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Synthesis of Potassium-Modifi ed Graphene and Its 
Application in Nitrite-Selective Sensing
 Chemical modifi cation with foreign atoms is a leading strategy to intrinsically 
modify the properties of host materials. Among them, potassium (K) modi-
fi cation plays a critical role in adjusting the electronic properties of carbon 
materials. Graphene, a true 2D carbon material, has shown fascinating appli-
cations in electrochemical sensing and biosensing. In this work, a facile and 
mild strategy to K-modifying in graphene at room-temperature is reported for 
the fi rst time. X-ray photoelectron spectroscopy (XPS), atomic force micros-
copy (AFM), transmission electron microscopy (TEM), Raman spectra, and 
cyclic voltammetry are used to characterize this K-modifi ed graphene. The 
K-modifi ed graphene is capable of acting as an electron transfer medium and 
more effi ciently promotes charge transfer than unmodifi ed graphene. A highly 
sensitive and stable amperometric sensor based on its excellent electrocata-
lytic activity toward the oxidation of NO 2   −   is proposed. The sensor shows a 
linear range from 0.5  μ  M  to 7.8 m M  with a detection limit of 0.2  μ  M  at a signal-
to-noise ratio of 3. The modifi ed electrode has excellent analytical perform-
ance and can be successfully applied in the determination of NO 2   −   released 
from liver cancer and leukemia cells and shows good application potential in 
biological systems. 
  1. Introduction 

 Since the discovery of graphene by Geim et al. in 2004, [  1  ]  it has 
been touted as a “rising star” material because of its remark-
able properties, including electronic, optical, and thermal prop-
erties; chemical and mechanical stability; and large surface 
area. [  1–11  ]  These physical and chemical properties hold great 
promise for its potential applications in many technological 
fi elds such as nanoelectronics, [  12  ,  13  ]  nanophotonics, [  14  ]  nano-
composites, [  15  ,  16  ]  electric devices, [  17  ]  and sensors. [  18  ]  Recently, 
tailoring and developing the electronic characteristics of 
graphene to achieve unique properties has attracted great atten-
tion. [  19–21  ]  Electronic properties of graphene have been altered 
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by chemical functionalization and electro-
chemical modifi cation. [  22  ,  23  ]  Many hybrids, 
such as graphene/polymer nanocom-
posites, [  24  ]  graphene/metal nanoparticle 
sheets, [  25–28  ]  and graphene/metal oxide 
deposits, [  29  ]  have been reported. However, 
most of these methods have been aimed 
at obtaining graphene hybrids with syn-
ergy or multiple functionalities. Little 
attention has been paid to intrinsic modi-
fi cation of graphene with the purpose of 
enhancing the graphene performance in 
electrochemical sensing and biosensing 
systems. 

 Chemical modifi cation with foreign 
atoms is an effective method to intrinsi-
cally modify the properties of host mate-
rials, including the electronic, magnetic, 
chemical, and mechanical properties. For 
carbon materials, chemical modifi cation 
is a leading potential strategy to enrich 
free charge-carrier densities and enhance 
the electrical or thermal conductivities. [  19  ]  
Recently, many studies have demonstrated 
the achievements of chemical modifi ca-
tion of graphene. [  30  ,  31  ]  For example, by using an oxygen etching 
process, graphene is simultaneously etched and modifi ed by 
oxidation. [  32  ]  By using nitrogen plasma treatment method, 
N-modifi ed graphene is obtained by exposing graphene to 
nitrogen plasma. [  19  ,  33  ]  Theoretical investigation of metal-
modifi ed graphene has predicted the possibility of a Fermi 
level shift and a crossover from p-type to n-type. [  34  ]  Among 
the numerous potential modifi ers, the alkali metal modifi ca-
tion, such as potassium (K), is considered to be an excellent 
element for the chemical modifi cation of carbon materials and 
expected to modify the electronic properties of graphene. So 
far, only two studies aimed at producing K-modifi ed graphene 
with vaporized K [  35  ]  and chemical vapor deposition, [  36  ]  respec-
tively, in a high vacuum system at high temperature, which 
makes graphene restack more easily. Additionally, with the 
two methods it is diffi cult to control the modifying concentra-
tion and they need high-energy consumption. As a result, an 
alternative modifi cation strategy should be developed. In pre-
vious work, the room-temperature chemical K modifi cation has 
been successfully employed to modify the electrical or chem-
ical properties of carbon nanotubes (CNTs). For instance, the 
room-temperature chemical K modifi cation of CNTs increases 
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     Figure  1 .     XPS K 2p spectra of A) graphene and B) K-modifi ed graphene. C 1s spectra of 
C) graphene and D) K-modifi ed graphene.  
the metallic behavior, affects the lattice align-
ment, and regulates the electrical, mechan-
ical, and chemical properties. [  37  ]  Moreover, it 
has been demonstrated that K modifi cation 
enhanced the biocompatibility and sensitivity 
of CNTs in biosensing applications. [  38  ]  Con-
sequently, the room-temperature chemical 
K-modifying has great potential to be used 
for graphene modifi cation. 

 Nitrite (NO 2   −  ) has been widely exploited 
in our daily life as food addditives, exces-
sively disposed into the ecosystem, and 
recognized as an alarming pollutant to the 
environment and human health. In natural 
ecosystems NO 2   −   is of interest because of 
its toxicity for microorganisms and higher 
organisms. [  39  ]  The World Health Organiza-
tion has reported that the fatal dose of nitrite 
ingestion is between 8.7  μ  M  and 28.3  μ  M . [  40  ]  
NO 2   −   is a major oxidation product derived 
from NO that is produced in a wide variety 
of cell types by NO synthases. [  41  ]  Moreover, 
NO 2   −   accumulated in the human body may 
cause methemoglobinemia and, further-
more, may become source of carcinogenic 

N-nitrosamines. [  42  ,  43  ]  As a consequence, accurate, rapid, and 
economic determination of NO 2   −   has attracted much attention. 
Many methods have been developed to detect nitrite, such as 
electrochemical biosensors, [  44  ,  45  ]  spectrophotometry, [  46  ,  47  ]  gas 
chromatography-mass spectrometry, [  48  ]  ion chromatography, [  49  ]  
spectrofl uorimetry, [  50  ,  51  ]  chemiluminescence, [  52  ]  fl ow injec-
tion analysis, [  53  ]  and capillary electrophoresis. [  54  ]  Among these 
methods, electrochemical techniques are proven to be pow-
erful tools due to their rapid response and simple operation. 
In the recent years, NO 2   −   biosensors have been widely reported 
using many heme proteins, for example hemoglobin, nitrite 
reductase, and myoglobin. [  55–57  ]  These biosensors are mainly 
ascribed to the electroreductive reactions of NO 2   −  . The reduc-
tion of NO 2   −   yielded several products depending on the elec-
trode conditions and the nature of the catalyst employed, and its 
anodic oxidation is a straightforward reaction, with NO 3   −   as the 
fi nal product. Hence, anodic NO 2   −   determination has attracted 
great attention because it offers several advantages, in partic-
ular with no interference. In contrast, the major limitations of 
cathodic determination of NO 2   −   is due to interference from NO 
and O 2 . It is therefore important to exploit a novel electrode 
material for the oxidation of NO 2   −   as well as to develop a highly 
selective sensor with micromolar or even nanomolar sensitivity 
to provide quantitative information on NO 2   −   concentrations for 
tracking the role that NO 2   −   plays in physiological and patho-
logical processes. 

 In this work, we report a facile and mild strategy to synthe-
size K-modifi ed graphene using a room-temperature chemical 
method that is a simple and controllable approach for material 
surface modifi cation and can be used for the introduction of 
foreign atoms, groups, or structures onto bulk scaffold sur-
faces. The resulting K-modifi ed graphene can act as an elec-
tron transfer medium and more effi ciently promotes charge 
transfer than unmodifi ed graphene. NO 2   −   shows excellent 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
electrochemical response at the K-modifi ed graphene glassy 
carbon electrode (GCE), thus leading to a highly sensitive 
NO 2   −   amperometric sensor. The developed sensor is success-
fully applied in the determination of NO 2   −   released from liver 
cancer and leukemia cells. Therefore, the room-temperate 
chemical K-modifi ed graphene provides a convenient way 
with great promise for electrochemical sensors and biosensors 
design and extends the application of graphene in bioanalysis. 

   2. Results and Discussion  

 2.1. Characterization of K-Modifi ed Graphene 

 X-ray photoelectron spectroscopy (XPS) is a powerful tool to 
identify the states of the elements in bulk material. According 
to the analysis of binding energy (BE) values, we can confi rm 
the nature of the binding between carbon and potassium. As 
shown in  Figure    1  A, no K peaks are observed for graphene. 
However, K peaks in the spectra of K-modifi ed graphene are 
observed at BE  =  293.2 eV (K 2p 3/2 ) and 296.0 eV (K 2p 1/2 ) 
(Figure  1 B). The two peaks correspond to a spin-orbit split 
doublet, which can be attributed to the K oxides and cations, 
respectively. [  37  ,  58  ,  59  ]  Thus, only K species is observed in the 
metal-modifying process. The highly reactive K atoms can 
readily react with the surface migrated oxygen from the bulk 
of graphene to form an oxidized interfacial layer. K cations, 
resulting from charge transfer interaction between the K atoms 
and graphene backbone, may also have contributed in part to 
this peak component. At higher coverage of K, the K 2p core-
level spectrum also reveals the contribution of the metallic 
K, with the BE for its K 2p 3/2  and K 2p 1/2  peaks component lying 
at about 294.4 and 297.1 eV. [  58  ,  59  ]  The result is in agreement 
with the intercalation by substitution, which is based on an 
ion transfer rather than on an electron transfer, as is shown to 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1981–1988
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     Figure  3 .     XPS O 1s spectra of A) graphene and B) K-modifi ed graphene.  
happen in the intercalation by reduction. [  37  ,  60  ]  
The K-modifying concentration varies from 
2.39 to 8.72 at% according to the elemental 
sensitivity factors method, [  61  ]  and it changes 
sensitively by controlling the initial amount 
of K in the synthesis procedure, as shown in 
 Figure    2  , indicating a controllable modifi ca-
tion of K in the graphene. The K-modifying 
concentration increased signifi cantly as the 
initial amount of K increased from 10 to 
40 mg, then slowly changed from 40 to 
100 mg and reached the relatively stable 
value. Such K species would decorate the 

graphene planar sheet and might introduce a change in the 
Fermi level and charge transfer, producing the modifying effects 
and opening the bandgap of the graphene. As a consequence, 
K modifi cation might play an important role in regulating the 
electronic properties and enhancing the electrocatalytic activity 
of graphene in electrochemical systems. Finally, the initial 
amount of 40 mg K was chosen as a standard synthesis for 
K-modifi ed graphene and the resulting K-modifi ed graphene 
was used for further investigation with the K-modifying con-
centration of 6.97 at% in the graphene.   

 XPS of C 1s ranging from 280 to 290 eV are shown in 
Figure  1 C,D. The C 1s strong peak at 284.6 eV, which is con-
sistent with sp 2  graphite carbon, did not signifi cantly change, 
but the at% of the C 1s of the K-modifi ed graphene was reduced 
by 13.67 at% compared with that of the unmodifi ed graphene. 
The C 1s spectra is composed of a major peak at 284.6 eV, 
which is associated with the C–C and C–H bonding, and three 
minor peaks at  ≈ 285.9 eV, 287.0 eV, and 288.8 eV, which cor-
respond to the C–O, C = O, and C–C = O, respectively. [  19  ]  The oxi-
dized carbon species are induced by the K oxides and the reac-
tive nature of graphene in the air environment, which indicates 
that the K modifi cation enhanced the charge transfer interac-
tion between the carbon atoms and the oxygen atoms. Mean-
while, K modifi cation might change the nature structure of 
functional oxygen in graphene. XPS spectra of O 1s before and 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1981–1988

     Figure  2 .     Dependence of the at% of K modifying concentration estimated 
from XPS analysis of the initial amount of K in the synthesis process.  
after K modifi cation are shown in  Figure    3  A,B (C–O at 533.9 eV, 
C = O at 532.5 eV, and O–C = O at 531.6 eV). [  19  ,  62  ]  After K modifi -
cation, the oxygen content was 22.82 at%, which is higher than 
the unmodifi ed graphene (16.12 at%).  

 The atomic force microscopy (AFM) images were used to 
characterize the chemically synthesized graphene and K-mod-
ifi ed graphene sheets. As shown in  Figure    4  A, the thickness of 
graphene sheet was measured to be about 0.8 nm. Considering 
that the thickness of a clean graphene sheet is 0.7 nm, [  63  ]  the 
thickness was close to that of a single layer graphene sheet. 
However, after K-modifying, the thickness of the K-modifi ed 
graphene sheet was found to be in the range of 0.8–1.1 nm 
(Figure  4 B) due to the introduction of K in the graphene; it could 
be concluded that K species, including K cations (296.0 eV), 
K oxides (293.2 eV), and K metal (294.4 and 297.1 eV), were 
assembled on a monolayer of graphene sheet. Meanwhile, such 
K species decorated the graphene planar sheet, resulting in a 
rough and slightly undulating surface. Furthermore, the low-
magnifi cation transmission electron microscopy (TEM) image 
revealed few-layer fl exible wrinkled sheets of the graphene 
situated on the top of the copper grid ( Figure    5  A), illustrating 
the fl ake-like shape of graphene. [  64–66  ]  Moreover, the graphene 
planar sheets can be observed clearly in K-modifi ed graphene 
(Figure  5 B), indicating that the features of high surface to 
volume ratio and 2D structure of graphene morphology are well 
maintained. High-resolution transmission electron microscopy 
(HRTEM) images also reveal the monolayer planar structure in 
the graphene (Figure  5 C) and K-modifi ed graphene (Figure  5 D). 
To determine the crystallinity of the graphene sheets, the cor-
responding selected-area electron diffraction (SAED) pattern 
was also examined. The inset of Figure  5 C shows the SAED 
pattern where only one set of symmetric hexagonal diffrac-
tion spots are detected, which are the typical hexagonal lattice 
of carbon in graphene. It indicates that the graphene sheet is 
a single crystalline domain within the selected area. [  67  ,  68  ]  How-
ever, unlike the graphene sheets of symmetric hexagonal dif-
fraction patterns, the SAED of the K-modifi ed graphene (inset 
of Figure  5 D) shows a weak halo with blurred hexagonal dif-
fraction spots. The observed difference indicates that the crys-
talline graphene sheets became partially misorientated in the 
K-modifi ed graphene due to structure distortions caused by the 
intercalation of K species into the graphite plane. Meanwhile, 
the weak diffraction pattern suggests that the metal species are 
randomly dispersed in the graphene without azimuthal correla-
tion but with a fi xed metal–carbon distance. [  69  ]  Furthermore, a 
DC resistance measurement was carried out to investigate the 
1983wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     AFM images of A) graphene and B) K-modifi ed graphene. The correpsonding height 
analyses along the lines marked in the AFM images.  
conductivity of graphene and K-modifi ed graphene. As shown 
in  Figure    6  , for both graphene and K-modifi ed graphene, 
the conductivity increased signifi cantly as the temperature 
increased from 10 to 50 K, then slowly increased from 50 to 
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh

     Figure  5 .     Low-resolution TEM images of A) graphene and B) K-modifi ed graphene. HRTEM 
images of C) graphene and D) K-modifi ed graphene with the corresponding SAED patterns 
(insets).  
300 K. Meanwhile, the K-modifi ed graphene 
exhibits much higher electrical conductivity 
than that of the unmodifi ed one in the whole 
temperature range.    

 The Raman spectrum of graphene showed 
a disorder-induced D band at 1346 cm  − 1  
arising from sp 3 -hybridized carbon and a 
tangential stretch G band at 1576 cm  − 1  rep-
resenting the E 2g  zone center mode of the 
crystalline graphite (curve a,  Figure    7  A), 
which is indicative of a signifi cant number of 
edge-plane-like defective sites on the surface 
of graphene. [  70  ,  71  ]  The 2D band of graphene 
was at 2687 cm  − 1 , which is the most promi-
nent feature in the Raman spectrum of 
graphene; its shape is highly sensitive and 
can be used to identify single-layer and few-
layer graphene. [  72  ]  In this spectrum, the 2D 
peak is a symmetric and sharp peak, shifting 
toward monolayer graphene, whereas bilayer 
and few-layer graphene have broader and 
blue-shifted 2D bands compared to the mon-
olayer graphene. [  73  ,  74  ]  In addition, K-modifi ed graphene had a 
2D band at a lower frequency (2683 cm  − 1 ) with the same sym-
metric and sharp shape (curve b, Figure  7 A). This suggests that 
the number of layers in the K-modifi ed graphene was close to 
monolayer. Additionally, compared to the 
graphene, the relatively increased intensity of 
the disorder mode suggested that the incor-
poration of K brought about a change in the 
degree of ordering in the hexagonal frame-
work of graphene. [  37  ,  75  ,  76  ]  The Raman spec-
trum of the K-modifi ed graphene showed a 
disorder-induced D band at 1350 cm  − 1  and 
a tangential stretch G band at 1579 cm  − 1  
(curve b, Figure  7 A), with an intensity ratio 
 I  D / I  G   =  0.97. This value was much higher 
than the 0.70 observed for graphene. As a 
consequence, we found that K modifi cation 
was very effective at introducing defects into 
the structure of the graphene.  

 Furthermore, to investigate the effect of the 
K-modifi ed graphene on the electron transfer 
kinetics of the redox probe at the electrode 
surface, the cyclic voltammograms of the 
K-modifi ed graphene/GCE in 0.1  M  KCl solu-
tion containing 5 m M  K 3 [Fe(CN) 6 ]/K 4 [Fe(CN) 6 ] 
is shown in curve c (Figure  7 B). The peak 
currents increased compared with those 
of the graphene/GCE (curve b, Figure  7 B) 
and bare GCE (curve a, Figure  7 B). The poten-
tial differences of the peak-to-peak ( D  EP ) at 
the K-modifi ed graphene, graphene, and bare 
GCE were 96, 106, and 117 mV, respectively. 
Both the small differences between these  D  EP  
and the changes in peak currents showed that 
the K-modifi ed graphene effectively accelerates 
the electron transfer between Fe(CN) 6  3–/4 −   and 
the electrode.   
eim Adv. Funct. Mater. 2012, 22, 1981–1988



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  8 .     Cyclic voltammograms of bare/GCE (a,b), graphene/GCE 
(c), and K-modifi ed graphene/GCE (d) in the absence (a) and presence 
(b,c,d) of 5 m M  NO 2   −   in 0.1  M  pH 7.4 PBS. Inset: Cyclic voltammograms 
of graphene/GCE (a) and K-modifi ed graphene/GCE (b) in 0.1  M  pH 7.4 
PBS. Scan rate: 50 mV s  − 1 .  

     Figure  6 .     Electrical conducting data of graphene (a) and K-modifi ed 
graphene (b).  
 2.2. Electrocatalysis of K-Modifi ed Graphene 

 To explore the application of K-modifi ed graphene in electro-
chemistry, cyclic voltammetric characteristics of NO 2   −   at the 
K-modifi ed graphene electrode were investigated. As can be 
seen, the bare GCE exhibited an oxidation process to 5 m M  
NO 2   −   at potentials more positive than  + 0.65 V in 0.1  M  pH 7.4 
phosphate buffered saline (PBS) at a scan rate of 50 mV s  − 1  
(curve b,  Figure    8  ), which corresponds to the conversion of 
NO 2   −   to NO 3   −   through a two-electron oxidation process: [  41  ]  
NO 2   −    +  H 2 O  →  NO 3   −    +  2H  +    +  2e  −  .  

 The oxidation current was rather weak due to the slow elec-
tron transfer kinetics of nitrite oxidation process. However, in 
comparison with that at the bare GCE, a remarkable increase in 
oxidation peak could be observed at around  + 0.75 V with the ini-
tial potential of  + 0.55 V at the K-modifi ed graphene/GCE (curve 
d, Figure  8 ). And, the oxidation peak current was 218.7  μ A. The 
parallel experiment with graphene was carried out to confi rm 
the contribution of K modifi cation to the high electrocatalytic 
activity of NO 2   −   at the K-modifi ed graphene electrode. For the 
graphene/GCE, only a small oxidation peak was observed at  +  
0.79 V with the initial potential of  + 0.60 V (curve c, Figure  8 ). 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1981–1988

     Figure  7 .     A) Raman spectra of graphene (a) and K-modifi ed graphene (b)
mograms of bare/GCE (a), graphene/GCE (b), and K-modifi ed graphene/GC
solution containing 5 m M  K 3 [Fe(CN) 6 ]/K 4 [Fe(CN) 6 ]. Scan rate: 50 mV s  − 1 .  
The results demonstrated that K modifi cation in graphene play 
a key role in enhancing the electrocatalytic activity of the 
graphene to NO 2   −  . Inset of Figure  8  shows the cyclic voltam-
mograms of graphene and K-modifi ed graphene in 0.1  M  pH 
7.4 PBS acquired at a scan rate of 50 mV s  − 1 . The higher capaci-
tance current at the K-modifi ed graphene GCE may result from 
its more fl uctuant surface of K-modifi ed graphene as Figure  4 B 
showed.   

 2.3. Application of K-Modifi ed Graphene in 
Nitrite-Selective Sensing 

   Figure 9   depicts the typical amperometric response of the 
K-modifi ed graphene upon successive addition of different con-
centrations of NO 2   −   in 0.1  M  PBS (pH 7.4) at an applied poten-
tial of  + 0.75 V. The response reached a steady signal within 
only 2 s and displayed a linear increase with the increasing 
concentration from 0.5  μ  M  to 7.8 m M , with a detection limit 
of 0.2  μ  M  at a signal-to-noise ratio of 3. The linear response 
bH & Co. KGaA, Wein

. B) Cyclic voltam-
E (c) in 0.1  M  KCl 
range was wider than 5  μ  M  to 6.75 m M  at the 
graphene/poly-cyclodextrin/MWNT-modi-
fi ed electrode [  77  ]  and 50  μ  M  to 2.5 m M  at the 
single-layer graphene nanoplatelet/protein-
composite-modifi ed electrode. [  78  ]  In addition, 
the detection limit was lower than 1.65 and 
10  μ  M  [  77  ,  78  ]  at the respective modifi ed elec-
trodes, indicating that K-modifi ed graphene 
is an excellent choice for the enhanced elec-
trochemical sensing.  

 The sensor for NO 2   −   showed good fabrica-
tion reproducibility with a relative standard 
deviation (RSD) of 3.17% estimated from the 
slopes of the calibration plots at fi ve freshly 
prepared K-modifi ed graphene modifi ed 
GCEs. The batch-to-batch reproducibility 
1985wileyonlinelibrary.comheim
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     Figure  9 .     Successive amperometric response of K-modifi ed graphene/
GCE to NO 2   −   in 0.1  M  pH 7.4 PBS at an applied potential of  + 0.75 V. Upper 
inset: linear calibration curve; lower inset: amplifi ed response.  
showed a RSD of 3.43% for the slopes of the calibration plots 
obtained from fi ve independently prepared sensors. Addition-
ally, at NO 2   −   concentrations of 5 and 500  μ  M , the sensor showed 
good repeatability with the RSDs of 3.21% and 2.95% examined 
for fi ve determinations, respectively. When the sensor was not 
in use, it was stored in shade at room temperature and peri-
odically measured (see Figure S1, Supporting Information). No 
obvious decrease in the amperometric response to 5 and 500  μ  M  
NO 2   −   was observed after one week. It was able to retain 95.0% 
of its initial amperometric response after a month. This implies 
that the K-modifi ed graphene can be used as a stable sensor. 

 The effects of common interfering species on the sensing 
response were examined (see Table S1, Supporting Informa-
tion). Anions (F  −  , Cl  −  , Br  −  , CO 3  2 −  , HCO 3   −  , ClO 3   −  , ClO 4  2 −  , PO 3  3 −  , 
HPO 3  2 −  , H 2 PO 3   −  , NO 3   −  , SO 4  2 −  ), cations (Na  +  , K  +  , Ca 2 +  , Mg 2 +  , 
Zn 2 +  , Cu 2 +  , Cd 2 +  , NH 4   +  ), and saccharides (glucose, sucrose, 
fructose) at 100 times the concentration of NO 2   −   did not inter-
fere with the amperometric response to NO 2   −  . Ascorbic acid, 
uric acid, lactic acid, and glutamic acid could be tolerated at 
less than a twofold concentration of NO 2   −  . Hydrogen peroxide 
(H 2 O 2 ) could be tolerated at less than 20 times the concentra-
tion of NO 2   −  . Good selectivity and sensitivity of K-modifi ed 
6

     Figure  10 .     Time-dependent concentration of NO 2   −   released from A) HL-60 and 
B) SMMC-7721cells (10 5  cells cm  − 2 ) after treatment without (black bar) and with (light gray 
bar) 50 ng mL  − 1  LPS.  
graphene for NO 2   −   sensing suggests its 
potential application as an advanced material 
in electrochemical sensors and biosensors.   

 2.4. Determination of NO 2   −   Released From 
HL-60 and SMMC-7721 Cancer Cells 

 To evaluate the practical applicability, the 
sensor was used to determination of the 
concentrations of NO 2   −   released from HL-60 
and SMMC-7721 cancer cells. The results 
indicated that NO 2   −   concentrations from HL-
60 and SMMC-7721 cells (10 5  cells cm  − 2 ) 
are ca. 0.70 and 0.90  μ  M  in the absence of 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
lipopolysaccharide (LPS) ( Figure    10  ) in 0–6 days, and the values 
were almost consistent. Furthermore, the developed method 
was also used to measure NO 2   −   released from LPS treated 
HL-60 and SMMC-7721 cells. Figure  10  shows the time course 
experimental results with LPS loading. These concentrations of 
NO 2   −   released from HL-60 and SMMC-7721 cells are signifi -
cantly increased after treatment with 50 ng mL  − 1  LPS for 1–4 
days and reached the relatively stable values (ca. 8.0 and 9.0  μ  M ) 
at 4–6 days. Therefore, the proposed method could be used to 
study the cellular kinetics of NO 2   −  .  

 To evaluate the validity of the NO 2   −   concentrations produced 
by HL-60 and SMMC-7721 cells detected with the developed 
method, recovery testing was carried out. Three samples with 
different concentrations of HL-60 and the other three sam-
ples with different concentrations of SMMC-7721 cells were 
prepared and specifi c amounts of NO 2   −   (2, 5, and 10  μ  M ) were 
added to these samples. The average recoveries were 101.1%, 
100.9%, and 103.1% (from HL-60 cell) and 102.3%, 101.5%, 
and 102.8% (from SMMC-7721 cell), and the RSDs were 
3.19%, 2.70%, and 3.67% and 3.43%, 3.03%, and 2.96%, respec-
tively (fi ve measurements). This indicates that the developed 
approach has high accuracy in measuring NO 2   −   concentrations 
released from HL-60 and SMMC-7721 cells. These observations 
substantially demonstrate that the developed method represents 
a new sensing platform for reliable and durable determination 
of NO 2   −   in vitro and from cancer cells and could be potentially 
useful for further physiological and pathological investigations.    

 3. Conclusions 

 In conclusion, we have presented the fi rst report on a facile and 
mild methodology for synthesizing K-modifi ed graphene using 
the room-temperature chemical method. The proposed method 
is unique in its simplicity and controllability. The as-prepared 
K-modifi ed graphene, as an advanced electrode material, was 
successfully employed as an NO 2   −   amperometric sensor, exhib-
iting a low detection limit and high sensitivity. In particular, the 
developed sensor could be further applied in the determination 
of NO 2   −   in vitro and released from liver cancer and leukemia 
cells. We believe that the procedure described here to synthe-
size the K-modifi ed graphene derived from the different types 
of K species (mainly K oxides, K ions, and K metal) into the 
graphene can be considered a general approach and can be 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1981–1988
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extended to the chemical modifi cation of other alkali metals, 
enabling the formation of the most variations of graphene to 
fulfi ll the intrinsic modifi cation of graphene and promoting 
applications in addressing various electrochemical issues, such 
as electrochemical sensing and biosensing, energy conversion, 
biomedical, and other electronic systems.   

 4. Experimental Section 
  Materials and Reagents : Graphite powder (99.9%, 325 mesh) was 

purchased from Alfa Aesar (China). Potassium (K), phenanthrene (98%), 
1, 2-dimethoxyethane (99.5%, 1, 2-DME),  β - D -glucose,  L -ascorbic acid, 
uric acid, lactic acid, glutamic acid,and lipopolysaccharide (LPS) were 
obtained from Sigma–Aldrich (USA). Sodium nitrite (99.99%, NaNO 2 ), 
H 2 SO 4 , HCl, K 2 S 2 O 8 , P 2 O 5 , KMnO 4 , and hydration hydrazine (80%) were 
purchased from Nanjing Chemical Reagent Co. Ltd. (China). Hydrogen 
peroxide (H 2 O 2 ) (30%) was purchased from Shanghai Chemical Reagent 
Co. Ltd. (China). All other chemical materials were of analytical grade 
and used without further purifi cation in experiments. Ultrapure water, 
which was obtained from a Milli-Q water purifying system, was used for 
preparation of all aqueous solutions. 

  Instrumentation : TEM images were collected using a JEOL JEM-3011 
transmission electron microscope. AFM images were collected using 
an atomic force microscope (Agilent 5500 model, USA) in tapping 
mode at room temperature. XPS measurements were performed with 
an Ultra Axis spectrophotometer (Kratos Analytical Ltd., Manchester, 
UK) equipped with a monochromatic Al K α  source operated at 150 W. 
Resonance Raman spectra were measured on a LabRAM HR 800 Raman 
spectrophotometer (Jobin Yvon, France). DC resistance measurements 
were carried out by the standard four-probe method using the resistivity 
option in a Physical Property Measurement System (PPMS) (Quantum 
Design, USA). Electrochemical measurements were performed on a 
computer-controlled electrochemical analyzer (CHI 660C, Shanghai 
Chenhua Apparatus, China) using a conventional three-electrode system 
with a glassy carbon electrode (GCE) as a working electrode, a platinum 
foil as an auxiliary electrode, and a saturated calomel electrode (SCE) as 
a reference electrode. 

  Synthesis of Graphene : Graphite powder (2 g) was put into a mixture 
of concentrated H 2 SO 4  (12 mL), K 2 S 2 O 8  (3.0 g), and P 2 O 5  (3.0 g). The 
solution was stirred at 80 ° C for 5 h. Next, the mixture was cooled to 
room temperature and diluted with deionized water (500 mL). The 
resulting product was fi ltered using 0.2  μ m Nylon fi lm and dried at 
room temperature. The preoxidized graphite was then reoxidized by the 
Hummers and Offeman method. [  79  ]  Pretreated graphite powder was 
put into 0  ° C concentrated H 2 SO 4  (150 mL), then KMnO 4  (25 g) was 
added gradually under stirring at around 5  ° C. The mixture was stirred 
at 35  ° C for 4 h and then diluted with ultrapure water (250 mL) keeping 
the temperature at 50  ° C. Then, ultrapure water (1 L) was injected into 
the mixture followed by adding 30% H 2 O 2  (30 mL). The mixture was 
fi ltered and washed with 1:10 HCl aqueous solution (1 L) to remove 
metal ions followed by 1 L of ultrapure water to remove the acid. The 
resulting product was dried in air atmosphere and diluted to make 
graphite oxide dispersion (0.5% w/w). Finally, it was purifi ed by dialysis 
for one week to remove the remaining metal species. Exfoliation was 
carried out by sonicating 0.1 mg mL  − 1  graphite oxide dispersion under 
ambient conditions for 40 min. The resulting homogeneous yellow-
brown dispersion was used for reduction. Reduction of graphene oxide 
was carried out by adding hydration hydrazine (80%, 5 mL) into 50 mL 
solution of 0.1 mg mL  − 1  graphene oxide and kept stirring for 24 h at 
80  ° C. [  19  ,  63  ]  At last, black powder graphene was obtained by fi ltering the 
product and drying in vacuum. 

  Synthesis of Potassium-Modifi ed Graphene and Preparation of its Modifi ed 
Electrode : K-modifi ed graphene was synthesized according to the chemical 
K-modifying at room temperature. The detailed preparation procedure is 
as follows. The phenanthrene/K solution complex was made by reacting 
K (10, 20, 40, 60, 80, 100 mg) with 0.2  M  of phenanthrene (98%) in 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1981–1988
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20 mL of 1, 2-dimethoxyethane (1, 2-DME, 99.5%) solution. Then, the 
graphene (20 mg) were added to the phenanthrene/K solution complex 
for the K-modifying into graphene by  π -stacking interaction between the 
graphene and phenanthrene. Finally, the reaction was conducted for 48 h 
with stirring using a magnetic bar at 500 rpm at room temperature. The 
resulting product was thoroughly washed several times with ethanol, 
and then dried at 60 ° C under air atmosphere. 

 The glassy carbon electrodes (GCE,  d   =  3 mm, ca. 0.07 cm 2 ) were 
polished to a mirror-like surface with 1.0 and 0.3  μ m alumina slurry, 
ultrasonically washed in absolute ethanol and ultrapure water for 2 min, 
respectively, and dried at room temperature. A suspension of K-modifi ed 
graphene (5  μ L, 0.5 mg mL  − 1 ) was applied to the GCE and dried at 
room temperature to obtain the K-modifi ed graphene/GCE. Similarly, a 
graphene/GCE was prepared. 

  Determination of NO 2   −   In Vitro : The concentrations of NO 2   −   released 
from human leukemia (HL-60) and liver cancer (SMMC-7721) cells were 
determined using the K-modifi ed graphene/GCE. Cells were cultured at 
37  ° C in Roswell Park Memorial Institute (RPMI) 1640 medium (GIBCO) 
supplemented with 10% (v/v) fetal bovine serum (FBS, GIBCO), 60  μ g 
mL  − 1  penicillin, and 100  μ g mL  − 1  streptomycin in a 5% CO 2  environment. 
After 24 h, the cells were collected and separated from the medium 
by centrifugation at 1000 rpm for 5 min and then washed twice with 
sterile PBS (pH 7.4). The sediment was resuspended in PBS to obtain 
a homogeneous cell suspension at a certain concentration. The cell 
number was determined using a Petroff Hausser cell counter (USA). For 
NO 2   −   detection, cells were treated with 50 ng mL  − 1  of lipopolysaccharide 
(LPS) for a period of 0–6 days. Then, cells (10 5  cells cm  − 2 ) were 
centrifuged and the cultured supernatants were collected and used for 
NO 2   −   analysis. Each sample was analyzed in quintuplicate.   
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