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ABSTRACT: Recent research has demonstrated that heterogeneous charge-transfer reactions 

are not restricted to conductors, and that electrochemical reactions can occur on the surface of 

statically charged insulators. However, the exact mechanism by which insulators gain and lose 

electrical charges remains controversial. Herein we have studied quantitatively the reduction 

of silver ions on intrinsic amorphous silicon surfaces that are statically charged by contact 

against plastic polymers. We have quantified the magnitude of the redox work done by the 

tribocharged silicon surface as a function of its adhesion and hardness, with these two variables 

being tuned using covalent Si‒C monolayer chemistries. We observed that metallic particles 

grow preferentially over surfaces that are relatively soft (low DMT modulus) and highly 

adhesive, hence indirectly proving that the triboelectrification of an insulator‒insulator 

dynamic contact is caused by the exchange of ionic fragments, rather than by the movement of 

free electrons. This work clarifies on the origin of triboelectricity, devises a surface-chemistry 
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method to maximize tribocharging with immediate scope in single-electrode electrochemistry, 

and describes a concept potentially suitable for the mask-free and bias-free patterning of metal 

nanoparticles on photoconductors. 

1. INTRODUCTION 

The contact and separation of two insulators generates electrical charges, and from the transfer 

of toner inks to preventing dangerous electrical discharges,1, 2 the phenomenon of static 

electrification holds considerable importance in engineering and technology. Ordered material 

triboelectric series have been compiled to help predicting charging magnitude and sign,3, 4 but 

the exact mechanism of the triboelectric effect is still controversial.5-7 How mechanically 

rubbed insulators become electrified ‒ whether this involves electrons or adsorbed ions ‒ 

remains debated.5, 6, 8, 9 In a recent work we have revealed that heterogeneous redox reactions 

on the surface of tribocharged polymers are governed by the relative stability of cationic and 

anionic oligomeric polymer units, rather than by the net charging magnitude of the sample.10 

Anionic fragments generated under friction on polyvinyl chloride (PVC), 

polydimethylsiloxane (PDMS), polytetrafluoroethylene (PTFE), and nylon are the source of 

electrons accounting for the heterogeneous reduction of soluble metallic ions to elemental 

metallic particles.10 However, contact electrification involves not only on the electronic 

properties of the contacting materials,10 but also their elastic11-14 and topographical15 

characteristics. Notably, material properties such as surface adhesion16 and hardness are rarely 

accounted for when trying to maximize (or minimize) the electrification of non-conductors.  

Here we quantify the magnitude of metal (silver) deposition on electrostatically charged 

amorphous (a-Si) silicon samples that are covalently modified with organic monolayers of α,ω-

diynes to alter surface hardness (Derjaguin-Muller-Toporov, DMT, modulus) and adhesion of 

the substrate. By charging a-Si electrodes against polyvinyl chloride (PVC), and using them in 
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single-electrode electrochemistry experiments, we have studied quantitatively the links 

between contact electrification and material transfer on this model photoconducting surface. 

The choice of charging a-Si using PVC rests upon the benefit of the polymer large electron 

affinity and relatively low ionization energy, the combination of these two factors resulting in 

charged PVC fragments mediating electrochemical work to a large extent compared to other 

plastics.10 The net electrical charge of the samples was measured by Faraday pail readings, 

while X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and scanning 

electron microscopy (SEM) were used to gauge the magnitude of material transfer and of redox 

work delivered from the charged insulator to a solution of metallic ions.  

 

2. RESULTS AND DISCUSSION 

The overall process – the reductive nucleation of silver nanoparticles on tribocharged 

amorphous silicon – is depicted in Scheme 1. Faraday pail data in Figure 1a indicate that the 

net static charging of amorphous silicon (a-Si) samples tribocharged against PVC (the 

experimental set-up is illustrated in Figure S1, Supporting Information) develops gradually as 

a function of the contact time, and these charges persist several minutes after separation (Figure 

S2, Supporting Information). Silicon samples used in this work are coated with a 4 µm-thick 

photoconductive a-Si layer,17-19 which is un-doped and therefore highly resistive when shielded 

from direct light (Figure S3, Supporting Information). All the tribocharging procedures and 

discharge experiments reported here are therefore obtained on dark samples and at room 

temperature. Silicon substrates, unlike plastic samples, can be chemically modified using 

established monolayer chemistries. Furthermore, hydrogen-terminated a-Si retains a surface 

reactivity comparable to that of crystal silicon surfaces.17, 19 This is important, as conventional 

semiconducting crystalline silicon wafers,20 even when poorly doped, were found to acquire 

less charge than a-Si, to dissipate it very rapidly (Figure S4, Supporting Information), and were 
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therefore unable to mediate redox work to an appreciable extent (see XPS and SEM images in 

Figure S5, Supporting Information). Furthermore, compared to crystalline silicon, a key 

additional benefit of the a-Si photoconductive layer is that of its light-assisted ON switch of 

conductance.18, 19 Regardless of the direction of an external bias, the a-Si layer is a perfect 

insulator in the dark, while when illuminated it acts as a near-reversible electrode, allowing us 

to access measurements of monolayer surface coverages by electrochemical means (vide infra). 

Regarding the surface modification of a-Si samples with 1,6-heptadiyne and 1,8-nonadiyne, 

different UV-exposure times were tested to ensure comparable surface coverages of the two 

molecules. The monolayer coverage was indirectly inferred by means of reacting the acetylene-

terminated monolayer with azidomethylferrocene (Supporting Information, Scheme S1),21 and 

then resorting to charge measurements in cyclic voltammetry (CV)22 to compare surface 

coverages of the metallocene (Supporting Information, Figure S6). CV curves in Figure S6c 

indicate that when the hydrosilylation reaction time is set to 40 min for 1,8-nonadiyne and to 2 

h for 1,6-heptadiyne, the ferrocene surface coverages reache similar values (on a-Si modified 

with 1,6-heptadiyne is 6.53 × 10‒11 mol cm‒2, and on 1,8-nonadiyne surfaces is 6.62 × 10‒11 

mol cm‒2). These two hydrosilylation reaction times were then used throughout this work. 

Our Faraday pail measurements indicate that contact between a-Si (native or chemically 

modified, Figure 1a) and PVC always results in silicon gaining a net positive charge, and that 

this charge scales almost linearly with contact time. Furthermore, the charging magnitude is 

evidently larger in the monolayer-modified samples. PVC has a relatively low ionization 

energy (stable cations) and give rise to relatively unstable anions (large negative electron 

affinity). The first hypothesis is therefore that of a link between tribocharging and material 

transfer ‒ as opposed to electron transfer8 ‒ with the positive charge on the silicon indicating a 

transfer of fragments from PVC to silicon. Notably, surface water is known to play a crucial 

role in the electrification of dielectrics,4, 23-25 and acetylene-terminated monolayers have a great 
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ability to rapidly adsorb water.26 Measurements of the static charges developed on a-Si samples 

(with and without monolayers) rubbed against PVC inside a glove box, under argon atmosphere 

with water levels below 0.3 ppm, showed consistently lower Coulombs readings than in air 

(Figure S7, Supporting Information). 

The parallel between the Faraday pail data in Figure 1a and the linear growth with contact time 

of the Cl 2p XPS emission for all silicon samples, chemically modified or not (Figure 1b‒d), 

reinforces the conclusion that charged fragments exchanged between PVC and a-Si are the 

reason for the photoconductor becoming charged. The rate of material transfer inferred from 

the chlorine-related XPS signal at 198 eV is lower in native a-Si than in samples modified with 

an organic layer, which is again consistent with the Faraday pail results in Figure 1a. The larger 

material transfer and larger static electrification observed for samples modified with an 

aliphatic monolayer could potentially indicate a new means of guiding the electrification of 

dielectrics, and consequently the extent to which a stand-alone, un-biased, tribocharged 

insulator can deliver redox work. We therefore attempted to gain further quantitative insights 

on the links between the surface chemical and physical properties and the extent to which 

charged plastic fragments are transferred to it. One obvious possibility is that the transfer of 

plastic fragments towards the a-Si surface is a function of softness,27 and adhesion. We used 

atomic force microscopy (AFM, Figure 2) to probe surface adhesion and hardness and found 

that a-Si samples modified with either 1,6-heptadiyne or 1,8-nonadiyne are significantly softer 

(with Young’s modulus, according to the Derjaguin–Muller–Toporov model,11 of 4.40 and 

4.52 GPa respectively) and more adhesive (surface adhesion of 15.5 and 12.1 nN, respectively) 

than native a-Si (DMT modulus of 18.2 GPa and adhesion of 5.54 nN). The DMT modulus and 

adhesion are quantitatively determined with respect to standard samples of polystyrene and 

low-density polyethylene (PS/LDPE, left panels in Figure 2).  
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Guided by previous work describing the heterogeneous reduction of metallic ions into metallic 

nanoparticles on tribocharged plastics,10 we attempted electrodeposition experiments on a-Si 

samples charged against PVC. Tribocharged a-Si samples were immersed in aqueous solutions 

of AgNO3 and their XPS analysis consistently showed two Ag 3d spin‒orbit-split emissions 

(Figure 3, Ag 3d3/2 and Ag 3d5/2 at 374.4 eV and 368.4 eV, respectively) of spectral position 

consistent with literature values for metallic silver.28, 29 Adventitious shifts to binding energies 

were accounted for by means of applying a rigid shift to bring the C 1s C‒C band to 284.8 

eV.30 Increasing to the contact time (i.e. charging magnitude, Figure 1a) increases the amount 

of charged PVC fragments transferred to the silicon (Figure 1b‒d), and in turn it maximizes 

the extent to which this tribocharged insulating surface can assist heterogeneous redox 

reactions (Figure 3). XPS data of the silver region demonstrate this point (Figure 3a), which is 

further corroborated by SEM images in Figure 3b. 

It is therefore evident that fine-tuning of the triboelectrification of an insulator−insulator 

dynamic contact can be altered by modifying the DMT modulus and adhesion of the receiving 

surface. Surfaces of a-Si that are modified with films derived from 1,6-heptadiyne have the 

lowest DMT modulus and highest adhesion (Figure 2), and this appears to facilitate the transfer 

of charged fragments from a PVC surface. Overall these fragments bear a net positive charge, 

but due to the “mosaic” nature of triboelectricity,5, 31-33 despite anions being out-balanced by 

cations,10 the former are the effector of the reductive electrochemical work done by the a-Si 

electrode. In line with this, as revealed by the XPS and SEM data in Figure 3b, the magnitude 

of silver deposition scales directly with surface adhesion but inversely with surface hardness. 

The situation for the a-Si modified with 1,8-nonadiyne, despite a marginally lower adhesion, 

is similar to that of 1,6-heptadiyne-modified samples (Figure 3), while hard and poorly 

adhesive surfaces, such as the native a-Si surface, were found to be decisively less effective in 

converting mechanical work (friction) into electrochemical work (Figure 3a). 
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Our proof-of-principle data also show that there are differences in the density (0.45/µm2, 

15.8/µm2 and 12.9/µm2 for a-Si, a-Si with 1,6-heptadyine and 1,8-nonadyine) and mean size 

(5.2×103, 4.5×103 and 3.6×103 nm2 for a-Si, a-Si with 1,6-heptadyine and 1,8-nonadyine) of 

the metal particles that nucleate on a tribocharged surface (Figure 3b). This is possibly 

associated to differences in surface adhesion, with the higher adhesion leading to an higher 

surface density of particles (Figure 4). The sequence of building-up static charges on a-Si 

(contact‒separation against a polymer surface), followed by their discharge to reduce ions into 

metallic particles, could in principle lay the foundation for a new type of mask-free and external 

bias-free electrochemical lithography. To demonstrate this point we rolled along a straight line 

on the a-Si samples, and at a constant speed of 0.45 mm/s, spheres made of PVC and PTFE 

(Figure 5a). The force34 applied to the sphere is maintained constant by means of transferring 

force through a spring (the set-up is described in Figure S8 of the Supporting Information). 

Particles were deposited by discharging silver ions on the charged a-Si, and the SEM images 

in Figure 5a show that metallic line-shaped patterns match the trajectory along which the plastic 

PVC or PTFE spheres were moved along the a-Si surface. Furthermore, it appears that the 

particle density and size relates to the polymer mechanical properties (Supporting Information, 

Figure S9). In other words, it depends on the relative adhesion and softness of at least one of 

the contacting materials. In the a-Si/PTFE and the a-Si/PVC pairs, PVC is significantly softer 

and of higher adhesion (DMT modulus of 0.95 GPa and adhesion of 29.4 nN, as measured by 

AFM PeakForce™ QNM™, Figure S9, Supporting Information) than PTFE (4.61 GPa and 2.0 

nN). Consequently, there is a larger material transfer to a-Si from PVC than from PTFE, which 

leads to more densely distributed metallic particles on the a-Si sample.  

 

3. CONCLUSIONS 
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This work explores the electrochemical reactivity of statically charged insulators. We reveal a 

relationship between the amount of charged material that is transferred in a dynamic 

insulator−insulator contact and the amount of redox work delivered when the tribocharged 

insulator is discharged in a solution of reducible species. Using established Si‒C monolayer 

chemistries we have systematically varied the surface hardness and adhesion of an intrinsic 

amorphous silicon surface, and using Faraday pail, AFM, SEM and XPS measurements we 

have quantified the growth of silver particles on tribocharged silicon and observed that these 

grow preferentially over surfaces that are relatively soft (low DMT modulus) and highly 

adhesive. These findings extend our understanding of static electricity, devise a surface-

chemistry method to maximize tribocharging in a single-electrode electrochemistry set-up,8 

and outline a new concept suitable for the mask-free and bias-free patterning of metal 

nanoparticles on insulators or photoconductors. We also believe that the contact electrification 

of dielectric particles in vigorously agitated suspensions may find application in the emerging 

field of electrostatic catalysis,35-37 perhaps where a vortexed38, 39 suspension of insulating 

particles can guide this form of catalysis beyond diffusion limits. This knowledge will also 

provide the basis to develop devices harvesting electricity from vibrations and friction, akin to 

the tribo-tunneling current generation reported by metal–insulator semiconductor triboelectric 

contacts.40-42 

4. EXPERIMENTAL SECTION 

Chemicals and Materials. Redistilled solvents and Milli-QTM water (>18 MΩ cm) were used 

for substrate cleaning and to prepare electrolytic solutions. Chemicals used in surface 

modification procedures and electrochemical experiments were of high purity (>99%). 

Hydrogen peroxide (30 wt % in water), ammonium fluoride (PuranalTM, 40 wt % in water), 

and sulfuric acid (PuranalTM, 95‒97%) used in wafer cleaning and etching procedures were of 

semiconductor grade and obtained from Sigma-Aldrich. 1,8-Nonadiyne (Sigma-Aldrich, 98%) 
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and 1,6-heptadiyne (Sigma-Aldrich, 97%) were used as received. Sheets of polyvinyl chloride 

approximately 0.3 cm thick (PVC, McMaster-Carr, CAT# 87545K521) were cut into squares 

of 1 × 1 cm. PVC and PTFE spheres (4.76 and 1.59 mm in diameter, respectively) were 

purchased from Miniature Bearings Australia Pty Ltd. The procedure followed for the 

deposition of a 4 m thick layer of intrinsic amorphous silicon film on 500 ± 25 μm thick, n-

type, 0.007–0.013 Ω cm, Si(100) is reported elsewhere.17 The dark resistivity of the a-Si film 

was 104 Ω·cm. Prime grade, single-side polished Si(100) wafers, n-type, 500 ± 25 μm thick, 

and with nominal resistivity of 8–12 ohm cm, were obtained from Siltronix, S.A.S. (Archamps, 

France). 

Contact electrification. Prior to the contact charging procedure, PVC, PTFE and a-Si samples 

were washed with water, methanol, dichloromethane and then dried under a nitrogen flow. 

Unless stated otherwise, experiments were performed under ambient conditions (23 °C and RH 

of ca. 58%). Charges on the a-Si samples were measured using a Faraday cup connected to an 

electrometer (JCI 140 static monitor and JCI 147 charge measurement units, both purchased 

and calibrated by DEKRA, Southampton Science Park, Southampton, UK), and operating on 

the 10‒9 Coulomb scale. PVC sheets were fixed on the lower end of a rapidly rotating 

mechanical shaft (ca. 90 rpm) and held against the a-Si surface by means of a spring (spring 

constant of 4.8 N/m) pressing the back side of the silicon to ensure reproducible contact force 

(the experimental set-up is illustrated in Figure S1a, Supporting Information). The duration of 

the contact charging was varied between 5 and 30 min, after which the a-Si’s net charge was 

immediately measured in the Faraday cup. Charging data are reported as charge density 

(charge-to-geometric area ratios). The motorized apparatus for the movement of plastic spheres 

on the a-Si surface is detailed in Figure S8, Supporting Information. When specified, 

tribocharging experiments and Faraday pail measurements were conducted inside a glove box 

javascript:void(0);
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(Innovative Technology, PL-HE-2GB fitted with PL-HE-GP1 inert gas purifier) with water 

and oxygen levels below 0.3 ppm.  

Surface modification and characterization. Samples of a-Si were cut into 1 × 1 cm squares, 

cleaned with dichloromethane, isopropyl alcohol and water, then immersed for 20 min in a hot 

piranha solution (130 °C, 3:1 (v/v) mixture of concentrated sulfuric acid and 30% hydrogen 

peroxide). Samples were then rinsed thoroughly with water before being etched for 10 min in 

40% aqueous ammonium fluoride that was degassed by bubbling argon gas for 20 min. A small 

amount of ammonium sulfite was added to the etching solution as oxygen scavenger. The 

hydrogen-terminated samples were then rinsed sequentially with water and dichloromethane, 

dried under a nitrogen stream, and then placed on a glass microscope slide. A small sample (ca. 

50 μL) of either 1,8-nonadiyne or 1,6-hepdiyne was then dropped on the wafer. The UV-

assisted (Vilber,VL-215.M, λ = 312 nm, nominal power output of 30 W and positioned 

approximately 200 mm away from the silicon sample) grafting of 1,8-nonadiyne and 1,6-

hepdiyne on the hydrogen-terminated amorphous silicon followed minor modifications of 

literature procedures (Supporting Information, Scheme 1).43, 44 The UV reaction time for the 

1,8-nonadiyne grafting was varied between 10 and 40 min (10, 20 and 40 min), while the 

reaction between 1,6-hepdiyne and a-Si was stopped after either 2, 3 or 4 h. To limit its 

evaporation during the hydrosilylation reaction, the liquid α,ω-diyne sample was top-contacted 

with a quartz slide. Chemically passivated a-Si samples were then rinsed several times with 

dichloromethane, rested for 12 h in a sealed vial under dichloromethane at +4 °C and blown 

dry under a nitrogen stream before being used in the tribocharging and electro-deposition 

experiments. When a-Si samples were used without an organic monolayer, samples were 

washed with piranha solution and then immediately tribocharged against PVC. 

After being rubbed with PVC or PTFE, tribocharged a-Si samples were transferred to a 50 mM 

aqueous solution of AgNO3 (99.99%, Sigma), rested in the liquid for 3 h under dark, washed 
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with water and then dried under a stream of nitrogen. Mechanical properties (DMT modulus 

and surface adhesion) of both the a-Si and plastic samples were obtained from atomic force 

microscopy (AFM) measurements using a Bruker Dimension FastScan (Bruker Corporation, 

Santa Barbara, CA, USA). AFM data were obtained in PeakForce™ QNM™ imaging mode, 

by tapping in air at room temperature and using SNL-10 Bruker probes with a spring constant 

of 0.350 N m–1. The imaging resolution was set to 256 points/line, the scan rate to 2 Hz and the 

peak force to 12 nN. Standard harmonic samples of polystyrene (PS) and low density 

polyethylene (LDPE), with discrete domains of 2.1 (PS) and 0.2 GPa (LDPE) moduli, were 

supplied by Bruker. The values reported for DMT moduli and adhesion are the average values 

obtained from the analysis of 1 × 1 µm AFM images. The reported DMT moduli are the reduced 

Young's modulus for the tip-surface contact, not the Young's modulus of the surface. The 

Young's modulus and Poisson ratio of the tip are assumed to be constant, so that a comparison 

of moduli between materials is possible. The reported DMT moduli were corrected by applying 

a rigid shift calculated by bringing the experimental DMT modulus of standard harmonic 

samples of PS and LDPE to their nominal values. X-ray photoelectron spectroscopy (XPS) 

surface characterization was performed on a Kratos Axis Ultra DLD spectrometer using a 

monochromated Al-Kα (1486.6 eV) irradiation source operating at 150 W. Spectra were taken 

in normal emission at or below 7 × 10–9 Torr. Data files were processed using CasaXPS© 

software. Binding energies are corrected by applying a rigid shift to bring the C‒C 1s emission 

to 284.8 eV.  

 

 

 

  



12 
 

Scheme 1. Electrochemical growth of silver nanoparticles on tribocharged amorphous silicon(a-Si) samples. The surface of the a-Si photoconductor 

was either unmodified or coated with a covalently linked monolayer of 1,6-heptadiyne (shown) or 1,8-nonadiyne. The presence of the organic 

monolayer is aimed at defining the surface hardness and adhesion of the a-Si surface. Surface adhesion and hardness govern material transfer 

from PVC to a-Si. PVC fragments mediates the electrochemical reduction of silver ions to metallic silver.  
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Figure 1. (a) Variation of the charge density (net charge divided by the sample geometric area) of a-Si samples tribocharged against PVC as a 

function of the contact-charging time. For all substrates, charging increases with contact-charging time. (b‒c) High resolution Cl 2p XPS emission 

of amorphous silicon samples tribocharged against PVC. Data for unmodified a-Si (b), for a-Si modified with 1,6-heptadiyne (c), and for a-Si modified 

with 1,8-nonadiyne (d). The contact-charging time is specified by labels to the curves. The transfer of polymer fragments to a-Si upon contact is 

evidenced by a gradual increase in the intensity of the 198 eV Cl 2p emission. 
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Figure 2. Atomic force microscopy PeakForce™ QNM™ measurements of surface hardness (DMT modulus) and adhesion for standard samples 

of polystyrene and low density polyethylene (PS/LDPE), native amorphous silicon (a-Si), and chemically-modified a-Si samples. The moduli and 

adhesion are quantitatively determined with respect to the standard PS/LDPE sample. Imaged areas are 1 x 1 µm for all samples. 
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Figure 3. Heterogeneous redox work done by statically charged un-doped a-Si samples. Silver ions are reduced to metallic silver particles by the 

tribocharged a-Si surface and the extent of the redox work scales with the duration of the contact-charging against a PVC surface. (a) Evolution of 

the Ag 3d XPS signal on tribocharged a-Si samples that are discharged after being immersed in a 50 mM aqueous solution of AgNO3. The spectral 

position of the two spin‒orbit-split Ag 3d emissions (Ag 3d3/2 and Ag3d5/2, 374.4 eV and 368.4 eV, respectively) is consistent with literature values 

for metallic silver. The contact time is specified by labels adjacent to the XPS traces. Curves are vertically offset for clarity and the absolute ordinate 

has no physical meaning. (b) SEM images of Ag particles deposited on either charged a-Si, a-Si modified with 1,6-heptadiyne and a-Si modified 

with 1,8-nonadiyne (left to right).  
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Figure 4. Size distribution of silver particle that are electrochemically grown on samples of a-Si, a-Si modified with 1,6-heptadyine and a-Si modified 

with 1,8-nonadyine. All samples were first tribocharged against PVC and then discharged in aqueous 50 mM AgNO3 solutions. 
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Figure 5. Metallic patterns grown on tribocharged regions of an insulator. (a) SEM images of line-shaped patterns of silver particles grown on a-Si 

samples tribocharged by rolling on the surface PVC and PTFE spheres. The pattern “develops” after immersion ‒ i.e. discharge ‒ of the tribocharged 

samples in aqueous solutions of AgNO3. (b) SEM data comparing the density and size of Ag particles within regions 1 and 2 (red circles marked in 

panel a). Region 1 (tribocharged with PTFE spheres) and region 2 (PVC) had, respectively, small silver particles with diameter around 20 nm, and 

larger metallic deposits (around 200 nm). 
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