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Abstract

Realization of high efficiency and long transmission range in high-frequency wireless power
transfer (WPT) systems has always been hindered by the increased resistance due to the eddy
current loss occurring in the inductive coils. In this study, multi-walled carbon nanotube-coated
copper (MWCNT-Cu) coils are successfully introduced to address this limitation by implementing
the frequency-inert MWCNT channels along with using their high-surface areas to realize the
electromagnetic shielding of the Cu substrate through multiple reflection mechanisms. At a
frequency of 15 MHz, the resistance of the individual MWCNT-Cu coil was reduced to less than
40% of its original value for primitive Cu, leading to more than a four-fold increase in their quality
factor. When MWCNT-Cu coils were used as the transmitting component, the transmission
efficiency of the WPT system increased from 10.57% to 95.81% at a transmission distance of 4
cm and a frequency of 3.45 MHz. Finally, it was demonstrated that the loss reduction improved as
the eddy current loss became more severe in coils with higher inductance values, which makes this
approach promising for significantly improving the performance of inductive components in WPT

applications.

1. Introduction

The development of wireless power transfer (WPT) systems based on magnetic resonance
coupling has received increasing attention in recent years due to their promising potential
applications such as wireless charging,[1-3] radio-frequency identification (RFID),[4] and
biomedical microelectronics.[5-7] According to C95.1-2005-IEEE Standard, the MHz range
frequency is required to be incorporated in the design process of the WPT system, in order to
reduce risks deriving from human/animal exposure.[8] This, however, leads to increased AC
resistance in conventional copper (Cu) coils due to skin- and proximity-effect losses, thereby
limiting the power transmission efficiency and effective range of WPT systems.[9-13] To address
this limitation, several approaches have been proposed for the fabrication of inductive coils, such
as using Litz-wires,[14-16] magnetoplated wire,[17] and planar spiral winding (PSW). However,
the impact of these approaches is limited to KHz frequencies.[12, 18] In addition, they add a

considerable amount of complexity to the fabrication process and are not scalable.

Multi-walled carbon nanotubes (MWCNTSs) have attracted a great deal of attention due to their

outstanding properties, specifically in high-frequency (HF) applications.[19-24] In particular, the



high conductivity and permeability of MWCNTs, along with their high aspect ratio and
exceptional mechanical strength, compared to their carbon-based counterparts such as graphene
nanoplatelets, make them promising candidates for electromagnetic shielding through
intensification of the multiple internal reflection mechanism.[25-29] In addition, as highlighted in
previous reports, the AC conductivity of MWCNTSs remains relatively unchanged with respect to
the varying magnetic field due to their large momentum relaxation time,[21, 22, 30-32] thereby

making their electrical performance almost independent of the frequency.

In this work, we propose the fabrication of MWCNT coatings on the surface of Cu coils via the
electrophoretic deposition (EPD) method, in order to prevent the deflection of current density in
Cu by forming a highly conductive, frequency-independent electrical channel. At the same time,
MWCNT coatings can attenuate the external electromagnetic field in the vicinity of the adjacent
turns in the Cu coils, preventing the deflection of current density in Cu and thereby suppressing
loss due to the proximity effect. The impedance characteristics of individual MWCNT-coated Cu
(MWCNT-Cu) coils were studied and compared to those characteristics prior to the deposition of
MWCNTs. In addition, the impact of MWCNT coating on the transmission efficiency parameters
of the WPT system was investigated by using the MWCNT-Cu coils as transmitters.

2 Experimental section
2.1 Sample preparation

Fig.1a shows the schematic diagram of the EPD system used for the formation of the MWCNT
coatings on the surface of the Cu coils. The coils were fabricated by bending a Cu piping with a
6-mm outer diameter and a 1-mm wall thickness. According to previous theoretical and
experimental studies, the internal reflection of the electromagnetic field and the AC conductivity
of the MWCNT coatings is in direct relation with their aspect ratio.[25, 30, 33, 34] In addition,
their surface area, which is crucial in electromagnetic shielding, is inversely proportional to their
diameter. Therefore, we aimed to use MWCNTs with the highest aspect ratio of equal to 8000
(smallest diameter ~ Snm, highest length ~ 40 um) which were commercially available in order to
realize the best electrical performance and the highest electromagnetic shielding in MWCNT-Cu
coils. Moreover, the EPD parameters were chosen in a way to minimize the porosity and

accordingly to avoid inter-tube resistance in the fabricated MWCNT coating. A 1g/L MWCNT



solution was prepared by dispersing MWCNT powder (Cheap Tubes, Inc) uniformly into 1, 2-
Dicholoroethane (DCE) (Sigma-Aldrich, Inc) followed by sonication for 2 hours. The Cu coils
were then submerged in the MWCNT-DCE solution acting as the cathode, while a cylindrical thin
copper foil was used as the anode. The deposition of MWCNTs was then carried out under a DC
applied voltage of 25 V for 10 min. Next, the MWCNT-Cu coils were dried out at 250°C under

vacuum conditions for 2 hours.

(a) DC power supply

Cathode (The coil)
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Fig. 1. Fabrication and characterization of MWCNT-Cu spiral coils. (a) Schematics of the EPD
setup. Inset shows the top-view photograph of the MWCNT-Cu coil used as the transmitter coil.
(b) Cross-sectional SEM image of the MWCNT-Cu spiral coil sample. (¢) Top view SEM image
of the deposited MWCNTs. The inset shows a typical TEM image of a single MWCNT with inner
and outer diameters of ~2 nm and ~ 5 nm, respectively. (d) Angled view SEM image taken from
the surface of the MWCNTSs partially etched away via fs laser etching. The red solid line shows
the thickness profile along the width of the etch area (red dashed line). (€) Raman mapping of G-

band peak intensity obtained at the area shown in (d).
2.2 Characterization

Structural properties of the MWCNTSs were investigated using Field emission scanning electronic
microscope (FESEM, Hitachi S4700), transmission electron microscope (JEM 2010, JEOL, Japan),

and optical surface profiling system (Zygo NewView 8300). Room-temperature Raman spectral



analysis was performed using a micro-Raman spectrometer (Renishaw inVia™ Plus, Renishaw).
An argon ion laser (A =514 nm) with an output power of 3.0 mW was used as the excitation source,
and the spectra was collected using a x50 objective lens with an accumulation of 1.0 s per position.
Four-point probe measurements were, indeed, carried out for all of the fabricated MWCNT
coatings in order to compare their DC conductivity with previously reported results, monitor their
quality, and check the repeatability and reproducibility of the EPD step. These measurements were
carried out using an Agilent 4155C semiconductor parameter analyzer connected to a probe station
(Cascade Microtech, MPS150) equipped with HVP probes. The AC performance of the MWCNT-
Cu coils was studied using an impedance Analyzer (HP, 4192A). All the samples were
characterized at 0 < f < 15 MHz frequency range which covers all the values applied to the design
of the recent large-scale and sub-meter gap WPT systems.[17, 35-37] In addition, a wide-
bandwidth (500 MHz) digital storage oscilloscope (TDS3052B Tektronix, Inc) was used to analyze
the steady-state power transmission efficiency characteristics of the MWCNT-Cu-coil-based WPT
systems. The parasitic contact resistance between the coils and the power probes was measured

and de-embedded from the collected data in all of the measurements.

3 Results and discussion
3.1 Structural analysis

Fig. 1b depicts the field emission scanning electron microscopy (FESEM) image taken at the cross-
section of the MWCNT-Cu spiral coil, where MWCNT coatings were uniformly formed on the
surface of the Cu coils via the EPD method. A closer view of the MWCNTs in Fig. 1c reveals that

VVoL'd
1%

the coating appears to have an intertwined structure. The void fraction (¢ = %X 100) [38]

Total

calculated from void volumes V|, .. and the total MWCNT volume V. . of the composite for all

of the samples was ~ 26 %. This is of considerable importance because the high conductivity of
the MWCNT coating is essential, as it both provides a low-resistance channel on the surface of the
coil and shields it from magnetic interference from the adjacent turns.[39, 40] The measured DC
conductivity of the samples studied range between 244000 and 333000 S/cm which is close to
previously reported values obtained from numerical simulations.[30] On the basis of the TEM

observation (inset in Fig. 1c), the inner and outer diameters of MWCNTSs can be estimated to be ~



2 nm and ~ 5 nm, respectively. The thickness of the MWCNT coatings was studied through
femtosecond (fs) laser ablation of MWCNTs at a given area (see the Experimental section), as
depicted in Fig. 1d. The thickness of the MWCNT coating was observed to be around 8 um at
which the most uniform coating was obtained. Fig. 1e shows the Raman intensity mapping of the
G-band obtained at the vicinity of the laser-ablated area in Fig. 1d, further confirming the
uniformity of the MWCNT coating.

3.2 Characteristics of individual MWCNT-Cu coils

Fig. 2a shows the eddy current-induced AC resistance (Rac) of a coil before and after the formation
of the MWCNT coating on Cu foils. As expected of Cu conductors, the magnitude of Rxc
monotonically increased as a function of the frequency (f) due to the copper losses. However, the
Rac value was reduced for the MWCNT-Cu coil and became less dependent on the frequency,
indicating the mitigation of the proximity effect. Specifically, the R,c value of the MWCNT-Cu
coil was reduced to 60% of its original value at a frequency of 15 MHz. As shown in Fig. 2b, the
inductance value (L) of the MWCNT-Cu coils increased by more than 50% of its original value at
f= 15 MHz, thereby increasing its quality factor by four fold. In fact, these improvements were in
direct relation with f (Fig. 2c). The percentage reduction of the Ryc of the MWCNT-Cu coils
compared to ordinary ones (calculated at f = 15 MHz) can be calculated by:

RAC,Cu - RAC,MWCNT -Cu

A= x 100. (1)

RAC,Cu

where Rac cy and Rac mwent-cy are the AC resistance of the coils before and after the formation of
the MWCNT coating, respectively. The 4 value for a number of coils studied in this work is
illustrated in Fig. 2d with results indicating a positive value. In addition, it was noticed that A value
tended to increase as the number of turns (N) and, accordingly, the L value increased. It is known
that the proximity effect becomes more significant and leads to a considerable increase in the Rc
value as the L value increases.[41] Therefore, the direct relation between the A value and the L
value in Fig. 2d demonstrates the effectiveness of the proposed approach in reduction of the eddy

current-induced power loss as it becomes more severe in coils with higher inductance values.
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Fig. 2. (a) Rac, (b) L, and (c) the quality factor as functions of frequency for the Cu spiral coil
before (black line) and after (red line) the formation of MWCNT coatings. (d) The calculated
percentage Reduction (A) of the Rac vs L along with its experimental uncertainties. Note that f =

15 MHz was chosen since the proximity effect was significant and measurable for all of the

samples at this frequency.

Based on the results obtained from the electrical measurements, it was evident that the R,c of the
MWCNT-Cu coils was significantly reduced due to the suppression of the copper loss, by forming
a low-resistance, frequency-independent MWCNT layer on Cu surface, where the MWCNTs
provided an auxiliary conduction channel with a frequency-independent conductivity, as
qualitatively illustrated in Fig. 3a. Both theoretical and experimental studies have proven that high
aspect ratio in MWCNTs leads to large electrical conductivity.[25, 33] The one-dimensional
structure of the MWCNTs increases the probability to reduce the inter-tube gaps and accordingly
contribute to a highly conductive network of MWCNTs. In addition, the aspect ratio is in direct

relation with the surface area of the MWCNT coating, which is essential for the attenuation of the



external magnetic field and suppressing the proximity effect. Therefore, the large surface area of
the MWCNTs helps intensify the internal reflection of the electromagnetic field induced by the

varying current in neighboring turns, preventing the redistribution of the internal current and,

thereby, suppressing the proximity effect (Fig. 3b).
(a)

Fig. 3. (a) A qualitative comparison of the skin-effect-induced current distribution between the Cu
(left) and MWCNT-Cu (right) coils in a single turn, where the red arrows represent the deflected
current density in the metal substrate and the green arrows represent the added current density in
the MWCNT channel. (b) Cross-sectional schematic diagram and the corresponding proximity
effect-induced field redistribution in the Cu coil (top) and MWCNT-Cu coil (bottom). Note that

the white arrows represent the external electromagnetic field incident upon each conductor.
3.3 Characteristics of WPT system including MWCNT-Cu coils as transmitters

Fig. 4a and b show the photograph and equivalent circuit of the WPT system used in this study,
respectively. The coils were installed on an adjustable test bed in order to change the air gap
distance (X) between the transmitting and receiving coils (Fig. 4a). As shown in Fig. 4b, the coils
were modeled as lumped inductors in series with a resistance representing the overall parasitic

losses caused by skin- and proximity-effects. C; and C, represent the primary and secondary series



resonance capacitors, respectively, which are used to maximize the efficiency of the WPT system.
The value of these capacitors can be calculated by:

2
(an Resonance)

¢ = e @

where /= 3.45 MHz is the resonance frequency and L is the inductance value of each coil. To
investigate the impact of the MWCNT-Cu coils as transmitter components on the performance of
a WPT system, we measured and compared the power transmission efficiency of WPT systems
based on MWCNT-Cu coil and bare Cu coil under various conditions (Fig. 4c-f). It should also be
pointed out that the input power was kept constant (~ 0.5 W), and a similar receiver coil was used

for all of the experiments.

Fig. 4c compares the measured # value of the WPT system (at X =4 cm) as a function of the load
resistance (Ry) for a given coil (L = 4.640 pH) before and after the formation of MWCNT coating
on Cu coils. We found that efficiency degrades with the increase in Ry, which is expected for all
classes of WPT systems.[42-44] Compared to bare Cu coil, an overall increase in the # value was
observed when the MWCNT-Cu coil was used as the transmitter coil. In particular, the efficiency
of the WPT system based on MWCNT-Cu coil at R = 3 Q was calculated to be ~ 95.81 %, which
is much higher than the one based on bare Cu foil (~ 10.57 %). The efficiency improvement was
also observed in similar experiments conducted for a variety of coils. We then calculated the ratio

of the transmission efficiency for the case where MWCNT-Cu coils were used to its pristine value

MwWCNT - cu

(

n o .
) at R = 10 Q (Fig. 4d). The direct relation between the % ratio and the L value

T’Cu Cu
further suggests the successful suppression of the copper losses in MWCNT-Cu coils, which
reportedly tend to become more severe in higher inductances due to the intensification of the

electromagnetic field around the coils.
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Fig. 4. (a) Photograph of the aligned WPT system using MWCNT-Cu spiral coil as the transmitter
coil. (b) Equivalent circuit of the WPT system. (c) Transmission efficiency vs. R;. (d) The

MWCNT - cu . . . .
calculated ——— as a function of L at X =4 cm. (e) Transmission efficiency vs. distance (X).
Cu

n -Cu
) % as a function of L at X = 15 cm. All of the experiments were carried out at /= 3.45
Cu

MHz.

Fig. 4e shows the efficiency of the aforementioned transmitter coil (Ly; = 4.640 uH) as a function



of the air gap distance (X) before and after the formation of the MWCNT coating. It was observed
that the efficiency was in reverse relation with X, which can be attributed to the degradation of the
magnetic coupling between the transmitter and receiver coils. However, the 7 value of the WPT
system based on MWCNT-Cu coil was slightly increased, particularly for X > 14 cm. At the
distance (X) of 17 cm, a two-fold increase in the efficiency was observed due to the presence of
the highly conductive MWCNTs, leading to the reduction in AC resistance. In addition, a direct

) . Muwent-cu .
relationship between the calculated —,. ratio and the L value was observed (Fig. 4f), where
Cu

the larger the L value, the higher the improvement in the transmission efficiency. This indicates
that the proposed method is effective in increasing the available transmission range through
suppression of the proximity effect, which is reportedly significant in WPT systems, including

coils with large L values.[45-47]

4 Conclusions

In conclusion, we have successfully fabricated uniform, dense, and highly conductive MWCNT
layers on the surface of Cu coils in order to suppress the copper loss in MHz WPT systems, where
MWCNTs performed as an alternative frequency-independent electrical channel, leading to the
suppression of the skin effect in Cu coils. A four-fold increase was achieved in the quality factor
of the MWCNT-Cu coils (at f =15 MHz). The high aspect ratio and the large surface area of the
MWCNT coating was proved to play an important role in the reflection of the external
electromagnetic field induced by the current flowing in the adjacent turns, thereby leading to the
mitigation of the proximity effect. When MWCNT-Cu coils were used as the transmitter
components in the WPT system, efficiencies as high as 95.81% were realized at f = 3.45 MHz.
Furthermore, we demonstrated that the proposed method was effective at increasing the available
load resistance and transmission range. The improvements achieved in this work were in direct
relation with the inductance value of the coils, indicating the potential of MWCNT coatings in

improving the performance of the WPT systems.
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