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Abstract  In this paper, the factors influencing the local thermal reduction of graphene oxide (GO) sheets are 

investigated. The lateral force microscopy and scanning polarization force microscopy verify that the heated tips of 

atomic force microscope (AFM) can thermally reduce the GO into electrical conductive nanostructures. The tip 

temperature, heating time, and loading force applied by the AFM tip are found to have important effects on the 

thermal reduction of GO, while the environmental humidity is negligible. 
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1 Introduction 

Graphene, a 2D sheet of sp2-hybridized carbon, has 

interest many researchers[1–11]. Great efforts have been 

made in studying its distinctive electronic, optical, 

magnetic, thermal, and mechanical properties, aimed 

at potential applications of graphene in various kind of 

devices[8,9,12], such as micro-electronics, sensors [13– 18], 

functional composites[11,19], transparent electrodes for 

displays[9,20–22], and solar batteries[23–25]. 

Graphene oxide (GO) as an important 

precursor for large-scale synthesis of free-standing 

graphene sheets[21,26,27] is electrically insulating. To 

make it electrically active[11,28], the GO is conducted 

mostly by using chemical reduction or thermal treat- 

ment[26, 29, 30]. A common way to reduce a GO sheet is 

to expose it to hydrazine[11,21,31–33]. After thermal 

annealing at 200 to 500ºC, the electrical properties can 

be improved[20,34]. 

To exploit the broad application of graphene, a 

key issue is to pattern the graphene-related materials in 

nanometer scale. Many methods[21,22,35–38], including 

scanning-probe-based nanolithography techniques [39], 

have been used. Recently, Wei et al.[39] reported that a 

heated tip of atomic force microscope (AFM) can 

locally reduce the GO, and pattern nanoscale areas of 

the reduced GO sheet at high speed. The technique, 

which was well related to thermal nanolithography 

with heated AFM tips, can locally induce chemical 

reactions[40–43], deposit material on a surface[44–46], and 

modify a polymer film[47]. However, the factors 

influencing the local thermal reduction of GO sheets 

have not been fully explored. In this paper, factors 

affecting local thermal reduction of GO sheets are 

studied with a heated AFM tip. It was found that the 

tip temperature, heating time, and loading force 

applied by the AFM tip affected the thermal reduction 

of GO greatly. 

2 Materials and Methods 

The GO sheets were synthesized by oxidizing 

graphite powder using KMnO4/H2SO4, followed by 

ultra- sonication in water[29,48–50]. The as-synthesized 

GO mixture was repeatedly washed using pure water 

and separated through filtration. The mixture was 

dispersed in water (0.5 mg/mL) to prepare GO sheets 

by drop-cast on a mica substrate. Dried by nitrogen 

gas, the GO sheets were ready for uses. 

The GO sheets were locally reduced and 

characterized with a multimode AFM (Nanoscope IIIa, 
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Veeco, Santa Barbara, USA) equipped with a J 

scanner using heatable silicon AFM probes (VITA- 

MM-NANOTA-200, Veeco, Santa Barbara, USA). 

The tip temperature was controlled with a power 

supply (DH1719A-5, Da Hua, Beijing, China), and 

was calibrated using Veeco-provided standard 

polymers of polycaprolactone (PCL), polyethylene 

(PE), and poly(ethylene terephthalate) (PET) with 

melting points of 55, 116, and 235°C[54], respectively. 

To reduce the GO locally, the AFM tip was heated 

when it was scanning over the surfaces of GO sheet in 

contact mode at a speed of several μm/s[28,42]. The 

local reduction was normally done with a sufficient 

loading force calculated from the Hooke’s law, F=kΔZ, 

where k is the cantilever’s spring constant, and ΔZ is 

the cantilever deflection, which can be obtained from a 

force curve before local reduction. 

Tapping mode AFM, lateral force microscopy 

(LFM)[52], and scanning polarization force microscopy 

(SPFM)[53,54] were employed to characterize the 

locally reduced GO. Silicon cantilevers (NP-STT10, 

Veeco) with a nominal spring constant of 0.58N·m–1 

was used in LFM. The SPFM was performed on a 

Multimode V AFM (Veeco, Santa Barbara, USA) 

equipped with a J scanner, using conductive Pt/Ti- 

coated silicon cantilevers with spring constant of 3.5 

N·m–1(NSC18/TI-PT, MikroMash). 

3 Results and Discussion 

3.1 Calibration of tip temperature 

The GO sheets were reduced at a given temperature, 

the AFM tip temperature was calibrated by analyzing 

force curves of the heated AFM tip when it was 

approaching and departing from a polymer sample, 

based on the fact that the tip force changes 

dramatically when the tip temperature is higher than 

melting points of a polymer standard. Fig.1(A) shows 

the force curves with the tip on PCL. When the tip 

temperature was lower than melting point of PCL, the 

force curve was in normal jump-to-contact and pull- 

off transitions, but changed gradually with the tip was 

heated by the power supply. At certain temperature, 

the polymer in contact with the tip began to melt, and 

the tip penetrated into the surface deeply, resulting in 

an extended jump-to-contact transition and a large pull 

-off force in the force curve (the fine dotted line in 

Fig.1A). In this way, heating voltage corresponding to 

a tip temperature of the PCL melting point can be 

determined. Similar procedures were conducted on PE 

(Fig.1B) and PET (Fig.1C). Then, the tip temperatures 

were plotted as a function of heating voltage (Fig.1D). 

 

        

        

Fig.1 Force curves to calibrate the AFM tip temperature (A–C) and the standard curve (D) of the tip temperature versus heating 
voltage, obtained from the heating voltages at which the polymers were melted. The first spot in Fig.1(D) represents 20ºC at 0 V. 
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3.2 Effect of tip temperature on local reduction 

Tip temperature affects greatly the local thermal 

reduction of GO. An AFM measurement using the 

local reduction showed that the GO sheet (about 1-nm 

thick) decreased by several angstroms. As shown in 

Fig.2(A), the local reduction can be realized at a tip 

temperature of 100°C or higher. Raster scanning by 

the heated AFM tip in contact mode within an area of 

200 nm × 200 nm resulted in the concave square of 

0.15 nm depth. The tip temperature rising could 

deepen the squares by 0.23–0.31 nm, indicating the 

GO at these areas underwent a high degree reduction 
[28]. Setting the tip temperature at 270°C or higher, 

however, the GO sheet would be torn, exposing the 

bare mica surface (Fig.2B). It was found that the local 

reduction of GO was only achieved at the hot-tip 

scanned area, and nearby regions to to scanned area 

showed no sign of damage, i.e. the heat radiation 

effect is negligible. 

         

Fig.2 (A) a GO single-layer in AFM image was locally and thermally reduced by the heated AFM tip over the squares (200 nm × 200 
nm). The tip temperature was 240ºC (1), 210ºC (2), 175ºC (3), and 80ºC (4), respectively, and the loading force applied by the hot 
AFM tip was about 100 nN. (B) The GO in AFM image was destroyed in the regions heated by a tip in high temperature of 270ºC. 

      

Fig.3  The effect of force on the local thermal reduction of a GO sheet in AFM images. (A) a region was scanned by a 210°C tip; 
and b, by an unheated tip. In both case, a force of 145 nN was applied during AFM scanning. (B) AFM image indicating that the 
square made by an unheated tip disappeared after 25 times scanning of an unheated tip. 

 

3.3 Effect of force on the local reduction of GO 

The tip force on the GO sheet is important for the local 

thermal reduction. The minimum loading force should 

be about 40 nN, other- wise the heated AFM tip would 

disengage from the sample surface, resulting in failure 

of the local reduction. Also, the GO sheet can be torn 

by too large loading force. So, a force of 80–160 nN is 

suitable for local reduction of GO sheets. 

A cool AFM tip with sufficient loading force 

reduced the GO sheet locally into a less concave 

feature (b of Fig.3A) than a heated tip did (a of 

Fig.3A). Moreover, the force-generated feature 
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disappeared after several scans of cool tip over the 

imaged area, but the thermally generated feature 

remained intact (Fig.3B). This indicates that the local 

thermal reduction probably leads to an irreversible 

chemical conversion of the GO sheet rather than 

mechanical removal, thus losing the oxygen-rich 

functional groups on the GO surface. 

3.4 Effect of heating time on local reduction of GO 

Scanning a GO sheet with a heated tip for longer time, 

the GO receives more energy, hence higher degree of 

its reduction. In Fig.4(A), the local regions of a to d 

were thermally reduced in different time periods, and 

the GO sheet recessed with the heating time, 

indicating a higher local reduction degree. 

                           

                             

Fig.4  Effect of heating time at the constant loading force and tip temperature. (A) the four reduction regions of 200 nm × 200 nm 
were scanned by a 210°C tip using the scanning rate of 800 nm/s, and the scanning times is 2 for a; 4, for b; 8, for c; 12 for d. The 
line profiles in Fig.4(B)–4(D) correspond to the four regions of a to d, indicating that GO reduction degree increases with heating. 

3.5 Effect of humidity on local reduction of GO 

Our experiments were carried out under an ambient 

environment, and water may condense on the sample 

surface during tip-sample contact. Then, possible 

effect of environmental humidity on the local 

reduction should be checked. The local thermal 

reduction was performed at relative humidity of 30%, 

50% and 70% while keeping other conditions, but the 

generated SO features showed little difference (Fig.5), 

i.e. the humidity of 30%–70% is all right for the local 

thermal reduction of SO sheets. 

 

Fig.5 AFM image indicating the effect of relative humidity 
during local thermal reduction of GO. The three squares of 200 
nm × 200 nm (a–c) were scanned with a same tip with 
temperature of 210°C for 4 times with a loading force of 145 
nN. The relative humidity during heating was 30% (a), 50% (b), 
and 70% (c), respectively. 
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3.6 Characterization of the GO local reduction 

The local thermal reduction of GO sheets was verified 

by LFM and SPFM[54–57]. Because the reduced GO 

shows lower friction coefficient, the LFM 

conveniently distinguishes the reduced area on the GO 

sheets[28,52]. In Fig.6(B), the two low-friction squares 

reduced previously can be seen clearly in the LFM 

image. Also, electric properties of GO sheet change 

after its local reduction. The SPFM image (Fig.6D) 

shows that the reduced areas of GO sheet and the mica 

substrate are in high contrast, differing significantly 

from the other regions.

         

                     

Fig.6 Height (A) and LFM (B) images indicating that the locally reduced regions of the GO sheet have lower friction coefficients. 
Height (C) and SPFM (D) images indicating that the locally reduced regions of the GO sheet are conductive.  

4 Conclusions 

In summary, we studied the factors affecting the local 

thermal reduction of GO, and found that the local 

thermal reduction was highly dependent on the tip 

temperature and heating time. Also, the loading force 

applied by the AFM tip during local heating plays 

important effects on the thermal reduction though it 

itself is not sufficient for local reduction of GO. The 

environmental humidity was found to slightly affect 

the local reduction in the relative humidity of 30% to 

70%. These results are helpful for understanding the 

chemical origin of the local reduction of GO sheets, 

and for more controllable fabrication of reduced GO 

nanostructures for future applications. 
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