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Abstract:  The size and surface chemistry of graphene oxide (GO) dispersed in an aqueous solution are tuned by adjusting the pH value of the 
parent GO hydrosol. This method is based on the protonation of the carboxyl groups on GO nanosheets (GONs) in an acidic environment and the 
partial removal of oxygen-containing functional groups in strong basic conditions. GONs with a high electrochemical activity can be obtained by 
tuning the pH-dependent sheet sizes and the fraction of functional groups. It is found that the functional groups of a GON are more crucial in 
providing a high electrochemical activity than are the plane edges, and the size of a GON is also a key factor to influence the chemical activity. 
GONs with smaller sheet sizes but similar functional groups show a weaker electrochemical activity than those with larger sizes. In addition, 
GONs possess a high activity towards H2O2 detection and hence are promising for use as an electrode of biosensors. 
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1  Introduction 

Graphene oxide (GO), an exfoliation product of graphite 
oxide, can be viewed as the most important chemical 
derivative of graphene because of the existence of rich 
functional groups[1,2]. These groups endow GO with good 
processability and higher chemical activity than graphene in 
solution, since the existing sp3-hybridized carbons related to 
hydroxyl and epoxy groups distribute on graphitic carbon 
regions and those related to carboxyl groups attach on the 
edges[3]. Thus, GO is widely used as a starting material to 
assemble specific graphene-based materials by wet chemistry 
methods, such as functionalized graphenes, graphene oxide 
membranes and graphene-based macroforms[4-11]. Therefore, 
the properties of these GO derivatives are largely influenced 
by the characters of GO, such as the sheet size, C/O ratio[12-14]. 
Recent reports have proven that the properties of GO directly 
affect the chemical activity and the microstructure of the 
obtained graphene derivatives[4, 9, 15-20]. Regrettably, the nature 
of GO is still not very clear due to the complexity of sheet size 
and functional groups, which hinder the precise structure and 
property control of these GO derivatives[2].Thus, it is 
necessary to understand and find an efficient way to tune the 
chemical properties of GO, especially its features in aqueous 
solution, for a controllable assembly of graphene-based 
materials.  

The functional groups attached on the graphene 

framework have a high chemical activity and can specifically 
react with some organic molecules and biomaterials, making 
GO an active material in biosensors[21-25]. Furthermore, the 
rich functional groups also bring a specific catalytic activity 
and a high electron transfer rate in organic reaction[26]. The 
functional groups and sheet size are proved to be the two key 
factors that make GO sensitive to environment[27]. GO 
nanosheets (GONs) of a certain size show different dispersing 
abilities in the aqueous solution at various pH values, which 
can be used to sieve the GONs with specific sizes[28,29]. 

Especially, deoxygenation reaction will occur when GONs 
come across the strong basic condition, which would influence 
their chemical activities[30].  

In this paper, the size and surface chemistry of the GONs 
well dispersed in aqueous solutions are finely controlled by 
tuning the pH value of the parent GO hydrosol, and its 
corresponding electrochemical activities are investigated in 
detail. The results demonstrate that both functional groups and 
sheet size are the two key factors influencing the 
electrochemical activities of GONs. Besides, the GONs are 
revealed to be the active materials for H2O2 detection and their 
sensing performance can also be tuned by changing the above 
two factors. 

2  Experimental 

2.1  Preparation of GO hydrosol with different pH values 
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Graphite oxide was firstly prepared according to the 
modified Hummers method [15]. 80 mg graphite oxide was 
added in 80 mL deionized water and subjected to a strong 
sonication (200 W) for 2 h (JY92-N, China). Then a certain 
amount of HCl or KOH solution was introduced into the 
obtained GO hydrosol to adjust their pH values to 3, 5, 7, 9, 
11 and 12, and then centrifugation (~3 800 r/min, 5 min) was 
employed to remove the unstable GONs (very little deposit 
after centrifugation). The obtained hydrosols were denoted as 
GO-X, where X represented the pH value of the hydrosol. It is 
noted that the obtained GO-3 shows a high transparency and a 
color of brown, while the hydrosols turn into black when pH 
values are increased to 11 and 12.  

2.2  Preparation of GO modified electrodes 

The glassy carbon (GC, diameter: 2 mm) electrode 
surface was firstly polished with alumina slurries with particle 
size of 1.5 µm, 0.7 µm and 50 nm and sonicated for 5 min 
twice in deionized water and ethanol. Then, 6 µL GO-X 
hydrosol was dropped on GC electrode and dried at room 
temperature. After that, 2 µL Nafion solution (5%) was finally 
casted and used as a binder to hold the GO-X on the electrode 
surface stably. 

2.3  Sample characterization 

Microscopic morphology of the GONs was observed 
using a transmission electron microscope (TEM, JEOL 
JEM-2100F, Japan). The size distribution and zeta potential of 
GONs were carried out on Zetasizer Nano ZS (Malvern, 
England) at 25 °C. Transmittance of GO-X hydrosol was 
measured by an ultraviolet-visible spectrophotometer 
(UV-1102, China) after the hydrosol was diluted 40 times. 
Surface chemistry analysis for the GO-X was conducted by 
using X-ray photoelectron spectroscopy (XPS, Escalab 250, 
Al Kα, USA).  

2.4  Electrochemistry measurements 

The electrochemical performance of GO-X modified GC 
electrodes was measured by an electrochemistry workstation 
(CHI660C). A GO-X modified GC electrode was employed as 
the working electrode. Saturated calomel electrode and 
platinum foil were used as the reference electrode and counter 
electrodes, respectively. Cyclic voltammetry (CV) 
measurement was conducted to characterize the 
electrochemical reaction occurring on the working electrode 
surface in K3Fe(CN)6 electrolyte solution, in which KCl (0.05 
mol/L) was used as supporting electrolyte. The 
electrochemical activity towards H2O2 detection was 
conducted in 0.01 mol/L phosphate buffer solution (PBS) 
containing 0.05 mol/L KCl (pH value = 7.4) using CV and 
chronoamperometry. All experiments were carried out at room 
temperature. Note that the concentration of the GO only  
affects the current density of the electrode while the peak 
separation, which reflects the activity of the electrode, will not 
be affected. 

3  Results and discussion 

3.1  Characterization of GONs with different pH values 

After an ultra-sonication process, graphite oxide is fully 
exfoliated into few layers, as shown in the TEM image in Fig. 
1a. The obtained GO hydrosols at different pH values, which 
are subjected to a sonication, followed by a centrifugation, 
show a high stability in both acidic and basic environment (pH 
value ranges from 3 to 12) and no aggregations and 
precipitations can be observed after being stored for several 
months (as shown in the inset of Fig. 1d). We also used a 
high-precision nanoparticle size analyzer to reveal the 
statistical size distributions of GONs in different GO 
hydrosols. As shown in Fig. 1b, we can see that small GONs 
with the size in the range of 200-500 nm are favorable to the 
acidic or basic environment, while the larger GONs, whose 
sizes distribute at about 500 nm-1.5 µm, prefer to exist in the 
neutral and alkalescent conditions. The sheet size is 
considered to be mainly influenced by carboxyl groups on the 
GON edge. Therefore, ionization of these groups is the 
dominant factor in acidic suspension, while the situation 
became complicated in the basic environment since the 
neutralization reaction occurred between the acidic carboxyl 
groups and the alkali added. Consequently, both ionization 
and reduction of carboxyl groups should be considered in 
basic environment. A reasonable explanation is given as 
follows. Generally, the edge-to-area ratio of GON increases 
with the decrease of its lateral dimension. Thus, smaller GONs 
should have a higher solubility than larger counterparts 
because of higher densities of ionized –COO- groups. In acidic 
environment, with the decrease of the pH value, the ionized 
–COO- groups are gradually protonated, leading to the 
deposition of larger GONs. And in basic environment, the 
–COOH groups will be partly removed due to the counteract 
reaction, which also causes a precipitation of the larger GONs 
from suspension. The above results suggest a new route for 
precisely controlling the size of GONs in solution. 

From the zeta potentials shown in Fig. 1 c, we can see 
that the zeta potentials drop with decreasing of the pH values 
of GO hydrosols, indicating that the edge carboxyl groups are 
protonated at the acidic condition. It should be noted that the 
aggregation occurs if the pH value is lower than 2 due to the 
highly protonation of the –COO- groups. In the alkaline 
environment, although a lot of functional groups have been 
removed under higher pH value, the zeta potential is more 
negative. This is caused by the repulsion between 
deprotonated carboxyl groups of GONs. Fig. 1d shows that the 
transmittance of GO hydrosol continuously decreases with the 
increase of pH value, and the color of the hydrosol changes 
from brown to black gradually. Combining the above 
discussions, it is considered that this color transformation 
should be affected by the sizes and surface chemistry. After an 
addition of KOH, GONs are deoxygenated and reduced to 
some extent. When the pH value increases to 11, the 
deoxygenation degree is very high inducing a color transformation  
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Fig. 1 pH-dependent size sieving effects of GONs and optical properties of GO hydrosols. (a) TEM image of GONs dispersed in the hydrosol with 
a pH value of 7; (b) Size distributions of GONs; (c) Zeta potential and (d) optical transmittance of the GO hydrosol (diluted 40 times) with 

different pH values at a wavelength of 600 nm, and the inset of (d) shows the digital photo of the hydrosols. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2 pH-induced specific functionalization of GONs. The C1s profiles of GONs existed in the hydrosols of (a)GO-5, (b)GO-9 and (c)GO-12; 

(d)C/O ratio of the GONs. 
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of GO hydrosol into black. Detailed surface chemistry 
changes can be probed by XPS, and the results have been 
shown in Fig. 2d. In the pH values range of 3-7, the C/O ratio 
slightly increases, which could result from the size changes of 
the GONs, since small sheets have more functional groups 
fraction at the edge. And the increase of sheet sizes induces a 
slight increase of C/O ratio. On the contrary, the C/O ratio 
increases apparently with the pH value from 9 to 12 due to a 
serious removal of the oxygen-containing functional groups. 
The C1s profiles shown in Fig. 2a-c confirm the above 
discussion. The –C=O groups. The C1s profiles shown in Fig. 
2a-c confirm the above discussion. The –C=O and –O–C=O 
groups decrease apparently with the pH value from 5 to 9 
compared with the C–O groups. After the pH value is tuned to 
12, all above functional groups attached on GONs are 
removed obviously. Smaller sheet sizes of GONs will induce 
higher transmittances of GO hydrosol in acidic and neutral 
condition, and the removal of oxygen-containing functional 
groups and the retrieval of carbon aromatic ring may be the 
main factors that lead to the lower transmittance of GO 
hydrosol.  

3.2 The electrochemical properties of GO hydrosol  

The redox reaction in an aqueous ferrocyanide (Fe(CN)6
4-) 

/ferricyanide (Fe(CN)6
3-) system is a standard reaction in 

fundamental electrochemistry. Herein, we used this reaction to 
characterize the activity of the GONs with different surface  

chemistry and sheet sizes. Fig. 3a and b show the CV profiles 
of the GON modified GC electrodes in K3Fe(CN)6 electrolyte 
at the scan rate of 100 mV/s. The electrodes modified by the 
GO hydrosols with the pH values of 3, 5 and 7 all represent 
well-defined and sharp redox peaks and the peak-to-peak 
separation (∆Ep) decreases slightly with the increase of the pH 
value. However, the ∆Ep shows a contrary change on the 
electrode modified by GONs in basic environment, which 
increases with increasing the pH value. The GO-12/GC and 
GO-11/GC represent the largest ∆Ep (174 and 180 mV) 
towards this reaction compared with those of others (55-75 
mV). GO-7/GC and GO-9/GC exhibit a pair of stable, 
well-defined and nearly-symmetric reversible redox peaks 
with very low potential separation between anodic and 
cathodic peaks (The ∆Ep are 56 and 60 mV, respectively), 
indicating the rapid electron transfer rate and excellent 
electrochemical reversibility. Considering the ratios of the 
anodic current over the cathodic current, which are about 0.75 
for GO-7/GC and 0.88 for GO-9/GC, GO-9/GC should 
possess a higher catalytic stability suggested by a more 
quasi-reversible redox process. The above results indicate that 
the large-size GONs have a higher activity since the GONs 
obtained in the hydrosols have similar surface chemistry in 
both acidic and neutral condition. It is found that the 
oxygen-containing functional groups play a very important 
role in promoting the electron transfer in the electrochemical 
catalytic process by comparing the properties of GO-5/GC    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Electrochemical behaviors of GO modified GC electrodes in ferricyanide electrolyte. (a) and (b) show the CV profiles of the modified GC 

electrodes with GO hydrosols at different pH values in 0.007 mol/L K3Fe(CN)6 at a scan rate of 100 mV/s; (c) and (d) show the plots of the anodic 
peak currents vs. v½ and v, respectively (v denotes as scan rate). 
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with GO-11/GC, characterized by a similar sheet size. 
However, too many functional groups incorporated into GONs 
will induce the decrease of the electron transfer rate in the 
two-dimensional carbon network. From above discussion, we 
can find that the sheet size may be a key factor that affects the 
electrochemical activity of GONs revealed by a 
largely-enhanced electron transfer rate in the reaction, and the 
surface chemistry acts as another factor that promotes the 
electrochemical activity. These results also suggest that the 
carboxyl group is more active since it is the mostly removed 
group in strong basic conditions, and the detailed 
investigations are on-going now. 

As shown in Fig. 3c and d, the anodic peak current 
increases with the increase of scan rates, and the linear 
relationships are found to exist between the anodic peak 
current (abbreviated as Ipa) and v1/2 or v (v denotes the scan 
rate) for the electrodes modified with GO hydrosol. The 
oxidation peak current is linearly proportional to the scan rates, 
indicating a surface-confined electrochemical process for the 
redox reaction due to the limited conductivity of the GONs as 
we mentioned above, while the linear relationship between Ipa 
and v1/2 indicates that this redox reaction is also a 
diffusion-controlled process since the diffusion transportation 
between the support electrolyte and the electrode surface 
during the reaction process is generally a slow process.  

Fig. 4 shows the detailed CV curves of the electrodes at 
different scan rates, from which we can identify that the ∆Ep 
for all the electrodes obviously increase with the increase of 

the scan rates, especially for GO-11/GC and GO-12/GC. For 
most cases, large value of v induces the increase of the mass 
transfer coefficient, and thus the ∆Ep increase since a larger 
overpotential is needed to achieve the same rate of electron 
transfer. Although the GO-11/GC and GO-12/GC have a high 
conductivity which is reflected by the largely-increased peak 
current, the partial removal of the functional groups induces 
the decrease of the active sites, further leading to the 
restriction of electron transfer rate between the electrode and 
the reactant. By comparing the curves shown in Fig. 4, it is 
revealed that the GO-9/GC shows the highest catalytic 
stability, which is in correspondence with the aforementioned 
discussion. For the small sheets in the acidic condition, which 
have more active functional groups and edges, the destroy of 
the sp2 carbon networks by the rational distributed sp3 
components also partly leads to the restriction of electron 
transfer rate from the electrode to the reactant, which may be 
the possible reason for the decrease of electron transfer rates 
in the reaction.  

Based on the above discussion, the existence of the 
functional groups is the main factor that influences the 
electrochemical activity of the GONs. On one hand, they act 
as active sites of electrochemical reaction, but on the other 
hand, they restrict the electron transfer rate from the electrode 
to the reactant. As a result, a point should be found to balance 
the carbon network integrity and activive sites since either too 
many or too few functional groups on GONs limit the electron 
transfer rate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 CV profiles of GO modified GC electrodes in 0.007 mol/L K3Fe(CN)6 solution at different scan rates, and (a)-(f) show the detail 
information of GON in the hydrosols with the pH values of 3, 5, 7, 9, 11 and 12, respectively. 
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3.3 The electrochemical activity of GON towards H2O2 

detection 

In order to further explore the electrochemical activity of 
the GONs and the application prospect in electrochemical 
detection, we selected the electrodes with obvious differences 
as the typical examples and investigated their electrochemical 
behaviors towards the reduction of H2O2. As shown in Fig. 
5a-c, obvious redox peaks can be observed in PBS buffered 
0.1 mM H2O2 on the GONs modified electrodes, while the 
unmodified GC electrode shows no redox peaks. From the 
curves, no apparent difference is revealed, and the only 
obvious difference is that the peak current increases with the 
increase of the pH values of GO hydrosol. For GO-5/GC, an 
anodic peak also appeared in Fig. 5a, which may be derived 
from the electrochemical reduction of the functional groups on 
the GONs since it has a low C/O ratio. Fig. 5d shows the 
well-defined steady-state amperometric response of electrodes 
towards the successive addition of 0.3 mmol/L and then 1.5 
mmol/L H2O2 at 0.6 V. The potential is selected according to 
the anodic peaks of the modified electrodes revealed in the 
CV curves. The response signals can be observed immediately 
after adding H2O2 and reach a steady-state level within 5 
seconds, indicating a rapid and sensitive detection 
performance.  

Compared with GO-12/GC, a more stable steady-state is 
achieved on the electrode of GO-5/GC and GO-9/GC after the 
H2O2 is added, indicating that a faster reaction is performed 
due to the fast electron transfer, which corresponds to the 
aforementioned discussions. Thus, they are more promising in 
a rapid quantitative detection. The electrodes show wide linear 
detection ranges (0.3-12 mmol/L) as shown in Fig. 5e. The 
current densities of GO-5/GC, GO-9/GC, GO-12/GC 
electrode and H2O2 concentrations display linear relationships 
with the sensitivities of 9.28, 22.02, 40.14 µA·mM-1·cm-2 and 
correlation coefficients of 0.992, 0.995, 0.998 respectively. 
The detection limits of GO-5/GC, GO-9/GC, GO-12/GC 
electrodes are 29.28, 62.16 and 68.28 µmol/L, respectively, 
which exhibit a comparable performance with those of 
previous reports[31,32], demonstrating a great potential of GONs 
in electrochemical application as sensors. Furthermore, the 
GONs used as the active materials are easy to operate in 
electrode preparation with a low cost, and the electrochemical 
properties of the GONs can be tuned by precisely controlling 
the pH value of the hydrosol, which provides a good 
applicability at different conditions. From this part of 
discussion, we found that although the electrochemical 
catalytic performance of the GONs in the strong basic 
condition is a little bit worse than that of the others, it shows 
the highest current density due to the partial reduction of  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Detection performance of the GO modified GC electrodes in 0.01 M PBS (pH=7.4). (a)-(c) show the CV profiles of (a) GO-5 , (b)GO-9 
(c)and GO-12 modified GC electrodes in PBS without and with 0.1 mmol/L H2O2 respectively; (d) shows the detailed amperometric response of 
the GO modified electrode towards successive addition of H2O2 with gently stirring at 0.6 V, and (e) shows the plots of the corresponding current 

vs. the concentration of H2O2. 
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GONs, which decreases the demand for a high sensitive 
equipment. Thus, it also shows a great promising potential in 
the fast detection fields where a high precision is not needed.  

4  Conclusions  

In summary, the sizes and surface chemistry of GONs well 
dispersed in aqueous solution can be precisely tuned by 
adjusting the pH value of the parent GO hydrosol, which 
results in different chemical activities of the obtained GONs. 
Due to the protonation of carboxyl groups and the partial 
removal of oxygen-containing functional groups, the large 
GONs prefer to exist in the neutral and alkalescent 
environment while the small GONs tend to exist in the high or 
low pH value environment, and the surface chemistry makes 
slight change at acidic condition while the oxygen-containing 
functional groups are removed obviously at basic condition. 
Correspondingly, the GONs show a higher activity at acidic 
and neutral condition than at basic condition. The functional 
groups and the edges of the GONs can be viewed as active 
sites in electrochemical reaction, and the functional groups are 
proved to be more crucial to electrochemical activity than the 
edges since the GONs with similar sheet sizes and less groups 
show a weaker activity. But under the neutral and alkalescent 
condition, the GONs with smaller sheet sizes and richer 
functional groups show a weaker electron transfer activity in 
electrochemical reaction as compared to those with larger size 
and slightly less functional groups; that is to say, the size of 
GON is also a key factor to influence the chemical activity. 
Therefore, the fraction of the functional groups and sheet sizes 
should be compromised to obtain GONs with a high chemical 
activity. Besides, a high electrochemical activity of the GONs 
towards H2O2 detection is observed, which suggests a 
promising application of GONs as biosensors. 
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