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In this study, the coating thickness evolution of pristine and oxidized carbon nanotubes (CNT) on stainless steel 

substrates is investigated. Potentiostatic electrophoretic deposition (EPD) is used as a coating technique with two 

different additives, triethylamine (TEA) and magnesium nitrate hexahydrate (Mg-Nit). Moreover, the depositions 

are conducted at different voltages (50, 100 and 150 V). Confocal laser scanning microscopy is used to determine 

the thickness of the CNT depositions after 1, 2, 5, 10, 20 and 30 min. Furthermore, the ability of Hamaker’s 

law to accurately predict coating thickness development is investigated for the thickness evolution on stainless 

steel. 

Independent of the additive, the results show that higher voltages lead to increased deposition rates. Com- 

paring the two additives, Mg-Nit generally allows for a higher CNT deposition rate than TEA and forms thicker 

layers. Coating thickness development can be approximated as linear during the initial 5 min with Mg-Nit and 

during the initial 20 min with TEA. Finally, Hamaker’s law allows for a fairly accurate approximation for the 

thickness development of CNT coatings with TEA on stainless steel. 
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. Introduction 

Electrophoretic deposition (EPD) is a technique that enables the de-

osition of charged particles from a colloidal suspension onto a con-

uctive substrate to obtain homogeneous coatings. After being devel-

ped in 1808 by Reuss, EPD was applied for the first time in 1933 to

oat platinum cathodes [1] . During EPD, particles dispersed in a suit-

ble solvent move under the influence of an electric field (electrophore-

is) towards an oppositely charged electrode immersed in the suspen-

ion and deposited on it over time. Primarily, EPD is known as a tech-

ique to deposit ceramic particles and has as such been successfully

sed for a wide range of mostly ceramic particles such as TiO 2 [2] ,

eO 2 [3] , Al 2 O 3 [ 4 , 5 ], yttria stabilized zirconia (YSZ) [6] , hydroxya-

atite [ 7 , 8 ] and bioglass [9] dispersed in various solvents. Considering

ractical aspects, EPD is a simple and cost-effective, yet efficient coat-

ng technique that requires modest equipment and has the ability to

orm homogeneous coatings even on geometrically complex substrates.

t the same time, it is scalable and provides extensive process control

y adjusting deposition time, voltage, electrode spacing and suspension

omposition. 

Hamaker developed a linear equation in 1940 aiming to model the

eposition process of EPD [10] . With different notations according to
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ho et al. [11] , Hamaker’s equation can be written as follows: 

 ( 𝑡 ) = ∫
𝑡 

0 
𝑓 ⋅ 𝜇 ⋅ 𝐸 ⋅ 𝐴 ⋅ 𝐶 𝑠 ⋅ 𝑑𝑡 (1)

ith 𝑤 being the deposition yield in 𝑘𝑔, 𝜇 = 

𝜀 𝜀 0 𝜉
𝜂

the electrophoretic

obility in 𝑚 
2 

𝑉 𝑠 
where 𝜀 is the dielectric constant of the solvent, 𝜀 0 the

ielectric constant of the vacuum in 𝐴𝑠 

𝑉 𝑚 
, 𝜉 the zeta potential in 𝑉 and

the viscosity in 𝑃 𝑎 ⋅ 𝑠 , 𝐸 the electric field strength in 𝑉 
𝑚 

, 𝐴 the coated

rea in 𝑚 

2 , 𝐶 𝑠 the particle concentration in 
𝑘𝑔 

𝑚 3 
and 𝑓 an efficiency factor

also referred to as “sticking parameter ”), depending on whether each

article reaching the anode will contribute to the layer. Assuming the

implification that all factors are time-independent, the integral trans-

orms to a multiplication: 

 ( 𝑡 ) = 𝑓 ⋅ 𝜇 ⋅ 𝐸 ⋅ 𝐴 ⋅ 𝐶 𝑠 ⋅ 𝑡 (2)

Ever since Thomas et al . deposited multiwall carbon nanotubes

CNTs) onto a metallic surface [12] , EPD has started to generate wider

nterest for being applicable to sp 2 -hybridized carbon nanoparticles, as

t has proven to be an effective technique to form homogeneous car-

on nanoparticle coatings. This applies particularly to CNT coatings for

ribological applications [13–15] , wettability tuning [14] , in superca-
3 
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Fig. 1. Top view confocal laser scanning micrograph of a frontier between a 

CNT-coated part of the sample surface (right) and another part where the coating 

was removed (left). The coating thickness was determined by measuring the 

height difference between these two regions of interest using CLSM. 
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acitors [16] or vertically aligned CNTs on carbon fiber [17] . More-

ver, EPD has proven to successfully deposit carbon onions [ 18 , 19 ],

arbon nanohorns [20] , but also graphene quantum dots [21] and other

raphene-related materials [22] . 

In order to obtain coatings with EPD, the dispersed particles must

ave a surface charge in suspension. Carbon nanoparticles with sp 2 hy-

ridization generally show a negative surface charge stemming from the

eprotonation of oxygen-containing functional groups such as hydroxy

r carboxy groups [23] . These groups are incorporated during synthesis,

rimarily at the caps but also on the side walls [24] . This is facilitated

y their curved structure and the associated increased reactivity due

o pyramidalization of the 𝜋-orbitals [25] . However, further oxidizing

NTs in a strongly acidic environment enhances the incorporation of

unctional groups and, thus, the negative surface charge which will in-

uence the deposition kinetics. Functionalization may be advantageous

s shown by Gojny and Schulte, where functionalizing CNTs lead to im-

roved interfacial adhesion of CNTs in epoxy composites [26] . 

Deposition results during EPD can be improved by using additives,

f which there is a wide variety, such as salts like nickel chloride

27] or quaternary ammonium salts [28] and nitrates, most promi-

ently aluminium nitrate [29] and magnesium nitrate hexahydrate (Mg-

it) [ 30 , 31 ]. The latter, along with triethylamine (TEA) [ 13 , 14 ], are

mongst the most commonly used additives for CNT deposition. When

sing Mg-Nit, Mg 2 + ions non-covalently attach to the negative surface

roups causing the deposition to occur on the cathode. The use of TEA

n the other hand leads to an anodic deposition [32] . 

In this work, the layer thickness evolution of CNT coatings on stain-

ess steel substrates is studied during potentiostatic EPD with TEA and

g-Nit as additives. Secondly, a linear approximation of CNT layer

rowth based on Hamaker’s law was performed in order to precisely

redict coating thickness, which can save a significant amount of char-

cterization time and, therefore, increases applicability. 

. Materials and methods 

.1. Materials 

Multiwall CNT acquired from Graphene Supermarket (Calverton,

SA) were used in this study. According to the provider, the outer diam-

ter varies between 30 and 85 nm, with a length of 10-15 μm and a car-

on fraction above 94 %. Triethylamine (99.0 %, Chemsolute, Germany)

nd magnesium nitrate hexahydrate (Merck, Germany) were used as ad-

itives. As substrates, platelets (20 ×20 ×1 mm 

3 ) of AISI 304 austenitic

tainless steel (BRIO Kontrollspiegel GmbH, Germany) with mirror pol-

shed ( S q = 9 nm) surface were utilized. 

.2. Functionalization and dispersion preparation 

Prior to the deposition, a batch of CNTs were functionalized with a

NO 3 /H 2 SO 4 mixture (v/v ratio 3:1). In a first step, the CNTs were dis-

ersed in the acid mixture via ultrasonication (Bandelin, Sonorex Super

K 514 Bh, 35 kHz-860 W) for 10 min. Next, the CNTs were oxidized in

he mixture for 72 h at 80°C under reflux. Subsequently, the CNTs were

ltered and washed with deionized water until the pH of the permeated

ater reached 7. Finally, the functionalized CNTs were dried in an oven

vernight at 100°C. 

Each dispersion consists of 80 ml of isopropanol (IPA) and 8 mg (cor-

esponds to a concentration of 0.1 mg/ml) of either pristine (p-CNTs)

r oxidized CNTs (o-CNTs). In addition, either 10 ml of TEA or 2 mg

f Mg-Nit were used as additives to support the deposition process. The

our following suspensions were used: 

- IPA + TEA + p-CNT 

- IPA + TEA + o-CNT 

- IPA + Mg-Nit + p-CNT 
- IPA + Mg-Nit + o-CNT t  

2 
The CNTs were dispersed with an Ultra-Turrax (T25 digital, IKA,

ermany) shear mixer for 5 min at 5000 rpm followed by 10 min of

ltrasonication in the same device mentioned above. 

.3. Electrophoretic deposition 

Two stainless steel platelets serving as electrodes were immersed in

he dispersion and connected to a DC power supply (Consort EV3020,

arl Roth, Germany). Deposition was conducted in potentiostatic mode

t three different voltages (50 V, 100 V and 150 V) for the following

eposition times: 1, 2, 5, 10, 20 and 30 min. For each set of parameters

ne sample was coated. 

.4. Characterization 

To assess the degree of functionalization, X-Ray Photoelectron Spec-

roscopy (XPS) was used to determine the oxygen content. XPS mea-

urements were performed with an ESCA MkII spectrometer (Vac-

um Generators) in normal emission mode using Al-K 𝛼 excitation

 ћ ∙𝜔 = 1486.6 eV) and a 150°-type hemispherical analyzer. Survey spec-

ra were recorded with a pass energy of 50 eV, detail spectra (for analysis

f elemental composition) were recorded with a pass energy of 20 eV.

he calibration was made to the Au-4f 7/2 line at 83.80 eV. 

Zeta potential measurements were performed with a Malvern Pana-

ytical Zetasizer at a temperature of 20°C with a refractive index of 2.47

nd an absorption of 0.99. 

A Haake Rotational Rheometer (RheoStress 1, Thermo Fisher Scien-

ific) was used to determine the viscosity of the EPD dispersions. Steady

hear measurements were conducted at room temperature in constant-

tress mode. The ratio of cup to bob radii was 1.0847 with a gap of 1.45

m. 

To determine the thickness of the CNT coatings, an Olympus LEXT

LS4100 confocal laser scanning microscope (CLSM) with a 50x objec-

ive (NA: 0.95) at a laser wavelength of 405 nm was used. As illustrated

n Fig. 1 , coating thickness was measured by comparing two regions of

nterest and forming the difference. To verify the CLSM data, coating

hicknesses were also measured using scanning electron micrographs

hat were prepared using a Helios NanoLab 600 dual beam workstation

SEM/FIB, by Field Electron and Ion Company) at an acceleration volt-

ge of 5 kV and a current of 1.4 nA. 

. Results and discussion 

.1. Dispersion, CNT and coating characterization 

Fig. 2 shows the XPS survey spectra of p- and o-CNTs. The spec-

ra display mainly the C1s and O1s peaks as well as the C-KVV and
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Table 1 

Overview of the characterization data. Carbon and oxygen content of p- and o-CNTs measured by XPS. Zeta potential of the CNTs in different 

dispersions with and without additives. Viscosity for the dispersions and for IPA. 

Pristine Oxidized 

Carbon (at. %) 98.62 96.40 

Oxygen (at. %) 1.38 3.60 

Additive - TEA Mg-Nit - TEA Mg-Nit 

Zeta potential (mV) − 15.27 ± 1.50 − 10.99 ± 1.16 − 6.34 ± 0.98 − 29.63 ± 1.89 − 20.73 ± 1.31 + 14.30 ± 0.86 

Viscosity (mPa ∙s) - 1.89 ± 0.08 2.37 ± 0.09 - 1.95 ± 0.08 2.24 ± 0.07 

Fig. 2. XPS survey spectra of p- (blue) and o-CNTs (red). Inset: C1s detail spec- 

tra. 
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V

-KKL Auger peaks with no traces of other elements. The C1s detail

pectra (inset) of both samples display a narrow main contribution

t 284.3 eV (as characteristic for sp 2 C bonds) and the small broad

hake-up 𝜋 satellite around 290.5 eV [33] . Between the main peak and

he 𝜋 satellite only small contributions from C-O, C-OH and/or C = O

pecies contribute to a small shoulder of the main peak. The analysis

f the C1s and O1s spectra (peak intensity above Shirley background

34] scaled with the photoemission cross sections by Yeh and Lin-

au [35] ) provides atomic ratios of C:O = 98.62:1.38 and 96.40:3.60

or p- and o-CNTs, respectively (see Tab. 1 ) showing that the acid-

unctionalization leads to a considerable increase of the CNTs’ oxy-
ig. 3. Top view scanning electron micrographs showing the coating thickness deve

 and (c) 2 min at 100 V. 

3 
en content. The additional oxygen is incorporated to a large de-

ree in the form of oxygen-containing functional surface groups such

s carbonyl and hydroxy groups [ 23 , 36 ], but mainly carboxy groups

37] . 

To determine the CNTs’ surface charge in solution, the zeta poten-

ial was measured while the particles are dispersed in different suspen-

ions (results shown in Table 1 ). Comparing p- and o-CNTs reveals that

he acid-functionalization causes the zeta potential in pure IPA to be-

ome more negative, roughly by a factor of 2.5. This outcome was to be

xpected due to the further incorporation of carbonyl, hydroxy or car-

oxy groups. Carboxy groups in particular are known to deprotonate in

olution, and form carboxylate anions which dominate the interaction

ith the additives and provide the CNTs with negative surface charges

37] . 

Adding TEA to the deposition suspension seems to attenuate the

NTs negative zeta potential (regardless of oxidation state). We believe

hat, to a certain degree, TEA protonates to ammonium (NH 4 
+ ) and sub-

equently non-covalently complexes some of the carboxylates on the sur-

ace of the CNTs, thereby mitigating the negative charge. The presence

f Mg-Nit has the same yet more enhanced effect. In solution, Mg-Nit

issolves into Mg 2 + and NO 3 
− . The former also forms complexes with

he surface groups. In the case of o-CNT, the zeta potential completely

hifts to become positive. 

The viscosities of the different dispersions were determined to model

he coating thickness development according to Hamaker’s equation. In

eneral, low-viscosity suspensions are preferred as they pose less resis-

ance to particle motion during EPD. The data presented in Table 1 in-

icate that CNT/Mg-Nit dispersions exhibit an increased dispersion vis-

osity compared to CNT/TEA dispersions. This can be explained by

igher electrostatic forces from bivalent Mg + 2 ions leading to stronger

ttracting forces between the CNTs which generally increases the vis-

osity. In addition to that, the viscosity of pure TEA is low (0.347

Pa ∙s [38] ) resulting in an overall viscosity decrease of the CNT/TEA

ispersion. 
lopment of o-CNTs deposited with TEA (a) after 1 min at 50 V, (b) 2 min at 50 
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Fig. 4. Coating thickness development (measured using CLSM) in the presence of TEA and Mg-Nit for pristine (a-c) and oxidized (d-f) CNTs at 50, 100 and 150 V. 
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In Fig. 3 , top view scanning electron micrographs at different

tages of the thickness development of o-CNTs deposited with TEA

re shown. The first deposition after 1 min at 50 V shows individ-

al o-CNTs (randomly oriented) together with a few o-CNT agglom-

rates as well as the underlying substrate ( Fig. 3a ). When the depo-

ition time is doubled ( Fig. 3b ), the coating covers the substrate al-

ost completely, however, the underlying substrate is still recogniz-

ble in some locations (orange markings). Fig. 3c shows, that dou-

ling the voltage over a deposition period of 2 min results in a coating

hat fully covers the surface and incorporates large agglomerates (green

arkings). 

.2. Development of CNT coating thickness 

Fig. 4 shows the temporal coating thickness development of pristine

 Fig. 4a - c ) and oxidized ( Fig. 4d - f ) CNTs deposited with either TEA or

g-Nit as an additive at 50 V, 100 V and 150 V measured by CLSM.

he CNT coatings generally grow thicker as deposition time increases,

egardless of the oxidation state or the additive. Moreover, higher volt-

ges typically lead to higher deposition rates which is consistent with

he literature [ 39 , 40 ]. Initially, the thickness development can be ap-

roximated as linear. In the presence of Mg-Nit, this applies during the

rst 5 min (95.8% < R 

2 < 99.3%). Afterwards, the curve kinks down-

ards in most cases. This agrees well with the findings of Gardeshzadeh

nd Rasouli who investigated the deposition yield of multiwall CNTs

ispersed in ethanol with Mg-Nit as an additive [40] . TEA exhibits simi-

ar behaviour, however, linear growth is maintained for roughly 20 min

93.0% < R 

2 < 99.7%). 

The difference in coating thickness between TEA and Mg-Nit tends to

e more pronounced at higher voltages and longer deposition periods.

owever, p- and o-CNTs deposited in the presence of Mg-Nit at 150 V

emonstrate that longer deposition periods and higher deposition rates
4 
o not necessarily result in thicker coatings. In those cases, the depo-

ition rate starts to decline, and it appears as if a maximum is reached

round 20 min ( Fig. 4c and f). This maximum represents a saturation

tate where the CNT deposition shields and, thus, neutralizes the elec-

rical field of the underlying electrode. This is in agreement with results

btained by Singh et al. for graphene oxide-polymer composite at 10 V

41] . 

Consequently, layer thickness decreases as both individual CNTs and

NT agglomerations detach from the deposition due to the lack of an

ttractive force. Decreasing CNT concentration in the suspension over

he course of the deposition is another factor contributing to the slow-

own of the deposition rate [40] . Saturation seems to occur in TEA

lso, as demonstrated by the o-CNTs’ flattening deposition rate after

0 min at 150 V ( Fig. 4f ) or possibly exceeded it already. Achieving

aturation below 150 V seems to require deposition periods beyond

0 min. 

Within a study published in 2004, Wang and co-workers used EPD

o coat copper substrate with ZnO nanoparticles [42] . The development

f layer thickness was studied over time at deposition voltages of 20, 60

nd 100 V. Initially, the ZnO layer grew almost linearly. After a certain

eriod of time, the line starts to flatten and eventually plateau. Overall,

hese results correspond well with ours. 

With just over 20 μm, o-CNTs with Mg-Nit at 150 V produce the

hickest coatings. Several factors contribute to this. First, the highest

oltage results in the strongest electrical field and hence the high-

st deposition rate prior to saturation. Secondly, functionalization in-

reases the amount of superficial carboxyl groups and, thus, leads to

n enhancement of the negative surface charge [ 23 , 43 ], as corrobo-

ated by the respective zeta potentials listed in Table 1 . Moreover, Yi

nd Chen proved that Ca 2 + forms bidentate rather than monodentate

omplexes with carboxyl groups on the surface of multiwalled CNTs

37] . Ca 2 + binds more effectively to the carboxyl groups on highly
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Fig. 5. FIB cross-sections of the CNT coatings 

(without protective coating) after a deposition 

time of 20 min at 150 V with (a) pristine CNTs 

with TEA, (b) oxidized CNTs with TEA, (c) pris- 

tine CNTs with Mg-Nit and (d) oxidized CNTs 

with Mg-Nit. 
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Table 2 

Overview of the parameters used for Hamaker modelling. 

A 2.64·10 − 4 m 

2 

E 

(assuming an electrode distance 

of 1.5 cm) 

3333.33 V·m 

− 1 (50 V) 

6666.66 V·m 

− 1 (100 V) 

10000.00 V·m 

− 1 (150 V) 

C S 0.10 kg·m 

− 3 

𝜀 (IPA) 20.18 [44] 

𝜀 0 8.85·10 − 12 A·s·V − 1 ·m 

− 1 

p  

t  

s  

d  

e

 

r  

t  

s  

t  

a  

t  

i  

t  

w  

y  

p  

t  

fi

xidized CNTs compared to lower oxidized CNTs because there is a

reater probability that a larger proportion of carboxyl groups will be

n sufficient proximity to form bidentate complexes on highly oxidized

NT surfaces. In isopropanol, Mg-Nit dissolves to nitrate and Mg 2 + ,

hich behaves similarly to Ca 2 + (both bivalent). Once again, this is

upported by the zeta potentials ( Table 1 ) which shows that the ad-

ition of Mg-Nit leads to a positive charge on o-CNTs opposed to the

-CNTs. 

Focused ion beam (FIB) was used to prepare cross-sections of the

NT coatings and their thickness was measured using SEM to validate

he CLSM measurements. Contrary to the standard FIB procedure, pro-

ective Pt coatings were omitted due to the CNTs mechanical flexibil-

ty which otherwise resulted in the compression of the coatings. Fig. 5

hows electron micrographs with coating thicknesses of pristine and ox-

dized CNTs deposited with TEA and Mg-Nit after 20 min at 150 V,

hich are in good agreement with coating thicknesses measured by

LSM (additional FIB cross-sections after a deposition time of 10 min

t 50 V are shown in S1 in the Supplementary Information). As pre-

iously mentioned, the increase in coating thickness can be approxi-

ated as linear during the initial 20 min of deposition using TEA and

uring the initial 5 min using Mg-Nit as an additive. Fig. 6 shows the

inear regression lines fitted to the coating thicknesses deposited at 50

, 100 V and 150 V obtained by CLSM. The corresponding Hamaker

ines, which were calculated using experimentally determined parame-

ers ( Tables 1 and 2 ), are plotted alongside. To assess whether Hamaker

s suitable for accurately predicting coating thickness evolution, we

ntroduce a slope ratio 𝛽 = 

𝑠𝑙 𝑜𝑝𝑒 ( 𝑙 𝑖𝑛𝑒𝑎𝑟 𝑓𝑖𝑡 ) 
𝑠𝑙𝑜𝑝𝑒 ( 𝐻𝑎𝑚𝑎𝑘𝑒𝑟 𝑓𝑖𝑡 ) ( 𝛽 = 1 represents perfect

onformity). 

Independent of oxidation or deposition voltage, 𝛽TEA is relatively

lose to 1, hence Hamaker’s equation can be used for a rough ap-
5 
roximation of the coating thickness when the CNT suspension con-

ains TEA as an additive. This is not the case for Mg-Nit suspen-

ions since 𝛽Mg-Nit deviates strongly from 1, meaning that the actual

eposition rate is considerably higher than predicted by Hamaker’s

quation. 

Analyzing each of the parameters considered by Hamaker, it is

easonable to state that the vast majority of them remain constant

hroughout the deposition. Particularly, considering that there are no

ignificant changes in Zeta potential and viscosity, therefore, the elec-

rophoretic mobility will remain constant. The same is true for the

pplied electric field (interelectrode distance is constant) and deposi-

ion area. Thus, the only two parameters in Hamaker’s equation that

ndeed change with time are the efficiency factor f and the concen-

ration. Considering that the concentration is expected to diminish

ith time, the only compensating parameter left is f. The increase in

ield can thus be traced back to a high compactness of the CNTs de-

osited with Mg-Nit (as observable in Fig. 5c and d ), likely associated

o a stronger interaction of the bivalent ions with the applied electric

eld. 
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Fig. 6. Linear coating thickness development with TEA during the initial 20 min of deposition for (a) pristine and (b) oxidized CNT. Linear coating thickness 

development with Mg-Nit during the initial 5 min of deposition for (c) pristine and (d) oxidized CNT. The dotted lines represent the corresponding Hamaker lines. 
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. Conclusion 

Within this study, the temopral coating thickness development of

ristine and oxidized CNTs on stainless steel substrates were investi-

ated. EPD was used as a coating technique with dispersions containing

wo different additives over a range of voltages. The following are the

ey findings of this work: 

■ Regardless of additive or oxidation state, the coating thickness grows

linearly during the initial phase of the deposition. The duration of

that period depends on the additive. 

■ After deposition times of 20 min and more, coating growth indicates

saturation. This becomes particularly evident at higher voltages. 

■ Regarding the additives, Mg-Nit typically exhibits higher deposition

rates and, thus, forms thicker coatings than TEA over the same de-

position period. 

■ Hamaker’s equation can serve as a rough estimation for the thickness
of CNT coatings deposited from dispersions containing TEA. l  
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