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a b s t r a c t

In this paper we report on recent results from our group, namely on the interface ionic liquid/electrode,
plasma electrochemistry and electrodeposition of selenium and of macroporous structures. Ionic liquids
show an interesting and liquid dependent surface chemistry: in some liquids the long range “herringbone”
superstructure of Au(1 1 1) is visible, in others it is not. Glow discharge plasmas can be employed as a
contact free electrode to make nanoparticles in solutions, e.g. nanoparticles of germanium. Selenium can
be electrodeposited from ionic liquids under environmental conditions in an open cell and both the red
and the grey phases of selenium are feasible. With the help of self organized opal structures of polystyrene
spheres macroporous materials of Ag, Al and conducting polymers can be made. The prospects and limits
of ionic liquids in surface electrochemistry and electrodeposition are shortly discussed.

© 2011 Published by Elsevier Ltd.

1. Introduction23

The development of air and water stable ionic liquids that can24

– in principle – be handled under air made ionic liquids available25

for a wide community and in the beginning they mainly attracted26

the interest of electrochemists due to their wide electrochemical27

windows of between 4 and 6 V. From the thermodynamic point of28

view the electrochemical windows should be wide enough for the29

electrodeposition of all metals, however, kinetic phenomena make30

this aim tough. For example, there are several papers where the31

electrodeposition of magnesium [1,2] and of titanium [3] has been32

reported. Mg deposition is accompanied by IL decomposition [4]33

and instead of elemental titanium rather non-stoichiometric tita-34

nium halides are obtained [5] and maybe ultrathin Ti layers. The35

electrodeposition of tantalum is quite complicated and shows a36

strong dependence on the liquid and the electrochemical param-37

eters [6]. The kinetics of metal and semiconductor deposition also38
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seem to depend on the structure and on the dynamics of the inter- 39

facial layer between the ionic liquid and the electrode surface. In 40

[7] we have discussed how interfacial layers might influence elec- 41

trochemical processes. The electrochemical double layer of ionic 42

liquids is rather complicated and from theoretical considerations 43

[8] it can be concluded that it rather consists of multilayers. The 44

existence of up to 7 interfacial layers has been shown by Atkin and 45

Warr [9] with an AFM. The interface ionic liquid/electrode has so far 46

not yet been extensively studied, and apart from us only 2 further 47

groups had/have activities in this field. Freyland et al. have pub- 48

lished several papers on the initial stages of metal deposition in 49

AlCl3 based ionic liquids [10] and there are hints that in this liquid 50

the surface of Au(1 1 1) can be probed with atomic resolution [11]. 51

Mao et al. have concentrated on liquids with the BF4
− anion. They 52

have hints that this anion is specifically adsorbed on single crys- 53

talline gold surfaces, furthermore the imidazolium cations seem to 54

be adsorbed in an ordered manner on the electrode surface [12]. An 55

uncertainty in all surface studies with ionic liquids is their purity: 56

ionic liquids can contain halide and Li+ impurities in the several 57

hundred ppm regime if made by a metathesis reaction. The BF4
−

58

is subject to decomposition in the presence of water and “purifica- 59

tion” with adsorbents can introduce impurities into the liquids [13]. 60

Thus it is of eminent importance to have a detailed understand- 61

ing of the liquid’s quality if fundamental studies are performed. 62
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After more than 10 years of experience we employ meanwhile for63

fundamental studies solely custom-made liquids with a defined64

purity protocol where all impurities are guaranteed to be below65

10 ppm. A few years ago we applied for the first time a glow dis-66

charge plasma as a contact free electrode for the deposition of silver67

nanoparticles [14] in a room temperature ionic liquid. Due to the68

extremely low vapour pressure of ionic liquids stable plasmas are69

obtained which allow a systematic study of the fundamental pro-70

cesses. Subsequently this method was also applied by other groups71

[15,16] and the method has the potential for the large scale produc-72

tion of reactive metal or semiconductor nanoparticles. Ionic liquids73

are also suited to the deposition of selenium, e.g. for CIS (copper74

indium selenide) solar cells. We could show that the grey phase75

of Se can be made from SeCl4 in an ionic liquid under the condi-76

tions of an inert gas [17]. Selenium can be deposited in aqueous77

solutions [18,19], but for a technical process the current densi-78

ties are not high enough. Selenium deposition from ionic liquids79

under environmental conditions could be interesting. ILs influence80

the morphology and increasing of the temperature over the 100 ◦C81

limit of water makes it possible to get exclusively the grey phase of82

selenium. Macroporous materials, especially 3DOM (3 dimensional83

ordered macroporous) photonic crystals, can also be electrode-84

posited from ionic liquids. The usually low surface tension of ionic85

liquids allows a penetration of the liquid through the opal structure86

to the electrode surface and it could be shown that photonic crystals87

of germanium with a photonic band gap [20,21] and macroporous88

Al as a possible anode host material in lithium (ion) batteries [22]89

can be made.90

In the present paper we show that the IL/electrode inter-91

face is quite complicated. In 1-butyl-1-methylpyrrolidinium92

tris(pentafluoroethyl)trifluorophosphate ([Py1,4]FAP) the93

herringbone superstructure of Au(1 1 1) is visible, but94

not in 1-ethyl-3-methylimidazolium tris(pentafluoroethyl)95

trifluorophosphate ([EMIm]FAP) under the same experimen-96

tal conditions. Germanium nanoparticles can be made by97

plasma electrochemistry in 1-ethyl-3-methylimidazolium98

bis(trifluoromethylsulfonyl)amide ([EMIm]TFSA) from a99

Ge(II)–dioxane complex. Selenium can be deposited under100

environmental conditions and via a polystyrene sphere template101

assisted method macroporous materials are accessible.102

2. Experimental103

1-Butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluo-104

rophosphate ([Py1,4]FAP) and 1-ethyl-3-methylimidazolium105

tris(pentafluoroethyl)trifluorophosphate ([EMIm]FAP) were pur-106

chased from MERCK in the highest available quality. The liquids107

were custom-made and the purity protocols delivered by Merck108

showed that all detectable impurities were below 10 ppm. There109

were no hints for HF or oxides. 1-Ethyl-3-methylimidazolium110

bis(trifluoromethylsulfonyl)amide ([EMIm]TFSA), 1-butyl-1-111

methylpyrrolidinium trifluoromethylsulfonate ([Py1,4]TFO)112

and 1-ethyl-3-methylimidazolium trifluoromethylsulfonate113

([EMIm]TFO) were purchased from IOLITEC. All detectable impu-114

rities were below 40 ppm. As a rule all newly delivered ionic115

liquids are analyzed in our laboratory by cyclic voltammetry,116

XPS and in situ STM to ensure the purity. Prior to use, the liquids117

were dried under vacuum at 100 ◦C to water contents well below118

10 ppm and stored in a closed bottle in an argon-filled glove119

box with water and oxygen contents below 2 ppm (OMNI-LAB120

from Vacuum-Atmospheres). In situ STM measurements were121

performed with Au(1 1 1) (a 300 nm thick film on mica) purchased122

from Agilent. Directly before use the substrates were carefully123

heated in a hydrogen flame to minimize possible surface con-124

taminations. Cyclic voltammetry measurements were carried out125

in the glove box using a Parstat 2263 potentiostat/galvanostat 126

(Princeton Applied Research) controlled by a PowerCV software. 127

The electrochemical cell was made of polytetrafluoroethylene 128

(Teflon) and clamped over a Teflon-covered Viton O-ring onto the 129

substrate, thus yielding a geometric surface area of the working 130

electrode of 0.3 cm2. Platinum wires (Alfa Aesar, 99.99%) of 0.5 mm 131

diameter were applied as quasi-reference (RE) and counter (CE) 132

electrodes, respectively. Although not perfect with respect to sta- 133

bility this quasi reference electrode excludes any contamination, 134

especially for in situ STM experiments. The STM-experiments 135

were performed at room temperature using in-house-built STM 136

heads and scanners under inert gas conditions (H2O and O2 137

<2 ppm) with a Molecular Imaging PicoScan 2500 STM controller 138

in feedback mode. Assembling of the STM head and filling of the 139

electrochemical cell were performed in an argon-filled glove box 140

solely reserved for assembling of STM heads. The STM head was 141

placed inside an argon-filled vacuum-tight stainless steel vessel, 142

to ensure inert gas atmosphere during the STM experiments, 143

transferred to the air-conditioned laboratory (T = 23 ± 1 ◦C) and 144

placed onto a vibration damped table from IDE (Germany). STM 145

tips were made by electrochemical etching of Pt–Ir wires (90/10, 146

0.25 mm diameter) with a 4 mol/L NaCN solution and subsequently 147

electrophoretically coated with an electropaint (BASF ZQ 84-3225 148

0201). During the STM experiments the potential of the working 149

electrode was controlled by the PicoStat from Molecular Imaging. 150

For our plasma investigations we have dissolved 0.1 mol/L of the 151

GeCl2·dioxane complex in [EMIm]TFSA. The setup for the particle 152

production consists of a DC plasma reactor with a controlled 153

argon atmosphere inside an inert gas glove box (OMNI-LAB from 154

Vacuum-Atmospheres). Details of the whole setup can be found in 155

[23]. 2–3 mL of the solution was put in the glass cell and carefully 156

out-gassed at 0.1 Pa. Then the plasma was ignited at a pressure 157

of 100 Pa at a current of 10 mA. In our experiments the electrode 158

above the liquid acted as a cathode and the other one as an anode. 159

Thus, electrons are accelerated to the surface of the ionic liquid. 160

After ignition the voltage drops rapidly from 1000 V to 450–500 V. 161

After the reaction the particles were analyzed by transmission 162

electron microscopy. The electrochemical experiments on the 163

electrodeposition of selenium were carried out under open air 164

conditions, using a three-electrode cell setup. Water was added to 165

the liquids for the deposition of selenium. For the macroporous 166

materials polystyrene (PS) spheres with diameters of 581 nm or 167

600 nm (Duke Scientific) were suspended in pure ethanol (10 vol% 168

PS in ethanol). The substrates (aluminium, gold, or indium tin 169

oxide (ITO) coated glass) were cleaned directly before use. The 170

aluminium foil was washed in acetone and ethanol, Au(1 1 1) was 171

carefully heated in a hydrogen flame. ITO glass substrates were 172

rinsed under sonication in limonene and dried in a drying cabinet. 173

After deposition of a polystyrene opal structure these template 174

electrodes were employed for the electrodeposition experiments. 175

3. Results and discussion 176

3.1. In situ STM measurements: the herringbone superstructure 177

We have been interested in the interface electrode/ionic liquid 178

for more than 10 years now and we observed that several param- 179

eters affect the quality of an in situ STM experiment. One major 180

aspect is the purity of the liquids, but we also observed that there 181

are time dependent effects which can change the results within just 182

one cyclic voltammetry cycle. In this paper we present in situ STM 183

results on the interface Au(1 1 1) with 2 liquids, namely [Py1,4]FAP 184

and [EMIm]FAP. Naively one might expect that the different cation 185

does not play a role, effectively there is a great difference between 186

both liquids at the interface. 187
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Fig. 1. Cyclic voltammograms of [Py1,4]FAP (a) and [EMIM]FAP (b) ionic liquids on
Au(1 1 1) at 25 ◦C at the scan rate of 10 mV/s.

Fig. 1 represents the typical cyclic voltammograms of the188

custom-made [Py1,4]FAP and [EMIM]FAP ionic liquids on Au(1 1 1)189

at 25 ◦C, respectively. Scans were initially swept cathodically from190

the open circuit potential with a scan rate of 10 mV/s. The electro-191

chemical windows were determined by extrapolation of the rising192

cathodic and rising anodic currents to zero. [Py1,4]FAP/Au(1 1 1)193

exhibits a stability regime of about 5.9 V (inset in Fig. 1a) limited by194

gold oxidation and at the cathodic limit by the irreversible reduc-195

tion of the organic cation. The broad oxidation process from 0 V to196

+1.5 V is correlated with the oxidation of the reduction product of197

the cation as this process does not appear if the scan is reversed at198

−3.0 V. This cyclic voltammogram looks quite perfect, however, by199

zooming in the potential range between −3.0 V and 1.0 V at least200

4 cathodic processes (C1–C4) can be identified (Fig. 1a). The C1–C3201

cathodic waves are attributed to different surface processes that202

occur upon IL adsorption and can be probed by in situ STM. The203

broad process C4, that sets in prior to the decomposition of the204

[Py1,4]+ is likely correlated with the partial reduction of the organic205

cation. The oxidation peaks A2 and A3 are directly correlated with206

the cathodic processes C2 and C3 as these anodic waves appear207

once the scanning potentials reach that required for C2 and C3. The208

electrochemical window of [EMIM]FAP is about 5.1 V limited by209

the cathodic breakdown of [EMIM]+ and gold oxidation (inset in210

Fig. 1b). The broad anodic wave in the reverse scan is mainly asso-211

ciated with the oxidation of the cathodic breakdown products of212

[EMIM]+ because it is only obtained when the scanning potential213

exceeds the cathodic decomposition potential. By zooming in the214

potential range between −2.5 V and 1.0 V at least 2 cathodic pro-215

cesses (C5 and C6) can be obtained (Fig. 1b, 1st scan). Interestingly216

the second scan shows a surprisingly different behavior as now 217

a huge anodic process A6 is obtained while the cathodic process 218

C6 seems to disappear. (Fig. 1b, 2nd scan). This behavior remains 219

invariable by subsequent scanning. As in both liquids all impurities 220

are guaranteed by Merck to be below 10 ppm and as all parts in 221

contact with the liquid were purified with H2O2/H2SO4 before, it is 222

unlikely that these alterations and the peaks in the voltammograms 223

are due to impurities like, e.g. halide or water. An uncertainty will 224

always remain as even under the conditions of an inertgas glove 225

box water traces might be absorbed by the liquid. 226

Fig. 2 shows in situ STM images of the Au(1 1 1) surface under 227

[Py1,4]FAP at different electrode potentials. At the ocp (−0.2 V) the 228

typical Au(1 1 1) surface characterized by large flat terraces sep- 229

arated by steps of about 250 pm in height is obtained (Fig. 2a). 230

However by decreasing the electrode potential a surface recon- 231

struction appears and at −1.2 V the gold surface is completely 232

reconstructed and the terraces exhibit a long-range (“herring- 233

bone”) superstructure pattern (Fig. 2b). The reconstruction of 234

Au(1 1 1) is well known and has been thoroughly investigated 235

in vacuum using STM technique [24–28]. Quite a similar recon- 236

struction has been found for gold electrodes in aqueous solutions 237

[29–33]. It was reported that the electrode potential applied to the 238

surface may lead to a surface reconstruction. Furthermore, the spe- 239

cific adsorption of anions may lift the reconstruction [32]. However, 240

the (22 ×
√

3) reconstruction of Au(1 1 1) has not yet been reported 241

for ionic liquids. Interestingly, by further reducing of the electrode 242

potential, the Au(1 1 1) surface changes again and at −2.0 V we get 243

the typical flat terraces of Au(1 1 1), Fig. 2c. In contrast, Au(1 1 1) 244

in [EMIM]FAP is – surprisingly – not subject to such a strong sur- 245

face restructuring (Fig. 3). At the open circuit potential the Au(1 1 1) 246

terraces can be identified (Fig. 3a). When the electrode poten- 247

tial is reduced to −1.2 V the Au(1 1 1) surface does not exhibit the 248

(22 ×
√

3) reconstruction (Fig. 3b) and at −2.0 V the gold terraces 249

are not obtained (Fig. 3c). We should mention the following sur- 250

prising effect: during the 1st STM scan in [EMIm]FAP a layer starts 251

to grow at −1.7 V and then the surface only slowly changes. This 252

might be due to the adsorption of the organic cation. If the elec- 253

trode potential is subsequently set back to ocp and then set to 254

values between −1.5 and −2.0 V the layer looks different (Fig. 3d–f). 255

Although we cannot give a satisfactory explanation at the moment 256

why [EMIm]FAP behaves so much different than [Py1,4]FAP, we 257

would like to raise the attention of the reader that there might be 258

very slow processes at the interface electrode/ionic liquid. The dif- 259

ferences in surface morphology as a function of the potential can be 260

attributed to the specific interaction of the IL species with the gold 261

surface. In previous studies we found that Au(1 1 1) in ultra pure 262

[Py1,4]TFSA ionic liquid shows a herringbone like reconstruction 263

upon application of a negative electrode potential (−1.6 V) [34]. 264

In contrast, when [EMIm]TFSA is employed, the Au(1 1 1) surface 265

does not show the herringbone structure under the same experi- 266

mental conditions [35]. With [EMIm]FAP we have also not yet seen 267

the herringbone structure. Thus, when ionic liquids with pyrroli- 268

dinium cation ([Py1,4]TFSA, [Py1,4]FAP) are applied, the Au(1 1 1) 269

surface undergoes (22 ×
√

3) reconstruction while in the case of 270

imidazolium-based ionic liquids the herringbone reconstruction is 271

not obtained or at least not seen. 272

3.2. Plasma electrochemistry: germanium nanoparticles 273

The plasma-electrochemical approach is hitherto the only elec- 274

trochemical route to the synthesis of free nanoparticles. The 275

question is now, if it is possible to use the plasma approach 276

to directly synthesize semiconductor nanoparticles in ionic liq- 277

uids. Semiconductor nanoparticles have interesting properties like 278

for example a size dependent band gap. From earlier studies we 279

know, that nanoscale silicon and germanium films can be elec- 280
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Fig. 2. In situ STM images of Au(1 1 1) surface in [Py1,4]FAP at different electrode potentials.

Fig. 3. In situ STM images of Au(1 1 1) surface in [EMIm]FAP at different electrode potentials.

trodeposited from different ionic liquids with SiCl4 and GeCl4 as281

precursors [34,36]. However, due to the high vapour pressures of282

these common semiconductor compounds most of the dissolved283

precursor is pumped out of the liquid during the outgassing and284

the following plasma process. To overcome this problem we used285

a GeCl2·dioxane complex (GeCl2C4H8O2) as a precursor for our286

plasma experiments, which is a solid material at room temper-287

ature. For the plasma experiment we dissolved 0.1 mol/L of the288

GeCl2·dioxane complex in [EMIm]TFSA. Before the experiments,289

the solution/suspension was characterized with cyclic voltamme-290

try (CV). The CV of the liquid with the complex shows that it is easy291

to electrodeposit germanium from such solutions/suspensions.292

2–3 mL of the solution was put in the glass cell and carefully out-293

gassed at 0.1 Pa. Then the plasma was ignited at a pressure of294

100 Pa at a current of 10 mA. In our experiments the electrode295

above the liquid acted as a cathode and the other one as an anode.296

Thus, electrons are accelerated to the surface of the ionic liquid.297

After ignition the voltage drops rapidly from 1000 V to 450–500 V. 298

In Fig. 4a the plasma experiment for GeCl2·dioxane-[EMIm]TFSA 299

solution is shown. The upper left image shows the pure 0.1 M solu- 300

tion/suspension. It is clearly visible that during plasma interaction 301

(ca. 30 min) the liquid changes from milky to an orange coloured 302

liquid, finally it turns red. The colourization starts at the plasma 303

ionic liquid interface and is not due to the slight increase in tem- 304

perature. In the lower figure the corresponding TEM measurement 305

is shown. For these measurements a small drop of the ionic liquid 306

with the produced nanoparticles was placed onto a TEM grid after 307

30 min of plasma exposure. Particles with a size below 50 nm are 308

observable (see Fig. 4b). A similar colour effect was seen during 309

the electrodeposition of SixGex−1 films [36]. There the films con- 310

sisted of different particles with variable sizes (around 2–20 nm) 311

and due to the film growth the colour changed from red to blue- 312

green. This change in colour was attributed to the absorbing of 313

different wavelengths from the visible spectrum, because the par- 314
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Fig. 4. (a) Plasma experiment for GeCl2·dioxane-[EMIm]Tf2N solution. (b) TEM image of Ge particles from GeCl2·dioxane-[EMIm]Tf2N.

ticles exhibit different band gaps. We might explain the different315

colours observed here similarly as our free particles are in the same316

size regime. In future we will investigate this effect more in detail,317

in combination with chemical analysis of the particles. In general318

our particle sizes are in good agreement with germanium particles319

obtained by a chemical reaction between KGe and excess GeCl4 in320

glyme solvents [37], or particles produced with non thermal plasma321

in a GeCl4 argon gas flow [38]. We would like to mention that the322

plasma deposition of Si nanoparticles is more challenging. SiCl4 and323

SiBr4 are pumped off and from SiI4 only non-stoichiometric SiIx324

particles are obtained.325

3.3. Electrodeposition of selenium under environmental326

conditions327

Selenium is an important element for the production of semi-328

conductor thin films of, e.g. InSe, CdSe or CuInSe2 for advanced solar329

cells, IR detectors and solid-state laser applications [39]. Elemen-330

tal selenium can exist in different phases: (1) amorphous phases331

(red, brown and black) which is rather an insulator, (2) crystalline332

phases, which include several solid allotrops, namely, the rhom-333

bohedral, �, � and � monoclinic and trigonal (hexagonal) ones.334

Hexagonal Se is called the grey phase and it is the most stable335

one of all phases [40]. The electrodeposition of selenium from con-336

ventional aqueous electrolytes usually leads to the formation of337

insulating amorphous red selenium. Graham et al. [41] stated thatQ2338

amorphous Se layers with thicknesses up to 500 nm can be plated339

using acidic (pH 0.7–0.9) or alkaline (pH 7.5–8.0) electrolytes in the 340

temperature range 20–40 ◦C. However, they noticed that colloidal 341

Se is produced near the cathode surface during plating. Such parti- 342

cles aggregate and increase in number and size with time causing 343

defects in the deposited Se. Uzoh and Aksu got better results by 344

addition of an anti-coagulation agent like 1,4-bis(3-aminopropyl) 345

piperazine, during the plating process of Cu–Se [42]. Hippel et al. 346

[43] successfully deposited the grey Se using an acidic electrolyte 347

composed of saturated selenium dioxide in 9 M H2SO4 at a tem- 348

perature of 100 ◦C. Accordingly, under such operating conditions 349

(high acidity and high temperatures), electrodeposition of grey Se 350

is difficult to apply to mass production. In this section we demon- 351

strate that the deposition of crystalline Se can be realized at lower 352

temperatures from air and water stable ionic liquids under envi- 353

ronmental conditions. The cyclic voltammogram presented in Fig. 354

5 indicates that H2SeO3 in 1-butyl-1-methylpyrrolidinium triflu- 355

oromethylsulfonate containing 5 mass% of water is subject to 2 356

cathodic reduction processes (C1–C2) on gold at both studied tem- 357

peratures (25 and 70 ◦C). Grey Se could only be deposited at 70 ◦C 358

and it disappears on this potential scale at −2.5 V. A comparison 359

with the results in a recent paper by Lai et al. is difficult as in 360

ionic liquids different pathways might be possible. However, those 361

authors interpreted the first process similar to our C1 to the elec- 362

troreduction of H2SeO3 to Se0 through a four-electron step [44]. 363

In their study the second process similar to our C2 is due to a 364

six-electron reduction of H2SeO3 to H2S. Both reduction products 365

then undergo a conproportionation to elemental Se. The third peak 366
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Fig. 5. CV of [BMIm]TfO/water mixture containing H2SeO3 at different tempera-
tures.

observed for the experiment at 70 ◦C might be due to the reduction367

of elemental Se to Se2−.368

The phase structure and chemical composition of the deposited369

Se films were characterized by X-ray diffraction and EDX, respec-370

tively (Fig. 6a and b). The analysis of obtained XRD pattern for the371

Se film deposited at 70 ◦C confirmed that all observed peaks can372

be ascribed to the hexagonal phase of Se with lattice parameters373

a = 4.36 Å and c = 4.97 Å (JCPDS 06-0362). The EDX spectrum (Fig.374

6b) indicated that the products were pure Se. The deposit is com-375

posed of regular micrometer-sized spheres with smooth surfaces376

and a diameter of less than 1 �m (inset of Fig. 6b).377

3.4. Polystyrene opals and electrodeposited macroporous378

materials379

3.4.1. Preparation of the polystyrene template380

The preparation of opal structures made from polystyrene381

spheres, e.g. for the sake of 3-dimensional macroporous struc-382

tures has been extensively described in literature [45,46]. In brief,383

monodispersed PS spheres are made by an emulsion polymeriza-384

tion method and by adjusting of the synthesis parameters different385

sphere sizes can be made. In many papers it is described that386

substrates are covered with PS spheres with, e.g. a vertical depo-387

sition method delivering well ordered hexagonal opal structures 388

with thicknesses in the several micrometer regime. We tested 389

several approaches from literature and had to make the incon- 390

venient experience that we could hardly reproduce the literature 391

results even if we followed the experimental procedures step by 392

step. We concluded that each group might have an own set of 393

parameters and that even slight variations in the experimental 394

parameters can alter the quality of the polystyrene sphere opal 395

structure. After these drawbacks we decided to employ an alco- 396

holic route. Such a route was mentioned earlier in [47] but we 397

found that the reproducibility is quite good and that our simple 398

immersion method allows coating a variety of electrode materi- 399

als with well arranged PS spheres in a short time. For this purpose 400

PS spheres with diameters of 400, 581 nm or 600 nm (Duke Sci- 401

entific) were centrifuged and subsequently resuspended in pure 402

ethanol to give a 10 vol% PS suspension in ethanol. The substrates 403

were cleaned directly before use as described in Section 2. For 404

electrode preparation the substrates were dipped in the alcoholic 405

polystyrene suspension at 38 ◦C and simply pulled out. It is advan- 406

tageous to pull out the samples at an angle of about 45◦ between 407

the sample and the surface normal of the suspension. This dipping 408

process takes only a few seconds and the PS spheres self-assemble 409

on the different materials mainly in an ordered hexagonal struc- 410

ture. We have to mention that the roughness of the surface plays 411

a role and on flat surfaces, especially single crystals, the arrange- 412

ment is best. We have also observed that before use as an electrode 413

for metal deposition it is advantageous to slightly anneal the PS- 414

covered electrode at 100 ◦C for 2 h. Fig. 7a shows a SEM image 415

of an indium tin oxide (ITO) coated glass with PS spheres on 416

top. The PS layer exhibits well ordered domains with a hexago- 417

nal structure separated by defects. Typical lateral dimensions of 418

the single domains are up to 20 �m. If we coat polished Al with PS 419

spheres we also get ordered domains with a hexagonal structure, 420

but the lateral dimensions are lower, Fig. 7b. On Au(1 1 1), how- 421

ever, the lateral dimensions of such domains can be up to 50 �m 422

with thicknesses of up to 20 �m. On rough metal substrates we 423

hardly get ordered domains. Apart from the roughness also the 424

purity of the substrate surface plays a role and we found that a 425

thorough removal of organic contamination layers has a beneficial 426

effect on the quality of the PS layers. When these substrates are 427

used for electrodeposition the order of the final replica is strongly 428

dependent on the material and the deposition parameters. A slow 429

growth leads to well ordered structures whereas a (too) fast growth 430

Fig. 6. X-ray diffraction (a) and SEM–EDX (b) analysis of Se film deposited on Au substrate from [BMIm]TfO/water mixture at 70 ◦C.
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Fig. 7. (a) SEM image of 581 nm PS spheres on ITO. (b)SEM images of 600 nm PS
spheres on aluminium foil.

rather leads to a not perfect structure even if the PS opal was quite431

good.432

3.4.2. Macroporous silver433

In this section we present our results on the electrodeposi-434

tion of macroporous silver on ITO. The supplier gives a roughness435

of 100 nm, and this is a roughness where we observed that the436

PS spheres are not perfectly arranged. Nevertheless, as will be437

shown, substrates with a controlled pore size can be made and438

such materials are interesting as catalysts. The template-assisted439

electrodeposition of macroporous Ag films in two ionic liquids440

([Py1,4]TFSA and [Py1,4]DCA) was recently reported by Chen et al.441

[48]. They introduced silver ions into the liquids by anodic disso-442

lution of silver. For our experiments we employed the ionic liquid443

[EMIm]TfO with Ag(TfO) as a source of silver. Adherent macrop-444

orous silver films were fabricated via electrodeposition into the445

above described polystyrene (PS) templates self assembled onto446

indium tin oxide coated-glass substrates. A constant potential of447

−0.6 V (vs. Ag reference electrode) was applied for 2 h in the ionic448

liquid [EMIm]TfO containing 0.1 M Ag(TfO). After removing the449

PS template by dissolution in tetrahydrofuran (THF) an adherent450

macroporous Ag film was obtained. As shown in Fig. 8 the elec-451

trodeposited Ag film is highly porous giving rise to an increased452

catalytic activity. It is not perfectly hexagonally arranged which we453

mainly attribute to the roughness of the employed ITO electrode.454

A detailed study of the structural and optical properties of highly455

ordered 3DOM Ag films will be presented in a future paper.456

Fig. 8. SEM micrographs with different magnifications of a macroporous Ag film
electrodeposited on a PS-ITO substrate in the ionic liquid [EMIm]TfO containing
0.1 M Ag(TfO) at −0.6 V (vs. Ag) for 2 h.

3.4.3. Macroporous aluminium 457

Macroporous Al was obtained by the electrochemical deposi- 458

tion of Al from [EMIm]Cl:AlCl3 (2:3 molar ratio) on a Au electrode 459

covered by several layers of polystyrene spheres with a sphere 460

diameter of 600 nm. The electrochemical behavior of this system 461

Fig. 9. CV of [EMIm]Cl/AlCl3 (2:3 molar ratio) inside PS template (600 nm) on Au
electrode. Scan rate = 10 mV/s, at 25 ◦C. OCP, open circuit potential.
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Fig. 10. SEM image of macroporous Al after removal of the PS template, obtained after applying a potential of −1.6 V for 5 min.

is presented in the cyclic voltammogram shown in Fig. 9: the CV462

exhibits – despite the PS spheres on top of the electrode – the typi-463

cal behavior of Al deposition/stripping. For the deposition process,464

an electrode potential of −1.6 V on this potential scale was applied465

for 5 min. This short time was sufficient to fill the voids between the466

layers of the PS template. In this electrolyte the growth of Al can be467

quite fast and an over-filling of the template together with an alter-468

ation of the PS sphere packing can easily occur. Fig. 10 shows a SEM469

image of the obtained macroporous Al after the removal of the tem-470

plate by THF. The macroporous structure can be clearly seen and471

the pores are of high density which ensures a very high surface area.472

Although we do not get a perfectly ordered porous structure there473

are short-range ordered areas in three dimensions. Such macrop-474

orous Al substrates are of interest as host materials for anodes in475

lithium secondary batteries and as a support for catalysts.

3.4.4. Macroporous silicon 476

To the best of our knowledge, no successful attempts have 477

been reported on the synthesis of macroporous Si by an electro- 478

chemical pathway. From our experience, electrochemical synthesis 479

of macroporous Si has proven to be much more difficult than 480

that of macroporous Ge and SixGe1−x. Herein, we report our 481

first results in this field, which shows that macroporous Si can, 482

in principle, be prepared by electrochemical deposition inside 483

PS templates. Fig. 11 shows the cyclic voltammogram of 0.3 M 484

SiCl4 in [Py1,4]FAP on ITO-glass substrate covered with PS tem- 485

plate (400 nm average sphere size): in the forward scan two 486

small reduction peaks appear at potentials of −1.1 and −1.5 V 487

vs. Pt quasi reference electrode which might be attributed to 488

some solution reactions, e.g. the reduction of SiCl4 to SixCl2x+2. 489

The third reduction peak at a potential of −1.3 V is corre- 490
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Fig. 11. CV of 0.3 M SiCl4 in [Py1,4]FAP inside PS template (400 nm) on ITO-glass
electrode. Scan rate = 10 mV/s, at 25 ◦C. OCP, open circuit potential.

Fig. 12. SEM images of macroporous Si after removal of the PS template (400 nm),
obtained after applying a potential of −2.4 V for 1 h.

lated with the bulk deposition of Si. No oxidation peaks were491

observed.492

In order to deposit Si (inside the template) a potential of −2.4 V493

was applied for 1 h. The deposit was then removed from the glove494

box and washed with isopropanol to remove the electrolyte. The495

template was subsequently removed by THF. SEM images in Fig.496

12 reveal the macroporous structure of Si. The high resolution SEM497

image in Fig. 12b shows that Si has a granular morphology with498

Fig. 13. Cyclic voltammogram of 0.1 mol/L EDOT in [Py1,4]Tf2N on Au substrate
covered with a PS-template (600 nm average sphere size). Sweep rate 10 mV/s at
25 ◦C.

smallest grain size of less than 50 nm. Such a morphology was also 499

obtained previously with Si deposition from an ionic liquid on bare 500

Au electrodes [36]. We have to mention that the deposition of Si 501

in these templates does not deliver perfectly arranged photonic 502

crystals as reported for germanium in [20], rather individual 3DOM 503

Si islands are obtained. We assume that during Si deposition in the 504

PS opal structure a stress occurs which pushes away the PS spheres 505

rather than filling the voids. This might be enhanced by the rapid 506

oxidation of Si under environmental conditions. So far it is quite 507

challenging to make photonic crystals of silicon. 508

3.4.5. Macroporous conducting polymers 509

Conducting polymers have received great attention as inter- 510

esting materials for a variety of applications like in catalysis, 511

in rechargeable batteries, as supports and as carriers in chro- 512

matography (ion-exchange resins) to mention a few [49]. They 513

possess tunable redox properties and are environmentally stable. 514

Poly(3,4-ethylenedioxythiophene) (PEDOT) and polyparapheny- 515

lene (PPP) are of particular interest: PEDOT possesses several 516

useful properties such as optical transparency in its conduct- 517

ing state, high stability, moderate band gap and a low redox 518

potential. PEDOT derivatives are now utilized in several indus- 519

trial applications including as electrode materials in solid state 520

capacitors, substrates for electroless metal deposition in printed 521

circuit boards, as antistatic coatings for photographic films, as 522

a replacement material for ITO in inorganic electroluminescent 523

lamps, and as a hole-conducting material in organic/polymer-based 524

light emitting diodes (OLEDs/PLEDs) [50–55]. In some of these 525

applications a high surface area is needed and thus we attempted 526

to make macroporous PEDOT by electrochemical means. Macrop- 527

orous poly(3,4-ethylenedioxythiophene) (PEDOT) was successfully 528

synthesized by electropolymerization of EDOT inside polystyrene 529

(PS) templates in the ionic liquid 1-butyl-1-methylpyrrolidinium 530

bis(trifluoromethylsulfonyl)amide ([Py1,4]TFSA). Liquids with the 531

TFSA anion belong to the best understood ones in the field of 532

ionic liquids, and they can meanwhile be easily made in very high 533

quality. Fig. 13 shows the cyclic voltammogram of 0.1 mol/L EDOT 534

in [Py1,4]TFSA on a polycrystalline Au substrate covered with a 535

polystyrene (PS) template having an average sphere diameter of 536

600 nm (scan rate = 10 mV/s, at room temperature). The increasing 537

anodic current at ∼1.4 V vs. Pt quasi-reference electrode is corre- 538

sponding to the bulk oxidative polymerization of EDOT monomer 539

as a yellowish-brown deposit was observed which turns to dark 540
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Fig. 14. SEM images of macroporous PEDOT after the removal of the PS template (600 nm). Applied potential = 1.7 V (a) for 5 min and (b) 1 h at 25 ◦C.

Fig. 15. Photographs of the macroporous PEDOT film (600 nm average pore size) on Au substrate after the removal of the PS template showing the colour change with slightly
changing the angle of incident visible light.
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blue with increasing the potential/thickness. In the back-scan,541

two reduction peaks were observed. As during oxidation there is542

both polymerization and doping the cathodic peaks represent the543

reduction of the formerly oxidized polymer. In order to obtain544

macroporous PEDOT, a potential of 1.7 V was applied (at room545

temperature) to the PS-covered Au working electrode for 1 h. The546

electrode was then removed from the glove box and rinsed with547

isopropanol to remove the electrolyte. The subsequent removal548

of the PS spheres by THF gave the expected macroporous struc-549

ture of PEDOT. Fig. 14a shows SEM images of macroporous PEDOT550

deposits obtained after applying the desired potential for differ-551

ent periods of time. As can be seen, the macroporous structure of552

the polymer covers a large area which can be seen even on the553

40 �m × 40 �m scale with individual domains having widths of554

about 5–7 �m. We also would like to mention that on the same555

substrate we observed structures like shown in Fig. 14b, which556

might be the result of inhomogenities in the electrical field dur-557

ing the electrodeposition process. A well ordered photonic crystal558

might require a geometrically optimized electrochemical cell. Fig.559

15 finally shows photographs of the whole macroporous PEDOT560

deposit on Au substrate. The deposit gives rise to different colours561

when changing the angle of incident light owing to light reflections562

as has to be expected for a photonic crystal.563

4. Conclusions564

In the present paper we have summarized our recent results on565

the interfacial electrochemistry of and electrodeposition from ionic566

liquids. We could show that the interface Au(1 1 1)/ionic liquid is a567

good candidate for surprises. With [Py1,4]FAP having all impurity568

below 10 ppm we see a restructuring of the surface which is dif-569

ferent from what we observed in [Py1,4]TFSA. In a certain potential570

regime we see the famous herringbone superstructure of Au(1 1 1)571

which we do not see in [EMIm]FAP of the same quality. Furthermore572

the interface Au(1 1 1)/[EMIm]FAP reveals slow processes and there573

are hints for the adsorption of the cation. The plasmaelectrochem-574

ical experiment has shown that germanium nanoparticles can be575

made and there are hints for a size dependent colour. Selenium can576

be electrodeposited from ionic liquids under environmental con-577

ditions at varying temperatures which might have some potential578

in an industrial process for the making of CIS solar cells. As will579

be shown in a later paper homogeneous layers of different phases580

are feasible. Our studies on macroporous materials have shown581

that with an alcoholic suspension of polystyrene spheres a vari-582

ety of substrates can be easily covered. Especially for the sake of583

macroporous electrode materials, e.g. for batteries or materials in584

secondary batteries, our process is fast and coating only takes a585

few seconds. Macroporous Ag, Al, Si and PEDOT can be made. Even586

with almost perfectly arranged PS spheres also the electrochemical587

parameters during deposition play a great role. A too fast deposi-588

tion rate can corrupt the quality of the PS opal, and the deposition589

of 3DOM Si is remarkably difficult.590
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