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ABSTRACT: Optimizing the kinetics of an electrode reaction is central to the design of devices whose function spans from 
sensing to energy conversion. Electrode kinetics depends strongly on electrode surface properties, but the search for optimal 
materials is often a trial-and-error process. Recent research has revealed a pronounced facet-dependent electrical conductiv-
ity for silicon, implicitly suggesting that rarely used crystallographic cuts of this technologically relevant material had been 
entirely overlooked for the fabrication of electrodes. By first protecting silicon from anodic decomposition through Si–C-
bound organic monolayers, conductive atomic force microscopy demonstrates that conductivity decreases in the order (211) 
>> (110) > (111). However, charge-transfer rates for a model electrochemical reaction are similar on all these crystal orien-
tations. These findings reveal the absence of a relationship between surface conductivity and kinetics of a surface confined 
redox reaction, and expand the range of silicon crystallographic orientations viable as electrode material.  

INTRODUCTION 

Starting from the seminal work of Sagiv in 1980,1 funda-
mental and applied research on self-assembly of organic 
molecules onto electrode surfaces has continued gaining 
momentum.2 While to date most of the research on self-as-
sembly has focused on gold surfaces by exploiting al-
kanethiol chemistry,3 the 1990s reports by Chidsey and co-
workers of Si–C-bound monolayers helped to expand this 
research from metals to semiconductors.4-10 Silicon remains 
the technologically most relevant semiconducting mate-
rial,11-15 and silicon electrodes that are functionalized with 
organic monolayers have broad application prospect in the 
fields of microscopy,16-17 sensing,18-21 chemical catalysis,22 
(bio)molecular electronics,6, 23-24 and information storage.2, 

25-26  

Scientists and engineers working with silicon electrodes 
routinely rely on dynamic electrochemical measurements – 
principally cyclic voltammetry27 – to extract kinetic infor-
mation on electrode reactions.28-29 But published data of re-
dox kinetics on silicon are highly scattered.2 Some of the ex-
perimental factors contributing to this irreproducibility is-
sue are known,30 others less so. Firstly, it is now generally 
agreed that common mathematical models used in the ki-
netic analysis of electrochemical data fall short of capturing 
all important descriptors of an electrified interface.29-32 Sec-
ondly, minor changes to surface coverage of the redox mol-
ecule,33 monolayer order34 and intermolecular interac-
tions32, 35 are known to have dramatic kinetic effects.32, 36-37 
It remain less clear to what extent the chemical nature of the 

interfacial bond – between organic monolayer and elec-
trode – affects rates of surface-confined electrochemical re-
actions.38-39 An important step in the direction of clarifying 
on this overlooked factor was recently published. Darwish 
and co-workers reported that for monolayers grafted on ei-
ther indium−tin oxide (ITO), silicon or carbon electrodes 
there is a link between changes in molecular conductivities 
– ascribed unambiguously to different interfacial bonds – 
and differences in electrochemical rates.40 

The origin of a putative link between electrical conductiv-
ity and electrochemical rates still lacks a conclusive expla-
nation,39 but its existence and manifestation would have im-
mediate implications in silicon electrochemistry applied to 
sensing and catalysis. This is because an atomically flat sili-
con electrode is an idealization, and even well-prepared 
surfaces are a continuous of flat terraces separated by small 
vertical steps.9, 29, 41 As a result, a silicon electrode of a given 
nominal orientation, such as commonly used Si(111) sub-
strates, will inevitably expose a range of crystal facets, such 
as Si(110) and Si(211), of different surface conductivity. For 
example, data from Huang and co-workers indicate that the 
conductivity of silicon surfaces, measured with microscopic 
tungsten probes, decrease in the order (211)>>(111),42 
platinum–silicon junctions are more conductive when made 
on Si(110) rather than on Si(111),8 and similar trends of 
facet-dependent conductivity have been reported for poly-
hedral Cu2O particles.43  

The purpose of this paper is to clarify the presence or ab-
sence of a relationship between surface conductivity and 
electrochemical rates on oxide-free silicon electrodes. This 
is important since, to date, the vast majority of monolayer  



 

research on silicon has focused on Si(111) and Si(100) sub-
strates,44-47 and highly conductive crystal facets such as 
Si(110) and Si(211), which are readily available, have been 
entirely overlooked as potential electrode material. 

 

METHODS 

Silicon surface modification. Unless otherwise specified, all 
chemical reagents were of analytical grade and used as re-
ceived. Aqueous hydrogen peroxide solution (30 wt % in 
water, Sigma-Aldrich), sulfuric acid (Puranal, 95–97%, 
Sigma-Aldrich), and aqueous ammonium fluoride (40 wt%, 
Sigma-Aldrich) were of semiconductor grade. Redistilled 
solvents and Milli-Q™ water (>18 MΩ cm) were used for 
substrate cleaning procedures and to prepare electrolytic 
solutions. Azidomethylferrocene (2) was synthesized fol-
lowing literature procedures.48 Boron-doped (0.007–0.013 
Ω cm), 500‒550 µm thick, prime-grade and single-side pol-
ished Si(111), Si(110), and Si(211) wafers (Czochralski pro-
cess, ˂111˃±0.5°, ˂110˃±0.5°, ˂211˃±0.5°) were pur-
chased from Siltronix S.A.S. (Archamps, France). Prior to 
monolayer assembly (Scheme 1), silicon samples were cut 
into squares of 1 × 1 cm, and rinsed sequentially with di-
chloromethane, isopropanol and water. The samples were 
then immersed for 20 min in hot piranha solution (100 oC, 
the solution is a 3:1 mixture (v/v) of concentrated sulfuric 
acid (95–97%) and hydrogen peroxide (30%)), then 
washed with water and immediately transferred to a de-
gassed etching solution of 40% ammonium fluoride (the so-
lution was degassed by means of a 30 min argon bubbling). 
A trace amount of ammonium sulphite was added to the flu-
oride solution as an oxygen scavenger, and after nine 
minutes in the etching bath the hydrogen-terminated wa-
fers were rinsed with copious water, dichloromethane, and 
then immediately reacted with a degassed sample of 1,8-
nonadiyne. The liquid sample of 1,8-nonadiyne (1, Scheme 
1, ~50 µl) was then dropped on the silicon surface, and the 

wet sample rested for two hours under UV light under ni-
trogen atmosphere. The source of 312 nm UV radiation (Vil-
ber, VL-215.M, nominal power output of 30 W) was placed 
approximately 20 cm away from the sample.29 Alkyne-ter-
minated silicon samples (S-1) were then rinsed with isopro-
panol and kept under dichloromethane in a sealed reaction 
vial until analyzed or further reacted. Covalent attachment 
of azidomethylferrocene (2) on S-1 surfaces followed a pre-
viously reported procedure.29 In brief, to a sample vial con-
taining the alkyne-terminated sample (S-1), were added 5 
mL of a 0.5 mM solution of 2 in an isopropanol and water 
mixture (1:1, v/v), copper(II) sulphate pentahydrate (20 
mol% relative to the azide), and sodium ascorbate (ca. 100 
mol% relative to the azide). The copper(I)-catalyzed azide–
alkyne cycloaddition (CuAAC) reaction was carried out at 
room temperature, shielded from ambient light. After 40 
min the reaction was quenched by removing the ferrocene-
modified electrode (S-2) from the sample vial. The samples 
were rinsed with copious isopropanol, water, aqueous hy-
drochloric acid (0.5 M), water, isopropanol, dichloro-
methane, and then blown dry under nitrogen before analy-
sis.  

Electrochemical measurements. Cyclic voltammetry (CV) 
was performed on a CHI650D electrochemical workstation 
(CH Instruments, Austin, TX) using a three-electrode and 
single-compartment polytetrafluoroethylene (PTFE) cus-
tom cell. The modified silicon substrate served as the work-
ing electrode, a platinum mesh as the counter electrode, and 
an Ag/AgCl, 3.0 M aqueous NaCl, as the reference electrode. 
All electrochemical measurements were performed in 
aqueous 1.0 M perchloric acid (HClO4), in air at room tem-
perature (22 ± 2 °C) and under dark inside a light-proof and 
grounded Faraday cage. All potentials are reported against 
the reference electrode. A circular Viton gasket defined the 
geometric area of the working electrode to 0.28 cm2, and 
ohmic contact between the back of the silicon sample and a 
copper plate was achieved by gently scribing the back of the 
electrode with emery paper before applying on it a small 
amount of gallium−indium eutectic. Surface coverages () 
of ferrocene molecules are reported in mol cm–2 and calcu-
lated from the Faradaic charge taken as the background-
subtracted integrated current from the anodic scan of the 
voltammograms. A minimum of seven independently pre-
pared samples was analyzed. The 99% confidence limit of 
the  mean  was calculated as tn-1s/n1/2, where tn-1 is 3.71, s 
is the standard deviation, and n the number of measure-
ments.49 The apparent electron-transfer rate constants, ket, 
for the electron-transfer reaction between tethered ferro-
cenes and the substrate was estimated from electrochemi-
cal impedance spectroscopy (EIS) measurements following 
the formalism developed by Laviron.50-51 EIS data were col-
lected between 105 Hz and 10−1 Hz, and both the in-phase 
(Z’) and out-of-phase impedance (Z’’) were extracted at the 
same time from the data and analyzed with the ZView and 
ZPlot software (Scribner Associates, Inc.). The ket was calcu-
lated as 1/(2 RctCads).50 All EIS data were obtained at an ap-
plied working electrode DC potential, Edc, equal to E1/2 (E1/2 

is the mid-point between the potential of the anodic and ca-
thodic CV current peaks), and by setting the potential am-
plitude of the AC perturbation to 15 mV. Samples for EIS 
measurements were prepared in quadruplicates and first 
analyzed by three consecutive CV cycles to estimate E1/2. 

 

Scheme 1. Preparation of hydrogen-terminated silicon elec-
trodes on Si(111), Si(211), and Si(110), followed by UV-as-
sisted hydrosilylation of 1,8-nonadiyne (1) to yield an al-
kyne-terminates silicon surface (S-1). Covalent grafting on 
S-1 of azidomethylferrocene (2) via CuAAC “click” reactions 
generated a redox-active monolayer (S-2). 



 

The 99% confidence limit of the mean ket was calculated as 
tn-1s/n1/2, with tn-1 set to 5.84.49 

Surface topography and electrical measurements. Both to-
pography and electrical conductivity data for monolayer- 
modified silicon samples were obtained by atomic force mi-
croscopy (AFM), in air and at room temperature. Topogra-
phy measurements were conducted on a Park NX10 atomic 
force microscope operated in tapping mode. The topogra-
phy data were analyzed with XEI software (Park Systems 
Corp.). The scan area was set to 2 × 2 µm, the resolution to 
256 points/line, and the scan rate to 1.0 Hz. Antimony (n) 
doped silicon AFM tips (TESPAV2-Bruker) with spring con-
stant of 42 N/m and resonance frequency of 320 kHz were 
used for the measurements. The electrical AFM experiments 
were conducted on a Bruker Dimension microscope with 
platinum AFM tips from Rocky Mountain Nanotechnology 
(25Pt300B, spring constant of 18 N m−1). The Bruker Peak 
Force Tunneling AFM (PF-TUNA) module was used to ac-
quire current‒voltage (I−V) data. I−V curves were acquired 
with the peak force set to 2.5 µN, a current gain of either 10 
nA/V or 100 nA/V, and a voltage sweep rate of 8.26 V/s. On 
each sample, individual I–V curves were sampled at 100 
evenly spaced points, and a minimum of four samples for 
each silicon orientation was prepared and analyzed. All 
electrical AFM data were analyzed with Nano Scope 1.9.  

X-ray diffraction measurements (XRD). XRD patterns were 
acquired on hydrogen-terminated silicon samples using a 
Bruker D2 PHASER X-ray diffractometer using a Cu K X-
ray source (λ = 1.54 Å). 

X-ray photoelectron spectroscopy (XPS). XPS surface analy-

sis was conducted using monochromatic Al K radiation 
with an Axis Supra (Kratos Analytical Ltd) instrument at 
225 W. The instrument work function was calibrated to give 
a binding energy (BE) of 83.96 eV for the 4f7/2 core level of 
gold, and the spectrometer dispersion was adjusted to give 
a BE of 932.62 eV for the 2p3/2 core level of copper. The pass 
energy was set to 160 eV for survey spectra and 20 eV for 
high resolution spectra. All measurements were acquired in 
a hybrid lens mode which covers an analysis area of 210000 
µm2 (700 × 300 µm). Spectra were charge corrected to bring 
the main line of the C 1s core level spectrum to 285.0eV. 

RESULTS AND DISCUSSSION 

All silicon samples in this work were hydrogen-terminated 
surfaces52 modified by a hydrosilylation reaction (1,  

 

Figure 1. Representative cyclic voltammograms (CVs) for ferrocene monolayers (S-2) prepared on silicon substrates of different 
crystalline orientation ((a), Si(111); (b), Si(211); (c), Si(110)). The potential sweep started at 0 V (cathodic vertex). The voltage scan 
rate was 0.1 V/s, and the electrolyte aqueous 1.0 M HClO4. (d) CV-derived surface ferrocene coverage (Γ) for S-2 samples prepared 
on Si(111), Si(211) and Si(110) electrodes. Error bars indicate the 99% confidence limit of the mean. 



 

Scheme 1) to form a silicon−carbon-bound monolayer that 
minimizes anodic damaging of the substrate.48 X-Ray dif-
fraction (XRD) patterns are shown in Figure S1 (Supporting 
Information) and a stereographic projection indicating the 
relative orientation of the three crystal facets is in Figure S2. 
High-resolution X-ray photoelectron spectroscopy (XPS) 

scans of the Si 2p region (Figure S3, Supporting Infor-
mation) demonstrates the monolayer ability (S-1) to pre-
vent appreciable oxidation of the underlying silicon sub-
strate. XPS data indicate that for all three facets the amount 
of silicon oxide was below the spectrometer detection limit, 
and the deconvolution of the C 1s XPS narrow region (Fig-
ure S3) showed spectral features analogous 1-alkynes mon-
olayers prepared on either H–Si(111) or H–Si(100) sur-
faces.53  

The acetylene functionality of S-1 samples allows tether-
ing a redox-active molecule, and as shown in Scheme 1, fer-
rocene units (2) were grafted on the electrodes via a cop-
per(I)-catalyzed azide–alkyne cycloaddition (CuAAC) reac-
tion.54-55 As the rate constant for a redox reaction involving 
a surface-bound redox molecule depends on the molecule 
surface density,33 it was important to ensure a consistent 
ferrocene coverage before attempting a comparison be-
tween samples prepared on different silicon facets. Cyclic 
voltammetry (CV) experiments were therefore conducted 
to establish yields of the CuAAC reaction leading to S-2. Rep-
resentative CVs are shown in Figure 1a–c, with a coverage 
analysis shown in Figure 1d. Coverages calculated from the 
Faradaic charge, taken as the background-subtracted inte-
grated current from the anodic scan, are comparable on 
Si(111), Si(211), and Si(110), being (2.05 ± 0.51) × 10−10, 
(2.19 ± 0.40) × 10−10, and (1.86 ± 0.65) × 10−10 mol cm−2, re-
spectively. It is therefore unlikely that unequal surface cov-
erages would lead to differences in ket values, if any, be-
tween these three surface systems. This coverage is approx-
imately 50% of that expected for a hexagonally close-
packed full monolayer of ferrocene molecules, if the ferro-
cene molecules are assumed to be spherical with a diameter 
of 0.66 nm.56  

Further, the ferrocene films exhibit CV waves with full 
width at half maximum (FWHM hereafter) of 113 ± 2 mV in 
all the three substrates. The ideal fwhm from the Langmuir 
isotherm of a Nernstian process is 90.6 mV, and theoretical 
models are available to explain a non-ideal FWHM as a con-
sequence of attractive/repulsive interactions experienced 
by the surface-tethered molecule.29 FWHMs larger than 90.6 
mV are often reported in literature57 and can be explained 
as repulsive interactions between the electroactive spe-
cies.30 The magnitude of these unavoidable interactions is 
therefore comparable in all three surface systems. Electro-
static attractive forces between the positive ferricenium 
tethers and the substrate, which would manifest as a FWHM 
< 90.6 mV,29 were not observed as prevented by the choice 
of highly doped p-type substrates.  

Next the electrical conductivity of the Si(211), Si(111) 
and Si(100) surfaces were probed by conductive atomic 
force microscopy (cAFM, PF-TUNA) using solid platinum 
AFM tips as the top metal contact. Current–voltage meas-
urements (I–Vs) of the platinum–monolayer–silicon junc-
tions (S-1 samples) are shown in Figure 2, and the bias rout-
ing is from the substrate to the tip, so that the forward cur-
rent of the junction appears in the positive quadrant (posi-
tive current, positive bias). The I–V characteristics indicate 
that, regardless of the bias magnitude, the electrical junc-
tion conductivity is considerably larger on Si(211) than on 
Si(110), and that the least conductive systems are those 

 

Figure 2. Measurement schematic and current–potential (I–
V) data for platinum–silicon junctions obtained by conduc-
tive mode (PF-TUNA) atomic force microscopy (AFM) on 
monolayer-modified (S-1) Si(111) (a), Si(211) (b), and 
Si(110) (c). Solid symbols indicate the mean value of 400 I–
V sweeps obtained on four independently prepared and an-
alyzed samples. The colour-shaded areas represent the data 
standard deviation. 



 

prepared on Si(111) crystals. For instance at a positive sam-
ple–tip bias of 1500 mV, which is approximately 300 mV 
more positive than the system flat-band potential (approxi-
mated as the bias at which forward currents begin to rise 
exponentially), the mean relative conductivities of Si(211), 
Si(110), and Si(111) are in the ratio 5.9:2.3:1.0. These mean 
conductivities are statistically different, as inferred by an in-
dependent samples t-test. For example comparing Si(211) 
against Si(111), the experimental t value at 1500 mV is 7.22, 
which is significantly greater than the critical t value of 2.58 
(99% confidence).49 

Measuring impedances over a broad range of frequencies 
allows to estimate individual element of an electrical circuit 
that can model the kinetics of a redox reaction.33 Repre-
sentative electrochemical impedance spectroscopy (EIS) 
data, obtained on S-2 samples with the aim to estimate dif-
ferences in ket between Si(111), Si(211) and Si(110) are 
shown in Figure 3a–c. EIS data are displayed as Bode plots, 
which can visually highlight variations in electrochemical 
kinetics. As the AC frequency becomes comparable to the 
time constant of the redox reaction, the slope of Z vs fre-
quency plot moves towards zero, and simultaneously the 
value of phase angle reaches its minimum. From the EIS 
plots in Figure 3 it is apparent that the three surface sys-
tems have very similar redox kinetics. A more detailed and 
quantitative treatment of the kinetic properties of S-2 sam-
ples relied on an established formalism that describes the 
relationship between circuit elements (Cads, adsorption 
pseudo-capacitance; Rct, charge-transfer resistance; shown 

in the equivalent circuit of Figure S4, Supporting Infor-
mation) and the kinetic parameters of strongly adsorbed re-
dox species.58-60 Cads, as well as the double-layer capacitance 
(Cdl), showed frequency-dependent behavior and were 
therefore treated as constant-phase elements (CPEs). A CPE 
defines an inhomogeneity in the electrochemical system, 
such as kinetic dispersion.61 However, in our redox mono-
layer systems the CPEs behave very similar to a capacitor, 
as the power-law modifiers have values between 0.95 and 
0.99, where unity indicates an ideal capacitor. From the re-
fined Cads and Rct values, electron-transfer rate constants, ket, 
were estimated as (4.63 ± 0.65) × 102 s−1 for Si(111), (3.67 
± 1.24) × 102 s−1 for Si(211) and (4.81 ± 1.38) × 10−2 s−1 for 
Si(110), therefore indistinguishable within the experi-
mental error (Figure 3d). Further, for all the three systems, 
at low frequencies – where the impedance is dominated by 
double layer charging – the phase angle approaches −90⁰, 
indicating that all samples are extremely smooth. The sig-
moid shape that starts near 0⁰ at high frequency and shifts 
close to −90⁰ at low frequencies is often diagnostic of mon-
olayer imperfections and surface roughness, but in our ex-
periments a minor dispersion is only observed for the more 
commonly used Si(111). The EIS-inferred superior smooth-
ness of both Si(211) and Si(110) agrees with AFM topo-
graphic data (Figure S5, Supporting Information). This is an 
important finding, as it suggests that high quality monolay-
ers can be prepared on a range of previously neglected low 
indexes silicon facets, such as Si(110) and Si(211).  

 

 

Figure 3. Representative EIS Bode plots for S-2 samples prepared on silicon crystals of different orientation ((a), Si(111); (b), 
Si(211); (c) Si(110)). The DC bias of the EIS measurement was set to the E1/2 value obtained from CV measurements, and the 
amplitude of the AC perturbation was set to 15 mV. All experiments were performed in aqueous 1.0 M HClO4. (d) Plot of the EIS-
derived ket values. Error bars indicate the 99% confidence limit of the mean. 



 

CONCLUSIONS 

We have explored a model electrochemical reaction, the ox-
idation and reduction of ferrocene, in diffusionless mono-
layer systems prepared on Si(111), Si(211) and Si(110) sur-
faces. In all three cases the redox system behaves close to 
ideality, suggesting that highly conductive (211) and (110) 
silicon crystals are an excellent alternative to conventional 
and widespread Si(111) substrates. Current–potential char-
acteristics acquired by conductive atomic force microscopy 
reveals that surface conductivity decreases in the order 
Si(211)>>Si(110)>Si(111). Unlike systems where differ-
ences in electrical conductivity are imparted by changes to 
the chemical nature of the monolayer anchoring group,40 
and unlike the inverse relationship between electron trans-
fer rate constants and the length of alkyl spacers separating 
electrode and redox unit,62-63 we found that identical surface 
chemistry on Si(211), Si(110), and Si(111) leads to compa-
rable kinetics of a redox reaction occurring at the mono-
layer distal end. While other higher index substrates, such 
as Si(311) and Si(411), remain to be investigated, the cur-
rent findings demonstrate a pronounced facet-dependent 
electrical conductivity,64 expand the range of silicon orien-
tations viable as electrode material, and suggest literature 
discrepancies in electrochemical rate constants not to be 
linked to substrate defects, such as ubiquitous surface mis-
cuts. 
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