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Abstract. Fast electrodepositing of ZnO nanosheets on exfoliated tips of multi-walled carbon
nanotube films by oxygen pulsed DC plasma were investigated. Variation of electrodeposition time
showed the presence of ZnO at only 25 s. The dimension of the patterns formed on carbon nanotube
films by electrolyte solution controlled the 2D size of ZnO nanosheets. Longer growth produced
dense and polycrystaline ZnO nanosheets films but with smaller size by re-nucleation.

Introduction

Recently, ZnO on graphene and carbon nanotube (CNT) by electrodeposition is a method largely
investigated to produce electrochemical detectors [1-2], piezoelectric sensors and nanogenerators
[3-4]. The ZnO electrodeposition is based on aqueous solutions of zinc salts [11-13]. Therefore, the
wettability behavior of the work electrode is the most important parameter to achieve homogeneous
films with an efficient crystal growth.

Originally, CNT and reduced graphene present superhydrophobic character, consequently,
attachment of polar groups are needed to improve the electrolyte contact with the work electrode.
Several kind of functionalization has been used, based in chemical routes [14], but the most
efficient methods concerns about oxygen plasma attack, as shown in our previous work [15,16]. On
the other hand, if the graphene sheets had a very high degree of oxidation, the electrical conduction
can decrease, and, consequently, electrodeposition will fail.

In this work, the proposal is using vertically aligned multi-walled carbon nanotube (VACNT)
films with only their tips made of graphene oxide to grow ZnO nanosheets. For this, we exfoliate
VACNT tips, and simultaneously attached functional groups by a treatment with oxygen pulsed DC
plasma. This way, the electrical conduction is kept, the VACNT films become superhydrophilic
with a high superficial area at the tips for crystal nucleation. Besides, the pattern formed after
wetting on VACNT films define the 2D extension of ZnO nanosheets. Here we have showed a new
method to electrodeposite ZnO nanosheets directly on VACNT films with fast nucleation and size
control by wet pattern dimension and deposition time.
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Experimental Procedure

The electrodeposition of ZnO nanoparticles was run in a AutoLAB equipment using a 0.1M
Zn(NOs) aqueous solution at a potential of -1.1 V, varying the deposition time from 25 to 480s. The
work electrode was made of VACNT films with platinum as counter electrode and Ag/AgCl as
reference.

The VACNT films were produced on 1 cm® Ti6Al4V square substrates by microwave plasma
chemical vapor deposition (MWCVD), with a gas mixture of Ny/H,/CHy4 [12]. A treatment with
oxygen plasma in a pulsed DC reactor attached oxygen functional groups on exposed graphene
sheets on VACNT tips (O,-VACNT) [13]

The morphology of VACNT and ZnO were analyzed by High Resolution Scanning Electron
SEM (HR-SEM) from Jeol and TESCAN, with Energy Dispersive X-Ray (EDX) detector.
Crystalline structure of ZnO were evaluated by a X-Ray Diffractometer PANalytical X'Pert
Powder.

Results and Discussion
Fig. 1 (a-c) shows SEM images of VACNTs produced by MWCVD grown on Ti6Al4V

substrates. Fig. 1a shows the alignment of the tubes, and in Fig.1 (b-c) are details of the VACNT
tips exfoliated by O,-plasma.

Figure 1 - (a) SEM image of VACNT films grown on Ti substrates;
(b, c) detail of the exfoliated VACNT tips.

Fig. 2 (a-c) shows the morphology of ZnO nanoparticles produced at 100, 240 e 480s. An
electrodeposition time of 100s produced a homogenous film of micro-sized ZnO nanosheets, while
high-density films compounded by smaller crystals were formed for the longest processes.

Figure 2 - SEM images of ZnO films grown on O,-VACNT by (a) 100 s, (b) 240 s, and (c) 480 s.
The numbers 1 and 2 just indicate different magnifications of the same sample.
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Conventional SEM images are not capable to detect presence of ZnO crystal at 25 and 50 s.
Therefore, HR-SEM images were used to analyze the nucleation of ZnO nanosheets, as shown in
Fig. 3. Fig. 3(a-b) shows HR-SEM images of ZnO produced at 50s (al-a4), and details of ZnO
nanosheets produced at 100s (b1-b4) bounded to CNT net.

Fig. 3al shows the wettability pattern formed on O,-VACNT films after ZnO
electrodeposition. The CNT tips have high affinity with water, and they joint themselves due
capillary and electrostatic forces during water spreading, as indicated by Fig.3 (a2-a3). Fig.3 (a3-a4)
shows the VACNT with a coating, evidencing where the nucleation of ZnO nanosheets starts.

The 2D size of the ZnO nanosheet seems to be defined by the wettability pattern dimension,
as shown in Fig. 3bl. Fig. 3 (b2) is a backscattering images, where white region indicates de Zn
presence. Notice there are many nanometric bright points for all the image, probably they are new
ZnO nucleous. Fig.3b3 shows a detail of the thickness of nanosheet (48 + 17 nm), and the Fig. 3b4
shows a detail of the interaction between exfoliated tips of CNT and ZnO nanoparticles

Figure 3 - High resolution SEM images of ZnO coatings deposited in (a) 50 s and (b)100 s.

To prove that O,-VACNT tips was really covered by ZnO in early stages of
electrodeposition (50 s), an EDX map at 20kV were run. Fig. 4 shows a EDX spectra and map,
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which confirms the presence of Al and Ti from substrate, C from CNTs, and also O and Zn from
zinc oxide.

20 pm

20 pLm

Figure 4 - EDX map of ZnO coating deposited by 50s on O,-VACNT/Ti6Al4V

X-Ray diffraction patterns also showed the presence of ZnO peaks even at samples produces
at only 25 s (Fig. 5). At total range, the peaks around 31.9, 34.6, 35.6, 36.5, 47.5, 56.5, 62.8, and
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67.9, correspond to (100), (002), (101), (102), (110), (103), and (112) planes, respectively. Fig. 5b
shows a graph for 2theta from 31 to 38 degrees. At this range, until 100 s of growth , the main peak
refers to ZnO (101) with right shift, and after 240 s, more two peaks related to (100) and (101)
planes appear (Fig. 5b). It indicates the nanosheets has (101) as preferential plane, when in contact
with CNT net, but further nanosheet layer emerged from the first ZnO layers are polycrystalline.
Hydroxides like Zns(OH)g(NO3).2H,0O can be deposited simultaneously to ZnO. oxides If this
happens, an annealing at temperatures around 250 °C by 10 min its enough to convert hydroxide
phases to oxide (Fig. 5c¢).
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Figure 5 - X-ray diffraction pattern of ZnO/Zns(OH)g(NO3).2H,0 coating: (a) total range; (b)
details of (100), (002) and (101) peaks, (c) ZnO peaks after annealing at 250 °C.

Conclusion

The growth of ZnO nanosheets on VACNT films were successful achieved by electrodeposition
using zinc nitrate solution, after exfoliation and functionalization by puksed DC plasma with
oxygen. The wettability pattern of VACNT films provides an electric field concentration at their
superhydrophilic and jointed tips. Therefore, as the attraction of zinc ions is higher at nanotubes
tips, the ZnO preferentially nucleates at this place, and grows limited by the CNT net formed.
Changes in size of nanosheets for longer time of growth indicate that a re-nucleation occurs from
first ZnO nanosheet layer.
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