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Abstract 10 

An electrochemical system at the ionic liquid (IL) | oil (O) interface has been 11 

constructed and utilized as electrochemical reaction field for reductive deposition 12 

of metal nanostructures. The interface between 1-(3-hydroxypropyl)-3-methyl-13 

imidazolium chloride (C3OHmimCl), a hydrophilic IL, and 1,6-dichlorohexane 14 

(containing an organic electrolyte) exhibits a polarized potential window of 150 15 

mV, which is limited by the ion transfer (IT) of the IL cation and anion at the 16 

positive and negative edges, respectively. The polarizable IL | O interface has 17 

allowed to record voltammograms for the electron transfer (ET) and IT processes 18 

across the IL | O interface that are involved in the reductive deposition of gold at 19 

the IL | O interface. The ET between AuCl4− in the IL phase and 20 

decamethylferrocene in the O phase proceeds without applying external voltage 21 

by coupling with the IT of AuCl4−, spontaneously forming Au nanostructures at 22 

the IL | O interface.  23 

 24 
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1. Introduction 27 

Ionic liquids (ILs) are salts that are liquid around room temperature, with several 28 

characteristics such as ionic conductivity, a wide potential window at the electrode 29 

interface, high thermal stability, negligibly low vapor pressure, and flame 30 

retardancy [1,2]. These characteristics make ILs peculiar and different from 31 

conventional molecular liquids such as water (W) and oil (O) [3,4].  32 

The interface between two immiscible electrolyte solutions (ITIES) is known to 33 

be an electrochemical reaction field. For example, metal nanoparticles are formed 34 

at the W | O interface by electron transfer (ET) between a metal precursor dissolved 35 

in one phase (mainly W) and a reducing agent in the other phase [5–9] by using 36 

electrochemistry at the polarizable W | IL interface [10–15] . The same 37 

methodology can be realized at the W | IL interface for the formation of metal 38 

nanostructures [16–27]. Our group found that the reduction of Au [23–25], Pt [26], 39 

Pd [27], and Ag [18] at the IL | W interface produces unique metal 1D 40 

nanostructures such as dendritic nanofibers [23,24,26], nanofiber arrays [27], and 41 

nanobelts [18], due to the interfacial structure ordering [28–30] and high viscosity 42 

[19,23] of ILs. 43 

The successful applications of this liquid-liquid interfacial method at the IL | W 44 

interface motivated us to explore another liquid-liquid interface, which is the IL | 45 

O interface. The IL | O interface is intriguing because it is regarded as a water-free 46 

reaction field and can be applied to reactions in which products and reactants are 47 

water-reactive. One pioneering study by Cousens and Kucernak found that the IL 48 

| O interface can be polarizable by using ethylammonium nitrate (EAN) as the 49 

hydrophilic IL and 1,6-dibromohexane (DBH) or a cyclohexane/1,2-50 
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dichloroethane mixture (Omix) as the O [31]. However, to the best of our knowledge, 51 

there are no reports on the measurements of ET and ion transfer (IT) across the IL 52 

| O interface, as well as the formation of metal nanostructures at the IL | O interface. 53 

The IL | O interface has not been explored in the electrochemistry of ITIES. 54 

In the present study, we present a new electrochemical system at the IL | O 55 

interface using a hydrophilic Cl−-based IL where the IT and ET processes can be 56 

measured electrochemically. Cl−-based ILs are beneficial for the reductive 57 

deposition of metals, because excess Cl− in the ILs stabilizes chloride complexes 58 

such as AuCl4− and PtCl42− used as metal precursors [5,6,8,16,17,23–27]. We 59 

report that the formation of metal nanostructures is possible at the IL | O interface, 60 

exemplified by Au, which has been accomplished at the W | O [5,32–43] and W | 61 

IL [16,17,22–25] interfaces. Electrochemistry measurements clearly illustrate that 62 

the reductive deposition of Au can spontaneously occur via ET at the IL | O 63 

interface between AuCl4− in the IL phase and a reductant in the O phase by 64 

coupling with IT of AuCl4−.  65 
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2. Experimental 66 

2.1 Reagent 67 

To realize the polarizable IL | O interface, the hydrophilicity of IL ions is a key 68 

parameter. This is just an opposite case with the IL | W interface where the 69 

hydrophobic IL ions lead to wide potential window (PW) [10,11,44]. To choose a 70 

cation that is combined with Cl−, we took into account not only the ionic 71 

hydrophilicity but also the melting point of the salt, which are in the trade-off 72 

relationship. Among Cl−-based ILs, 1-(3-hydroxypropyl)-3-methylimidazolium 73 

chloride (C3OHmimCl), which is a room temperature IL, was chosen as a 74 

hydrophilic IL for the IL-O two-phase system, because C3OHmim+ is relatively 75 

hydrophilic (see Table 1 for ionic hydrophilicity and melting points of several ILs). 76 

C3OHmimCl was synthesized using 1-chloropropanol and 1-methylimidazole (both 77 

from TCI), according to a reported method [45]. AuCl3 (Shimadzu) was added into 78 

C3OHmimCl to form AuCl4− in the IL [46]. The IL solution was stirred at 50 ℃ for 79 

about 6 hours and then residual H2O in the IL was removed by an oil pomp. 1,6-80 

dichlorohexane (DCH, TCI), and dichloromethane (DCM, Kishida Chemical) 81 

were used as O. Decamethylferrocene (DMFc, Wako) was used as a reducing agent. 82 

The water contents of C3OHmimCl, DCH, and DCM determined by the Karl Fischer 83 

coulometer (CA-21, Mitsubishi Chemical) are 13000, 280, and 120, respectively.  84 

For electrochemical measurements, tetraoctylammonium tetraphenylborate 85 

(TOATPB, synthesized from tetraoctylammonium bromide and sodium 86 

tetraphenylborate by metathesis reaction) was added to O as a supporting 87 

electrolyte.  88 

 89 



5 
 

Table 1. Characteristics of hydrophilic ILs. 90 

 91 

IL 
Melting point 

(℃) 
∆OW𝜙𝜙C0 a (V) ∆OW𝜙𝜙A0  b (V) 

𝛥𝛥OW𝜑𝜑C0 −  𝛥𝛥OW𝜑𝜑A0  c  

(V) 
PW  
(V) 

C3OHmimCl ＜25 +0.06 d -0.53 h 0.59 0.15 i 

C2mimCl 84 -0.03 e -0.53 h 0.50  
C2OHmimCl 83 +0.09 f -0.53 h 0.64  

EAN 12 +0.17 g -0.35 h 0.52 
0.10 j 
0.15 k 

 92 
a : The standard ion-transfer potential at the W | O interface for an IL cation. 93 
b : The standard ion-transfer potential at the W | O interface for an IL anion. 94 
c : A measure of PW [47]. 95 
d : Estimated from ∆OW𝜑𝜑i0 for C2OHmim+ with the methylene contribution to logP ( O = 96 

1-octanol (OcOH)) in alkanes [25].  97 
e : Ref. [48] (O = nitrobenzene). 98 
f : Estimated from ∆OW𝜑𝜑i0 for C2mim+ with the logP (O = OcOH) difference between  99 

alkanes and alkahols [25]. 100 
g : Extrapolated from the chain length dependence of ∆OW𝜑𝜑i0 for alkylammonium (O 101 

=NB, unpublished data). 102 
h : Ref. [49] (O = DCE). 103 
i : Present study at the IL | DCH interface. 104 
j : At the IL | DBH interface [31]. 105 

k : At the IL | Omix interface [31]. 106 

 107 

2.2 Electrochemical measurement 108 

2.2.1 CV for PW or IT measurements 109 

Electrochemical measurements at the IL | O interface (O = DCH) were 110 

performed using a micropipette to minimize the effect of ohmic drops in the IL and 111 

O bulk. The PW and IT were measured at the micro liquid-liquid interface formed 112 

at the tip of the micropipette [50,51]. A micropipette with a tip inner diameter of 113 

10 µm was filled with IL and was immersed in O to form micro IL | O interface at 114 
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the tip of the micropipette. The two-electrode electrochemical cell is represented 115 

as below, 116 

 117 

Ag/AgCl 
10 mM LiCl 

10 mM NaTPB 
(Wref) 

10 mM 
TOATPB 

(O) 

C3OHmimCl 
x AuCl4

- 
(IL) 

Ag/AgCl 

 118 

(Cell Ⅰ) 119 

 120 

where x is the mole fraction of AuCl4− in the IL (𝑛𝑛AuCl4−/(𝑛𝑛Cl− + 𝑛𝑛AuCl4−); 𝑛𝑛i is 121 

the molar amount of species i). We set to x = 0 for PW measurement and x = 0.01 122 

for the measurement of IT of AuCl4−. A glass cylinder with an inner diameter of 123 

0.6 mm filled with Wref was also immersed in O as a reference electrode for the O 124 

side. Ag/AgCl wires were inserted into the micropipette and glass cylinder. A 125 

potentiostat (HECS 972, Huso Electro Chemical System) was used for the 126 

measurement. The potential of Ag/AgCl on the right side with respect to the left 127 

side in the cell equation is denoted as E. The current I due to the transfer of cations 128 

(anions and electron) from IL to O (from O to IL) is taken to be positive. 129 

 130 

2.2.2 CV for ET measurement  131 

In order to measure only ET without ITs, metals were inserted between the IL 132 

and O phases (see Fig. S1 for the schematic) as was proposed in the ET 133 

measurement at the W | O interface [52]. The electrochemical cell is as follows. 134 

 135 
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Ag/AgCl 
10 mM LiCl 

10 mM NaTPB 
(Wref) 

10 mM 
TOATPB 

(O) 
Pt Au 

C3OHmimCl 
x AuCl4

- 
(IL) 

Ag/AgCl 

 136 

(Cell Ⅱ) 137 

 138 

Au wire was immersed in IL filled in a sample tube, and a Pt microelectrode having 139 

a tip diameter of 10 μm was immersed in O. The Au wire and the Pt microelectrode 140 

were electrically connected by a conductive wire. The other conditions are the 141 

same as those in 2.2.1. 142 

 143 

2.3 Reductive deposition of Au at the IL | O interface 144 

The IL-O two-phase system was constructed using AuCl4 －  (x = 0.01) 145 

containing IL and 18 mM DMFc containing DCH or DCM as O without applying 146 

the external potential. After being kept for 3 days at room temperature, black 147 

deposits were obtained at the IL | O interface. After washing with nitrobenzene and 148 

methanol, the deposits were observed by SEM (SU 8200, Hitachi High 149 

Technologies) and EDX (EMAXEvolution X-Max (detection element area 80 150 

mm2)). The dissolved species in both phases before and after reactions were 151 

confirmed by UV-vis measurement ((UV-1900i, Shimadzu). 152 

  153 
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3. Results and discussion 154 

3.1 Electrochemical measurement 155 

3.1.1 CV for PW or IT measurements 156 

The CVs of PW and IT measurements are shown in Fig. 1a and b, respectively. 157 

The PW with 150 mV at the C3OHmimCl | DCH interface was obtained (Fig. 1a). 158 

This is wider than EAN | DBH (100 mV) and similar to the EAN | Omix interface 159 

(150 mV) reported by Cousens and Kucernak [31]. On the other hand, it is 160 

significantly narrower than the PW at the W | DCH interface (800 mV) measured 161 

by Katano and Senda [53], because of the fact that C3OHmimCl is less hydrophilic 162 

(lipophobic) than W. The negative edge of PW is likely to be limited by IT of Cl−  163 

(IL → O), not by TOA+ (O → IL), judging from more positive standard potential 164 

Fig. 1. CVs at the C3OHmimCl (IL) | DCH (O) interface for (a) PW, (Cell Ⅰ) 

(b) IT (transfer of AuCl4－, Cell Ⅰ), and  (c) ET (Cell Ⅱ) measurements. Scan 

rate: 20 mV s-1. 
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for Cl− (−0.53 V at the W | DCE interface [49]) than TOA+ (−0.75 V at the W | 165 

DCE interface estimated from the extrapolation of the chain length dependence for 166 

tetraalkyl ammonium [49,54–56] (Fig. S2)). On the other hand, the PW positive 167 

edge is limited by either of IT of C3OHmim+ (IL → O) or TPB− (O → IL). As a 168 

control experiment the CVs at the W | O interface were recorded, where neat 169 

C3OHmimCl was replaced with 10 mM LiCl aqueous solution without and with 1 170 

mM C3OHmimCl for the PW and IT measurements, respectively. The CVs are 171 

shown in Fig. S3. The PW CV (black) in Fig. S3 exhibits PW of 800 mV in 172 

agreement with the result by Katano and Senda [53]. In the IT CV (red), one can 173 

see currents around −100 mV, which is ascribable to IT of C3OHmim+. The fact that 174 

IT of C3OHmim+ (W → O) was observed within the PW indicates that the standard 175 

ion transfer potential of C3OHmim+ is more negative than that of TPB−. Therefore, 176 

the positive edge of the PW at the IL | O interface is likely to be limited by the IT 177 

of C3OHmim+ (IL → O). 178 

The CV for IT in Fig. 1b shows a negative current over the PW compared to the 179 

PW CV in Fig. 1a. This negative current is ascribable to IT of AuCl4− (IL → O).  180 

 181 

AuCl4－ (IL) → AuCl4－ (O) (1) 

 182 

The standard potential for IT of AuCl4－ is located around the positive edge of PW 183 

which is limited by C3OHmim+. This is reasonable because the standard potential 184 

for IT of AuCl4－ (+0.115 V [57]) across the W | DCE interface is more positive 185 

than that of C3OHmim+ (+0.06 V, Table 1). 186 
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 187 

3.1.2 CV for ET measurement 188 

 Fig. 1c shows the CV of ET at the IL | O interface. The positive current starts to 189 

flow from potential more negative than the potential window due to ET of e− (O 190 

→ IL).  191 

 192 

AuCl4－ (IL) + 3DMFc (O) → Au + 3DMFc＋ (O) + 4Cl－ (IL) (2) 

 193 

Fig. 1b and 1c show a negative current due to IT and a positive current due to ET 194 

within the PW, respectively. Thus, the coupling of IT and ET [58] within the PW 195 

should result in spontaneous redox reactions while keeping electrical neutrality. 196 

The net reaction for the coupled ET and IT is:  197 

 198 

3AuCl4－ (IL) + 3DMFc (O)  

→ Au + 3DMFc＋ (O) + 4Cl－ (IL) + 3AuCl4－ (O). 
(3) 

 199 

The standard Gibbs energy ΔG0 for Eq. (3) can be estimated from the CVs shown 200 

in Fig. 1 where the standard potentials of ET (AuCl4-DMFc) and IT (AuCl4-) are 201 

estimated to be −0.95 V and −0.55 V, respectively. The potential difference, −0.40 202 

V, corresponds to ΔG0 = −120 kJ/mol. 203 

 204 

3.2 Reductive deposition of Au using the IL | O interface as a reaction field 205 

3.2.1 Appearance of deposited Au 206 



11 
 

 Fig. 2 shows the SEM images of deposited Au obtained at the IL | O interface 207 

using DCM or DCH as O. The deposits were confirmed to be metalic Au by EDX. 208 

When DCH was used as O, the deposited Au was microsized spherical. When 209 

DCM was used as O, the deposited Au was needle-like in nano size, with dendritic 210 

structures. This morphology difference may result from the viscosity of DCH and 211 

DCM. One-dimensional Au nanostructures were obtained at the IL | W interface 212 

where the IL viscosity is three orders of magnitude greater than W [19,23]. In the 213 

present study, the viscosity difference between C3OHmimCl (2000 mPa s at 25 ℃ 214 

[30]) and DCM (0.40 mPa s at 25 ℃ [60]) was similar to the previous cases. Even 215 

for the DCH ( 2.04 mPa s at 25 ℃ [61]) case the viscosity difference is huge but 216 

the obtained Au structure was not one-dimensional. These results suggest that the 217 

viscosity difference is not the only factor to induce one-dimensional nanostructure 218 

formation. Other factors include the interfacial structure of ILs as was found in our 219 

previous study [19]. Furthermore, to investigate the effect of water content in IL 220 

on the Au morphology, a control experiment was carried out in which 1 M HCl 221 

aqueous solution was added to IL at 10 wt%. Fig. S4 shows an SEM image of the 222 

Au deposit. The structure is basically similar to that without the addition of the 223 

HCl solution (Fig. 2a), although the tip part is shorter, which seems to result from 224 

the decrease in viscosity due to the addition of water.  225 
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 226 

 227 

  228 

(a) 

500 nm 

5 µm 

(b) 

Fig. 2 SEM images of Au deposited at (a) the C3OHmimCl｜DCM and (b) the 

C3OHmimCl｜DCH interfaces. 
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3.2.2 Reaction Mechanism of Au Reduction at the IL | O Interface 229 

The photographs of the IL-O two-phases system (O = DCM) before and during 230 

the reaction are shown in Fig. 3. Fig. 3a shows O solution of DMFc before the 231 

reaction whose color is yellow due to DMFc. Onto the O solution we added IL  232 

containing AuCl4－, which is also yellow due to AuCl4－. Fig. 3b shows the system 233 

just after the two-phase formation. The O side of the IL | O interface immediately 234 

changed to green. This is because DMFc is oxidized to DMFc+ via the ET (Eq. 2). 235 

Over time, the green color diffused to the O bulk and became denser as shown is 236 

Fig. 3c that is for after 3 days. One can notice in Fig. 3c that the IL phase also 237 

became greenish, although the color is much paler. This means that a small fraction 238 

of DMFc+ has transferred from O to IL. 239 

 240 

DMFc+ (O) → DMFc+ (IL) (3) 

 241 

Fig. 3. Photographs for the reaction process at the C3OHmimCl (AuCl4−) | DCM 

(DMFc) interface (a) before, (b) immediately after, and (c) three days after the 

addition of the upper C3OHmimCl phase. 
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The DMFc+ in each phase after reaction was determined using UV-vis 242 

measurements. Fig. S5 shows the UV-vis spectra for O (black) and IL (red) both of 243 

which were diluted with methanol. DMFc+ absorption peak appears at 780 nm. The 244 

molar amount of DMFc+ in each phase was compared by examining the 245 

absorbance. The DMFc+ present in the IL phase is 16 times lower than that in the 246 

O phase. Therefore, most (94 %) of the generated DMFc+ by the reaction remains 247 

in the O phase, and a small fraction (6 %) of DMFc+ transfers to the IL phase.  248 

 249 

Based on the above results, we propose the mechanism of reductive deposition 250 

of gold as shown in Fig. 4. The reduction of Au (Eq. 2) at the IL | O interface which 251 

is ET of e− (O → IL) releases the hydrophilic Cl− into the IL phase and the 252 

hydrophobic DMFc+ into the O phase. At the same time, IT with a small amount 253 

of DMFc+ (O → IL) occurs and partly counters the electrical unbalance of the two 254 

phases caused by ET. This is indicated by the slight color change of the IL phase 255 

Fig. 4. Reduction deposition mechanism of Au at the IL | O interface. 
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to green, although it is much less than that of the O phase (Fig. 3c). If all of the 256 

generated DMFc+ ions had been transferred to the IL phase, the electric neutrality 257 

condition would be maintained by Eqs. 2 and 3. However, as the reaction proceeds, 258 

the O phase remains densely green and the quantitative comparison using the UV-259 

vis spectra (Fig. S5) indicates that 94 % DMFc+ remains in the O phase. Therefore, 260 

IT of another ion should occur to keep the electrical neutrality. In the present case, 261 

it is IT of AuCl4－ (IL → O) which was confirmed to occur at potential much more 262 

positive than IT of Cl− (IL → O) from the above electrochemical measurement 263 

(Fig. 2a). Our previous studies at the IL | W interface also show that IT of AuCl4－ 264 

from W to IL is coupled with ET for the Au deposition [23–25]. With the 265 

information altogether, the reaction occurred by the coupling of e− (O → IL) ET 266 

with two ITs, mainly AuCl4－ (IL → O) and DMFc+ (O → IL) with a small degree. 267 

  268 
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4. Conclusions 269 

 An electrochemical system at the IL | O interface was constructed to design a 270 

new electrochemical reaction field. A PW of 150 mV was obtained at the 271 

C3OHmimCl | DCH interface using C3OHmimCl, a hydrophilic IL composed of Cl− 272 

as a constituent anion. IT and ET across the C3OHmimCl | DCH interface were 273 

measured as current, illuminating that the Au deposition reaction occurs 274 

spontaneously by the coupling of IT and ET within the PW, so that the 275 

electroneutrality is maintained. 276 

The electrochemistry at the IL | O interface is not limited to the reductive 277 

deposition of noble metals like gold. This water-free interface can be used in a 278 

wide range of applications, such as the fabrication of base metal nanostructures 279 

which is impossible at the conventional W | O and W | IL interfaces. Another 280 

example could be interfacial polymerization where ions are involved and water 281 

should be avoided. 282 
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