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Templated synthesis of a bifunctional Janus
graphene for enhanced enrichment of both
organic and inorganic targets†

Kang Yuan,ab Yong Li,a Xiu Huang,ac Yong Liang, b Qian Liu *abc and
Guibin Jiangac

We report the synthesis of a bifunctional Janus graphene with silica

microspheres as a template. The two sides of the Janus graphene

are asymmetrically functionalized with ethylenediamine tetraacetic

acid and octadecyl groups, making it capable of simultaneous

enrichment of organic and inorganic targets in complex media.

This work reveals a new route to design and fabricate multipurpose

adsorbent materials.

Graphene (G), a two-dimensional carbon nanostructure,1 has shown
great promise in both fundamental and industrial applications.
Typically, owing to its ultrahigh surface area (theoretical value
2360 m2 g�1)2 and p-electron-rich structure, G has been extensively
used as an enrichment material in separation chemistry. It has been
demonstrated that G can capture a great variety of substances including
organic pollutants, biopolymers, and metal ions through p–p interac-
tions, hydrogen-binding, electrostatic interactions, and coordination
bonds.3–6 However, G often suffers from aggregation of material, single
target, non-specific adsorption, and less anti-interference, which may
greatly reduce its adsorption efficiency and application performance in
complex media. Thus, a feasible alternative is to prepare modified G or
its derivatives through chemosynthesis.7–9

Recently, two-dimensional (2D) Janus nanomaterials attract
remarkable interests for their unique asymmetrical structures
on the two surface sides.10,11 Because of the bifunctional surface
activities, they have great potentials to serve as surfactants, sensors,
drug carriers, and equipment units.12–14 The synthesis of 2D Janus
nanomaterial relies critically on the extremely thin fabrication
process, variable chemical decorations, and proper mechanical
properties. Interestingly, as a one-atom-thick hexagonal mesh of
carbon atoms, G has modifiable interfaces and strong stability.

Thus, it provides a promising scaffold for fabrication of 2D Janus
materials. As an emerging version of G, Janus graphene (JG) can be
artificially modified with different functional groups on each side of
the surface sheet, endowing it versatility and specificity towards
multiple targets. Furthermore, the unique Janus structure can mini-
mize the interference between the two functionalities of JG in
applications. Unfortunately, up to now, the synthesis of JG is still a
very challenging task. Only few papers reported the synthetic methods
of JG including interfacial and template-directed synthesis.15–18 How-
ever, interfacial synthetic methods suffer from rigorous operation,
strict reactive conditions, and low yields.15,16 Recently, wax-in-water
Pickering emulsion and polystyrene microspheres were used as
templates to synthesize JG.17,18 However, in these reports, the JG
was only one-sided functionalized and the templates were less
modifiable. Therefore, development of more accessible and efficient
bulk synthetic methods are of high priority. Furthermore, the poten-
tials of JG in multi-target adsorption are yet to be recognized.

Here we report a novel method for the synthesis of Janus
graphene with dual adsorption capabilities toward different
types of pollutants with silica microspheres as a template and
alkali as a template-removal reagent. To test our hypothesis, we
use two commonly used adsorption ligands, octadecyl group (C18)
and ethylenediamine tetraacetic acid (EDTA), to functionalize the
two sides of graphene oxide (GO) sheets. The synthetic procedures
are schematically shown in Fig. 1A. Briefly, SiO2 microspheres as a
starting template are first modified with APTES to produce
positively charged amino-functionalized SiO2 (SiO2-NH2), and
then negatively charged single-layer GO sheets are electrically
adsorbed onto the SiO2-NH2 microspheres to form SiO2@GO
nano-assemblies. The SiO2 microspheres can mask the inner side
of GO sheets and thus the outer side can be used for further
chemical modification. Then, SiO2@GO is single-sided modified
with EDTA–silane via the interaction with hydroxyl groups at the
GO surface to obtain SiO2@GO–EDTA (Fig. S1A, ESI†). The SiO2

core is then etched with KOH to obtain EDTA–GO.19 Afterwards,
octadecylamine (ODA) is asymmetrically covalently bonded to
EDTA–GO via amidation with carboxylic groups or nucleophilic
substitution with epoxy groups on the other side of the sheets
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(Fig. S1B, ESI†) to yield C18–GO–EDTA nanocomposites, namely,
Janus graphene.

Besides the intrinsic properties of G, the synthesized JG has the
following new characteristics: (1) enhanced lipophilicity originated
from C18 group; and (2) strong metal ion chelating ability offered by
EDTA. In view of these advantages, both toxic organics and heavy
metal ions can be simultaneously enriched by the JG. Compared
with the previously reported methods, the present synthetic method
for JG is more facile, more economical, and free of organic solvents
or sophisticated devices. The SiO2 microspheres as a template
permit the synthesis to process in bulk solution to improve the
production yields and are also easy to be removed by the KOH
etching. Furthermore, the high flexibility in chemical functionaliza-
tion of SiO2 microspheres may provide a more accessible platform
than other materials for the mobilization of GO.

The synthetic process of JG and the intermediate products were
verified and characterized by different techniques. First, the morphol-
ogy and structure of JG were identified by FE-SEM and TEM. As
shown in Fig. 2A, the bare SiO2 microspheres have a very smooth
surface with a particle size of 200–600 nm. After immobilization of
GO, the surface of SiO2@GO microspheres are fully decorated with
wrinkled and rough textures, indicating that SiO2@GO is successfully
encapsulated by plicated and single-layer GO sheets (Fig. 2B). After
reaction with EDTA–silane (Fig. 2C), the microspheres keep being
encapsulated by the wrinkled nanosheets, indicating that the EDTA
functionalization does not detach the GO from the microspheres. The
final product shows a nanosheet morphology as GO (Fig. 2D),
indicating that the KOH etching can completely remove the SiO2

template to produce a clean JG. The FE-SEM and TEM images for
each step during the synthesis are also given in Fig. S2 and S3 (ESI†).

The synthesis of JG was also monitored by AFM (Fig. 2E–H;
see Fig. S4 for high-resolution ones, ESI†). As shown in Fig. 2E,
the thickness of GO sheets is 0.7 � 0.1 nm (H0), confirming
its single-layer nature. After the EDTA functionalization, the

thickness of GO–EDTA increases to 2.1 � 0.3 nm (H1). Upon
asymmetric modification with C18, the thickness further increases
to 2.9 � 0.1 nm (H2) (Fig. 2F and H). From H1 and H2, we can infer
that the theoretical thickness of C18 layer is approximately 0.8 nm
(i.e., H2� H1). To verify this point, we also synthesized a symmetric
two-sided ODA-functional graphene material, i.e., C18–GO–C18.
We find that the thickness of C18–GO–C18 is 2.3 � 0.2 nm
(H3; see Fig. 2G). From H0 and H3, we can also estimate the
theoretical thickness of C18, that is, (H3 � H0)/2 = 0.8 nm. This
value is close to the H2 � H1, which accounts for the ODA
binding to GO–EDTA. In addition, the different thickness of
C18–GO–C18 and JG (Fig. 2G and H) also suggests the different
functionalization on each side of GO sheets.

Moreover, the JG was also characterized by FT-IR and XPS.
As shown in Fig. 2I, there the 695 cm�1 (stretching vibrations of
C–O–Si) occurs in GO–EDTA (Fig. 2I(b)), and the absorption
peaks at 1564 cm�1 (N–H stretching vibration) is present in JG
(see Fig. S5, ESI† for more discussion), manifesting the covalent
linkage among EDTA, ODA, and GO. The XPS results are given in
Fig. S6 (ESI†) that also verify the chemical structure of JG. Notably,
from the atomic percentages given by XPS, we can roughly estimate
the loading amounts of EDTA–silane and ODA in the JG to be 4.5 : 1
(see Table S1 and Section 1.10 in ESI†). The amount of ODA is higher
than that of EDTA–silane, probably due to the incomplete coverage of
the EDTA side in the JG. In addition, zeta potentials (Fig. 2J) of
GO, SiO2-NH2, and SiO2@GO were measured to be �46.5, 33.4, and
�27.1 mV, respectively, indicating that the assembly of SiO2@GO is
driven by electrostatic interaction. The strong electrostatic interaction
between SiO2-NH2 and GO can ensure the inner side of GO sheets to
be fully masked by the SiO2-NH2 microspheres. For GO–EDTA, the
zeta potential is�37.4 mV due to the import of more carboxyl groups,
and that of JG shifts positively to �31.4 mV because a part of polar
groups are substituted by non-polar C18 chains. Overall, all results
mentioned above demonstrate the successful synthesis of the asym-
metrically functionalized JG.

Then, we examined the dual adsorption capacities of JG for
organic targets and metal ions. The enrichment of heavy metal ions
were investigated considering the metal-chelating EDTA function-
ality in the JG. As an illustration, Pb(II) and Ni(II) ions were selected
as enriching targets and the adsorption amounts were measured by
ICP-MS (Fig. 1B). The Langmuir adsorption isotherm model
was used to estimate the maximum adsorption capacity (qmax).
The adsorption capacity (qe, mg g�1) of targets adsorbed onto
the adsorbent is obtained by the following equation:

qe ¼
C � Ceð ÞV

M
(1)

where C (mg L�1) is the initial concentration of target, Ce (mg L�1) is
the equilibrium concentration of target, V (L) is the volume of the
solution, and M (g) is the amount of the adsorbent. As demonstrated
in Table S2 (ESI†), the experimental data can be well fit to the
Langmuir model. As shown in Fig. 3, due to the presence of large
amounts of oxygen-containing functionalities (e.g., hydroxyl and
carboxyl groups), GO also shows some adsorption capacities for
heavy metal ions. While, the adsorption amounts on the JG is
significantly higher than that of GO with the maximum adsorption

Fig. 1 Scheme showing the synthetic procedures of Janus graphene (A)
and its application as an enrichment probe for organic and inorganic targets
detected by SELDI-TOF MS and ICP-MS (B). APTES: 3-aminopropyl-
triethoxysilane; EDTA–silane: N-[(3-trimethoxysilyl)propyl]ethylenediamine
triacetic acid trisodium salt.
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amounts 2.4 times higher than that of GO for both Pb(II) and Ni(II)
(see Table S2, ESI†). These results demonstrate that the JG is a
highly efficient adsorbent for toxic heavy metal ions for potential
applications in environmental purification fields.20

We also tested the adsorption capability of the JG for organic
compounds. By using perfluorooctanesulfonic acid (PFOS), an
anthropogenic fluorosurfactant and global pollutant, as a model
compound, the adsorption capacity on the JG was determined. As
shown in Fig. 3C and Table S3 (ESI†), the maximum adsorption
capacity of PFOS on the JG is 2.5 times higher than that of GO,
due to the enhanced hydrophobic interaction and chain–chain
interaction contributed by the C18 group. Overall, the results
mentioned above demonstrate the high efficiency and versatility
of the JG in multi-target adsorption. It should be noted that the
JG shows equally excellent performance in both organic and
inorganic adsorption, which can be attributed to the unique Janus
structure that ensures the effectiveness of both two functionalities
and minimized their possible interference.

To further demonstrate the merit of this new material in
organic target enrichment, we also show its application as a probe
in surface-enhanced laser desorption/ionization time-of-flight mass
spectrometry (SELDI-TOF MS) analysis (Fig. 1B). SELDI-TOF MS is a
high-throughput analytical technique that derives from matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS). It uses a probe that serves as both extractor to

enrich the targets and MALDI matrix to assist the LDI process. Thus,
the SELDI probe must have both excellent adsorption capacity for
targets and good ability to be a MALDI matrix. Ten organic con-
taminants with molecular weight o 1000 Da were used as target
analytes (see Table S4, ESI†). Meanwhile, other materials, i.e., G, GO,
and CHCA (a-cyano-4-hydroxycinnamic acid), were also compared
with the JG. To satisfy the demands of SELDI probe, we first tested the
performance of JG as a MALDI matrix. As shown in Fig. S7 (ESI†), the
feature peaks for the target analytes are readily detected. Notably,
the performance of the JG matrix is better than other matrices in both
negative ion and positive ion mode. To explain this result, we further
investigated the morphology of the JG matrix on the MALDI target.
Interestingly, we find that the JG can form well distributed self-
assembles on the MALDI target (see Fig. S8 for FE-SEM images, ESI†),
probably because of the amphiphilic properties of JG. That is, the
EDTA side is polar and the C18 side is non-polar, so the JG should
behave like surfactants that can form micelles or vesicles in aqueous
solution and at interfaces. Such an ordered self-assembled film can
improve the specific surface area of the matrix and prevent the
material from aggregating on the MALDI target, which is favorable
for the LDI process.21 Furthermore, the JG matrix also generates better
reproducibility than other matrices in MALDI-TOF MS due probably
to the improved homogeneity of the matrix (see Table S5, ESI†). Thus,
the results mentioned above prove that the JG is an efficient matrix
for MALDI-TOF MS of low-mass compounds.

Fig. 2 Characterization of the synthetic process of JG. (A) Typical TEM image of bare SiO2 microspheres, (B) FE-SEM image of SiO2@GO microspheres,
(C) TEM image of SiO2@GO–EDTA, (D) SEM image of JG. (E–H) AFM images of GO (E), single-sided functionalized GO–EDTA (F), two-sided symmetrical
functionalized C18–GO–C18 (G), and two-sided asymmetrical functionalized C18–GO–EDTA (H). The error bars in (E–H) are estimated based on different
sheets excluding large aggregates (n = 16). (I) FT-IR spectra of JG (a), GO–EDTA (b), GO (c), and ODA (d). (J) Zeta potentials of JG and the intermediate
substances during the synthetic process.

Fig. 3 Adsorption isotherms of Pb(II) (A), Ni(II) (B), and PFOS (C) on JG and GO at room temperature. Ce: the equilibrium concentration of metal ions,
qe: the adsorption amount adsorbed onto the adsorbent.
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We further tested the performance of JG as a SELDI probe. The
JG was mixed with sample solutions for simultaneous extraction,
enrichment, desorption and ionization of target compounds, and
then the mixture was isolated by centrifugation and directly used for
MALDI-TOF MS analysis. The analysis was performed with a single
drop of human whole blood sample as a highly complex sample
media. As shown in Fig. 4, all ten low-mass organic pollutants can be
detected by using JG as a probe; while, no targets can be found in
direct analysis without enrichment. In comparison, only weak peaks
of [M � H]� of E2, PFOS, and TBBPA at m/z 270.3, 498.6, and 542.5
can be detected by using GO as probe in negative ion mode. For G
probe, only BPS, PCP, PFOS, and TBBPA are detected in negative ion
mode and TTAB, CTAB, and DDBAC are detected in positive ion
mode. Meanwhile, with the JG probe, the peak intensities of all
analytes are prominently higher than other probes (Fig. 4) and the
LODs are lower (at ppt levels) than those with G or GO probes
(Table S4, ESI†). The detection also shows a good reproducibility
with the shot-to-shot (n = 20) and sample-to-sample (n = 15) RSDs of
10.0–30.7% and 10.0–26.3%, respectively (see Table S5, ESI†). All
these results indicate that the JG is a promising probe in enrichment
of low-mass toxic organics in small volume of complex samples.

In conclusion, we report a novel template-synthesized Janus
graphene with dual adsorption capabilities for both organic targets
and metal ions. Due to the unique asymmetric bi-functional
surfaces, the JG generates enhanced enrichment for different types
of targets and can minimize the interference between different
adsorption functionalities. The synthetic process is facile, low-cost,
and environmental friendly. Notably, we also show its use as an
excellent SELDI-TOF MS probe in rapid and high-throughput
screening of trace amount of toxic compounds in single-drop
human whole blood samples. This work reveals a new promising
route to design and synthesis of multi-functional adsorbents. The
dual adsorption capabilities of the JG also make it promising for a
great variety of application fields, such as environmental purification
and remediation, analytical separation, and medical treatment.
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