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We controlled the morphologies of copper (Cu) nanostructure 

on aligned carbon nanotube (CNT) sheets influencing the 

efficiency of the electrocatalytic reduction of CO2. 

Functionalized CNT sheets affected on pulsed 10 

electrodeposition of copper in terms of 3D growth, bonding, 

and electrochemical activity. CNT/Cu sheets electrocalyst 

shows high performance on electrochemical reduction of CO2 

to hydrocarbons at room temperature and atmospheric 

pressure. Reduction products were carbon monoxide (CO), 15 

methane (CH4), and ethylene (C2H4) gases. Carbon monoxide 

yields (178 μμμμ mol cm2 mA-1 h−1) and methane yields (346 μμμμ

mol cm2 mA-1 h−1) at oxygen-plasma-treated CNT/Cu sheets 

electrode were remarkably higher than other CNT/Cu and 

CNT sheets. Experimental results also show 3D morphology 20 

of copper growth on CNT sheets may play a critical role to 

hydrocarbon products from CO2.  

 

Introduction 

 25 

Extrapolating efficient macroscopic materials from the individual 
carbon nanotubes (CNTs) that maintain and/or enhance the 
individual properties such as have high specific conductivity 1, 
chemically inert 2, high surface area 3, extremely high mechanical 
strength and high Young’s modulus 4. However, extrapolating 30 

these properties to macroscopic scale is still challenging. One of 
promising scale-up methods was recently established by 
multilayers of dry-spun CNT sheets 5. Super-aligned CNT array 
via chemical vapor deposition (CVD) was pulled 6, 7 to highly 
aligned free-standing sheets of multi-walled CNTs 8, 9. This 35 

process does not require any polymer binder and results in a flat 
flexible film with low density and aligned graphitic structure. 
Transparency and electrically conductivity of CNT sheets 10 has 
opened new applications including capacitors 11, batteries 12, and 
solar cells 13-15.  40 

CNT sheets are electrocatalytically stable, sp3-functionalizable, 
physically flexible/bendable, stackable with multilayers, much 
lighter than metal, self-supportable and scalable. Van der Waals 
forces on CNT sheets can attract CO2 through physisorption 16.  
Thus, deposition of copper on highly aligned CNT sheets can be 45 

an effective way to utilize the desirable traits of both CNT sheets 
and copper for electrochemical reduction of CO2. 
Metal and semi-conducting metals are well studied as 
electrocatalytic/photocatalytic materials for carbon dioxide 
reduction to hydrocarbons17-21. For example, copper, iron, tin, 50 

gold, and platinum as a cathode are effective electrocatalyst to 
reduce CO2 to hydrocarbons and alcohols. In particular, copper is 
considering the most appropriate candidate for electrocatalytic 
processes due to its CO2 reduction properties. Copper can 
electrocatalytically reduce CO2 to hydrocarbons (mainly methane 55 

and ethylene) with reasonable current density (i.e. 5 - 10 
mA/cm2) and current efficiency (i.e. > 69 % at 0 °C) in aqueous 
electrolyte 17, 22. Different atomic lattice configuration of the 
copper provided controllable selectivity of reduction product with 
higher activity 23. Metal and semi-conducting metal-coated CNT 60 

particles are recently studied for CO2 reduction 24, 25. However, 
synthesizing metal-CNT composite particles need complex steps 
26, 27 including dispersion in solvent, reaction, and drying, which 
need to bond to conducting substrate.  These synthesized particles 
can break from the substrate electrode and float around (known as 65 

pulverization), so that electrocatalytic efficiency eventually 
decreases. 
Here, we report for the first time a CO2 reduction using 
electrodeposited copper nanoparticles on highly aligned CNT 
sheets. multi walled carbon nanotubes (MWCNT) arrays are 70 

grown using CVD, spun and stacked into a sheet. CNT sheets 
were pretreated through various functionalization methods and 
copper was electrochemically deposited. The efficiency of CO2 
reduction to hydrocarbons is investigated with CNT/Cu sheets.   

Results and discussion 75 

 
Assembling of CNT/Cu sheets. The CNT sheets were produced 
from multi walled carbon nanotubes (MWCNT) arrays using a 
setup built at the University of Cincinatti 8, 28 as shown in  Fig. 
1a. The sheets were drawn from 0.5 mm high CNT arrays, 80 

synthesized by a water-assisted chemical vapor deposition (CVD) 
process 6, 29, 30.  Ethylene (C2H4) gas was used as a carbon 
precursor in order to obtain spin-able CNT arrays. The 
synthesized CNT arrays are aligned perpendicularly to the 
substrate which consisted of several layers (Si/SiO2/Al2O3/Fe 85 

alloy catalyst). A free-standing sheet of MWCNTs was made by 
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pulling a bundle of nanotubes from one side of the aligned CNT 
array. The sheet was then attached to a TeflonTM belt and drawn 
at a rate of ca. 17 mm/s. The rotation of the belt causes 
accumulation of the formed CNT ribbon on the TeflonTM and 
formation of a multi-layered sheet  with controllable dimensions 5 

and thickness. The array on the platforme of the setup was 
linearly translated by one half of its width per revolution of the 
belt thus allowing overlaping of the previously laid ribbon and 
securing lateral uniformity within the sheet. The fabricated 200 
layer CNT sheets were densified layer by layer using acetone 10 

while located on the belt and exposed to tension caused by the 
drawing procedure. This helped to maintain the longitudinal 
nanotube orientation and the original dimensions obtained during 
densification (Fig. 1b). The 200 layer CNT sheets were 
characterized by scanning electron microscpy (SEM). The 15 

obtained images revealed good tube alignement and a cross-
section thickness of about 10 µm (Fig. 1b and 1c). The CNT 
sheets were electrically connected to a  2 cm × 2 cm × 10 µm 
PCB (printed circuit board) and the measured end to end 
resistance was typically  < 1 Ω from Fig. 1d. Thus, the CNT 20 

sheets can be directly used as a conductive layer of electrocatalyst 
for CO2 reduction, which can simplify the fabricating process of 
the CNT/Cu sheets electrocatalyst. The detailed fabrications are 
discussed in the Methods Section. 

 25 

 
Figure 1. Fabrication of the highly aligned CNT/Cu sheets 
electrode. (a) Manufacturing facility for drawing of flexible CNT 
sheets from a vertically aligned CNT array, (b) SEM image of P-
CNT sheets alignment, (c) Cross section thickness of P-CNT 30 

sheets consisted of 200 layers, (d) Schematic and pictures of O-

CNT/Cu sheets electrode before and after Cu deposition, (e) 
Deposited Cu electrode on both sides of the O-CNT sheets.    
 
 35 

The 200 layer CNT sheets were studied in three ways; (1) pristine 
CNT (P-CNT), (2) O2 plasma treatment (O-CNT), and (3) O2 
plasma treatment and electrochemical redox cycling (OE-CNT). 
Raman spectra (Fig. S1) show that defect/graphite ratios (ID/IG 
ratios) of P-CNT sheets, O-CNT sheets and OE-CNT sheets were 40 

0.83, 1.15, and 1.25 respectively 31. The O-CNT sheets exhibit 
electrochemical activity of high current due to the removal of 
amorphous carbon and organic contaminants and reactivity of 
sp3-defected sites by O2 plasma (Fig. S2). Copper (Ⅱ) sulfate 
(CuSO4·5H2O) solution (0.1 mM, pH 2.8) was used as the Cu 45 

precursor and the three different CNT sheets were pulse-
electrodeposited for 5 min to obtain the CNT/Cu sheets. Fig. 1d 
schematically shows a CNT/Cu sheets electrocatalyst device and 
the Cu particles were deposited on both sides of CNT sheets well 
(Fig. 1e). In this work, CNT/Cu sheets were used directly without 50 

using any binder or metal current layer as an electrocatalyst. 
Surface morphology of the three different CNT/Cu sheets. 
Fig. 2 shows morphological differences of Cu structure with three 
CNT/Cu sheets in terms of size, shape and distribution. 
 55 

 
Figure 2. Scanning electron microscopy images of Cu modified 
on the three different CNT sheets. (a) P-CNT/Cu sheets, (b) O-
CNT/Cu sheets, (c) OE-CNT/Cu sheets, (d-f) Side view of P-
CNT/Cu sheets, O-CNT/Cu sheets, and OE-CNT/Cu sheets.    60 
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The Cu was deposited, coalesced and formed crystalline islands 
(grain formation and anisotropic growth) on P-CNT sheets and 
O-CNT sheets. However, the Cu of O-CNT/Cu sheets was larger 
and more homogeneous. Cu2+ ions were reduced and deposited 
quickly on O-CNT sheets. The presence of weakly bound oxygen 5 

atoms and oxidized defects at the CNT sheets surface created by 
O2 plasma induces the formation of Cu-O bonds 32 and further 
promotes Cu nucleation for strong Cu pinning33. This was 
localized electrons from CNT sheets to Cu, which continue to 
grow Cu cluster 34. The OE-CNT sheets were completely covered 10 

with Cu as agglomerated spheres (Fig. 2c). Electrochemically 
redox cycling followed by O2 plasma might increase defect area 
of CNT sheets and further chemically activate the sites for Cu 
deposition 33, 35. From the population density, surface area and 
diameter estimation from  SEM images 36  (Top view of Fig. S3b 15 

(25000:1), side view of Fig. 2d-f), the Cu of  P-CNT/Cu sheets 
shows sphere bundle shape with an average diameter of about 
130 nm for spheres in each bundle. The Cu of O-CNT/Cu sheets 
is cylinder shape of different size, with an average diameter of 
about 400 nm and height 1 µm. The Cu of OE-CNT/Cu sheets 20 

shows hemisphere shapes with an average diameter of about 80 
nm on the CNT sheets. Assuming these shapes and considering 
that Cu particles were present on both sides of the three different 
CNT sheets, surface areas of Cu particles were calculated to be 
approximately 5, 25, and 12 cm2 respectively.  The CNT sheets 25 

coverage ratios of Cu particles of each P-CNT/Cu, O-CNT/Cu, 
and OE-CNT/Cu are about 0.2, 0.5, and 1. We defined that 
coverage ratio is Cu area which is adhered to CNT sheets 
(covered area) to the area of CNT sheets (Fig. S3). This ratio was 
calculated from same SEM images. The average grain sizes are 30 

about 37.8 nm for the Cu deposited on CNT sheets calculated by 
using the Debye-Scherrer equation on (111), (200) reflections 37-

40 from X-ray diffraction (XRD) patterns (Fig. S4). XRD pattern 
show that only Cu peaks were observed. The calculated deposited 
levels of Cu using the energy dispersive X-ray spectroscopy 35 

(EDS) are presented in Table S3. The Cu contents are 2.72 % for 
P-CNT/Cu, 3.0 % for O-CNT/Cu, and 30.8 % for OE-CNT/Cu 
sheets. The OE-CNT/Cu sheets which completely covered by Cu 
particles showed the largest Cu content, relatively. Though the 
detailed mechanism of the electrochemical formation of the Cu 40 

particles on the CNT sheets is not clear, the surface of the three 
different CNT sheets is believed to play an important role under 
the same electrochemical deposition conditions. The CNT sheets 
with different functionalization methods contributes to the 
formation of the Cu nanoparticles because the 3D network on the 45 

surface provides a large surface area as well as many 
electroactive sites for spatial distribution of nucleation and 
anisotropic growth. 
Electroactivity of electrodcatalyst surfaces. Fig. 3 presents the 
cyclic voltammogram of P-CNT sheets and the three different 50 

CNT/Cu sheets recorded between + 1.3 and - 1.5 V without 
stirring in N2 and CO2 saturated 0.1M NaHCO3 solution 19, 41-44. 
The cyclic voltammograms for CNT/Cu sheets show several 
features including one anodic peak (O-CNT/Cu sheets in CO2: + 
0.03 V) which is indication of Cu oxide or hydroxide film 55 

formation, as well as two large cathodic peaks (O-CNT/Cu sheets 
in CO2: - 0.175 V, - 0.36 V). These two peaks are attributed to the 
reduction of the layer formed during the anodic sweep 
voltammogram which results in the re-deposition of Cu 45, 46.  
The voltammograms also shifted all the current-potential 60 

response in the positive direction because of the pH decrease in 
solution CO2 dissolved (pH = 7.6 to 6.7)19, 47, 48. The results show 
that the current density of the O-CNT/Cu sheets was the highest. 
The O-CNT/Cu sheets with large activated surface area and 3D 
Cu clusters might provide sufficient spatial contact with large 65 

diffusion area for electrocatalytic reduction of CO2. 
Electrocatalytic reduction of CO2. CO2 reduction products of P-
CNT sheets and three different CNT/Cu sheets were determined 
by various applied current in CO2 saturated 0.1 M NaHCO3 (380 
mL) solution (pH 6.7). The gas products from the P-CNT sheets 70 

and three different CNT/Cu sheets are summarized in Fig. 4 and 
Tables S4 - S7. As shown in Fig. 4(a), small amount of hydrogen 
was observed for P-CNT sheets. Hydrogen evolution was not 
affected by total surface area of Cu particles and CNT sheets 
coverage ratios (Fig. S3). CO2 by deposited Cu particles on the 75 

CNT sheets was electrocatalytically reduced to CO, CH4, and 
C2H4 in aqueous solution. The CH4 and CO were major products 
and C2H4 minor product in all CNT/Cu sheets.  These 
observations are in good agreement with results of Hori et al.49 as 
well as many authors 19, 50, 51, who compared the electrochemical 80 

 
Figure 3. Cyclic voltammograms on the P-CNT sheets and the three different CNT/Cu sheets in 0.1 M NaHCO3 solution at a scan 
rate of 10 mVs-1. (a) N2-saturated solution, (b) CO2-saturated solution. 
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reduction of CO2 to hydrocarbon at Cu electrodes. According to 
the literature 23, the CO2 reduction depends on Cu’s atomic 
configuration. On Cu (111), CH4 formation was favored and CO 
formation was reduced. The C2H4 formation was more favorable 
on the Cu (100). Carbon monoxide (CO) and methane (CH4) 5 

were found to be the major products using Cu (poly) metal foil 
electrode as an electrocatalysts 52-54. As shown in the XRD results 
(Fig. S4), Cu particles on the three CNT sheets have a dominant 
Cu(111) orientation in three different CNT/Cu sheets. However, 
the ratio of CO2 reduction products for these CNT/Cu sheets is 10 

very different for the structure of Cu particles on CNT sheets. 
 The highest reduction products were acquired from the O-
CNT/Cu sheets in the range, 50 - 60 mA/cm2. The smallest 
reduction products were acquired from the P-CNT/Cu electrode 
because of the lowest surface area of Cu particles and covered 15 

ratios of Cu particles on CNT sheets. Even though OE-CNT/Cu 
sheets have a large density of Cu agglomerated spheres and 
surface coverage (Fig. 2c), the reduction products of the CO2 
were much smaller than that of O-CNT/Cu sheets. We found that 
surface area of Cu particles was mainly contributed to CO2 20 

reduction as more impact factor than covered area of Cu particles 
on CNT sheets.  Further, 3D structure of Cu particles might have  
better diffusion behavior of CO2 to Cu/CNT sheet electrode 
CNT/Cu sheets could be engineered into flexible, light, stackable 
and scalable electrocatalytic devices for commercialization. 25 

 

Conclusions 

We have developed high efficient electrocatalyst using highly 

aligned CNT/Cu sheets. Cu morphology on CNT sheets was 
controlled through the functionalization for the electrocatalytic 30 

reduction of CO2 to hydrocarbons. Reduction products were 
carbon monoxide (CO), methane (CH4), and ethylene (C2H4) 
gases. CNT/Cu sheets are flexible/bendable, stackable with 
multilayers, reusable, much lighter than metal and scalable, 
which can apply for various electrocatalytic systems and devices 35 

for environmental and energy applications. 
 

Methods 

Pretreatment. To apply the O2 plasma pretreatment and 
electrochemical redox cycling, the O2 plasma treatment of CNT 40 

sheets was performed in a discharge chamber (M4LTM RF gas 
plasma system, PVA TePla America). The 200 layered pristine 
CNT sheets were exposed to the plasma produced from O2 (50 
sccm) and Ar (50 sccm) gas with a nominal power of about 35 W. 
The pressure was fixed at 500 mTorr. Typically, the exposure 45 

lasted for 5 min. The other one has been activated by cyclic 
voltammetry (CV) of 10 cycles under ± 1.5 V after O2 plasma 
treatment in the same condition. 
Pulsed electrochemical deposition. To perform pulsed 
electrochemical deposition of Cu on functionalized CNT sheets 50 

electrodes, 0.1 mM CuSO4·5H2O was used at a pH of 2.8 and 
adjusted by 0.1M H2SO4 with KCl. Electrodeposition was 
performed using a potentiostat (Gamry Instrument, USA). A 
pristine CNT sheets with 2 × 2 × 10 µm served as the working 
electrode. The counter electrode was a platinum plate of 2 cm × 2 55 

cm, and a Ag/AgCl electrode was used as a reference electrode.  

 
Figure 4. Electrocatalytic reaction efficiency and correlation between surface area of the deposited Cu particles and the CNT 
sheets coverage ratios. (a) H2 evolution, (b) CO, (c) CH4, and (d) C2H4 formation of P-CNT sheets and the three different CNT/Cu 
sheets in CO2 saturated 0.1 M NaHCO3 solution 
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The experiments were conducted at atmospheric pressure and 
room temperature (25 ± 1℃) and solutions were pre-purged with 
N2 for 15min to remove O2. Each CNT sheets electrode was 
immersed in the solution for 5 min to keep stable. The pulsed 
electrochemical deposition of the CNT sheets was performed at - 5 

0.8 V and 5 Hz for 5 min, which was previously determined to be 
the optimal duration to achieve the best eletrocatalytic 
performance. Finally, the CNT/Cu sheets were rinsed with DI 
water and ethanol. 
Electrochemical reduction. The electrochemical reduction 10 

experiments were conducted in  three electrode electrochemical 
cell. 0.1 M NaHCO3 (380 mL) electrolyte was saturated with 
ultra pure CO2 (99.9999 %, Airgas, USA) for 1 hour (298 K, pH 
6.7). During the CO2 reduction, the electrolyte was constantly 
stirred. At the end of the electrolysis after 15 min reaction, the 15 

gaseous products were immediately sampled and analyzed by gas 
chromatography. The gas chromatograph was equipped with a 
Hayesep-D and MS13X column and HID (Helium Ionization 
Detector) detector. Experiments for each electrocatalyst were 
performed after purge of one hour under a continuous flow rate of 20 

10 mL/min CO2 with electrochemical reduction conducted for 15 
minutes. Aqueous products were not considered in this work. 
Data were plotted using the MATLAB. 
Characterization. Photograph. All photographs in this work 
were taken with a digital camera (Nikon, D3100). 25 

SEM. Scanning electron microscope (SEM) measurements were 
performed on Hitachi 8000 instrument. The images were taken in 
secondary electron mode with an accelerating voltage of 10 kV 
and working distance of 8 mm. Samples were coated with Au to 
prevent charging and were mounted on Al stages with conductive 30 

carbon tape.  
EDS. Energy-dispersive X-ray spectroscopy (EDS) measurements 
were performed with Bruker AXS (XFlash detector 5030) 
attachment on Hitachi 8000 instrument. The images were taken in 
secondary electron mode, with an accelerating voltage of 10 kV, 35 

current of 10 mA and working distance of 15 mm. Samples were 
coated with Au to prevent charging and were mounted on Al 
stages with conductive carbon tape. 
XRD. The X-ray diffraction (XRD) pattern was recorded using an 
X-ray diffractometer (Bruker, Discover D8) with Cu Kα radiation 40 

(λ = 1.5418 Å ). The measurement parameters were set at 20° 
 - 80° 2� range, 0.014° sampling frequency, 1 sec/step scanning 
speed, 30 kV voltage and 40 mA current. 
Raman. Raman spectra were collected by using a LabRAM 
ARAMIS (HORIBA Scientific). A wavelength of 633 nm (1.96 45 

eV) He-Ne laser was used as the light source and optical filters 
were used to adjust the power of the laser. The area of interest on 
the sample surface was focused to about 2 mm.  
CV. Cyclic voltammetric (CV) measurements were performed by 
using a potentiostat (Gamry Instruments, USA). A platinum plate 50 

was used as the counter electrode, and an Ag/AgCl electrode 
served as the reference electrode in N2 and CO2 saturated 
solution. Cyclic voltammetric behavior was obtained using a 10 
mV/s scan rate and a - 1.5 - + 1.3 V voltage range scan limit. 
 55 
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