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ABSTRACT 

This study demonstrates the versatility of Joule heating driven chemical vapor deposition to 

deposit nanometal interconnections into porous CNT roving with application in the production of 

high electrical conductivity copper-carbon nanotube (Cu-CNT) hybrids. Modifications of vapor 

deposition parameters allow for deposited nanometal masses from less than 5 % w/w to over 

85 % w/w and distributions that can be controlled towards either hot-spot site-specificity or overall 

uniformity. Depositions of copper, platinum, nickel, palladium, ruthenium, rhodium, and iridium 

are demonstrated from acetylacetonate precursors. In particular, platinum acetylacetonate 

(Pt(acac)2) deposits nanometal seeds that adhere tightly to the CNT roving, producing 

improvements in resistance and specific conductivity. The properties of the platinum deposition 

compared to the copper deposition motivate an investigation into its use as an interfacial layer for 

Cu-CNT hybrids. CNT conductors with ~30 % w/w platinum are electroplated with copper, 

densified, and annealed to produce Cu-CNT hybrid conductors with specific conductivities as high 

as 5772 S·m2/kg and TCR (from 300–600 K) as low as 3.12 × 10-3 K-1, indicating good 

interconnection of the metal and CNT portions. Room temperature conductivities of 29.8 MS/m 

are achieved, comparable to metallic conductors. Thus, Pt(acac)2 seeded Cu-CNT hybrids offer 

abundant promise in high conductivity applications. 
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1. Introduction 

Metal-carbon nanotube hybrids are a promising approach to combine the advantages of both 

materials into a single composite electrical conductor. Conventional metals such as copper offer 

high electrical conductivity (58 MS/m) around room temperature, but decline in operation at 

elevated temperatures due to a high temperature coefficient of resistance (TCR) (3.83 × 10-3 K-1 

with respect to 300 K) [1]. For example, the conductivity of copper decreases by a third from 

300 K to 450 K. Conversely, bulk carbon nanotube (CNT) conductors offer a combination of a 

low TCR [2–4] and robust mechanical properties (i.e. high tensile strength, flexibility, and 

corrosion resistance) [5,6], but have an order of magnitude lower room temperature electrical 

conductivity compared to both common conductor metals like copper of 58 MS/m [1] and the 

theoretical limit for individual CNTs of >100 MS/m [7,8]. Thus, a hybrid material that is able to 

combine the high electrical conductivity of a metal like copper with the low TCR of CNTs 

promises to reduce ohmic losses in higher temperature applications such as in transformers, 

generators, and motor stator windings [6].  

There have been a number of studies in the production of metal-CNT hybrid electrical 

conductors through techniques such as electroplating [2,9–13], powder processing [14–17], and 

physical vapor deposition [18–21]. The approach using CVD to deposit metals onto CNTs has 

emerged as a novel alternative compared to these other techniques described recently in a 

comprehensive review [22]. The initial study to demonstrate Joule heating driven CVD of a bis(t-

butylacetoacetato) Cu(II) [Cu(tBAOAC)2] precursor towards the purpose of producing bulk Cu-

CNT electrical conductors established a number of distinct advantages conferred by the technique 

[23]. Modification of the applied current to heat the CNT substrate conductor allows depositions 

to be specifically targeted towards hotter regions in the conductor. These regions can naturally 
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exist near areas of high resistance. Furthermore, the use of a penetrating vapor allows for the 

deposition of metal throughout the interior volume of the CNT substrate conductor, in contrast to 

the surface depositions of physical vapor deposition and certain demonstrations of aqueous 

electroplating. Thus, the potential exists for nanometal depositions that are able to bridge areas of 

high resistance and form interconnections both between discrete bundles of CNTs and between 

CNTs and metal overcoats, thereby enabling enhanced electrical transport throughout the 

composite.  Finally, Joule heating driven CVD can be carried out within the period of an hour or 

less, a substantial improvement over the up to 24 hour period that metal seeding via electroplating 

in an organic solution may take [24]. The nanometal deposits formed during CVD processing may 

then act as nucleation sites or “seeds” for subsequent electroplated coating [23].  

While the initial study [23] focused on copper seeds deposited from the Cu(tBAOAC)2 

precursor, many metal-organic precursors are available making it possible to use the technique to 

deposit a wide variety of metals with little to no change in deposition conditions. The high contact 

angle of spherical copper seed particles indicates limited physical and electrical interaction 

between the metal and CNTs, a phenomenon that has been frequently identified in the literature 

[13,22,25,26]. Attempts to improve electrical transport across the copper-CNT interface typically 

involve the functionalization of the CNT surface [12,13,22,27], or the use of an interfacial metal 

[11,13,17,22,28]. In the latter case, the ideal choice for the interfacial metal deposited through the 

CVD technique would result in seeds that act both as anchor points for the electroplating of copper 

and as electrical interconnection sites in their own right. Computational studies have indicated that 

metals like titanium, platinum, and palladium should have improved contact resistance [29] and 

stronger binding energies [30,31] with CNTs compared to copper and other common electrical 

conductors like gold. A previous study of a titanium adhesion layer deposited through thermal 



5 

 

evaporation demonstrated that such metal adhesion layers can also improve the temperature 

stability of a copper overcoat [32]. Additionally, previous literature demonstrated that platinum 

and palladium seem to interface well with bulk CNT wires, allowing for the maintenance of a low 

TCR with improved conductivity in metal plated CNT wires [2]. However, there have not been 

investigations into the use of metal like platinum, palladium, and related metals as interfacial or 

seeding layers for copper-CNT composites.  

In this study, we demonstrate the Joule heating driven CVD of platinum, palladium, nickel, 

ruthenium, rhodium, and iridium in comparison to the baseline copper seeds. The acetylacetonate 

(acac) versions of each precursor are utilized to produce the depositions, since the thermal 

decomposition of this family of precursors have been extensively studied [33–35]. The 

acetylacetonate precursors decompose at elevated temperatures with the typical evolution of 

acetylacetone and related decomposition products [34], leaving behind metal films. Cu(acac)2 and 

Pt(acac)2 in particular have both been observed to decompose in the range of 225–250°C [35,36]. 

To produce the highest quality hybrid electrical conductors, the impact of the mass and 

morphology of the seeds deposited via CVD must be investigated. In this work, we explore in 

depth the effects of precursor temperature, deposition pressure, the interval and intensity of the 

applied heating current, and the effect of precursor mass on the deposited nanometal mass and 

morphology. We demonstrate that platinum nanometal seeds deposited from platinum 

acetylacetonate [Pt(acac)2] fulfill the criteria of an effective interfacial interconnection metal, 

lowering the resistance while increasing specific conductivity of nanometal seeded composites. 

After electrodeposition of copper, densification, and annealing, the Pt(acac)2 seeded Cu-CNT 

hybrids are measured to produce combinations of high specific conductivity and low TCR that 
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indicate good electrical interconnection of the conductors, with conductivities approaching those 

of traditional metals. 

2. Experimental 

All depositions described herein are carried out onto a commercial CNT roving from Nanocomp 

Technologies Inc. (a Huntsman Company) (Miralon® lot 954738). CNT roving is an unspun free-

standing textile comprising CNT bundles that is ribbon-like in form, with average cross-sectional 

dimensions of 30 µm × 1.53 mm (with 20 % deviation possible in either dimension) [32], an 

average density of 0.12 g/cm3 [23], and linear density of 9.24 ± 0.35 mg/m when vacuum dried. 

Optical and scanning electron microscopy (SEM) images of the material are presented in Fig. S1. 

The surface clearly displays the CNT bundle structure, with no visible particles or impurities. The 

backscatter electron (BSE) image of the region shown in Fig. S4b has very low contrast, indicating 

a generally homogenous atomic composition. Energy dispersive x-ray spectroscopy (EDS) 

presented in Fig. S4g shows a strong carbon signal with a smaller peaks for iron (from the residual 

synthesis catalyst), as well as minor sulfur, silicon, and aluminum impurity peaks. The average 

resistance per length (R/L) of the dried material is 354 ± 12 Ω/m. A mechanical analysis of this 

material can be found in previously published work [23,32].  

Joule heating driven CVD was carried out in a three‑neck flask, outlined in Fig. S2 and described 

in our previous study [23]. In this setup, copper electrical leads crimped to flat copper clips are 

passed through rubber septa on opposite ends of the flask. Three 12 cm strands of roving are 

suspended in parallel between the flat copper clips. The strands of roving shared a common point 

of contact at the clips but otherwise hang free from one another within the flask. Under an inert 

argon atmosphere within a glovebox, masses of 5 mg to 50 mg precursor are added to the bottom 

of the flask. The precursors utilized are copper (II) acetylacetonate (CAS #13395‑16‑9, 
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Sigma‑Aldrich 99.9%), platinum (II) acetylacetonate (CAS #15170‑57‑7, STREM 98%), nickel 

(II) acetylacetonate (CAS #3262-82-2, Sigma-Aldrich 95%), palladium (II) acetylacetonate (CAS 

#14024-61-4, STREM 99%), ruthenium (III) acetylacetonate (CAS #14284-93-6, STREM 99%), 

rhodium (III) acetylacetonate (CAS #14284-92-5, STREM 97+%), and iridium (III) 

acetylacetonate (CAS # 15635-87-7, Alfa Aesar Ir 37.5% min). A hose‑barb adapter with a 

stopcock is used to seal the center neck of the flask. After removing the flask from the glovebox, 

the center neck is connected to a Schlenk line, which may provide either vacuum or 5 % H2/95 % 

Ar (mol/mol) gas. The flask is cycled between vacuum and the reducing gas three times before 

pumping down to a target pressure of 166 Torr, 0.300 Torr, or 0.175 Torr. A heating mantle is 

used to sublimate the precursor from the bottom of the flask, and the flask is wrapped in insulating 

glass wool for more even heating. Precursor temperature is modified by regulating the temperature 

of the heating mantle to set points between 130°C to 210°C. 

As described in previous work [23], deposition is carried out through the application of current 

to the CNT roving to induce Joule heating, as shown in Fig. S3. This Joule heating produces the 

thermal energy required to decompose the metal‑organic precursor into metal on contact with the 

CNTs. Two variations of the deposition process are presented in this text. In the continuous 

filament heating CVD (CFH‑CVD) process, current is applied to the CNT roving continuously 

throughout the entire one hour deposition process. The vapor phase precursor decomposes 

immediately upon contact with the hot CNT roving. In the delayed filament heating CVD 

(DFH‑CVD) process, no electrical bias is initially applied to the CNT roving, and the vapor 

precursor is allowed to condense onto the cool (unheated) CNT surface for a one hour period. After 

the one hour condensation of the precursor, 5 % H2/95 % Ar gas is introduced into the flask to 

return it to atmospheric pressure and then current is applied for a period of five minutes to 
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decompose the condensed metal-organic precursor. In either process, the total current applied to 

the three roving strands was set to values between 0.45 A to 1.2 A (between 150 mA/roving and 

400 mA/roving). At applied currents of 400 mA/roving and above, samples of the CNT roving are 

not consistently stable and sometimes fail due to excessive current induced heating [37] over the 

deposition period. 

Electroplating was carried out in the “sandwich” cell configuration described previously [23]. 

Briefly, the CVD seeded CNT roving is placed between a folded piece of Whatman 42 filter paper 

to act as a separator. Strips of battery grade copper foil are placed on either side of the filter paper 

as an anode. The cell stack is then placed between two glass slides and wrapped in Kapton tape to 

provide even compression. This cell is then submerged in the copper electroplating solution 

(Transene Acid Copper) and hooked up to a power source (Arbin BT2000). Plating is carried out 

under constant‑current conditions of 7.6 A/g to 15 A/g applied for time between 50 minutes and 

3 hours to reach a similar final total metal mass of 94.5 ± 0.2 %. Here, plating rate has been 

presented based on the mass of the CNT roving (A/g) rather than its surface area (A/cm2) due to 

local variations in the material’s surface area. After electroplating, the hybrid electrical conductors 

were densified in a rolling mill then annealed at 300°C for 3 hours in 5% H2/95% Ar (mol/mol) 

gas as described previously.[23] 

A Mettler Toledo XP‑2U microbalance was used to measure sample mass. Sample lengths were 

determined using Marathon CO030150 high precision digital calipers. Electrical resistance was 

measured through a room temperature current‑voltage (IV) sweep up to 50 mA for CVD seeded 

samples or 100 mA for electroplated and finished conductors in a four‑point probe configuration 

with a National Instruments NI PXI‑4110 programmable power supply and PXI‑4072 digital 

multimeter. The temperature coefficient of resistance (TCR) was measured using a Janis VPF‑800 



9 

 

cryostat attached to a National Instruments NI PXI‑4110 programmable power supply and an NI 

PXI‑4072 digital multimeter. Resistance was measured through an IV sweep up to 100 mA in a 

four‑point probe configuration at a base pressure of 10‑6 mBar from 300 K to 600 K (26.85°C to 

326.85°C) with an interval of 5 K. Two temperature cycles were measured for each sample and 

the data presented is from the second cycle which eliminates the effects of high temperature 

annealing and atmospheric doping [38,39] from the measurements. TCR was determined from the 

average slope of the resistance relative to the value measured at 300 K with respect to temperature. 

A FLIR A35 IR camera was used to obtain thermal images of the CNT roving as a function of 

electrical bias in air. An emissivity correction of 0.825 (determined through ASTM E1933) was 

applied to the thermal measurements of the CNT roving. The nanoscale morphology in the hybrid 

CNT conductors was evaluated by Hitachi S900 and Hitachi S4000 SEMs. Secondary electron 

micrographs were taken with accelerating voltages of 2‑10 keV. Cross‑sections for electrical 

conductivity calculations were produced by sectioning the conductor with a razorblade. EDS and 

BSE imaging were carried out in a Tescan Mira3 SEM equipped with a Bruker XFlash 6|30 EDS. 

Electron micrograph and EDS data were acquired with an accelerating voltage of 20 keV. 

Cross‑sections for EDS were produced by setting the samples in epoxy, cross sectioning with an 

ultramicrotome, and then coating the exposed sample surface with about 15 nm of conductive 

carbon. 

 

3. Results and Discussion 

3.1. Chemical Vapor Deposition of Nanometal Seeds 

In a prototypical study, copper and platinum were deposited from 25 mg of their respective 

acetylacetonate forms in a one hour DFH-CVD at 166 Torr with an applied current of 
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350 mA/roving and a mantle temperature of 200°C. Under scanning electron microscopy (SEM), 

shown in Fig. 1a, the deposition from Cu(acac)2 exhibits the spherical particle morphology 

expected of copper seeds on the CNT roving. Fig. S4d shows higher atomic number regions 

coincident with the spherical particles under BSE imaging which, combined with the emergence 

of a copper peak in EDS shown in Fig. S4g confirms that these particles are deposited copper 

seeds. The high contact angles of these spherical copper particles indicate limited adhesion and 

interaction with the CNT roving, represented in Fig. 1b, in line with the previously reported results 

[23]. In contrast, the prototypical deposition from platinum (II) acetylacetonate Pt(acac)2, shown 

in Fig. 1c, led to tightly bound platinum clusters on the CNT roving substrate. As with the copper 

seeds, BSE imaging in Fig. S4f and EDS data in Fig. S4g confirm that the smaller clusters are 

platinum. Compared to the copper particles with average diameters of ~40 nm, the platinum 

nodules within each cluster formed by the Pt(acac)2 deposition had nearly an order of magnitude 

smaller diameter of ~5 nm, represented in Fig. 1d. The lack of Ostwald ripening and coalescence 

in the platinum seeds is likely a result of a more energetically favorable interaction with the CNT 

roving surface as well as the higher melting point of platinum (1,768°C) compared to copper 

(1,085°C). The smaller, more closely bound clusters of platinum should act as a much more 

effective interconnection and seed metal that the large, discrete copper particles.  Therefore, 

platinum appears to be a promising alternative to compare to copper in the study of the impact of 

deposited seed mass and morphology. 
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Fig. 1. (a) 1 hour DFH‑CVD with 350 mA/roving, 25 mg Cu(acac)2 precursor, 166 Torr. (b) 

Illustration of a loosely bound seeding type deposition, as from the Cu(acac)2 precursor. (c) 1 hour 

DFH‑CVD with 350 mA/roving, 25 mg Pt(acac)2 precursor, 166 Torr. (d) Illustration of a more 

tightly bound seeding type deposition, as from the Pt(acac)2 precursor. 

 

The impact of precursor temperature on deposited mass was investigated by systematically 

varying the mantle temperature from 130°C to 210°C for a deposition of 50 mg Cu(acac)2 in a one 

hour CFH‑CVD at 166 Torr with 350 mA/roving current. The percent deposited metal mass is 

determined by dividing the mass added through the deposition by the mass of the seeded CNT 

conductor after the deposition. For example, a seeded CNT conductor that doubles in mass during 

the deposition would be calculated to be 50 % w/w metal. Fig. 2a demonstrates an increase in 
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deposited mass with increasing precursor temperature. At 130°C, composites of approximately 

20 % w/w Cu are produced, with a coating of Cu seeds visible across the surface of the roving 

(Fig. 2b). A temperature of 130°C is the lowest value that can be reliably obtained in this CVD 

setup due to radiative or convective heating of the reaction vessel by the electrically biased CNTs. 

Representative images from depositions at 155°C (Fig. 2c), 175°C (Fig. 2d), and 210°C (Fig. 2e) 

show increasingly higher densities of seeds across the surface of the hybrid conductor, eventually 

completely obscuring sight of the underlying CNT roving. Likewise, the depositions at 155°C, 

175°C, and 210°C led to progressively heavier mass loadings of 45 % w/w, 60 % w/w, and 

65 % w/w Cu, respectively. Thus, the increase in precursor temperature increases the rate of 

sublimation and partial pressure of the precursor within the flask, allowing for higher deposited 

masses within the given deposition time. The deposition density begins to plateau due to 

exhaustion of the precursor around 200°C. Above 210°C, dark patches were observed on the 

bottom half of the flask from decomposition of the Cu(acac)2 precursor, as expected above that 

temperature [36]. Heavier surface depositions lead to a general decrease in the R/L of the samples, 

as shown in Fig. S5, due to the eventual coalescence of the surface particles as a film. Thus, control 

over precursor temperature is one mechanism that allows for control over deposited mass due to 

modification of precursor’s vapor pressure within the reaction chamber. 
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Fig. 2. (a) Impact of precursor temperature on deposited mass from Cu(acac)2 precursor. 

Secondary electron images of depositions with mantle temperatures of (b) 160°C, (c) 175°C (d) 

190°C (e) 210°C. Samples prepared via a 1 hour CFH‑CVD with 350 mA/roving, with 25 mg 

Cu(acac)2 precursor. 

 

Complementary to precursor temperature, the effect of the CVD system pressure onto deposited 

mass and nanoscale morphology is evaluated in depositions from the Cu(acac)2 precursor.  CFH-

CVD of 25 mg Cu(acac)2 at 200°C with decreasing system pressure from 166 Torr to 0.175 Torr 

results in progressively lower density of surface particles with similar mass loading, as shown in 

Fig. S6. In contrast to the decrease in R/L (Fig. S5) measured from the heavier surface depositions 

produced at 166 Torr, the average resistance/length measured (390 ± 11 Ω/m) from the lighter 

surface depositions of the samples produced at 1 Torr, 0.300 Torr, and 0.170 Torr is slightly higher 

than that dried CNT roving.  The results are consistent with lower system pressure increasing the 

mean free path of the vapor phase precursor and its mass fraction within the gaseous phase, leading 
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to improved infiltration of the vapor into the CNT network. Therefore, where modification of the 

precursor temperature allows for similar distributions of the nanometal particles at different mass 

loadings, adjustment of the chamber pressure allows for different nanometal distributions with 

similar mass loading by altering the mean free path of the vapor phase precursor through the heated 

CNT roving. 

An additional factor that can influence the deposition mass and morphology when performing 

Joule heating driven CVD is the time interval over which the current for deposition is applied to 

the CNT roving. Here, a comparison is made between a continuously applied current in the CFH-

CVD process and the delayed application of current in the DFH-CVD process. The comparison of 

the CFH‑CVD and DFH‑CVD procedures was carried out with one hour depositions of 25 mg of 

either Cu(acac)2 or Pt(acac)2 precursor at 200°C, applied current of 350 mA/roving, and a pressure 

of 0.300 Torr. SEM images show that the Cu(acac)2 precursor deposits nanoscale spherules under 

both DFH‑CVD (Fig. 3a) and CFH‑CVD conditions (Fig. 3b). However, the DFH‑CVD conditions 

with Cu(acac)2 lead to substantially lighter depositions of 3.62 ± 0.63 % w/w compared to the 

CFH‑CVD deposited masses of 63.7 ± 1.9 % w/w. In comparison, while the Pt(acac)2 precursor 

leads to tightly bound deposited particles under the DFH‑CVD condition (shown in Fig. 3), the 

SEM images indicate that under the CFH‑CVD condition the platinum particles merged during 

deposition into more uniform coatings along the CNT bundles (shown in Fig. 3d). Similar to the 

copper precursor, DFH‑CVD of 25 mg Pt(acac)2 leads to much lighter deposited masses of 

19.1 ± 6.0 % w/w than the 69.5 ± 5.0 % w/w deposited via CFH‑CVD. The lower masses obtained 

by DFH‑CVD are attributed to the fact that only the precursor that initially condenses onto the 

surface of the CNT roving is available for decomposition when the current is applied at the end of 

the one hour period. Thus, the CFH‑CVD makes more efficient utilization of the available 
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precursor mass than the DFH‑CVD approach, while the latter proves useful for producing 

lightweight depositions. 

 

 

Fig. 3. Deposited particle morphology from DFH‑CVD of the (a) Cu(acac)2 and (c) Pt(acac)2 

precursors compared to particle morphology from CFH‑CVD of the (b) Cu(acac)2 and (d) Pt(acac)2 

precursors. Samples were prepared via 1 hour CVD with 350 mA/roving, 25 mg precursor at 

200°C, and 0.300 Torr. 

 

Previous work [23] demonstrated that the temperature of the CNT roving, controlled by the 

applied current, can impact the mass, morphology, and distribution of deposited particles. A 

similar study is carried out in the present work through modification of the applied current. A 

control experiment is carried out outside of the reaction flask in air where currents of 150–
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350 mA/roving (0.45–1.05 A total) are applied to three CNT roving in parallel, and the resultant 

temperatures are measured. While temperatures within the flask under vacuum are undoubtedly 

higher, this provides a baseline understanding of the temperatures reached by the CNT roving. 

From the results shown in Fig. S3, average temperatures of 94.1°C at 150 mA/roving, 129°C at 

200 mA/roving, 168°C at 250 mA/roving, 197°C at 300 mA/roving, and 224°C at 350 mA/roving 

are observed. While the average temperature is relatively low, the maximum measured temperature 

at 200 mA/roving of 186°C approaches the decomposition onset temperature range of 225–250°C 

for the Cu(acac)2 [36] and Pt(acac)2 [35] precursors. Therefore, 200 mA/roving is chosen as the 

lower limit for the applied deposition current study. The upper limit of 350 mA/roving represents 

the highest current the roving can consistently handle in this setup without undergoing failure. 

In the study of applied deposition currents, conditions were constant with one hour CFH 

depositions using 10 mg Cu(acac)2 or Pt(acac)2 precursor at 200°C and 0.300 Torr with three CNT 

roving in parallel. Increases in mass, indicating depositions from each of the precursors, are 

observed at all currents from 200 mA to 350 mA, as shown in Fig. 4a. This indicates temperatures 

in excess of the 225–250°C required for decomposition of the metal-organic precursors [35,36]. 

Across the entire 200–350 mA/roving current range, the deposited masses from copper were 

relatively invariant between 20–30 % w/w. In comparison, deposited mass from Pt(acac)2 was 

observed to increase with increasing current from an average of 16.1 % w/w at 200 mA/roving to 

58.1 % w/w at 350 mA/roving. The SEM results for the Cu(acac)2 depositions given in Fig. 4b-e 

show spherical copper particles at all applied roving currents, indicative of the limited interaction 

between the deposited copper and the CNT roving. The SEM results for the Pt(acac)2 depositions 

demonstrate the tightly bound platinum clusters between 200–250 mA/roving (Fig. 4f-g), 

transitioning to more uniform coatings from 300–350 mA/roving (Fig. 4h-i). Previous work 
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demonstrated that at lower currents, only certain localized hot-spots reach temperatures sufficient 

for deposition [23]. The invariance of the copper mass and particle morphology could be attributed 

to its limited physical and electrical interaction with the CNT substrate. Since the copper forms 

disconnected spheres rather than coatings on the CNT roving network, it is expected that such hot-

spots remain hot, leading to continual deposition from the Cu(acac)2 precursor. In fact, the 

resistance measured from the two electrical leads during the depositions was only seen to decrease 

by an average of 2.5 % for the Cu(acac)2 CFH-CVD. Consequently, at lower currents there may 

be a higher proportion of the total copper deposited at the high temperature hot-spot locations (i.e. 

a site-specific deposition [23]), but the total mass of deposited copper does not change. In contrast, 

the more tightly adhered platinum forms coatings and interconnections with less metal volume 

than the copper. The Pt(acac)2 CFH-CVD shows an average decrease of 10.4 % in the resistance 

measured from the two electrical leads during the depositions, 4X the magnitude of the decrease 

from the Cu(acac)2 CFH-CVD. Thus, it is possible that these interconnections can lower the local 

resistance at the hot-spots and cools those locations below the decomposition temperature, thereby 

preventing further deposition from the Pt(acac)2 precursor. Therefore, until the entire CNT roving 

exceeds the decomposition temperature of the Pt(acac)2 precursor the deposited mass of platinum 

would be expected to increase proportionally to the applied current, as more metal is required to 

electrically interconnect the increasing proportion of high temperature sites on the CNT roving. 

Overall, it can be concluded that while it is possible for copper to be able to deposit site-specifically 

at higher temperature locations, only the platinum appears to be able to electrically interconnect 

the CNT network to cool such high temperature locations.  
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Fig. 4. (a) Impact of current per roving on deposited particle mass. Secondary electron micrographs 

from (b‑e) Cu(acac)2 and (f‑i) Pt(acac)2 precursors. Samples were prepared via a 1 hour 

CFH‑CVD, 10 mg precursor at 200°C, and 0.300 Torr. 

 

The influence of precursor mass to drive reaction dynamics was also evaluated. As the entire 

mass of precursor is sublimated within the deposition time, increases in precursor mass in the flask 

leads to increased availability of vapor for deposition. The results of one hour depositions of 

precursor masses of 5, 10, 25, and 50 mg at 200°C and 0.300 Torr onto three CNT roving in 

parallel electrically biased to 350 mA/roving are presented in Fig. 5a. As expected, deposited 

masses from both Cu(acac)2 and Pt(acac)2 are observed to increase with increasing precursor mass. 

The depositions from Pt(acac)2 are slightly heavier at each precursor mass due to the higher mass 

percentage of platinum in Pt(acac)2 (49.6 % w/w) compared to copper in Cu(acac)2 (24.3 % w/w). 

However, the volume of metal available in each gram of precursor is similar, with 2.3 × 10‑2 cm3/g 

of platinum in Pt(acac)2 and 2.7 × 10‑2 cm3/g of copper in Cu(acac)2. Thus, the deposited volume 

of copper is actually greater than that of the platinum in the 25 mg and 50 mg depositions (as 

plotted in Fig. S7). In the Cu(acac)2 depositions, particle morphology is maintained regardless of 

the deposited mass (Fig. 5b-e), with heavier deposited masses exhibiting increasingly dense 

clusters of spherical nanoparticles. In the Pt(acac)2 deposition, a transition is noted between the 

5 mg precursor deposition (Fig. 5f) and the 10 mg precursor deposition (Fig. 5g), where tightly 

bound nanoparticles give way to uniform coatings over the surface of the nanotubes. The platinum 

coatings become more dense and rough as the starting precursor mass increases to 25 mg (Fig. 5h) 

and 50 mg (Fig. 5i), as platinum fills in the interstitial space between CNT bundles. Overall, copper 

exhibits similar spherical morphology at all masses measured, while platinum exhibits small 
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tightly bound particles at lighter mass loadings giving way to cohesive films at heavier mass 

loadings. 
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Fig. 5. (a) Impact of precursor mass on deposited mass. Secondary electron micrographs from 

(b‑e) Cu(acac)2 and (f‑i) Pt(acac)2 precursors. Samples prepared via a 1 hour CFH‑CVD with 

350 mA/roving, precursor at 200°C, 0.300 Torr. 

 

The bulk electrical characterization at room temperature for all the samples described to this 

point is presented in Fig. 6. The R/L of the Cu(acac)2 seeded samples are generally higher than the 

dried CNT roving, as shown in Fig. 6a. In contrast, the Pt(acac)2 seeded samples exhibit lower R/L 

than the CNT roving over nearly all mass loadings. The greatest decreases in R/L were noted 

between 20–50 % w/w deposited platinum mass, with some samples exhibiting nearly 40% 

reduction from the dried CNT roving. The R/L data in Fig. 6a demonstrates that the copper 

depositions are not enhancing electrical transport, but rather acting as electronic scattering sites. 

In comparison, the lower R/L of the platinum samples indicates improvement to the electronic 

transport, and the platinum may be acting as electrical interconnections between the CNT 

bundles.[40] Measurement of the mass per length (M/L) allows for calculation of the specific 

conductivity, which gives an indication of the improvements to the conductance on a mass specific 

basis, i.e. whether improvements in R/L are greater than the added mass.  The specific conductivity 

is calculated by multiplying the reciprocal of the R/L by the reciprocal of the M/L, which is 

equivalent to normalizing the electrical conductivity to the conductor’s density [6,41,42]. In this 

study the specific conductivity can provide a quantification of the degree of utilization of deposited 

metal mass in the electrical conductor [23]. As can be seen from the resulting data (Fig. 6b), the 

greatest improvements to specific conductivity are observed in the Pt(acac)2 seeded samples with 

< 50 % w/w platinum mass, with top performing samples around 30 % w/w platinum mass. 
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Consistent with the R/L data, the Pt(acac)2 seeded samples outperform the Cu seeded samples 

across all mass loadings in specific conductivity. This is particularly notable because copper has a 

specific conductivity over 10× greater than platinum. While improvements to electrical 

conductance through site-specific CVD of metals have been noted at the nanoscale [40], the results 

presented here demonstrate the initial applicability using platinum for this technique to bulk CNT 

electrical conductors. 

Along with the encouraging improvements to R/L and specific conductivity of the Pt(acac)2 

seeded samples, the case for interconnection would be enhanced through the measurement of a 

low TCR. Fig. 6c plots the change in resistance relative to 300 K of the dried CNT roving, Pt(acac)2 

seeded samples with deposited masses from 31 to 86 w/w% platinum (from the series presented in 

Fig. 5a), and the literature values for platinum [43] with increasing temperature. For linear trends, 

such as that of the Pt(acac)2 seeded CNTs, the TCR relative to 300 K (TCR300K) can be calculated 

from the slope of the resistance relative to its value at 300 K over the temperature range [44]. 

While the dried roving does not exhibit a strictly linear trend in its relative resistance, an 

approximation of the TCR300K using the linear method was calculated to be 2.18 × 10‑4 K‑1. The 

measured series of samples with 31 to 86 w/w% platinum all exhibit similar increases in relative 

resistance from 300 K to 600 K. For the Pt(acac)2 seeded samples, the TCR300K ranges from 0.57 

× 10‑3 K‑1 to 0.71 ± 0.06 × 10‑3 K‑1 over this range of masses. These TCR300K values are on the 

same order of magnitude as the linear approximation for the as‑received CNT roving, and 

approximately an order of magnitude lower than the literature value for platinum (3.47 × 10‑3 K‑1) 

[43]. Overall, the relative invariance to platinum metal loading for the temperature dependent 

electrical properties over this wide range of masses suggests electrical interconnection between 
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the platinum and carbon nanotube fractions, especially when considered in combination with the 

improvements to specific conductivity.  
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Fig. 6. Summary of (a) resistance per length and (b) specific conductivity of varying mass 

depositions from CFH‑CVD of Pt(acac)2 and Cu(acac)2 onto CNT Roving. (c) Relative resistance 

of CFH‑CVD seeded samples from various precursors masses compared to platinum and 

as‑received roving. 1 hour CFH‑CVD with 350 mA/roving, precursor at 200°C, 0.300 Torr. 

To demonstrate the versatility of the Joule heating driven CVD technique and provide a thorough 

comparison to copper and platinum, other periodic group 10 (Ni, Pd) and platinum group (Pd, Ru, 

Rh, Ir) metals are deposited. For each metal, a lighter (from 5 mg precursor) and heavier (from 

25 mg precursor) CFH-CVD are carried out with three roving in parallel electrically biased to 

350 mA/roving with a 200°C mantle temperature at 0.300 Torr pressure. The EDS results in Fig. 

S8 demonstrate the advent of the corresponding metal peaks from each deposition, indicating that 

the depositions were successful.  Secondary electon images of each deposition are presented in 

Fig. 7. An additional magnification and BSE images for each of these precursors are available in 

Fig. S9. The 5 mg Ni(acac)2 deposition produces irregular nodules along the surface of the roving 

at 30.2 ± 8.9 % w/w, shown in Fig. 7a. The deposition transitions to an uneven nodular coating 

over the entire CNT roving surface at 68.0 ± 8.5 % w/w from 25 mg Ni(acac)2, shown in Fig. 7b. 

The irregularity of these large nodules and their inconsistent contrast in BSE imaging could 

indicate carbon contamination from the precursor in the deposited nickel, a phenomenon which 

has been observed in water-free depositions from Ni(acac)2 [45]. Fig. 7c shows that the 5 mg 

Pd(acac)2 deposition produces a very rough, although consistent coating over the CNT roving 

surface at 27.3 ± 4.1 %. With the heavier 25 mg Pd(acac)2 deposition shown in Fig. 7d, the rough 

coating begins to fill in the gaps between the CNT bundles with an increase in deposited mass to 

61.3 ± 0.9 %. From CFH-CVD of 5 mg Ru(acac)3, clusters and small nodules are visible in Fig. 

7e at 10.5 ± 2.9 % w/w. The 25 mg Ru(acac)3 deposition produces a mass loading of 
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32.9 ± 2.5 % w/w, with the particles transitioning to a tight, irregular coating shown in Fig. 7f. The 

Rh(acac)3 deposited small nanoparticles from 5 mg of precursor, as shown in Fig. 7g, transitioning 

to uniform coatings from 25 mg of precursor, as shown in Fig. 7h. The deposited masses from the 

5 mg and 25 mg Rh(acac)3 depositions were 13.3 ± 3.0 % w/w and 57.0 ± 5.1 % w/w, respectively. 

CFH-CVD of 5 mg Ir(acac)3, shown in Fig. 7i, produced a mixture of nodules and an irregular 

coating at 17.6 ± 4.3 % w/w. The 25 mg Ir(acac)3 deposition produced a uniform coating of 

variable thickness with a deposited mass of 63.8 ± 3.2 % w/w, as can be seen in Fig. 7j. The 

electrical performance of these conductors is summarized in Fig. S10. Nickel produced similar 

increases in R/L to copper, with larger masses leading to higher R/L. Palladium, ruthenium, 

rhodium, and iridium all exhibited lower R/L at higher mass loadings than at low mass loadings. 

This may indicate a critical particle density necessary for improvements in conductivity to become 

apparent. Decreases in R/L were observed from both mass loadings of iridium. This suggests that, 

like platinum, the smoother coatings and smaller particles indicate better electrical interaction with 

the underlying CNTs, which leads to improved interconnection of the CNT substrate. Overall 

however, the decreases in R/L exhibited by platinum, particularly at low mass loadings, indicate 

that platinum is still the preferred candidate for nanometal interconnection and seeding. 
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Fig. 7: Secondary electron micrographs from one hour CFH-CVD at 200°C with three roving in 

parallel at 350 mA/roving of (a) 5 mg Ni(acac)2, (b) 25 mg Ni(acac)2, (c) 5 mg Pd(acac)2, (d) 

25 mg Pd(acac)2, (e) 5 mg Ru(acac)3, (f) 25 mg Ru(acac)3, (g) 5 mg Rh(acac)3, (h) 25 mg 

Rh(acac)3, (i) 5 mg Ir(acac)3, and (i) 25 mg Ir(acac)3.  

 

3.2. Production of Pt(acac)2 Seeded Cu-CNT Conductors via Electroplating 

The collective results from SEM and electrical measurements lead to the conclusion that 

platinum is an effective interconnection metal over the range of 20–50 % w/w metal.  Therefore, 

CNT roving with ~30 % w/w platinum seeds deposited via DFH‑CVD and CFH-CVD were 

subsequently processed into hybrid electrical conductors via electroplating, densification, and 

annealing similar to our previous approach [23]. Here, three constant current electroplating rates 

of 9.4, 11, and 15 A/g were chosen to study the impact of plating rate on the infiltration of copper 

in samples produced through DFH-CVD. The plating time was adjusted to achieve a similar 

average total metal mass of 94.5 ± 0.2 % w/w. The electroplated samples were then finished by 
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densification in a rolling mill and annealing at 300°C for 3 hours in 5 % H2/95 % Ar gas. As shown 

in Fig. 8a, the slowest plating rate (9.4 A/g) exhibited the smallest increase in resistance with 

temperature, equating to a TCR300K of 3.12 × 10‑3 K‑1. The middle plating rate (11 A/g) exhibited 

an increase in resistance somewhere between the faster and slower rate, with a TCR300K of 

3.33 × 10‑3 K‑1. Finally, the fastest plating rate (15 A/g) exhibited the greatest increase in resistance 

with temperature, equating to a TCR300K of 3.50 × 10‑3 K‑1. Previous literature regarding the 

production of Cu-CNT conductors indicate that low TCR in a hybrid electrical conductor is a result 

of good intermixing of the CNT and metal portions of the conductor [9,10,17,46]. In this study, 

faster plating rates are also correlated with higher specific conductivities. The specific 

conductivities are 4126 S·m2/kg for the 9.4 A/g plating rate, 4776 S·m2/kg for the 11 A/g plating 

rate, and 5772 S·m2/kg for the 15 A/g plating rate. These combinations of specific conductivity 

and TCR agree well with the theory of infiltration: heavier copper surface coatings produced 

through faster plating rates are more conductive but less electrically integrated with the underlying 

seeded CNTs, thus producing higher temperature coefficients. The sample seeded via CFH-CVD 

of Pt(acac)2 was electroplated at a rate of 7.6 A/g. This sample exhibited a similar TCR300K 

(3.33 × 10‑3 K‑1) and specific conductivity (4519 S·m2/kg) to the DFH-CVD samples, 

demonstrating that both deposition techniques achieve similar results. Overall, a balance exists at 

this mass loading between infiltration of the hybrid with copper and maintaining sufficient copper 

cohesion to achieve high specific conductivity. 

A useful approach described previously [23] for probing the interaction between the metal and 

CNT fraction of a hybrid electrical conductor is to compare the specific conductivity and 

temperature coefficient of resistance for the conductor to the values expected from a 

non‑interacting system of parallel copper and CNT electrical conductors. Such a system can be 
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modeled across all mass percentages of copper and CNTs, producing a curve as shown in Fig. 8b 

spanning from 100 % CNTs to 100 % copper. Conductors with a combination of a lower TCR and 

higher specific conductivity than expected from this parallel-conductors model indicate a favorable 

interaction between the metal and CNT portions of the conductor. Such conductors are positioned 

above the curve on Fig. 8b. As can be seen from the resulting data, each of the Pt(acac)2 seeded, 

copper plated CNT conductors reside above the rule of mixtures curve indicating favorable 

interaction between the metals and CNTs. Additionally, the hybrid conductor produced at the 

15 A/g electroplating rate shows an improvement over previously published results [23], with 

slight improvements to both specific conductivity and TCR. These results demonstrate the utility 

of platinum as an interconnection metal, as well as serving as an enhanced seed metal for copper 

electroplating in a hybrid design. 
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Fig. 8. (a) Relative resistance of samples electroplated to 94.5% w/w total metal mass with various 

plating rates from samples with ~30% w/w platinum seed mass after DFH-CVD or CFH-CVD. (b) 

TCR and specific conductivity of samples plated with various plating rates compared to the parallel 

resistors model and previously published data [23]. Note the inverted y-axis (TCR300K) on the plot. 
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The bulk electrical conductivity represents the electrical transport in a conductor adjusted for 

the cross-sectional area and can be used to compare with other reported hybrid conductors.  SEM 

cross-sections were acquired for the platinum seeded Cu-CNT hybrids to determine the electrical 

conductivity and investigate the infiltration of the metal into the CNT roving. A representative 

SEM cross-section is provided in Fig. S11, with false color imaging used to indicate the region of 

interest. From the measured cross-sectional areas, conductivities for the DFH-CVD samples of 

22.1 MS/m for the 9.4 A/g plating rate, 29.8 MS/m for the 11 A/g plating rate, and 29.3 MS/m for 

the 15 A/g plating rate are calculated. For the CFH-CVD sample, a conductivity of 26.9 MS/m for 

the 7.6 A/g plating rate is calculated. These values are among the highest reported at or below this 

mass loading of copper, as seen in Fig. 9a. These values are also on the same order of magnitude 

as those for traditional metals like copper (58 MS/m) and aluminum (38 MS/m). EDS of a cross-

section (Fig. 9b) of the top-performing 11 A/g sample reveals the presence of platinum seeds (Fig. 

9c) through the interior volume of the final conductor. While the signal from the electrodeposited 

copper (Fig. 9d) is much more prominent on the exterior of the hybrid conductor’s surface, the 

microstructure of the interfacial area indicates a degree of integration due to the change in grain 

structure [47]. The carbon shows a complementary trend (Fig. 9e), indicating that the exterior of 

the electrical conductor is mostly copper. However, the iron signal (Fig. 9f), which arises form 

leftover catalyst enveloped within the CNT bundles, again indicates integration between the CNTs 

and copper. Finally, the nonspecific and dampened oxygen signal (Fig. 9g) indicates the presence 

of metals rather than oxides within the annealed conductor. The spectrum from the analyzed area 

is presented in Fig. S12 along with larger versions of the SEMs for additional reference. Overall, 

these results demonstrate the first instance of the use of CVD to produce a platinum-interconnected 

Cu-CNT conductor with electrical conductivity comparable to that of traditional metals. 
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Fig. 9. (a) Conductivity of top performing samples compared to previous work [23] and the state 

of the field: Randeniya (2010) [2], Xu (2011) [12], Subramaniam (2013) [9], Sundaram (2017) 

[10], Cho (2017) [17], Han (2017) [18], Zou (2018) [13], and Wang (2019) [26]. (b) Secondary 

electron image of an epoxy set and microtomed cross‑section from the Pt(acac)2 seeded Cu-CNT 

conductor with the 11 A/g plating rate. EDS maps of the (c) Pt Lα signal (d) Cu Kα signal, (e) C 

Kα signal, (f) Fe Kα signal,  and (g) O Kα signal each with the edges of the cross section outlined 

in red. 

 

4. Conclusions 
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In this work, we have demonstrated the versatility of a site-selective Joule heating driven CVD 

technique towards the production of nanometal interconnected CNT hybrid conductors. 

Depositions from Cu(acac)2, Pt(acac)2, Ni(acac)2, Pd(acac)2, Ru(acac)3, Rh(acac)3, and Ir(acac)3 

have been carried out, and the impact of various processing parameters have been investigated. 

Deposited mass was controlled by modification of precursor temperature, with temperatures up to 

200°C allowing for the complete sublimation of the acetylacetonate precursor and the highest 

deposited masses. Decreasing the system pressure from 166 Torr to 0.175 Torr produced similar 

mass loadings, but a lower density of surface particles. Thus, lower pressures seem to lead to a 

higher degree of infiltration of the nanometal vapor into the CNT roving. Further refinement to 

deposited masses can be made by modifying the interval of the applied heating current to the CNT 

roving, with masses as low as 5 % w/w obtained through DFH-CVD and masses as high as 

85 % w/w obtained through CFH-CVD. Modification of the of applied current used to Joule-heat 

the CNT roving led to changes in the deposited particle morphology, with transition from site-

specific Pt(acac)2 depositions noted at 200–250 mA giving way to more uniform coatings from 

300–350 mA. Average deposited seed mass and volume were also controlled by varying the 

amount of precursor in the reaction chamber, leading to sparse deposition at low precursors masses 

and heavier coverage at higher precursor masses. Generally, the platinum group elements 

(platinum, palladium, ruthenium, rhodium, and iridium) led to smaller particle sizes, more uniform 

coatings, and better post-deposition R/L than copper or nickel. The broad applications of the Joule 

heating driven CVD technique may have further uses towards catalysis, sensor, and shielding 

applications. Platinum seeds in particular displayed improved adhesion and interaction with the 

CNT roving substrate through its nanoscale particles and smooth coatings. Over the full range of 

masses investigated, the R/L of the seeded conductors was lower with depositions from Pt(acac)2 
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than from Cu(acac)2. Deposition from Pt(acac)2 with masses less than 50 % w/w led to the greatest 

improvements in specific conductivity of the seeded CNT conductors. Platinum depositions from 

31–86 % w/w all exhibited TCR300K much closer to that of the CNT roving than bulk platinum 

metal, indicating good interaction between the seed metal and CNTs. To the best of the authors’ 

knowledge, this is the first demonstration of the use of platinum nanometal interconnection in a 

bulk CNT conductor. Electroplated, densified and annealed hybrid conductors produced from 

samples with ~30 % w/w platinum exhibited combinations of TCR and specific conductivity better 

than that expected from non-interacting parallel conductors, indicating integration of the metal and 

CNT portions of the hybrid. Finally, electrical conductivities of up to 29.8 MS/m at room 

temperature were obtained, approaching conventional metals like copper (58 MS/m) and 

aluminum (38 MS/m).  
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