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Mildly Oxidized Graphene: Facile Synthesis, Characterization, and
Application as a Matrix in MALDI Mass Spectrometry
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Graphene (G) is a new allotropic member of carbon with
a unique two-dimensional and one-atom-thick sheet struc-
ture. It has attracted tremendous research interest in both
academic and industrial areas due to its exceptional physical
and chemical properties.[1–3] However, a serious problem in
synthesis and application of G is aggregation. Due to the
strong hydrophobic nature of G, G sheets have a strong ten-
dency to aggregate to G clusters or even restack to graphite
particles through van der Waals interactions. The resulting
G agglomerates are very hard and insoluble in water or or-
ganic solvents, making further processing difficult. Since
most of the exceptional properties of G can only be
achieved with individual sheets, prevention of aggregation
of G sheets is of particular importance for its applications.

Aggregation of G can be reduced by using stabilizers.[4–6]

However, attachment of foreign molecules onto G sheets
may cause an adverse impact on the applications. As an al-
ternative, graphene oxide (GO) has an excellent water dis-
persibility and has been used as a substitute for G in many
applications.[3] GO is usually obtained by exfoliation of
graphite oxide,[7–8] which can be synthesized from graphite.[9]

However, the heavy oxidation during the synthesis can se-
verely damage the large delocalized p-electron system of G
and cause many imperfections and defects in the GO sheets.
Thus, the unique electronic and optical absorption proper-
ties of G are seriously compromised in GO. Li et al.[10] re-
ported the preparation of a processable aqueous dispersion
of chemically converted G from GO; however, the obtained
G dispersion was only stable under basic conditions and the
reductant was difficult to remove from the dispersion.
Therefore, facile and scalable methods for the synthesis of
low-defect, well-dispersed, and clean G sheets are still ur-
gently desired. Inspired by GO, we hypothesized that con-
trolling the oxidation degree of G may provide a feasible
approach for this purpose. However, although significant ef-
forts have been made on developing synthetic strategies of

G, little attention has been paid to controlling the oxidation
degree of G.[11–12]

Herein, we report a very simple method for the synthesis
of mildly oxidized graphene by oxidizing chemically con-
verted G with diluted nitric acid (2 m ; Scheme 1A). We
aimed to find a facile approach to prevent the aggregation
of G sheets while maintaining the G structure as intact as
possible. To distinguish from GO, the produced material is
called acid-oxidized graphene (AOG). The AOG showed
good dispersibility in water (up to 1 mgmL�1). Meanwhile,
unlike GO (Scheme 1B), the main framework of G was not
disrupted, and thus most of the exceptional properties of G
can be maintained. Therefore, the AOG combines the ad-
vantages of G and GO while avoiding their disadvantages.
Furthermore, the AOG contains no stabilizer molecules and
can be highly pure, which is very favorable for its applica-
tions.

We found that the AOG aqueous dispersion was rather
stable. Even after storing at room temperature for six
months, no precipitate was observed (Figure 1A), which in-
dicated that the electrostatic repulsion between the polar
groups in AOG sheets is strong enough to prevent the ag-
gregation of AOG sheets. Furthermore, it was found that
the AOG could be dispersed in saline, acidic, and basic solu-
tions (Figure 1A). These properties favor its applications
under different conditions.

The AOG was characterized by different techniques.
From AFM and TEM measurements (see Figure S1 and S2
in the Supporting Information), it was deduced that AOG
consisted of ultrathin and crumpled nanosheets with no bulk
agglomeration. AFM measurements showed that the nitric
acid oxidization did not change the single layer nature of G
nanosheets, with a thickness of 1.224 nm (see Figure S1 in
the Supporting Information). The oxidation degree of AOG
was checked by XPS and FTIR spectroscopy. As shown in
Figure 1B, peak fitting of the C1s bands of AOG yielded
three main components at 284.4, 285.5, and 288.5 eV as-
signed to C�C, C�O, and O�C=O bonds, respectively.[13]

The enhancement of oxygen functionalities indicated the
successful oxidation of G. However, the peak intensities of
oxygen functionalities of AOG were much lower than those
of GO, which indicated that the oxidation degree of AOG
was much weaker than GO. Furthermore, the C=O bond
was absent and the O-C=O bond was enhanced in AOG.
This implies that carboxyl groups might dominate the polar
groups in AOG sheets. Notably, in wide-scan XPS spectra
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(see Figure S3 in the Supporting Information), no N1s peak
was observed for AOG, which indicated that few nitrogen
atoms were introduced into AOG during the oxidization
process. Figure 1C shows the FTIR spectra of AOG, GO,
and G. GO had a strong and broad absorption at 3395 cm�1

due to the O�H stretching vibration. The C=O stretching of
carboxyl groups was observed at 1719 cm�1, and the absorp-
tion due to the O�H bending vibration, epoxide groups, and
skeletal ring vibrations were located at 1622 cm�1.[14] In con-

trast to GO, G showed no significant feature peaks in the
FTIR spectrum probably due to the overlapping of the
strong absorption of G sheets. For AOG, the peaks at 1719
and 1622 cm�1 were observable but not as prominent as that
observed for GO, and the peak at 3395 cm�1 nearly disap-
peared. These observations proved that the oxidation occur-
red in AOG sheets but was much milder than that in GO
sheets. The C/O ratios in AOG, G, and GO measured by
EDX were 7.4, 22.0, and 1.9, respectively (see Figure S4 in
the Supporting Information). The mild oxidation of AOG
was also confirmed by absorption spectrometry, Raman
spectrometry, XRD, and TGA (see Figures S5–S8 in the
Supporting Information).

We designed a novel nanoparticle-labeling method to de-
termine the oxidation sites in AOG sheets. Because the
oxygen-containing groups in AOG and GO sheets (mainly
phenolic hydroxyl, epoxy and carboxyl groups)[15] can be
ionized and take negative charges (see Figure S9 in the Sup-
porting Information), oppositely charged gold nanoparticles
(AuNPs) can be assembled on these groups and used as an
indicator for the oxidation sites. The positively charged
AuNPs were prepared by using cationic surfactant cetyltri-
methylammonium bromide (CTAB) as a protectant reagent
and NaBH4 as a reducing reagent. As shown in Figure 1D,
for AOG, only a limited number of AuNPs were observed
on the surface of the AOG sheets. Whereas for GO (Fig-
ure 1E), a large number of AuNPs distributed uniformly on
the entire GO sheets. These results clearly indicate that
AOG sheets have much less oxygen-containing groups than
GO sheets. Therefore, the intactness of the G structure can
be maintained to a larger degree in AOG.

To demonstrate the potential advantage of this material,
we herein show the application of AOG as a matrix in
matrix-assisted laser desorption/ionization mass spectrome-
try (MALDI MS). Use as MALDI matrix is a very interest-
ing application aspect for G.[16–24] An ideal MALDI matrix
should have strong energy absorption and transfer capabili-
ty. In this regard, G is a good candidate due to its fast
charge carrier mobility[25] and universal and frequency-inde-
pendent optical absorption properties. Furthermore, G has
efficient electron-phonon coupling and high thermal conduc-
tivity.[26] Therefore, G can cause less fragmentation of ana-
lyte molecules and produce low background interference in
the low-mass region. Unfortunately, the G matrix also suf-
fers from aggregation, which may significantly reduce the
desorption/ionization efficiency. Therefore, the AOG was

Scheme 1. A) Chemical route to the AOG and the models of G and AOG sheets. B) Model of GO sheets.

Figure 1. A) Digital photograph of 1) AOG aqueous dispersion at
100 mgmL�1 after storing at room temperature for six months and 2–
6) aqueous dispersions at 50 mgmL�1 of GO (2), G (3), and AOG in phos-
phate buffer saline (4), AOG at pH 3 (5), and AOG at pH 11 (6). B) C1s
XPS spectra of AOG, G, and GO. The spectrum of GO was reprinted
with permission from Elsevier.[28] C) FTIR spectra of AOG, G, and GO.
D,E) TEM images of AOG (D) and GO (E) sheets decorated with
CTAB-capped gold nanoparticles.
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expected to overcome this problem while maintaining the
excellent energy absorption and transfer capability of G in
MALDI-MS.

The AOG matrix on the MALDI target was firstly char-
acterized by SEM. From Figure 2A, the AOG sheets could
be compactly deposited on the MALDI target and the ob-
tained AOG matrix was quite flat and homogeneous. From
the high-resolution view (Figure 2B), many wrinkled tex-
tures corresponding to the folded regions of the AOG
sheets could be observed, implying that the AOG sheets
kept the morphology of the nanosheet in the matrix. On the
contrary, the G matrix (Figure 2C) was inhomogeneous and
rugged. The G sheets aggregated or restacked to discrete

clusters during the drying process (Figure 2D), and thereby
a considerable part of the MALDI target surface was bare.
For the conventional organic matrix, the analytes need to be
co-crystallized with the matrix, and lead to the generation of
“hot spots” in MALDI-TOF MS analysis (see Figure S10 in
the Supporting Information). This may adversely affect the
reproducibility.

Four types of environmental pollutants were selected as
model analytes (molecular weight 266–500, see Figure 3 for
chemical structure), including an organochlorine pesticide
pentachlorophenol (PCP), an endocrine disrupter estradiol
(E2), a brominated flame retardant 2,2’,4,4’-tetrabromodi-
phenyl ether (BDE-47), and an ionic compound per-ACHTUNGTRENNUNGfluorooctanesulfonic acid (PFOS). The morphology of the
matrix after loading with different analytes was also studied
by SEM (see Figure S11 in the Supporting Information).
The matrix loaded with nonpolar analytes (PCP, E2, and
BDE-47) was found to be flatter than that with PFOS, prob-
ably because non-polar molecules can assist in dispersing
AOG.

The MALDI-TOF MS results are shown in Figure 3. The
performance of AOG was compared to G, GO, and a con-
ventional organic matrix, a-cyano-4-hydroxycinnamic acid
(CHCA). Overall, for all the four analytes, AOG showed
the best performance among the tested matrices. For PCP
(Figure 3A), multiple peaks of [M�H]� and [M�H�Cl]�

were detected at m/z : 264.1 and 229.1 with AOG and G as
the matrix. More importantly, the peak intensity of [M�H]�

for AOG was 3.7 times higher than that for G. The reason
for this is attributed to the better dispersibility of the AOG
matrix relative to the G matrix, causing higher laser energy
absorption and transfer efficiency. Furthermore, introduc-
tion of some polar groups by mild oxidation in AOG sheets

Figure 2. SEM characterization of the AOG and G matrix: A) AOG at
� 200, B) AOG at � 10000, C) G at � 200, and D) G at � 5000.

Figure 3. MALDI-TOF MS analysis of PCP (A), E2 (B), BDE-47 (C), and PFOS (D) with different matrices (AOG, G, GO, and CHCA). Analyte con-
centration: 50 mgmL�1. The insets show the chemical structures of the analytes.
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can also mitigate the strong hydrophobic interaction be-
tween PCP and the matrix, which is favorable for the ana-
lyte desorption. Whereas for the GO matrix, no peaks corre-
sponding to PCP were detected, which is likely due to the
imperfect electronic conjugation and reduced optical ab-
sorption capacity of GO (see Figure S3 in the Supporting In-
formation). For CHCA, no PCP peaks were detected in
either negative or positive ion mode, which suggests that the
conventional organic matrix is not suitable for analysis of
small molecules. Similar results were also obtained for E2
and BDE-47 (Figure 3B and C). The peak intensity of
[M�H]� of E2 at m/z : 270.5 for AOG was 4.2 times higher
than that for G, and 70.5 times higher than that for GO. For
BDE-47, triple peaks of [M�C6H3Br2]

� at m/z : 250.1 were
detected for AOG, G, and GO, and the peak intensity for
AOG was 25.9 times higher than G and 9.8 times higher
than GO. These results definitely demonstrate that the
AOG is a very promising matrix for MALDI-TOF MS.

For PFOS (Figure 3D), the peak intensity of [M�H]� at
m/z : 498.5 for AOG was 15.3 times higher than that for
CHCA. Furthermore, G showed a comparable performance
with AOG, probably because PFOS is very easy to ionize
and desorb from the matrix, and thus the dispersing state of
the matrix exerts no significant effect on the ionization/de-
sorption efficiency. Therefore, for ionic analytes, G may also
work well ; whereas for nonpolar compounds, matrixes of
higher quality, such as AOG, must be used to achieve highly
efficient ionization/desorption.

High sensitivity has been achieved with the AOG matrix.
The detection limits (s/n=3) of PCP, E2, BDE-47, and
PFOS were 60 fg, 0.25 ng, 0.5 ng, and 10 fg, respectively.
The better homogeneity of the AOG matrix also brings in
better reproducibility. For example, in analysis of BDE-47,
the shot-to-shot RSD (n= 20) at different locations on the
AOG matrix was 16.7 %, while this value on the G matrix
was 54.1 %. In addition, the AOG matrix showed a good tol-
erance for salt (see Figure S12 in the Supporting Informa-
tion).

It is worth mentioning that some other methods, such as
chemical vapor deposition (CVD) and epitaxial growth, can
also generate a high quality of G films. However, these
methods need complicated devices and special substrates,
and the resulting films are difficult to be transferred to the
MALDI target.

To summarize, mild oxidization with diluted nitric acid
allows us to obtain low-defect AOG material with excellent
water dispersibility on a large scale. The preparation process
is very simple and environmentally friendly, and the ob-
tained AOG is quite clean without any stabilizers. We
showed the application of AOG as a matrix in MALDI MS.
The AOG matrix yielded significantly higher signals than G,
GO, and conventional organic matrixes for nonpolar analy-
tes. Considering the enhanced water dispersibility and low-
oxidation and -defect structure of AOG, we strongly believe
that this material has great potential for applications in
other fields.

Experimental Section

Preparation : AOG was synthesized by refluxing the chemically converted
G sheets in 2m HNO3 (Merck, Darmstadt, Germany) at 105 8C for 24 h,
followed by washing with water several times. The product was dispersed
in water at 1 mg mL�1 and sonicated for 2 h to give a stable aqueous dis-
persion. GO was synthesized by using a modified Hummers method as
described in previous reports.[7–8,27] The AOG and GO dispersions were
centrifuged at 12000 rpm for 10 min to remove the unexfoliated content.
The supernatants were used for the following experiments and the con-
centration of AOG or GO was determined by UV/Vis absorption spec-
trometry. Other experimental details are given in the Supporting Infor-
mation.
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