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a b s t r a c t 

The use of electrical devices has skyrocketed over the past decades, increasing the demand for electrical 

connectors worldwide. Therefore, it is of utmost importance to produce more reliable, energy and ma- 

terial efficient, and durable electrical contact material systems; particularly in low-redundancy systems, 

such as in passenger vehicles. This work analyzes the potential use of carbon nanoparticle coatings ap- 

plied via electrophoretic deposition over copper substrates to reduce wear, require lower insertion forces, 

and to protect the connectors from atmospheric conditions, while reducing the gain on the overall resis- 

tance of the system. Four carbon nanoparticles were considered due to their well-known solid-lubricating 

capabilities, namely: graphite flakes, graphene oxide, carbon nanotubes, and carbon nanohorns. Through 

a comprehensive characterization of the coatings, aspects like coating topography, compactness, thick- 

ness, elasticity, and electrical contact resistance were analyzed. Carbon nanotubes and nanohorns proved 

to have the highest potential. In addition to their previously documented outstanding solid-lubricity and 

environmental protection - after chemical modification of the coatings’ surfaces - these nanoparticles 

showed low resistance values for loads above 4 N, i.e., below 400 m Ω . Moreover, the coatings produced 

were thin and homogeneous, with adequate mechanical stability, and elastic behavior. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Over the past decades the use of electrical connectors has 

ignificantly increased. These components are ubiquitously found 

hroughout a wide range of devices used in day-to-day life. Their 

se ranges from ordinary tasks (such as vacuum cleaning, water 

eating, etc.) up to applications where their correct performance 

s crucial for the safety of the users (e.g., navigation in passenger 

ircrafts, industrial machinery, among others). The rising trend in 

he consumption of electronic and smart devices - as well as the 

rowing digitization of industrial processes - has spiked the de- 

and for electrical components. Experts predict that the connector 

ndustry will register a 7% increase in compound annual growth 

ate between the years 2020 and 2026 (according to Global Mar- 

et Insights Inc.), surpassing a total revenue of 61 billion Euro. This 

rend is not new, in the year 20 0 0 alone connector sales were ap-

roximately 30 billion Euro [1] . Half of those sales were destined 

or the computer and telecommunication market, whereas 5 bil- 
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ion Euro in sales corresponded to the automotive industry. This 

cenario clearly highlights the importance of efficient, durable, and 

ore reliable electrical connectors. The reliability of an electrical 

onnector takes a more important role in low redundancy systems, 

uch as in passenger vehicles. Here, most electrical circuits rely on 

nly one connector to effectively open and close the circuit. There- 

ore, one electrical connector failing can potentially affect the en- 

ire system. 

There are several atmospheric and tribological conditions that 

onsiderably reduce the duty life of electrical connectors. Regard- 

ng ambient conditions, contact materials react with agents present 

n the atmosphere, such as oxygen, sulfur, corrosive agents, acids, 

tc., depending on the application. Moreover, electrical connectors 

re subjected to wear during mating and un-mating cycles and 

retting wear during normal operations. To reduce wear on the 

lectrical connectors lubricant greases are applied on their sur- 

ace. Greases are used since they do not easily wash off, there- 

ore reducing the requirement of reapplication [2] . Using lubricant 

reases help prevent undesired reactions with atmospheric condi- 

ions, along with reducing wear, fretting, and the insertion force 

equired. The greases also prevent the access of water in the con- 

act. Connector lubricants consists of varying chemistry; they can 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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e mineral or synthetic based oils with thickeners (e.g., polyurea- 

ased thickeners). However, these lubricants increase the electrical 

esistance, therefore hindering their conductive properties. So far, 

his has been a favorable trade off since the greases extended their 

uty life. 

Copper is among the most used metals for electrical connec- 

ors. It has the second lowest resistivity among metallic conduc- 

ors (1.65 x 10 -8 Ω .m at 20 °C) [2] , being silver the best metallic

onductor. Copper has adequate mechanical properties, and its sur- 

ace is protected from oxidation as a consequence of a native oxide 

ayer that is spontaneously formed on its surface. Although cop- 

er oxide is detrimental to its conductive properties, it effectively 

rotects the metal from further degradation. Copper electrical con- 

ectors are generally plated with soft metals, such as gold, silver, 

r tin. 

Carbon is a versatile element capable of forming different 

arbon-carbon bonds. Depending on the hybridization state, dif- 

erent allotropes are formed with varying properties [ 3 , 4 ]. In this 

ork we explore alternative solutions to lubricating contacts so as 

o not compromise the electrical characteristics of the interfaces. 

herefore, we propose carbon nanoparticle (CNP) coatings obtained 

ia electrophoretic deposition on copper substrates. The CNP se- 

ected are graphite flakes (GF), graphene oxide (GO), carbon nan- 

tubes (CNT), and carbon nanohorns (CNH). These CNP were cho- 

en based on their well reported lubricant properties [ 5 , 6 , 7 ], with

he added advantage of their exceptional transport properties due 

o the delocalized p z orbital, characteristic of sp 

2 carbon. 

Graphite is a classical, well-known solid lubricant due to the 

eak interlayer interactions of the stacked hexagonal carbon struc- 

ures. Therefore, graphite shows low shear strength when sub- 

ected to friction, describing its use as solid-state lubricant and its 

elf-lubricating properties [ 8 , 9 , 10 , 11 , 12 , 13 ]. Due to its intrinsic lu-

ricity, graphite has also been introduced as an additive in oils, 

ommonly referred to as “nanofluids” [ 14 , 15 ]. Graphite addition- 

lly presents good transport properties, namely thermal and elec- 

rical conductivity. However, due to the stacking of the hexagonal 

ayers it presents anisotropy. In-plane, the thermal and electrical 

onductivity are significantly lower than perpendicularly, relative 

o the surface of the individual graphite layers. Nonetheless, stud- 

es have shown that graphite presents 20 0 0 to 40 0 0 W.m 

-1 .K 

-1 for

arge sized perfect structures, and electrical conductivity between 

00 and 1250 S.cm 

-1 [ 16 , 17 , 18 ]. Consequently, this allotrope was

elected for two key reasons. Foremost, it is considered a bench- 

ark since it is widely used as a solid lubricant. And more im- 

ortantly, it presents good electrical properties. Furthermore, since 

raphite is a hydrophobic material, graphite coatings have promis- 

ng applications as surface protection barriers [19] . 

Graphene oxide is a slightly lower quality material, with re- 

uced physical properties compared to graphene [ 18 , 20–28 ]. GO 

an be obtained from graphite by chemical exfoliation (top-down 

ethod) [29] . Alternatively, GO can be obtained from graphite by 

ummer’s method or Brodie’s method [ 30 , 31 ]. By undergoing an 

dditional reduction step, reduced graphene oxide (rGO) can be 

btained. This rGO still possesses some imperfections, but it is rel- 

tively similar to graphene regarding its physical properties. GO is 

ot as conductive as rGO or graphene (the electrical conductiv- 

ty of rGO is linked to the reduction agent and reduction times) 

s a consequence of the carbon-oxygen bonds [32] . Furthermore, 

he covalent bonds between oxygen and the functional groups in 

O generate structural defects in the crystalline structure. These 

efects scatter the electrons, affecting GO’s electrical conductivity 

23] . However, it is simpler to mass produce at a lower cost. GO 

s particularly interesting as a solid lubricant due to the oxygen 

onds present in the lattice. As the oxygen bonds repel one an- 

ther, they prevent the graphene sheets from re-stacking and thus 

orming graphite. This further decreases the shear forces during 
2 
riction. Consequently, GO has been of great interest for applica- 

ions as solid lubricant, self-lubricating solid, and as a lubricant ad- 

itive [ 33 , 34 , 35 ]. Moreover, due to the oxygen present in GO, atmo-

pheric protection may be affected due to an increased hydrophilic 

ehavior. Nonetheless, studies have shown that the wetting behav- 

or of GO can be altered by chemical modifications [ 36 , 37 ]. 

Carbon nanotubes have been of great interest to the research 

ommunity in the past decades due to their outstanding intrin- 

ic physical properties and their potential fields of application. 

hese quasi-one-dimensional carbon structures - in their purest 

efect-free state - have the highest tensile strength of any ma- 

erial known, the highest thermal conductivity, and quasi-ballistic 

lectronic conduction. The theoretical thermal conductivity of CNT 

as reported to be over 60 0 0 W.m 

-1 .K 

-1 , whereas the electrical 

onductivity varies between 10 2 to 10 5 S.cm 

-1 [38–46] . However, 

ue to their geometry, CNT present anisotropy in their transport 

roperties, showing better thermal and electrical conductivity in 

he axial direction compared to radial direction. Moreover, the ex- 

elling intrinsic properties of CNT are hindered by their tendency 

o form agglomerates (due to π- π interactions) [ 47 , 48 ]. Therefore, 

reaking up the CNT agglomerates without causing damage to the 

tructure of the individual CNT is of utmost importance in or- 

er to maintain their properties. Previous reports have shown that 

NT have promising applications as protective barriers from at- 

ospheric conditions [49] , as well as self-lubricating metal matrix 

omposites and coatings [50–52] . Similarly to graphite, CNT have 

een used as additives to improve the lubricity of traditional oil- 

ased lubricants [53–55] . In this work multi-walled CNT are used 

ue to their simpler synthesis method, lower cost, and - most im- 

ortantly - since statistically multi-walled CNT always have at least 

ne conductive wall. 

Single walled carbon nanohorns - also known as nanocones - 

re part of the sp 

2 carbon family which have not received as much 

ttention as the previously discussed CNP. CNH are nanoparticles 

ith a tubular shape, similar to single-walled CNT [56–59] . How- 

ver, CNH arrange themselves in horn-like endings, with tube di- 

meters in the range of 2 to 5 nm and tube lengths between 

0 and 50 nm. CNH present two important advantages over CNT, 

amely: 1) CNH synthesis does not require metallic catalyst, and 2) 

NH can be produced on a large scale at room temperature. CNH 

re also differentiated from CNT because all CNH are semiconduct- 

ng. Their conductive properties are closely linked to temperature 

nd the adsorption of gases. As for all semiconductors, CNH show 

igher electrical conductivity at higher temperatures. Due to CNH 

orphology, they are of interest in solid lubrication applications 

nd as oil-based lubricant additives [60] . Regarding the electron 

ransport properties of CNH, a specific value was not found. How- 

ver, one study has shown that incorporating CNH in organic aero- 

el composites has increased its electrical conductivity [61] . More- 

ver, it has been previously shown that CNH have a hydropho- 

ic behavior [62] . Consequently, CNH coatings could potentially be 

sed as protective barriers by manipulating their superficial char- 

cteristics, as previously shown for CNT. 

Electrophoretic deposition (EPD) is a relatively straight forward 

ethod used to deposit CNP [ 49 , 63–70 ]. This method was selected 

ue to its simplicity, easily controllable coating thicknesses, mod- 

st equipment requirements, and up-scalability. In essence, this 

echnique requires the previous dispersion of the CNP in a suitable 

olvent. The electrodes are later immersed in the colloidal suspen- 

ion and connected to a direct current power source. An electric 

eld is generated, imparting electrophoresis on the CNP. The sta- 

ility of the dispersion depends on the size of the CNP agglomer- 

tes. Therefore, mechanically breaking down the agglomerate size 

s crucial. Agglomerate size can be reduced through homogeniza- 

ion (shear force) and through sonication (ultrasound bath) [ 49 , 70 ]. 

maller particle sizes also promote more homogeneous coatings 
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Fig. 1. Schematic representation of EPD setup. 
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nd require weaker electric fields. The stability of the colloid is 

urther improved by adding an additive to the solution. It has al- 

eady been proven that triethylamine (henceforth TEA) improves 

he overall stability of the colloid, and assists the deposition pro- 

ess by giving the CNP a positive superficial charge (anodic depo- 

ition) [ 49 , 71 ]. 

A study carried out by Lloyd et al. has laid the foundation for 

raphite, graphene and CNT as electrical connector finishing layer 

72] . Their study focused on the tribological and electrical behav- 

or of thin coatings deposited by spray coating (and/or brushed) on 

u, Ag and Sn surfaces. However, the normal loads applied for re- 

istance measurements were low, 0.5 N for Au and 2 N for Ag and 

n. Within the scope of this work, we comprehensively analyze 

he potential use of four different CNP-based coatings obtained via 

PD to increase the efficiency of electrical connectors. Addition- 

lly, these CNP have superior thermal conductivity, enhancing the 

issipation of the heat that is produced in the electrical contact. 

urthermore, depending on the resulting chemistry of the coat- 

ng’s surface, these can behave as near superhydrophobic surfaces 

49] . The resulting coatings should lubricate the connector for mat- 

ng and un-mating, protect the connector from ambient conditions, 

hile minimizing the effect on the electrical conductivity of the 

ystem. 

The coating’s morphology was evaluated using scanning elec- 

ron microscopy/focused ion beam (SEM/FIM) and confocal laser 

canning microscopy (CLSM). From these techniques crucial infor- 

ation on the coating’s topography, thickness, homogeneity, com- 

actness, and interface was acquired. Additionally, the deposition 

ate of the CNP was qualitatively analyzed with the information ac- 

uired from FIB cross sections. SEM on the pristine nanoparticles 

as carried out, measuring their minimum, maximum, and mean 

article/agglomerate size. Load-dependent electrical contact resis- 

ance (ECR), using a self-developed setup, was used to characterize 

he electrical properties of the coatings. Moreover, post-ECR CLSM 

easurements were carried out on the coated samples and the 

ounter electrode. The two latter were the primary focus of this 

tudy since the electrical resistance and durability of the coatings 

lays a pivotal role in the efficiency and reliability of the connector. 

. Materials and method 

The substrates used were laminated, flat pure-copper platelets 

25 × 10 × 1) mm. These Cu platelets were ground (P1200 grit 

ilicon carbide grinding paper) and polished at 6 μm, 3 μm, and 

 μm to obtain a mirror-polished surface before coating. Graphite 

akes (Alfa Aesar, Germany) with a median size between 7 and 

0 μm, 99.8% purity were used. The graphene oxide particles pos- 

ess 51.25 wt% carbon, 43.99 wt% oxygen (Nanoinnova Technolo- 

ies, Spain). The CNT used were chemical vapor deposition-grown 

ultiwalled CNT (Graphene Supermarket, USA), with an outer di- 

meter distribution between 50 and 85 nm, an as-received state 

ength from 10 to 15 μm, and carbon purity over 94%. The single- 

alled CNH used were dahlia-type, produced by rapid condensa- 

ion of carbon atoms without a catalyst by Carbonium SRL, Italy. 

he as-received high-purity CNH have a horn diameter between 3 

nd 5 nm, horn length between 30 and 50 nm, and a cluster di- 

meter between 60 and 120 nm. 

A schematic representation of the EPD setup is shown in Fig. 1 . 

ue to the geometry of the electrodes (flat, rectangular platelets), 

he electric field is perpendicular to the parallel-mounted elec- 

rodes. A copper sample was used as a counter electrode. The 

ower source used (Consort EV3020) operates under constant volt- 

ge (potentiostatic EPD). Therefore, to alter the strength of the 

lectric field, the voltage must be manipulated. From previous 

tudies [58] , it was found that the optimal voltage level for EPD 

f CNP is 300 V. Due to the geometric constraints of the setup, the 
3 
inimum inter-electrode distance was 15 mm. Reducing the inter- 

lectrode distance minimizes the distance the CNP must travel 

o reach the deposition electrode. Keeping this voltage and inter- 

lectrode distance constant, the coating thickness is controlled by 

he duration of the deposition process. The deposition rate varies 

rom nanoparticle to nanoparticle, depending on their conductiv- 

ty. It is important that each CNP has enough time to fully coat 

he substrate during EPD. Therefore, the coatings obtained will be 

ompact and without voids. This is highly desirable since uncoated 

egions lack wear and atmospheric protection. Furthermore, re- 

arding ECR measurements, these regions will behave significantly 

ifferent than completely coated regions. 

The dispersion of the carbon nanoparticles consists of mixing 

hem in a solvent, Isopropanol (IPA), and an additive. As previously 

entioned, the role of the additive is to enhance the stability of 

he dispersion and provide a superficial charge to the nanoparti- 

les. According to the additive used, the superficial charge of the 

anoparticles varies, consequently changing the deposition elec- 

rode. In this study, TEA (C 6 H 15 N) was the additive used. The ho- 

ogenization step begins once the solvent, additive, and nanopar- 

icles have been added into a beaker. The homogenizer (IKA T25 

igital Ultra-Turrax) breaks down the nanoparticle agglomerates 

sing shear forces. To further separate the nanoparticles, the col- 

oid is placed in an ultrasonic bath (Bandelin Sonorex Super RK 

14 BH, 33 Hz, 860 W). The concentrations used and the disper- 

ion times are described in detail in Table 1 . 

As previously mentioned, the deposition rate varies depending 

n the conductivity of each CNP. A common deposition time of 5 

inutes was chosen for all CNP to achieve a uniform, homoge- 

eous, and thin coating. Thick coatings would result in an addi- 

ional barrier for electrical current. Therefore, thinner coatings are 

ought out, hence the benefits attained would outweigh the gain in 

CR caused by the CNP coating. The produced coatings were char- 

cterized with SEM/FIB (FEI Helios NanoLab600 Dual Beam Setup) 

nd Confocal Laser Scanning Microscopy (LEXT OLS4100, Olympus). 

he SEM micrographs were acquired using an acceleration voltage 
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Table 1 

. Concentrations and dispersion times for each CNP colloid. 

Nanoparticle GF GO CNT CNH 

Nanoparticle concentration / mg/ml 0.2 0.5 0.2 0.05 

IPA / ml 80 70 

TEA / ml 10 10 5 5 

Homogenizer / min 10 5 5 10 

Homogenizer speed / rpm 7000 12000 

Ultrasound / min 10 15 

Table 2 

. Mean particle/agglomerate size of pristine CNP. 

Nanoparticle GF GO CNT CNH 

Mean particle size (7.1 ± 2.2) μm (74 ± 18) nm 

Agglomerate size (5.0 ± 1.9) μm (6.6 ± 4.2) μm (264 ± 70) nm 

Min. size 4.1 μm 2.2 μm 2.1 μm Particle: 13 nm Agglomerate: 154 nm 

Max. size 12.4 μm 7.8 μm 19.5 μm Particle: 29 nm Agglomerate: 388 nm 
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f 5 kV and an electron beam current of 1.4 nA. The intensity maps 

nd height profiles acquired with the CLSM were taken with 50 ×
agnification and a laser wavelength of 405 nm. The profiles con- 

ist of a 3 ×3 stitching of the region of interest. 

The four coatings and the substrate were electrically character- 

zed via a self-developed ECR testing rig [73–75] . This rig can ana- 

yze load dependent ECR of the material via four-terminal method 

sing a direct-current power source. Loading and unloading cycles 

rom 0.25 up to 10 N can be measured. The power source used 

as a Keithley 2400 SMU, capable of sourcing between 1 nA and 

.05 A. This device can also source voltage, but for this method 

onstant current was sourced, and the voltage drop between elec- 

rodes registered. The current was set at 100 mA to stay in the 

ry circuit conditions [ 76 , 77 ]. The voltage drop is measured using 

 Keithley 2182a nanovoltmeter. This device can be set at five dif- 

erent measurement ranges, i.e., 10 mV, 100 mV, 1 V, 10 V, and 

00 V. Depending on the voltage range that is expected for the 

easurement, the instrument range must be selected accordingly. 

t is noteworthy that the lowest suitable range for the measure- 

ent must be chosen to minimize the uncertainty of the measure- 

ent [78] . 

One ECR measurement cycle was measured for each coating 

nd the substrate. Each cycle consisted of one loading and one 

nloading semi-cycle. Ten ECR measurements are taken per load 

hroughout the cycle. Depending on the voltage drop recorded, the 

ange of the nanovoltmeter must be adjusted to prevent the de- 

ice from overflowing. If the range is too low, the recorded value 

ill be incorrect; whereas in selecting a range that is too high the 

ncertainty of the measurement increases [78] . The normal loads 

hat constitute the cycles are: 0.5 N, 1 N, 2 N, 3 N, 4 N, 5 N, 6 N,

 N, and 10 N. Two-cycle ECR measurements were taken using the 

ame loads and current. This allowed an analysis on the deforma- 

ion of the coatings. 

In this setup, the coated sample was the electrode and a silver- 

ickel core (AgNi 0.15 ), hard gold coated rivet (AuCo 0.2 ) was used 

s counter electrode (Adam Bornbaum GmbH). The counter elec- 

rode had a curved head, with a mean curvature of 4 mm at its 

ip. The roughness of the rivet’s tip was analyzed with CLSM with 

 laser wavelength of 405 nm and 20 × objective. The root mean 

quare roughness was S q = 0.255 μm. For each coated sample, a 

ew rivet was used. The same rivet was used for all subsequent 

easurements carried out on the same coating. 

The pristine CNP were observed with SEM. Quantification on 

ristine CNP powders were carried out with ImageJ software on 

icrographs with a magnification of 2500 ×, except for the CNH 

here 50 0 0 0 × was used. The minimum, maximum and average 

article/agglomerate sizes are summarized in Table 2 . As this ta- 
g

4 
le shows, the mean GF particles size falls within the range pro- 

ided by the manufacturer (7-10 μm). However, larger flakes up 

o 12.4 μm where observed. The GF observed were randomly dis- 

ributed, without a specific orientation, showing multiple folded 

articles. On top of the larger GF particles, smaller GF were ob- 

erved. GO showed large networks of agglomerated particles. A few 

ignificantly larger GO particles could be identified. The agglom- 

rated GO particles interact with one another, making it difficult 

o differentiate one agglomerate from another. CNT showed varied 

gglomerate sizes. Agglomerates of 2.1 μm up to 19.5 μm were ob- 

erved, with a mean size of 6.6 μm. The diameter of the CNT was 

lso measured on a micrograph with 50 0 0 0 ×. The mean CNT di- 

meter measured was 45 nm with a standard deviation of 12 nm, 

n accordance with the values provided by the manufacturer. The 

NH particles and clusters could both be measured. The mean CNH 

article diameter measured was approximately 74 nm, whereas the 

ean cluster size was approximately 265 nm. CNH agglomerate 

izes range from 154 nm up to 388 nm approximately. Regarding 

NH particles, the smallest particle observed was 13 nm in diam- 

ter approximately, whereas the maximum particle diameter was 

9 nm. 

. Results and discussion 

.1. Coating topographic characterization 

SEM micrographs of the four coatings are shown in Fig. 2 . From 

hese micrographs one can obtain information on the different to- 

ographies obtained from each CNP coating. As Fig. 2 a shows, GF 

re deposited with different orientations, with clusters of horizon- 

ally deposited GF and few vertically deposited GF. This leads to an 

neven coating, with visible voids (some of which are highlighted 

n light green). This could potentially lead to a porous coating. The 

nset micrograph on the top right corner shows the pristine GF 

articles. As the inset illustrates, GF particles significantly vary in 

ize and shape. It is interesting to highlight that GF do not form ag- 

lomerates. GO coating’s topography is shown in Fig. 2 b . This coat- 

ng is similar to the GF coating, with an uneven surface and multi- 

le voids (highlighted in light green). GO agglomerates can be seen 

hroughout the surface, as well as large GO particles (shown by the 

ellow arrows). The particles deposited horizontally on the surface 

f the substrate will present a higher resistance, whereas the verti- 

ally deposited particles will conduct electrical current with lower 

esistance since in-plane conductivity is significantly higher. The 

op right inset shows a micrograph of pristine GO nanoparticles. 

n contrast to what was observed in graphite, GO does forms ag- 

lomerates. Bundles of GO particles are ubiquitous throughout the 



B. Alderete, F. Mücklich and S. Suarez Carbon Trends 7 (2022) 100156 

Fig. 2. Secondary electron micrographs of coating topography – a) GF, b) GO, c) 

CNT, and d) CNH. Light green circles highlight the presence of voids on the coatings’ 

surface. The yellow arrows indicate the inclusion of larger GO particles. The red 

arrows indicate the presence of fissures on the CNH coating’s surface. A micrograph 

of each pristine CNP is shown as an inset in the top right corner. 
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icrograph, making it difficult to identify individual GO particles. 

onetheless, individual larger GO particles can be distinguished 

mong the GO bundles (lower left of the inset). The CNT coating, 

hown in Fig. 2 c , presents a heterogeneous surface, with large CNT 

gglomerates scattered throughout its surface. Thicker regions can 

e seen where the agglomerates are present. The thinner regions 

orrespond to small CNT agglomerates. However, the substrate can- 

ot be seen suggesting that the entirety of the surface is coated. 

his is an advantage regarding wear and atmospheric protection, 

nd consistency in contacting surfaces. Nonetheless, regions with 

arger CNT agglomerates could produce an increase in the electrical 

esistance. The inset at the top right shows a few pristine CNT ag- 

lomerates at higher magnification. In this inset the varying size of 

he agglomerates can be highlighted. Furthermore, the inset shows 

ow the agglomerates tend to bundle, increasing the overall ag- 

lomerate size. Finally, Fig. 2 d shows the SEM micrograph of the 

NH coating. This figure shows a uniform surface with no topog- 

aphy. It does, however, present some small cracks (shown by the 

ed arrows). These cracks may be a consequence of the elevated 

oltage used in EPD, and the drying of the coating after removal 

rom the colloid [58] . These cracked surfaces jeopardize the trans- 

ort properties and atmospheric protection characteristics of the 

oating. The inset in the top right shows the pristine CNH nanopar- 

icles. Due to the dimensions of the CNH only larger agglomerates 

an be observed at this magnification. They are identifiable by the 

ighter shade in the SEM micrograph. 

Observing the four surfaces, the CNH coating seems to be the 

ost homogeneous and compact coating. Contrarily, the GF and 

O coatings appear to be highly porous and heterogeneous. In the 

ase of GF, the uneven coating can be explained by the large size 

f the particles. Relative to the GF coating, GO appears to be - to 

 moderate extent - more homogeneous. Although, several voids 

an be observed on its surface. Concerning the CNT coating, it is 

onsidered a heterogeneous coating. However, compared to GF and 

O coatings, it appears to be a better alternative as voids cannot 

e observed. Nonetheless, the thickness of the coating changes sig- 

ificantly from region to region as a consequence of the larger ag- 

lomerates. 

For further characterization of the coatings’ topography, sec- 

ndary electron images were acquired with the samples tilted to 
5 
2 ° relative to the electron beam. Their surfaces were additionally 

nalyzed with CLSM, plotting their height profile. The height pro- 

le and SEM micrograph are shown in Fig. 3 . The micrograph and 

eight profile correspond to different regions in the coatings. The 

eight profile and micrograph in Fig. 3 a and Fig. 3 b , respectively, 

orrespond to the GF coating. These figures prove what the mi- 

rograph from Fig. 2 a suggested; the coating produced by GF is 

ighly irregular. The height profile of the GF coating shows that, 

n average, the height of the coating is in the range of 20 μm. 

his plot also shows that the coating has multiple voids and peaks 

cattered throughout the analyzed region. This can be seen by the 

istribution of blue and yellow/orange regions in the height pro- 

le. The peaks and valleys of the coating are also depicted in the 

ilted SEM micrograph. The valleys are found at an approximate 

eight of 7 μm and the peaks at about 28 μm. Fig. 3 c and Fig. 3 d

how the height profile and micrograph of the GO coating, respec- 

ively. Both figures show the irregularities and uneven nature of 

he coating. The irregularities are accentuated when compared to 

he GF coating. Although the SEM micrograph shows that the GO 

oating has many voids, it can be seen from the height profile that 

he voids are superficial. In other words, the voids are close to the 

urface of the coating. Furthermore, this coating has regions where 

he GO particles have been deposited higher than in other regions, 

s seen in the height profile (orange/red regions). The mean height 

f the coating is in the 20 μm range, with peaks as high as 35 μm

nd valleys around 10 μm. Observing the tilted micrograph, it can 

e seen that the higher regions in the coating correspond to GO 

gglomerates, but also due to large GO particles. These particles 

re significantly larger than the GO agglomerates, with sizes com- 

arable to those of the GF particles. The height profile and mi- 

rograph of the CNT coating is shown in Fig. 3 e and Fig. 3 f , re-

pectively. This coating highly contrasts with the previous two. The 

eight profile shows that the mean height is approximately 10 μm 

ith high peaks corresponding to the agglomerates (approximately 

0 μm high). Both the height profile and the micrograph show that 

he coating does not present voids. The height difference on the 

oating’s surface is solely a consequence of the large CNT agglom- 

rates. These agglomerates produce the heterogeneity of the coat- 

ng. Finally, Fig. 3 g and Fig. 3 h shows the height profile and micro- 

raph of the CNH coating, respectively. These figures confirm that 

his coating is highly homogeneous, as suggested by the SEM mi- 

rograph from Fig. 2 d . The average height of this coating is below 

0 μm, with a few peaks reaching an approximate height of 14 μm. 

hese peaks are seen as spots on the micrograph. These spots are 

 consequence of relatively large CNH agglomerates. The fissures 

bserved on the SEM micrographs are not detected in the height 

rofile. Therefore, the depth of the fissures can be neglected. 

The height profiles acquired with CLSM provide additional in- 

ormation, complementing the information obtained from SEM mi- 

roscopy. From Fig. 3 we can establish that GF and GO produce 

rregular surfaces, being the former more heterogeneous than the 

atter. This statement contradicts what was initially hypothesized 

y observing the SEM micrographs in Fig. 2 . The CNH coating is 

xceptionally homogeneous, with very few outlaying CNH agglom- 

rates. The CNT coating stands in the middle showing heterogene- 

ty, but to a lesser extent than GF and GO coatings. The tilted mi- 

rograph additionally allows the visualization of superficial voids. 

hese are ubiquitously found in the GF and GO coatings, being 

ore prominent in the former as demonstrated by the height pro- 

le. 

.2. Coating cross section 

For an in-depth assessment of the compactness, thickness and 

oating-substrate interface, FIB cross sections on each of the coat- 

ngs were carried out, shown in Fig. 4 . In all cases, the substrate- 
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Fig. 3. CLSM height profile (left), secondary electron micrograph of coatings tilted at 52 ° relative to electron beam (right); a-b) GF, c-d) GO, e-f) CNT, and g-h) CNH. It is 

important to highlight that the height profile and SEM micrograph do not correspond to the same region of the coatings. The tilted SEM micrographs were taken on the 

same regions as the micrographs shown in Fig. 2 . 
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oating interface is highlighted by a green line. Likewise, the sur- 

ace of the coating is shown with a green dashed line. 

The GF coating is shown in Fig. 4 a . From the SEM image in

ig. 2 a , the coating seemed highly heterogeneous. However, the 

ross section shows that the thickness of the coating does not 
6 
ary significantly. This coating has an average thickness of 12.8 ±
.9 μm. The uniformity of the coating is evidenced by the marginal 

tandard deviation, accounting for only 7% variation in the over- 

ll thickness of the coating. This is in strong contrast from what 

ne can infer from the SEM micrographs. The coating is relatively 



B. Alderete, F. Mücklich and S. Suarez Carbon Trends 7 (2022) 100156 

Fig. 4. FIB cross sections – a) GF, b) GO, c) CNT, and d) CNH. The green solid line indicates the substrate-coating interface. The green dashed line indicates the interface 

between the CNP coating and the protective Pt coating. The light green circle indicates a large void present in the GF coating. The violet arrows highlight compact regions 

in the CNT coating. The yellow squares highlight the porous interface between GO and the Cu substrate. 
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hick; however, this was expected since the particles are large in 

ize. This cross section shows that the coating is not compact, 

ith small voids (compared to the particle size). Larger voids are 

resent in regions where the flakes were deposited in perpendicu- 

ar direction relative to the previously deposited flake (highlighted 

n light green). The distance from the lowest point in the void, 

oving vertically towards the next GF, is approximately 4.1 μm. 

he maximum width of this void is approximately 5.8 μm. The 

ifferent directions in which the flakes are deposited, as well as 

he presence of voids severely restricts the coating’s ability to con- 

uct electrical current. Therefore, the lack of compactness of this 

oating is undesirable for electrical applications. Nonetheless, this 

ould be overcome by applying pressure during mating. Regard- 

ng atmospheric protection, the voids seen in the top-view micro- 

raph do not appear as significant in the cross section. Although 

he superficial voids could allow atmospheric contaminants to pen- 

trate. Nonetheless, the path towards the substrate is very intri- 

ate; no direct path is visible in this region of the coating. Concern- 

ng solid lubrication, the cross section shows some flakes that were 

eposited parallel to one another. This favors the solid-lubricating 

bility of graphite. Moreover, the interface between the graphite 

oating and the substrate raises concern. Only a few GF are in com- 

lete contact with the substrate, leaving large voids between the 

oating and the substrate. This is undesirable, as a weak bond be- 

ween the coating and the substrate could facilitate the removal 

f the coating; thus, compromising the mechanical stability of the 

oating. However, this is beneficial for the lubricity of the system. 

The GO coating is shown in Fig. 4 b . Compared to the GF coat-

ng this coating seems more compact. Still large voids are present, 

specially near the coating-substrate interface. The GO coating is 

lso thinner and more irregular, with an average thickness of 4.2 ±
.2 μm. The standard deviation here represents a 27% variation in 
7 
oating thickness in the region analyzed. This is a consequence of 

arge GO agglomerates that significantly increase the thickness in 

ome regions. This correlates with what was observed in SEM ( Fig. 

 b ), since the topography of the coating appeared uneven through- 

ut the coating. Many small voids are present within the core of 

he coating, with relatively larger voids near the substrate. As al- 

eady stated, the presence of voids is highly unfavorable for electri- 

al conduction, wear and atmospheric protection, and from a me- 

hanical standpoint. The voids are non-conductive regions, which 

ncrease the overall electrical resistance of the coating. In addi- 

ion, the presence of a porous network within the coating hinders 

he protection of the substrate from atmospheric conditions. This 

as inferred from the SEM micrographs, and now demonstrated by 

he ubiquitous presence of voids. Furthermore, the larger voids at 

he interface potentially reduce the coating’s adhesion to the sub- 

trate (highlighted in yellow); consequently reducing the mechani- 

al stability of the coating and facilitating its removal. These voids 

ave a maximum width ranging from 1.0 to 3.2 μm. The left-most 

ighlighted void has the largest vertical distance of approximately 

.3 μm. 

The CNT coating’s cross section is shown in Fig. 4 c . This coat- 

ng is comparatively more compact than the GF and GO coatings. 

 micro-porous network and some larger-sized voids can be seen. 

owever, the voids are significantly smaller than in the previous 

wo coatings. With the same deposition time, this coating results a 

it thicker than the GO coating, but significantly thinner than the 

F coating. It has an average thickness of 5.5 ± 1.5 μm. For the 

egion analyzed, this coating also presents 27% variation in thick- 

ess. This was expected, since CNT tend to form large agglomer- 

tes, which were clearly visible in the SEM micrograph. The CNT 

oating presents dark regions where the coating appears very com- 

act, with some identifiable small voids (shown by the violet ar- 
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Fig. 5. Zoomed-in image showing the micro-porous network of the CNH coating. 

The green solid line highlights the substrate-coating interface, whereas the green 

dashed line highlights the interface between the CNH coating and the protective Pt 

coating. 
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Fig. 6. Load-dependent ECR of coated and reference samples. The arrows indicate 

the direction in which the loading and unloading semi-cycles were carried out. 
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ows). The small region highlighted (left arrow) has a maximum 

idth of about 2.9 μm, whereas the larger region (right arrow) 

as a maximum width of 6.6 μm. These regions may be larger 

NT agglomerates that were not broken apart during the disper- 

ion process. Lighter regions represent areas with lower CNT den- 

ity and larger voids. Nonetheless, this coating appears to be the 

ost favorable for electrical current flow, atmospheric protection, 

nd solid-state lubrication. Regarding the former, although many 

mall voids are present, the CNT appear to have an adequate in- 

erconnection between the different regions of the coating. Conse- 

uently, this coating provides different pathways for electrons to 

e conducted from the electrode towards the substrate. Likewise, 

his is also an advantage for atmospheric protection since the lack 

f connection between voids blocks the flow of atmospheric con- 

aminants towards the substrate. The larger voids observed in the 

ighter regions were measured. The average pore width is 0.55 μm. 

lthough, they present a standard deviation of 0.25 μm, showing 

hat within the larger voids there is significant variation in their 

imensions. Moreover, this coating presents a seamless interface 

ith the substrate. Some regions show voids at the interface; how- 

ver, they are relatively small. Additionally, within the region with 

oids at the interface, CNT particles can be seen extending towards 

he substrate. This is of great interest since it promotes a better 

dhesion of the coating to the substrate. 

Finally, the CNH coating’s cross section is shown in Fig. 4 d . As 

educed from the SEM micrograph of the coating’s surface ( Fig. 

 d ), this coating is very thin, uniform, and compact. It has an av- 

rage thickness of 1.8 μm with a standard deviation of 0.2 μm. 

he variation in thickness accounts for about 9% in the region an- 

lyzed, further proving the uniformity of the coating. The fissures 

hat were observed on the coating’s surface do not seem to extend 

ithin the coating (in the region analyzed), thus they do not af- 

ect the potential atmospheric protection of the coating. However, 

ue to the thin nature of the coating, it is hard to visualize. There- 

ore, Fig. 5 shows the coating at a larger magnification. In this im- 

ge, the micro-porous network of the coating can be clearly ob- 

erved. Observing this micrograph, many small voids can be iden- 

ified. However, the CNH are connected to one another forming a 

omplex structure of bonded particles, which in turn potentially 

nhances the coating’s atmospheric protection behavior. Regard- 

ng the coating’s electrical properties, the complex CNH network 

ould hinder the electron transport properties. Nonetheless, there 

re multiple paths for the electrical current to flow towards the 

ubstrate due to the interconnected network of the CNH. Further- 

ore, as a consequence of the particle morphology, their potential 

s solid lubricants is of great interest. The voids present an aver- 

ge width of 0.12 μm with a standard deviation of 0.04 μm. From 

ig. 4 d , the CNH-substrate interface appears smooth and seamless. 
8 
owever, as Fig. 5 shows, that is not the case. The voids found 

hroughout the coating also extend to the interface, with few CNH 

articles in contact with the substrate. This has the potential to 

educe the mechanical stability of the coating, allowing for an ef- 

ortless removal of the coating after mating and un-mating cycles 

f a coated electrical contact. 

All coatings were produced with a deposition time of five min- 

tes. Considering the ratio between the mean particle/agglomerate 

ize of the CNP (7.09, 5.01, 6.61, and 0.26 μm for GF, GO, CNT, and 

NH, respectively) and the mean coating thickness (12.8, 4.24, 5.53, 

nd 1.8 μm for GF, GO, CNT, and CNH, respectively), it can be stated 

hat CNH has the highest deposition rate of all four nanoparticles. 

t is followed by GF; however, its deposition rate is significantly 

ower than CNH. GO and CNT have the lowest deposition rates. 

hese nanoparticles have similar mean agglomerate sizes, and both 

roduce coatings that are similar in thickness. 

In addition to deposition time, voltage is also an important 

arameter. Since it is the electric field who imparts the elec- 

rophoretic force on the dispersed nanoparticles, which in turn is 

etermined by the voltage applied; therefore, larger nanoparticles 

equire larger voltages. Consequently, the small particle and clus- 

er size of CNH (and by maintaining 300 V on all depositions) ex- 

lains the higher deposition rate of CNH nanoparticles. This also 

ustifies why GO and CNT have similar deposition rates, since these 

NP have similar particle sizes. However, GF’s deposition rate was 

ot expected. Considering that GF are relatively large, it was antic- 

pated that it would have the lowest deposition rate. Nonetheless, 

n account of the larger dimensions of the particles, thick coatings 

ere expected. 

.4. Single-cycle electrical characterization 

Load-dependent ECR values are shown in Fig. 6 . The curves 

hown on the plot correspond to one measurement cycle (a load- 

ng semi-cycle and an unloading semi-cycle). The arrows indicate 

he loading and unloading directions. As a consequence of the val- 

es recorded, the nanovoltmeter was used with a range of 1 V to 

easure the four coatings, whereas 0.1 V was used for the copper 

eference sample (to minimize uncertainty in this measurements) 

78] . All semi-cycles show the same tendency, i.e., higher ECR for 

ower loads, which is expected. This is a consequence of the com- 

ression of the coatings. As the normal load increases, the coat- 
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c

ngs are compacted by the counter electrode, thus filling the voids 

ithin the coatings, and therefore improving the connectivity of 

he nanoparticles. Furthermore, as the load increases the round- 

eaded counter electrode’s apparent contact area also increases; 

onsequently increasing the real contact area as well. In addition 

 due to the elastic behavior of the coatings - as the counter elec- 

rode compresses the coatings, it is immersed. This immersion of 

he rivet further increases the contact area. As the coatings are 

ompacted - and the apparent contact area increases - so does the 

eal contact area. The real contact area increases as the asperities 

a-spots) of the electrodes come into electrical contacts. The elas- 

icity of the coating increases the real contact area, approximating 

t to the apparent contact area. This is highly sought-after since it 

educes the constriction resistance of the system by augmenting 

he a-spots that are in electrical contact. 

As the figure shows, there is a clear hierarchy in the resistance 

f the coatings and substrate. As expected, the copper substrate 

as the lowest resistance at 10 N with a value of 52 m Ω . The

ubstrate is followed by the CNT, CNH, GF, and GO coatings with 

41 m Ω , 219 m Ω , 373 m Ω , and 985 m Ω at 10 N, respectively. This

ierarchy was expected since GO and GF present high anisotropy 

n their transport properties. As the FIB cross sections shown in 

ig. 4 a and Fig. 4 b these nanoparticles are randomly deposited, 

resenting different particle orientations. Ideally, the GF and GO 

articles should be deposited vertically. In that case these coat- 

ngs would conduct the electrons in-plane, direction in which their 

lectrical conductivity is higher. Nonetheless, within the randomly 

istributed coating, some particles were deposited in a more-or- 

ess vertical direction, improving the electrical properties of the 

oating in these regions. However, this is more prominent in the 

F coating. Since GF particles are larger, it is crucial that there is 

nterconnectivity between the particles, considering that the voids 

enerated within the coating are consequently also larger. Particu- 

arly for the GO coating, the oxygen atoms present in the structure 

ue to the synthesis method hinder the nanoparticle’s electrical 

roperties. In addition to this particle’s anisotropy, oxygen atoms 

ct as scattering sites for the electrons; therefore, the electrical re- 

istance increases. Moreover, the interface between the GO coating 

nd the substrate affects its electrical properties. Among the four 

oatings analyzed, GO presents the weakest interface (shown by 

he porous interface in the FIB cross, Fig. 4 b ). Consequently, higher 

ontact forces must be applied to achieve an adequate electrical 

ontact between the counter electrode, coating, and substrate. The 

F coating also presents a weak interface, however, not as signifi- 

antly as GO. Voids present at the interface in the GO coating rep- 

esent up to 70% of the coating’s thickness. Whereas the dimension 

f the voids located at the interface in the GF coating are insignif- 

cant relative to the thickness of the coating (accounting for less 

han 15% of the coating thickness). Moreover, both coatings show 

lastic behavior since the ECR curves follow nearly the same ten- 

ency in the loading and unloading semi-cycle. It is interesting to 

oint out that although the GF coating is more than twice as thick 

s the GO coating, the thickness does not play as a significant role 

s previously hypothesized. It was initially believed that thinner 

oatings would present lower ECR, however, these two coatings 

rove that the orientation of the nanoparticles is of greater im- 

ortance than overall thickness (for these specific CNP). 

The behavior of the CNH coating was unexpected, showing the 

econd-best electrical behavior of the analyzed coatings. Due to the 

orphology of the particles (dahlia-shaped particle constituted of 

ingle-walled CNT with horn-shaped caps at their ends and semi- 

onducting behavior) and it being a semiconducting CNP, it was 

ot expected that it would show ECR values similar to that of the 

NT coating. However, it was expected that the CNT coating would 

ave lower resistance among the four CNP. Since multi-walled CNT 

ere used, these nanoparticles always behave as metallic conduc- 
9 
ors. Nonetheless, for low contact forces in the loading semi-cycle, 

he CNT coating shows higher ECR values than CNH (3.8 Ω against 

.5 Ω ). The CNH coating has a highly elastic behavior. Its ECR curve 

s very narrow, with the final value being similar to the initial 

alue (1.9 Ω and 2.4 Ω , respectively). On the other hand, after the 

nloading semi-cycle the CNT coating presents significantly lower 

esistance than the CNH coating (0.76 Ω ). These two coatings also 

resent the advantage that they are relatively thin (especially the 

NH coating). Thin coatings require lower normal loads for the 

ounter electrode to reach the substrate, compacting the coating 

nd reducing the film resistance. The compacting process allows 

or a better contacting area between the counter electrode, coating, 

nd substrate, improving the real contact area and thus reducing 

he constriction resistance. Therefore, the resistance of the entire 

ystem is not significantly elevated. At maximum load (10 N), the 

esistance difference between the CNT and CNH coating is 80 m Ω 

approximately 140 m Ω and 220 m Ω , respectively). Although these 

esistances seem low, they are extremely high compared to the val- 

es of the copper substrate. The substrate has an ECR of approx- 

mately 60 m Ω at 10 N. The CNT coating has more than double 

he resistance, whereas the CNH coating almost quadruple that re- 

istance. However, these values are still relatively low considering 

hat copper is one of the metals with the best electrical conduc- 

ivity. This makes it is difficult to enhance copper’s intrinsic elec- 

rical properties. Any additional layer added to this outstanding 

onductor significantly affects the conductivity of the pure metal. 

onetheless, at low normal loads the ECR values recorded for the 

opper substrate are comparable to the resistances of the coatings. 

his is because low normal loads do not puncture the native ox- 

de layer that is formed on its surface. After puncturing this oxide 

ayer however, the resistance of the substrate rapidly decreases. At 

.5 and 1 N the substrate shows the lowest resistance out of all the 

amples (approximately 1.5 Ω ), when only considering the loading 

emi-cycle. However, the values do not differ significantly from the 

nitial values of the CNH coating (about 2 Ω ). At 2 N the resistance

f the substrate is identical to that of the CNH coating. For the 

ubsequent loads the resistance continues decreasing, reaching the 

owest value at 10 N. As a consequence of the lower range used 

or the substrate’s measurement (0.1 V), the measurements have a 

ower uncertainty. Therefore, at 10 N the value corresponding to 

he loading semi-cycle differs slightly from the value correspond- 

ng to the unloading semi-cycle. This difference detected may be 

aused by plastic flow of the substrate at this load. On the sub- 

trate, the ECR at low loads in the unloading semi-cycle is higher 

han the corresponding values during the loading semi-cycle. This 

s a consequence of the deficient contact between the copper sam- 

le and the counter electrode when unloading. As the load in- 

reases, the surface of the copper was deformed by the round 

ounter electrode. During the unloading semi-cycle, as the load is 

radually reduced, the real contact area decreases at a higher rate 

fewer a-spots are in contact) due to the deformation that has oc- 

urred during the loading semi-cycle. With the normal load below 

 N the real contacting area is small, causing the ECR values to be 

omparable to the CNH coating. The same phenomenon was ob- 

erved for the CNH coating, showing higher ECR at 0.5 N in the 

nloading semi-cycle than in the loading semi-cycle. This is a con- 

equence of the thin nature of the coating. Due to the thickness of 

he GF, GO, and CNT coating, the resistance in the unloading semi- 

ycle is always lower than in the loading semi-cycle. Thus, enhanc- 

ng the electrical contact between the coatings and the counter 

lectrode even at low loads. 

.5. Post single-cycle ECR coating characterization 

After carrying out the ECR measurements, the rivets and the 

oatings were observed under CLSM. The parameters of the CLSM 
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Fig. 7. CLSM intensity profile of CNP coating (top) and Au rivet (bottom); a-b) GF, c-d) GO, e-f) CNT, and g-h) CNH after one ECR measurement cycle. 

a

r

c

T

7

a

d

t

s

l

t

i

s

m

F

m

c

T

d

c

t

u

7

f

a

t

p

r

i

h

c

e

L

c

t

c

F

t

l

d

t

m

t

A

t

t

s

s

a  

t

C  

G

T

h

i

t

a

l

a

i

t

w

d

h

b

a

e

C

o

t

n

a

S

t

p

s

a

i

p

t

3

f

re identical to those described in Section 2 . Before observing the 

ivets under CLSM they were wiped with paper cloth and later 

leaned with compressed air. The images are shown in Fig. 7 a-h . 

he GF coating and the rivet’s surfaces after ECR are shown Fig. 

 a and Fig. 7 b , respectively. The GF coating was partially removed 

fter the electrical measurements. Part of the removed coating was 

eposited on the rivet itself. Graphite was also found remaining on 

he paper used to wipe the rivet before observing under the micro- 

cope. Although, the coating was not entirely removed. The mark 

eft behind by the indenting counter electrode was circumscribed; 

he resulting circle had a diameter of approximately 470 μm. Sim- 

larly, the coating that was deposited on the rivet after the mea- 

urements was circumscribed resulting in a diameter of approxi- 

ately 235 μm. The GO coating and rivet after ECR are shown in 

ig. 7 c and Fig. 7 d , respectively. This coating was also partially re- 

oved after the ECR measurements, in similar manner as the GF 

oating. Moreover, the counter electrode was also partially coated. 

he diameter of the circumscribed mark left behind by the in- 

enting counter electrode is approximately 460 μm. Regarding the 

oated rivet, it has a diameter of approximately 275 μm. GO par- 

icles were cleaned away when wiping the rivet before observing 

nder CLSM. Observing the CNT coating and rivet, Fig. 7 e and Fig. 

 f respectively, it can be seen that the mark left correlates per- 

ectly to the deposition on the rivet. The mark and deposition have 

n approximate diameter of 250 μm. The coating’s surface shows 

hat part of the CNT were removed, but to a lesser extent com- 

ared to the previous coatings. In the mark we can also see darker 

egions, which correspond to CNT agglomerates that remain in the 

ndented area. Likewise, the image of the rivet shows areas with 

igh concentration of CNT and areas without CNT. These images 

oincide, i.e., the intensity map of the coating shows CNT agglom- 

rates in regions where the rivet does not show CNT particles. 

ikewise, the rivet shows regions with CNT deposited where the 

oating shows partial removal of the coating. No traces of CNT par- 

icles were observed when wiping the rivet after the measurement 

ycle. Finally, the CNH coating and rivet are shown in Fig. 7 g and 

ig. 7 h . The intensity map of the coating shows partial removal of 

he nanoparticles on the outer ‘ring’ of the indented area, showing 

ittle to no CNH particles in the center of the circumference. The 

iameter of the interaction zone is approximately 220 μm, whereas 

he deposited CNH particles in the rivet has a diameter of approxi- 

ately 200 μm. A clear correlation between the indented region in 

he coating and the CNH deposition in the rivet can be observed. 
10 
s for CNT, no traces of CNH particles were observed after wiping 

he rivet. 

The different interaction zones of the indenting counter elec- 

rode are interesting. They provide information on the compres- 

ion that the coatings have undergone, but also on the mechanical 

tability of the coatings. Observing the intensity maps of the GF 

nd GO coatings - Fig. 7 a and Fig. 7 c , respectively - it is evident

hat the coating was removed at a higher rate than in the case of 

NT and CNH, Fig. 7 e and Fig. 7 g . As described in Section 3.2 , the

F and GO coatings have a very weak interface with the substrate. 

he interface presents multiple large voids which hinder the ad- 

esion of the coating to the substrate. Consequently, the coating 

s easily removed by the indenting counter electrode. Comparing 

he areas where the GF and GO coatings were removed with the 

reas on the rivet where the respective CNP were deposited, the 

atter is in the range of half of the former (470 μm to 235 μm 

nd 460 μm to 275 μm, respectively). This shows that the coat- 

ng area removed is higher than that deposited on the rivet. Addi- 

ionally, these two coatings left behind CNP residue on the rivet, 

hich was wiped away after the ECR measurements. This further 

emonstrates the fragility of these two coatings due to lack of ad- 

esion with the substrate. The higher amount of CNP removed can 

e attributed to weaker adhesion to the substrate, compared to the 

dhesion between CNP. Consequently, when retracting the counter 

lectrode, the CNP deposited on the counter electrode remove the 

NP in the vicinity of the contact area. The CNT and CNH coatings, 

n the other hand, show a similar behavior regarding the diame- 

er of the circumscribed area affected in the coating and deposited 

anoparticle on the rivet’s surface (250 μm in both cases for CNT 

nd 220 μm to 200 μm for CNH). As the FIB cross sections from 

ection 3.2 demonstrated, these two coatings present a better in- 

erface. That is, the coating-substrate interfaces are seamless (es- 

ecially compared to the GF and GO). Therefore, the mechanical 

tability of the coating is superior. This is the reason why the area 

ffected in the coatings matches the area affected in the rivets. The 

nteraction between the CNP and the substrate is stable enough to 

revent additional CNP removal when retracting the counter elec- 

rode. 

.6. Dual-cycle electrical characterization 

Multiple loading and unloading semi-cycles provide useful in- 

ormation on the elasticity of the proposed coatings. An advantage 
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Fig. 8. Load-dependent ECR of coated samples over two cycles of a) GF, b) GO, c) CNT, and d) CNH. The gray line depicts the ECR values on the first loading semi-cycle, 

whereas the red line shows the first unloading semi-cycle. The blue and green line depict the ECR values of the second loading and unloading semi-cycles, respectively. 
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f CNP coatings is the ability of the coatings to return, to a certain 

egree, to their original form after the load has been removed. 

his elastic restitution of the coatings ensures repeatability in the 

ontacting area after the first mating and un-mating cycle. Further- 

ore, this behavior improves the contacting area, consequently 

educing the constriction resistance. Two-cycle ECR measurements 

ere carried out on the four coatings produced. The ECR curves 

re shown in Fig. 8 . As the figure shows, the coatings behave 

imilarly on both measurement cycles. The most elastic coating 

easured was the CNH coating, since the curve corresponding to 

he first cycle is nearly the same for the second cycle. The least 

lastic coating measured was the CNT coating, showing high ECR 

alues initially (for low loads in the first loading cycle). However, 

s the measurement cycle progresses, the resistance decreases and 

emains relatively low. The GF and GO behave in a similar manner. 

hese coatings are not as elastic as the CNH coating, but these 

lso do not show a significant decrease after the first loading cycle 

ike the CNT coating. Between GF and GO, GO shows slightly more 

lasticity than GF. This is due to the inherent high flexibility and 

echanical strength of the graphene nanoparticles. Furthermore, 

s observed in Section 3.2 , GO particles form large networks. When 

oading on these GO clusters they will deform, copying the curved 

hape of the counter electrode. Contrarily, GF particles do not form 

lusters or agglomerates. In addition, GF particles are randomly 

riented when deposited. Graphite interlayers interact weakly with 

ne another. Therefore, when loading on a GF particle - displacing 

he particle from its original position - there is no restitution 
11 
orce. Consequently, the elasticity of the coating is relatively low. 

The elasticity of the CNH coating can be attributed to two 

ey factors, i.e., the compactness of the coating and intrinsic 

roperties of the nanoparticle. The latter refers to the fact that 

NH particles, when compressing a nanohorn axially, are capable 

f absorbing energy. When the compressing force is removed, the 

nergy absorbed returns the nanohorn to its original shape. This 

roperty fundamentally guarantees an elastic coating. Although 

he CNH coating presents a porous network, the voids are small 

n dimensions. Therefore, when applying a normal load on the 

oating, the force does not significantly compact the coating; thus, 

he coating behaves elastically since the displacement is marginal. 

Although the CNT coating does not show an elastic behavior 

n the first loading semi-cycle, in the subsequent semi-cycles it 

ehaves moderately elastic. Nonetheless, this coating shows the 

owest ECR values. All measurements taken after the first loading 

emi-cycle above 1 N normal load show an ECR value below 

0 0 0 m Ω . The minimum resistance value for this coating was ob- 

erved at 10 N in the first unloading semi-cycle, with a resistance 

f approximately 150 m Ω . However, this coating also shows the 

ighest initial ECR value in the first loading semi-cycle at 0.5 N, 

ith an approximate value of 8460 m Ω . The initial high values of 

CR may be a consequence of the large CNT agglomerates. Due to 

he geometry of CNT, when compressed radially, the electrostatic 

orces restitute the original shape of the CNT when the load is re- 
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Table 3 

. Summary of key findings. 

GF GO CNT CNH 

Topography Very low homogeneity Low homogeneity Mild homogeneity High homogeneity 

Compactness High porosity Moderately high porosity Mild porosity High compactness 

Mean thickness /μm 12.8 ± 0.9 4.2 ± 1.2 5.5 ± 1.5 1.8 ± 0.2 

Coating-substrate interface Weak Weak Moderate Seamless 

Deposition rate Moderate Low Low Very high 

ECR at 10 N /m Ω 373 985 141 219 

Elastic restitution Moderate Moderate (Initially) Low Very high 
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oved. However, CNT agglomerates are formed by weakly-bonded 

NT. Thus, the first loading semi-cycle breaks apart the CNT ag- 

lomerates, producing smaller agglomerates. Therefore, in the sub- 

equent semi-cycles the resistance of the system is different from 

he first semi-cycle since the contacting surfaces are not the same. 

In all cases, for high normal loads, the resistance of the sys- 

em in the first cycle is higher than in the second cycle. This is a 

onsequence of the deformation of the substrate. In the first load- 

ng semi-cycle, the substrate is mirror polished. As the load in- 

reases, the counter electrode penetrates the CNP coatings reach- 

ng the substrate. Consequently, the hard gold rivet indents the sur- 

ace of the substrate deforming it. On the second cycle the counter 

lectrode contacts the deformed surface. This should decrease the 

onstriction resistance, approximating the real contact area to the 

pparent contact area. However, if that were the case, the resis- 

ance should decrease instead. The increase in electrical resistance 

n the second cycle (compared to the first unloading semi-cycle) 

ay be a consequence of a deficient contact between the elec- 

rodes. For the analyzed coatings, the resistance values at 10 N in 

he first cycle is between 60% and 70% of the ECR values - at the 

ame load - in the second cycle. Furthermore, the unloading semi- 

ycles show the lowest average resistance values throughout the 

ntire semi-cycles. This behavior is a consequence of the coating. 

hen unloading, the contact area between the counter electrode 

nd the sample is gradually decreases. However, as the load on the 

oatings decreases, the CNP gradually return - approximately - to 

heir initial positions, mimicking the geometry of the counter elec- 

rode. Therefore, as the load decreases the decrease in contact area 

s compensated by the coating, improving the electrical contact be- 

ween the counter electrode and the coated sample. 

The following table ( Table 3 ) summarizes the key findings of 

his work. Through this study, it was determined that CNH coatings 

roduce the most homogeneous topographies, followed by CNT, 

hen GO, and GF the most heterogeneous topographies. Regarding 

ompactness, CNH produce highly compact coatings, followed by 

NT, then GO, with GF producing the most porous coatings. CNT 

nd CNH coatings present adequate adhesion compared to GO and 

F coatings, which show weak interactions with the substrate. The 

ighest deposition rate was observed for CNH. GF follows, although 

ith a much lower deposition rate. GO and CNT show similar de- 

osition rates, the lowest out of the CNP in question. CNT present 

he lowest ECR at 10 N, followed by CNH and GF. GO shows the 

ighest ECR at 10 N, with values close to 10 0 0 m Ω . GF and GO

oatings behave moderately elastic in multi-cycle ECR measure- 

ents. CNT showed the least elastic behavior, however after the 

rst semi-cycle the elasticity moderately increased. CNH showed 

he highest elasticity out of the four CNP. 

. Conclusions 

Four different CNP were deposited on copper substrates via 

PD. Load-dependent ECR measurements showed that, for normal 

oads above 4 N, the resistance of the systems was always be- 
12 
ow 1 Ω , except for coatings produced with GO. The oxygen atoms 

resent in GO act as scatter sites for the electros, hindering this 

oatings conductivity. Additionally, oxygen generates lattice defects 

n the graphene structure which further compromise the conduc- 

ivity. CNT and CNH coatings proved the most favorable coatings. 

t 10 N the CNT and CNH coatings showed the lowest and second 

owest ECR, respectively. Furthermore, although the CNT coating 

id not show an elastic behavior for the first loading semi-cycle, 

t did behave elastically for subsequent semi-cycles. On the other 

and, the CNH coating shows a clear elastic behavior throughout 

oth measurement cycles. Additionally, these coatings’ interfaces 

ith the substrate are seamless, thus guaranteeing a better adhe- 

ion and mechanical stability. Finally, these two coatings produce 

hin and uniform - in the case of CNH - coatings. Accordingly, these 

wo CNP coatings have the potential application of protecting and 

ubricating electrical connectors for the following reasons: 

• Both CNT and CNH have been proven effective as solid-state lu- 

bricants. 
• They produce relatively compact coatings and have a hydropho- 

bic behavior for atmospheric protection by manipulating their 

surface chemistry. 
• Both CNT and CNH have high thermal conduction coefficients, 

thus dissipating the heat produced by Joule’s effect. 
• Above 4 N normal load, CNT and CNH showed ECR values be- 

low 400 m Ω . 

In future works, it is of interest to analyze the ideal coating 

hicknesses (i.e., EPD duration) for the different CNP based on the 

CR values measured. Moreover, tribological testing on the coat- 

ngs produces is of interest. Fretting and scratch tests would help 

uantify the lubricating behavior of the CNP coatings and their 

dhesion, respectively. Additionally, different copper alloys are of 

nterest, thus obtaining a wider understanding on how the sub- 

trate influences the deposition rate, adhesion, and electrical be- 

avior of the systems. Furthermore, substituting GO with rGO can 

e a promising alternative for electrical contact applications. The 

bsence of oxygen and fewer lattice defects in the graphene struc- 

ure should improve the ECR of the coating. In addition, sessile 

rop tests are of interest; therefore analyzing the wetting behav- 

or of the different CNP coatings. 
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