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1. Introduction

Current research on electrochemical double layer capacitors 
(EDLCs) is focussed on increasing the electrode’s effective 
surface area and chemical stability, with the aim to improve 
their storage capacity via increased energy and power den-
sities and cycle life [1]. Carbon-based materials with high 
porosities offer high chemical stability and large surface areas 
[2–4]. Further improvement to their storage characteristics 
can be achieved by coating their surface with transition metal 
oxide nanoparticles (NPs) such as RuO2, NiO, MnO2, V2O5, 
Co2O3, TiO2, SnO2, Fe2O3, and Fe3O4 [2–9]. The synergy of 
efficient electrical transport in the carbon and the increased 
surface area and/or faradaic charge storage ability of the NP 
coatings make composites of these materials attractive candi-
dates for improved electrode performance in EDLCs.

An alternative approach to the use of carbon is silicon. 
Although Si is not as chemically inert as carbon materials, 
its ubiquitous nature in microelectronics makes studies on 
Si-based EDLCs attractive. Si-based energy storage devices 
can be monolithically integrated in e.g. Si-based power man-
agement systems opening up fabrication opportunities in the 
back-end of the Si CMOS (complementary metal-oxide-sem-
iconductor) process industry.

The requirements for good Si-based EDLCs are similar to 
carbon-based systems: a large surface area and good chemical 
stability. The large surface area can be obtained by nano-struc-
turation of the Si bulk. Bottom-up and top-down techniques 
have been applied successfully in increasing the capacitance 
values of Si-based EDLCs [10, 11]. Si is relatively reactive in 
commonly used electrolytes, with its native oxide layer unable 
to provide sufficient passivation. Therefore, it is essential to 
provide an alternative protective coating on the Si surface that 
increases its chemical stability while not reducing its capaci-
tance. Si nanowires with different coatings have been inves-
tigated, offering higher electrochemical windows (EWs) and 
better capacitance values [10, 12, 13]. In addition to coating the 
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Si surface, the use of room temperature ionic liquids (RTILs) as 
electrolyte can also increase the stability of the system [4, 12, 
14, 15]. Their appeal in electrochemical applications is due to 
their wide operating potential window, high chemical and elec-
trochemical stability, wide operating temperature range, high 
thermal stability, negligible volatility, non-flammability and 
relative environmental friendliness. Challenges, on the other 
hand, include their hygroscopicity (dissolved water reduces the 
potential operating window) and comparatively high viscosity 
(increasing the solution resistivity).

Research on alternative electrode materials, such as 
MWCNTs, has shown improvements of the electrode perfor-
mance with TiO2 NP coatings [16–18]. Therefore, we explore 
TiO2 coated Si nanowire array (NWA) electrodes in this work.

In the fabrication process, the use of vacuum technology is 
avoided in preference of wet chemistry for ease of application and 
cost competitiveness, and temperatures are kept below 450 °C. 
The Si nanowire fabrication process is based on metal-assisted 
electrochemical etching (MACE) using AgNO3 for the Ag NP 
nucleation process [19, 20]. The use of the low temperature, wet 
chemical process together with TiO2 NPs coatings which are 
low cost, environmentally friendly and available in abundance, 
makes the Si-based electrode a green energy candidate.

In this work, we present three different TiO2 coating 
processes applied to p-type MACE fabricated Si NWAs in 
the RTIL [Bmim][NTF2]. The capacitance of the resulting 
electrodes is extracted using cyclic voltammetry (CV), 
electrochemical impedance spectroscopy (EIS), and chrono-
potentiometry (CP).

2. Experiments

2.1. Preparation of the Si NWA electrode

〈1 0 0〉 p-type silicon wafers with resistivity, ρ  =  0.01–0.02 Ω 
cm (B-doped, NA ~1018 cm−3) and 525 µm thickness were 
purchased from Si-Mat, Kaufering, Germany. Bulk p-Si sam-
ples measuring 2 cm  ×  2 cm were cleaned by sonication in 
IPA for 3 min, dip rinsed in deionised (DI) water, followed by 
a piranha (3:1 H2SO4:H2O2) clean for 10 min, and rinsed in DI 
water. Si NWAs were etched using a 2-step MACE process. 
First, Ag NPs are nucleated in a solution of 0.005 M AgNO3 
and 5 M HF for 2 min [20] . After a DI water rinse the samples 
are transferred to a solution of 0.1 M H2O2 and 4.9 M HF 
and etched for 60 min. After another DI water rinse, the Ag 
NPs are removed in a concentrated HNO3 mixture (1:1 v/v) 
with DI water for 3 min and subsequently rinsed, followed by 
gentle drying using a dry-air gun. The length and density of 
Si NWs are ~10 µm and ~109 NWs·cm−2, respectively [10]. 
The average diameter of the NWs is ~150 nm varying between 
~20 nm and ~250 nm. The back of the samples is protected 
from etching during MACE.

The materials used for wet TiO2 deposition are: TiCl4·2THF 
(97%), Ti[OCH2(CH3)2]4 (97%) and Ti foil (0.25 mm thick-
ness, 99.7% trace metals) from Sigma-Aldrich. Acetylacetone 
(99%) was purchased from Merck. H2SO4 (95%), H2O2 
(30%), HF (50%), HNO3 (68%) and HCl (37%) are from 
VWR International Ltd.

The Si NWAs were coated with TiO2 using three alterna-
tive coating procedures.

 (a) TiCl4 treatment [21]: The Si NWAs (length ~15 µm) were 
immersed in 10 ml of 0.04 M aqueous solution of titanium 
(IV) chloride tetrahydrofuran complex (TiCl4·2THF) and 
heated at 70 °C for 30 min in the oven. Afterwards the 
samples were rinsed with DI water and baked at 450 
°C for 30 min. EDS analysis gives large variations of 
the weight percentages of Ti, O and Si across the area: 
0–0.12%, 8% and 92–91.88%, respectively. No Cl signal 
was found.

 (b) Ti-dip process [22]: The Si NWAs (length ~10 µm) were 
immersed in 10 ml of 0.2 M titanium (IV) isopropoxide 
(Ti[OCH2(CH3)2]4), 0.4 M acetylacetone and 12 M abso-
lute ethanol solution for 15 min, followed by immersion 
in DI water for 5 min and baked at 450 °C for 30 min in 
the oven. This procedure was repeated two more times 
in order to achieve a more uniform coating (3×  Ti-dip 
process). In a 1 dip process, EDS analysis gives weight 
percentages of 2%, 10% and 88% for Ti, O and Si, 
respectively, increasing to respectively 4.5%, 13%, 82% 
when the dipping process is done 3 times.

 (c) Ti autoclave [23]: The Si NWAs (length ~10 µm) were 
immersed into 30 ml of 0.1 M HCl solution and along 
with 0.1 g Ti foil placed into an autoclave. The autoclave 
was heated at 180 °C for 4 h. Afterwards, the samples 
were rinsed in DI water and baked at 450 °C for 30 min.

SEM images of the TiO2 treated Si NWAs are given in 
figure 1. These show wide variations in material structure as a 
result of the applied process.

Figure 1(a) shows the catastrophic effect of the auto-
clave process, resulting in dramatically shortened NWs  
(~3 µm) covered with a discontinuous layer of TiO2 (see inset 
figure  1(a)). The sudden release of the high pressure in the 
autoclave at the end of the process caused the layer of TiO2, 
attached to the Si NWs to fracture, breaking the Si NWs. 
This led to a large reduction in effective surface area. The 
3×  Ti-dip process maintained the integrity of the Si NWA 
better. The TiO2 particles are not homogeneously distrib-
uted (see SEM figure  1(b)) within the NWA and some cir-
cular TiO2 NPs (diameter ~135 nm) appear on the surface (see 
inset figure 1(b)). Although the EDS shows very low density 
of TiO2, the SEM shows that locally high concentrations of 
deposited TiO2 can be seen covering the space in between 
the NWs. Figure 1(c) shows increased TiO2 deposition using 
the TiCl4 process. The Si NWA however became very brittle 
due to large densities of TiCl4·2THF-related material filling 
the regions between the NWs in the array, which upon expan-
sion during the thermal process puts the Si NWs under stress. 
There is a large size distribution of particles, with diameters 
measured between ~40 nm and ~550 nm. Figure 1(d) gives an 
untreated SiNWA.

2.2. Experimental set-up for electrochemical measurements

For electrochemical measurements, the back of the Si 
NWA surface was plasma etched first in a mixture of Ar 
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(25 sccm)–O2 (10 sccm) at 200 W for 5 min at 20 °C for 
removal of the coating layer, followed by CHF3 (25 sccm)–Ar 
(25 sccm)–O2 (2 sccm) at 200 W for 5 min at 20 °C to remove 
any oxide growth. The plasma etch step is immediately fol-
lowed by a ~100 nm Al deposition using thermal evaporation. 
The back contacts were annealed at 200 °C for 1 min under Ar 
atmosphere.

A 3-electrode setup is used, with the Si NWA as the working 
electrode, a Pt coil wire as the counter electrode and an Ag wire 
as the pseudo-reference electrode. The electrochemical meas-
urements were conducted in a custom-built electrochemical 
cell constructed of two Teflon sections that clamp the working 
electrode. The projected surface area, i.e. the working elec-
trode surface area in contact with the electrolyte solution, is 
A  =  1.327 cm2. All extracted areal capacitances presented in 
this work will be calculated using the projected surface area 
defined by the electrochemical cell.

All the electrochemical measurements were conducted with 
a CHI760C potentiostat. The RTIL [Bmim][NTf2] (BASF, 
purity  ⩾98%) composed of 1-butyl-3-methylimidazolium 

cations and bis(triflouromethanesulfonyl) imide anions is 
used as electrolyte. The operating potential window (EW) 
for the quasi-rectangular shaped CVs is determined from the 
potential range where the maximum current Imax  =  3  ×  i with 
i determined in the middle of the EW [10] . The EW for the 
CV plots with peaks is calculated from the voltage range con-
strained to where the maximum current Imax  =  3/2 (ia   +  ic), 
with ia,c anodic and cathodic current peak, respectively. The 
EW for dry ionic liquid, with a 11 ppm water content as deter-
mined by Karl–Fischer titration, using a Au electrode, Au/
[Bmim][NTf2] is 4.4 V.

3. Results and discussions

The CVs of an uncoated and a SiO2-coated B-doped Si NWA 
in [Bmim][NTf2] are shown in figure  2(a). The thin SiO2 
coating is achieved by oxidising the Si NWA in 90 °C HNO3 
[10]. It is clear that the thin (<2 nm) SiO2 coating increases 
the EW of the system by nearly a factor of 2.

Figure 1. SEM images of the different TiO2 treated Si NWA. (a) Si NWA sample coated in the Ti autoclave process showing the fractured 
NWA structure, (b) Si NWA sample coated by the 3×  Ti-dip processes showing a well fabricated NWA structure (inset shows TiO2 nano 
particles on the top of the NWs) and (c) TiCl4 process showing TiO2 coating but brittle easily broken NWs. (d) Uncoated NWs.

J. Phys. D: Appl. Phys. 50 (2017) 415503
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Figure 2(b) shows the cyclic voltammograms of the Si 
NWAs in [Bmim][NTf2] coated by the three different TiO2 
coating processes. The CV of the uncoated and TiCl4-treated 
Si NWA has current peaks. These are strongly correlated with 
the presence of NWs since no peaks are observed for bulk 
material in the same set-up and RTIL. Our hypothesis is that 
these redox peaks are related to deep level surface traps in 
the Si NWs created in the MACE process [24]. Although the 
dynamics of the charging and discharging of the traps into a 
thin H2O layer surrounding the NWs adds to the overall capac-
itance values, measurements have demonstrated a stronger 
degradation of their capacitance upon repeated cycling of the 
capacitor. The EW, anodic current and areal capacitance for 
all samples are given in table 1.

The areal capacitance, C is calculated from the CV plots 
by:

C =
i

dV/dt
.

1
A

, (1)

where i = ia+ip
2  with ia,p the anodic and cathodic current, 

respectively defined from the voltammogram at their min-
imum absolute value (approximately in the middle of the CV 
plot), dV/dt is the experiment’s scan rate and A is the pro-
jected surface area.

The variation of the extracted capacitance between the dif-
ferent techniques is mainly due to the additional redox reac-
tions occurring at the surface of the Si NWs. This leads to 
much higher CP values than those calculated by the CV tech-
nique and to EIS values that are dependent on the bias point 
(here reported for V  =  0 V).

The small EW indicates a low electrochemical stability of 
the uncoated Si NWA even in RTIL. Coating the Si NWs with 
a thin SiO2 layer fabricated in boiling nitric acid at 90 °C is 
demonstrating much improved Si NWA performance in RTIL 
[10] . The coating process with TiO2 also improves the per-
formance of the Si NWA in two cases out of three, the TiCl4 
treatment and Ti-dip process. The reduced performance of the 
autoclave sample is due to the very short NW lengths. The 
relatively large voltage window suggests good TiO2 coverage 
of the Si NWs though. The capacitance of the TiCl4-treated 

sample has an EW inferior to the other processes due to the 
inhomogeneous coverage. The currents are higher, mainly 
caused by the additional redox reactions that occur at the Si 
NWA surface and the slightly higher NW length. In the case 
of 3×  Ti-dip, the highest EW and highest current i is achieved. 
This shows the success of the simple 3×  Ti-dip process to 
increase the electrochemical stability of the Si NWA it coats.

Overall, the thin TiO2 coating has increased the electro-
chemical stability of the Si NWA as demonstrated by the 
increased EW.

For CP in a three-electrode configuration, a constant cur-
rent is applied between the working and the counter elec-
trodes and the potential of the working electrode is measured 
as function of time with respect to the reference electrode. 
The current is cycled between 7.5 · 10−4 A and  −7.5 · 10−4 
A whilst the voltage is limited by the EW given by the CV 
measurement (see figure 3(a)). The areal capacitance is then 
calculated as in equation (1) with dV/dt the average slope of 
the potential versus time plots.

EIS measurements are carried out in a frequency range of 
1 Hz  <  f  <  105 Hz using an ac voltage amplitude of 5 mV at a 
DC voltage where the minimum absolute value of the anodic/
cathodic current is found in the CV plot (see figure  3(b)).  
A simplified Randles circuit consisting of an electrolyte resist-
ance (RS) in series with the parallel connection of the double 
layer capacitance (CDL) and the charge transfer resistance 
(RCT), was used to fit the Niquist plots |Z″| as a function of Z′ 
with the total impedance Z = Z′ + jZ′′.

Figure 2. Cyclic voltammograms of (a) uncoated (black line) and SiO2 coated (red line) Si NWA and (b) Si NWA coated by TiCl4 
treatment (black line), 3×  Ti-dip (red line) and Ti-autoclave (blue line), all in [Bmim][NTf2] at scan speed, v  =  50 mV·s−1.

Table 1. EW, current values and areal capacitance of each working 
electrode in [Bmim][NTf2], extracted from the CV measurements.

Working  
electrode

EW 
(V)

Current,  
i (A)

Technique used 
(µF·cm−2)

CV EIS CP

uncoated 1.1 2.5  ×  10−5 145 75 155
Coated with SiO2 2.1 2.6  ×  10−5 192 109 193
TiCl4 treatment 2.0 3.2  ×  10−5 484 90 1281

3×  Ti-dip 2.6 3.7  ×  10−5 360 324 386
Ti autoclave 2.4 0.4  ×  10−5 21 15 22
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Figure 3 gives the EIS and CP plots of the 3×  Ti dip and 
the TiCl4 sample.

The CP plot of the 3×  Ti dipped electrode shows good 
triangular potential variations with an ESR (equivalent series 
resistance) of approximately 347 Ω. In contrast, the TiCl4 
treated electrode shows strong non-ideality, consistent with 
the strong peaks in the CV plot. Its ERS is 267 Ω. The EIS 
measurements shown were carried out at  −0.4 V for the 3×  Ti 
dipped electrode and at  −0.5 V for the TiCl4 treated sample, 
the voltage where the anodic current is minimum. The resist-
ance, RS   +  RCT at ω  =  105 Hz is approximately 125 and 89 
Ω, respectively (see inset figure 3(b). The high frequency inset 
also shows small semicircles. Since their diameter is small, the 
charge transfer resistance RCT is small, indicating good ionic 
conduction and electrolyte diffusion through the nanowire 
structure. The slope of the straight line in the low frequency 
region is highest for the 3×  Ti dip process indicating purer 
capacitive behaviour.

4. Conclusions

Si NWA electrodes were fabricated using 2-step MACE 
and coated with TiO2 NPs using 3 different techniques. The 
length of the NWs was ~10–15 µm. All samples covered with 
TiO2 showed improved EWs. The NW electrodes treated 
in the autoclave broke due to high pressure change but the 
3  ×  Ti-dip process by immersion in a Ti[OCH2(CH3)2]4:acety
lacetone:ethanol solution was most successful. It gave the best 
areal capacitance of 386 µF·cm−2 based on the CP technique. 
This high capacitance value is the result of the increase of the 
effective surface area and the larger EW due to an increase 
in chemical robustness. Its cyclic voltamogram did not show 
redox peaks, giving improved cyclability. The extracted 
energy density is 0.9 Wh·Kg−1 and power density is 2228 
W·kg−1, placing the TiO2 coated Si NWA using a 3  ×  Ti dip 
process well within the supercapacitor range on the Ragone 
plot.
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