particularly diffi-
cult to handle dGO material due to rather small particle size 
(tens of nm). As a result, dGO shows high sorption but difficult 
to use in standard filtration devices.

In contrast, “3D GO” which we report here is bulk porous 
powder material with micrometer size grains (Figure S3, Sup-
porting Information). It can easily be used in standard filtration 
devices since the whole surface area of material is available for 
sorption without need for dispersing. Therefore, the powder 3D 
GO is compatible with standard filtration devices where bulk 
filler materials are used as sorbents to remove contaminations.

3. Conclusion

In summary, mild surface oxidation of “activated graphene” is 
demonstrated to result in the formation of high surface area 
carbon materials very similar to defect-rich graphene oxide but 
with 3D structure. The similarity in degree of oxidation, type 
of oxygen functionalization, hydrophilicity, and mechanism of 
radionuclide’s sorption allows considering the new material as 
“3D graphene oxide” (3D GO).

The material demonstrates a porous 3D structure directly 
accessible for sorption of various contaminants. Highly 
abundant surface functional groups similar to those found in 
GO make these materials extremely attractive as highly efficient 
sorbents for removing radionuclides from wastewaters.

The material shows a relatively high surface area of about 
880 m2 g−1, C/O = 3.3 and high capacity in sorption of U(VI) 
(1950  µmol g−1). The sorption of radionuclides by surface oxi-
dized materials is strongly enhanced compared to precursor 
arGO and standard graphene oxide. The 3D GO is easier to 
prepare but shows sorption capacity toward U(VI) comparable 
to dGO. It is also better compatible with standard filtration 
devices as a bulk powder material with surface area accessible 
for sorption of contaminants from solutions.

The high surface area of 3D GO is inherited from the pre-
cursor arGO but decreases significantly compared to the pre-
cursor due to oxidation-induced pore collapse. The collapse of 
pores was significantly less pronounced when ammonia persul-
fate was used as an oxidant instead of more common concen-
trated nitric acid.

Therefore, milder but similarly efficient surface oxidation 
methods might result in even better sorption capacity of 3D GO 
toward radionuclides. The hypothetical surface oxidized mate-
rial similar to APO studied in our experiments but with sur-
face area of ≈2700 m2 g−1 (as in precursor material) will provide 
about three times higher number of oxygen functional groups 
per unit of volume. Therefore, the sorption capacity of the ideal 
hypothetical 3D GO could be expected to achieve an extraordi-
nary value of ≈6000 µmol g−1.

4. Experimental Section
Preparation of arGO: Graphite oxide powder was bought from 

Abalonyx (Product 1.8) and thermally exfoliated to produce rGO with 
maximal BET surface area following procedure tuned in the earlier 
studies.[32] According to this procedure, the graphite oxide powder 
(4 g)  was  placed inside of ≈1 L volume aluminum foil cylinder and 
rapidly inserted into a furnace at 230  °C for around 8  min. The GO 
powder explosively exfoliated during the rapid heating, thus producing 
powdered rGO. Providing sufficient volume for the explosion inside of 
the aluminium cylinder was essential in order to achieve maximal BET 
surface area.[32] To prepare activated graphene the rGO was subjected 
to KOH activation according to the procedure optimized in the earlier 
studies.[22a,b,32] The rGO powder was then mixed with potassium 
hydroxide in a 1:8 weight ratio in a 3:7 water:ethanol mixture and stirred 
overnight. The mixture was then dried overnight in a vacuum oven 
at 80  °C before being placed in a tube furnace under an argon flow. 
The furnace was heated up to 200  °C for 1  h in order to finish drying 
the material before being further heated to 850  °C and annealed at 
that temperature for 3  h before being slowly cooled down to room 
temperature. Afterward, the resulting material was stirred overnight in 
1  L of a 10% acetic acid solution in water. It was finally rinsed using a 
vacuum filtration setup with a polytetrafluoroethylene (PTFE) membrane 
filter and dried overnight in a vacuum oven.

Surface Oxidation of arGO: The arGO powder was oxidized using two 
different methods: 1) using ammonium persulfate and 2) using nitric acid.

1) Typically 200  mg of arGO were placed in a container with  
an excess of saturated ammonium persulfate solution in DI water. The 
solution was left for stirring at room temperature for 5 days before 
being rinsed in a vacuum filtration setup with a PTFE membrane filter 
and dried in a vacuum oven.

2) For the oxidation in nitric acid, 500  mg of arGO powder was 
placed in a glass container in an oil bath at 80  °C. 10  mL of  
10 m nitric acid was then added (50 mg arGO per mL of nitric acid), 
and the solution was left stirring in the now closed container for either 
6 h or 1 day. The fumes from the acid were left escaping the container 
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in a tube and bubbled through a saturated KOH solution before being 
released in the fume hood. The solution was then rinsed with DI water  
in a vacuum filtration setup using a PTFE membrane filter before  
being dried in a vacuum oven.

Sorption Experiments: All sorption experiments were carried out in 
plastic vials with minimal retention by walls. The carbons suspensions 
were prepared by dissolving powders in water and mild sonication 
in a cavitation mode. It is important to note that mild sonication did 
not result in breakup of material’s 3D porous structure. Aliquots 
of 241Am and 1.3 g L−1  of  Al3+  competitive  cation were added to a  
0.7 g L−1 solution in 0.1 m NaClO4 for test sorption tests. The pH value 
was measured using a combined glass pH electrode (InLab Expert Pro, 
Mettler Toledo) with an ionomer (SevenEasy pH S20-K, Mettler Toledo) 
and was adjusted to 3.5 via the addition of small amounts of diluted 
HClO4 or NaOH. After 24 h of equilibration the aliquot of the suspension 
were centrifuged at 40 000 g for 20 min (Allegra 64R, Beckman Coulter) to 
separate the solid phase from the solution. The sorption was calculated 
using the difference between the initial activity of the radionuclides and 
the activity measured in the solution after centrifugation. The activity 
of radionuclides was measured using liquid-scintillation spectroscopy 
(TriCarb 2700TR, Canberra Packard Ind., USA and Quantulus-1220, 
Perkin Elmer). The 232,233U radionuclide was used in the pH-dependent 
sorption tests. A mixture of 232,233U and natural uranium were utilized 
to create isotherms. In the case of pH dependence, experimental 
pH value was varied in the range of 1–12. The equilibration time was 
24 h. In the isotherm experiment sorption systems were checked several 
days to maintain pH constant to the 5.1 ± 0.1. After several days of the 
equilibration on the constant pH conditions the sorption was measured 
using described above methods.

Statistical Analysis: The values of sorption capacity were represented 
as an average value ± standard deviation.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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