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Abstract  To investigate the affect of direct current electric field (DCEF) on the interfacial phase, in this paper, a 

hydrophobic ionic liquid (HIL)/water as liquid–liquid two-phase binary system is established by using the deioned 

water and l-butyl-3-methyl imidazolium hexafluorophosphate, and the topographies of the HIL nanodroplets and 

nanolayers in ambient water are observed by atomic force microscope (AFM). The results show the AFM exerting the 

DCEF can enhance the intersolubility of the HIL/water binary system and induce their interfacial phase transfer. 
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1 Introduction 

Ionic liquids (ILs) are attractive candidates for clean 

energy[1–3], rare metal purification[4], pollution-free 

chemical synthesis[3,5–9], nano-fabrication[10], soft 

organic electric polymer devices as conductive liquid 

crystal[11,12], because of their near zero vapor pressure, 

non-flammability, distinctive conductivity, chemical 

and thermal stability. ILs have a potential application 

of special bio-catalysis[13,14], too. ILs in different 

conditions have been explored, such as temperature[15], 

electric field[16–18], light[19], pressure[20], magnetic field 
[21], pH[22,23], and specific molecular recognition [24]. 

Because the ILs are hydrophilic or hydro- 

phobic, the water/ILs intersolubility is relevant with 

the molecule networks[25], and their interfacial phase is 

alternate under a spatial electric field[26,27]. Some 

authors focused on electric field effect on ILs/ water 

intermiscibility in binary system, using a hydrophobic 

ionic liquid (HIL). Niall et al.[28] reported that the gap 

between positive/negative poles was of micrometer 

level at the effective electric field strength of 1–2.5 V/ 

nm, but the voltage applied was up to several hundred 

volts. Mani Paneru et al.[29] observed DC voltage of 

over 100 V, affected the surface tension of ILs micron 

droplets in water, but this was far beyond the ILs 

electrochemistry windows of 5–6 V[30], and caused 

some inscrutable electrode reactions. Therefore, a 

nanometer gap and several volts are more feasible and 

credible for the high electric field strength. 

In this paper, to investigate nanoscale electric 

field effect on HIL/water intersolubility, we use an 

atomic force microscope (AFM) tip holder to form a 

DC electric field (DCEF) between the tip and the 

substrate. The tip-sample distance can be adjusted 

between 0–10 nm, and the DCEF strength is mainly 

decided by the tip bias and average height of the 

sample surface. The results show that the DCEF of 0.3 

V/nm is achieved by the 3-V tip bias inside the 10-nm 

high nanodroplets, and the HIL/water interfacial phase 

is transferred by increasing the intersolubility during 

AFM imaging. 

2 Experimental 

2.1 The sample preration 

The hydrophobic ionic liquid, l-butyl-3-methyl 

imidazolium hexa-fluorophosphates, BMIM(PF6), of 
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99% purity, synthesized by Greenchem Industries Co. 

Ltd., was dissolved into methanol (HPLC grade, 

99.8%, Sigma) to become solutions of 0.05 wt%–0.5 

wt%. The 5-μL droplet was coated on the newly- 

cleaved surface of highly oriented pyrolytic graphite 

(HOPG, 1 cm × 1 cm) by 10-s spinning at 5000 rpm. 

Also, the droplets were fabricated into the nanolayers 

as reported by Liu et al.[31]. The water in bulk 

resistance of >18.2 MΩ was from Sigma, USA. 

2.2 The DCEF of tip/substrate and AFM imaging 

As shown schematically in Fig.1, the HIL nano- 

droplets and nanolayers in ambient water was imaged 

with the AFM (Nanoscope multimode V, Veeco/Digital 

Instrument, USA) operating in tapping mode, and 

collected at 25°C and humidity of 30±1%. The tip with 

a Pt/Ir–coated end provides a metallic electrical path 

from the cantilever die to the apex (SCM-PIT, Veeco/ 

Digital Instrument, USA). An additional connecting 

line was welded on the tip holder, so as to apply a 

positive voltage between the tip and HOPG substrate. 

To protect the metal tip coated from electrochemical 

corrosion, a negative voltage was applied to the HOPG 

substrate. The water /HIL interfacial phase transfer, 

which was affected by the DCEF between the AFM tip 

and HOPG substrate, was observed by contrasting the 

AFM scanning images at tip bias. 

3 Results and Discussion 

The HIL nanodroplets of about 10-nm average height 

and 5 µm × 5µm size in ambient water were imaged, 

and a random area of 2 µm ×2 µm is zoomed and 

scanned at +2-V tip bias (Fig.2a). The lowest HIL 

nanodroplets disappear after tip bias (Fig.2b). All the 

HIL nanodroplets vanished at 3-V tip bias (Fig.2c). 

When repeating the 5 µm × 5 µm scan in situ at zero 

bias, most of the HIL nanodroplets disappeared, and 

seemed to affect its nearby area (Fig.2d). The results 

could be repeated with different HOPG substrates and 

conductive coating tips, indicating that the tip bias in 

the ranges of 0.6 to 1.5 V could affect the HIL/water 

intersolubility, and the HIL nanodroplets images 

trended to vanish at a higher tip bias. This is likely that 

the DCEF around the AFM tip enhanced the HIL/ 

water intersolubility, but simultaneously the interfacial 

tension decreased to the extent allowing accurate AFM 

detection, hence the failure of tracing the HIL nano- 

droplets by the AFM. The phenomenon is defined as 

interfacial phase transfer induced by the DCEF. Also, 

the tip bias in scanning process disturbed the nano- 

droplets when the DCEF increased the HIL/water 

intersolubility, and dissimilarity of the in situ image of 

Fig.2(d) accounts for the HIL dissolved in water. 

 

Fig.1 Sketch map of the experimental design. The HIL 
topographies in ambient water was obtained by tapping-mode. 
The water/HIL interfacial phase transfer affected by the DCEF 
was observed by contrasting the AFM scanning images at tip 
bias. 

 

Fig.2  AFM images of the HIL nanodroplets scanned in ambient water..The inset shows the Z-range for all the images. 

The DCEF strength around the AFM tip is 

determined by designating or adjusting the tip voltage, 

and the tip-substrate distance corresponds with the 

HIL height during image scanning process. Fig.(3) 

shows that DCEF affects the HIL/water interfacial 

phase at different HIL heights. The HIL nanolayers on 
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HOPG were of about 3.2-nm height (Fig.3a), from 

which a typical height was selected. By scanning the 

selected area in situ with increasing tip bias in 0.1-V 

steps, the nanolayer image began to vanish at about 1- 

V bias. Fig.3(b) shows the image at 3 V of the tip bias. 

However, the nanolayer reappeared when reducing the 

tip bias to zero and scanning the area in situ (Fig.3c).  

This is different from the results of nanodroplets in 

Fig.2. Because the volume of nano- layer solution is 

far less than that of the nanodroplet, the nanolayer 

image vanishes when the DCEF induced HIL/water 

interfacial phase transfer is appropriate. The nano- 

layers could not be dissolved entirely in water, even 

under the tapping probe tip touching or disturbing in 

the imaging process.

 

Fig.3  AFM images of the HIL nanolayers scanned in ambient water. The Z-range is 10 nm for (a); and 5 nm for (b) to (d). 

The images were analyzed off-line by Veeco 

software. Fig.4(A) and Fig.4(B) show, respectively, the 

height statistic distributions of Fig.3(b) and the 

rectangle area marked by the arrow in Fig.3(c). They 

have the same characteristic peaks of substrate back- 

ground, indicating that Fig.3(c) is not a false image 

caused by the tip bias, and AFM worked properly, 

though the HIL nanolayer image is out of sight. 

 

Fig.4  Height statistic distributions of (A) Fig.3(b) and (B) the 
rectangle area in Fig.3(c) by off-line image analysis. 

The nanolayer heights are of 0.3 to 1.2 nm. In 

Fig.5(a), a typical height is 0.73-nm, which is two 

times larger than the theoretically estimated height of a 

single nanolayer (0.36–0.37 nm)[32]. The AFM image 

in Fig.5(b) was recorded by disabling it at the slow 

axis (arrowed in Fig.5a) and increasing the tip bias to 

4 V in 50-mV steps, and the image in Fig.5(c) was 

recorded by decreasing the bias to zero. The false 

image lines in Figs.5(b) and 5(c) were caused by the 

tip bias jumping. Although they can be erased by the 

off-line software, this was not performed so as to 

record the tip bias change distinctly. The DCEF 

strength around the tip was larger in the lower nano- 

layer at the same tip bias, but at an abnormally large 

tip bias of 4 V (it was 1 V in Fig.3), the HIL/water 

phase transfer would occur. This is likely related with 

the HOPG surface potential because the HIL epitaxial 

nanolayers in Fig.5(a) were confined by the HOPG 

surface, and its surface potential was amplified by the 

HOPG. Fig.5(d) shows that the tip bias changed the 

HIL nanolayers and the change might be caused by 

HIL dissolving and a reversible process. 

Figure 6 shows the imaging results with even 

larger changes in experimental conditions. The HIL 

nanolayers (Fig.6a) was applied with a 4-V tip bias, 

most of the morphology information was gone 

(Fig.6b). By reducing the bias to zero, the HIL nano- 

droplets were separated (Fig.6c), indicating the nano- 

droplets dissolved in water were precipitated again. 

The AFM experiment was performed in air ambient. 

The HIL nanodroplets and nanolayers could be 

observed in ambient air with tapping mode (Fig.6d), 

 



                        NIU Dongxiao et al. / Nuclear Science and Techniques 22 (2011) 240–244                                 243 

and steadily imaged up to +8-V tip bias (Fig.6e). 

These confirm that the phenomena observed above are 

not because of the tip force but DCEF-induced water 

/HIL interfacial phase transfer. 

 

Fig.5  The confined HIL nanolayer images of 3 μm ×3 μm in ambient water. (a) tip bias=0, (b) disabling at the slow axis line 
arrowed in Fig.(a) and increasing the bias to 4 V in 50-mV step, (c) decreasing the tip bias to zero, (d) in situ image of (a) at zero tip 
bias after scanning (b) and (c). Z-range for all the images is indicated by the insert. 

 

Fig.6  In situ AFM images of the nanolayers in ambient water at (a) tip bias-0, (b) tip bias=4 V, and (c) in reducing tip bias to zero, 
and in ambient air at (d) tip bias-0 and (e) tip bias=8 V. Z-rang is 3 nm from (a) to (c), and 10 nm for (d) and (e). 

However, there are still three issues to be 

further discussed. 

Firstly, increasing the tip-sample voltage 

spontaneously increases the tip-sample electrostatic 

force. As a long-range force, the electrostatic force 

will magnify the tapping amplitude, but the tip-sample 

force is defined and fixed by the amplitude setting of 

the AFM. On applying the tip bias, the tip-sample 

force has a sudden increase, whereas the AFM will 

promote the scanning height at the next scan line to 

keep the amplitude setting. In Figs.5(b) and 5(c), the 

false scanning lines correspond to the tip bias changes. 

Consequently we exclude the possible effect caused by 

electric force of tip-sample status. To confirm this, the 

AFM experiment in air ambient was performed. The 

HIL nanodroplets could be steadily imaged at 8-V tip 

(Fig.6d and Fig.6e). In another experiment, we merely 

enhanced the amplitude with a zero tip bias and no 

HIL nanodroplets disappeared in the imaging process. 

Secondly, the DCEF can lead to HILs electric 

wetting on the electrode surface [29,32]. With a positive 

pole, HILs may be adsorbed to the probe tip surface. If 

that happens, an HIL-coated tip will replace the metal 

coated-tip to detect water/HIL interface, the tip will 

ignore the water/HIL boundary and the HILs will 

likely to disappear in the AFM imaging, just as 

Nainaparampil et al. [16] reported. However, comparing 

Fig.3(d) with Fig.3(a), the HIL disappearing in Fig.3(c) 

is primarily relevant to tip bias. 

Finally, we had been worrying about the 

complex electrochemical reaction around the AFM 

probe tip, but it is easier for the water to be 

electrolyzed than HILs, and as an equal-potential 

conductive compound, the cantilever and the probe 

base, with bigger surface areas, are more likely to 

release the electrochemistry energy preferentially. In 

our experiment, electrolytic bubbles gathering were 

seen at the edge of probe base, but no bubbles were 

seen nearby the tip in a long time scanning at 3-V bias. 

4 Conclusions 

The liquid phase AFM tip holder is remoulded to form 

the DCEF around probe tip in ambient water, and is 

used to observe the HIL nanodroplets and nanolayers 

on HOPG substrate. At proper tip bias, the HIL 

vanishes in AFM imaging, because the intension of 
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DCEF induces the IL/water interfacial phase transfer. 

All the AFM images are obtained with a minute 

tip-sample force, and the HIL/water interfacial electric 

properties are detected in nanoscale. In our further 

studies, the interfacial tension will be estimated 

qualitatively and quantitatively from the accurate tip 

shape, cantilever elastic constant, and other parameters 

of the AFM. 
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