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A B S T R A C T

Hybrid carbon fibers with self-assembled and well-aligned zinc oxide (ZnO) nanoarrays can lead to novel
structural materials that enable promising applications in multifunctional composites with beneficial properties
including enhanced interlaminar mechanical properties and potential load sensing capabilities. In this paper,
atomic layer deposition (ALD) and hydrothermal methods were integrated to synthesize ZnO nanoarrays in the
shape of aligned nanowires and nanorods on carbon fiber fabrics. The surface morphology of ZnO nanoarrays
were controlled by adjusting the reagent concentrations and hydrothermal reaction time. As-synthesized hybrid
fibers were characterized to understand their critical properties including nanostructure morphology, crystal
structures, ZnO weight concentration, and contact angle between water and ZnO nanoarrays. The results de-
monstrated that the ZnO nanostructures and morphology can be controlled and optimized for lightweight
composite applications.

1. Introduction

Advanced fiber reinforced composites have been used extensively in
high-performance structural applications [1–5]. Due to weak adhesive
bonding in composites, barely visible damage, such as delamination
and fiber pull-out, can significantly weaken the mechanical strength of
composites and even cause catastrophic structural failures [6,7]. Hybrid
fibers with nanostructured surfaces using carbon nanotubes (CNT) and
zinc oxide (ZnO) nanowires have been developed to enhance interfacial
mechanical properties [8–11]. Due to their superior mechanical and
thermal properties, well-aligned CNT nanoforests have been synthe-
sized mainly using chemical vapor deposition (CVD) method to enhance
the bonding strength and interfacial properties in fiber reinforced
composite laminates [12]. However, the high CVD temperature can
degrade the mechanical strength of carbon fiber fabrics in composite
laminates. Due to increased surface area to volume ratio, structural
fiber fabrics coated with ZnO nanowires are expected to increase the
bonding between the fiber and polymer matrix in composites. The low
hydrothermal temperature of ZnO nanowires allows direct growth of
ZnO nanostructures on structural fibers and used for structural com-
posite applications. In addition, as a type of piezoelectric materials,
ZnO nanowires can respond to applied external loads on composites,
leading to novel functional composites with load sensing functions

[13].
In recent years, increasing attention has been drawn to the ad-

vancement of synthesis technology for the growth of aligned ZnO na-
noarrays in the shape of nanowires [14,15], nanorods [14–17], na-
norings [18], nanosprings [19], and other nanostructures [20,21] on
various types of substrates using chemical vapor deposition [22],
physical vapor deposition [23], and hydrothermal [24] methods.
However, most aligned ZnO nanowires on continuous structural fibers
have been synthesized using a two-step method: first, the dip-coating
method to generate ZnO seeds on fiber surfaces, and then the hydro-
thermal method for nanowire growth [10,25]. Since the dip-coating
method can hardly control the size and shape of ZnO seeds, low seeding
quality affects the alignment and property of hybrid fibers with ZnO
nanoarrays.

Atomic layer deposition (ALD) has been well accepted as a micro-
manufaturing technology to grow thin films [26]. Since ALD is able to
meet the needs for atomic layer control and conformal deposition using
sequential and self-limiting surface reactions, this approach is con-
sidered to be one of the best methods to achieve high conformality, in
particular, on high aspect structures. Binary metal oxides, including
Al2O3 [27], TiO2 [28], ZnO [29], and metal thin films, such as Cu [30],
can be deposited on various substrates. Besides conformality, low de-
position temperature is another key advantage of ALD, allowing the
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process of temperature sensitive materials and substrates. The em-
ployment of ALD method to grow ZnO seed layer on carbon fiber fabrics
has the potential to accurately control ZnO nanoparticle size with im-
proved uniformity. Since the mechanical properties of carbon fiber
fabrics can be significantly degraded at high temperature, low deposi-
tion temperature of ALD allows to coat conformal ZnO thin films as seed
layer on carbon fiber fabrics without degrading the fiber's strength. Our
recent study has demonstrated the capability to grow ZnO seed layer on
carbon fiber fabrics using ALD method [31,32]. This paper focuses on
the impacts of the reagent concentrations and hydrothermal reaction
time on ZnO nanoarray morphology.

In this paper, we report an integrated approach for the morpholo-
gical control of ZnO nanowire arrays on carbon fiber fabrics, using ALD
to deposit ZnO seeds and the low temperature hydrothermal method for

nanowire synthesis. The unique combination of ALD and hydrothermal
methods allowed to generate high ZnO seed layers on carbon fiber and
to control ZnO nanoarray morphology. The nano structures of synthe-
sized ZnO were tailored by adjusting the hydrothermal process time and
reagent concentrations. Detailed properties of the fabricated hybrid fi-
bers were characterized.

2. Experimental

2.1. Materials

Diethylzinc and deionized water were purchased from
Sigma–Aldrich and used for ZnO seeding via ALD. Trichloroethylene
(TCE, 99%), zinc nitrate hexahydrate (Zn(NO3)2, 99%) and hexam-
ethylenetetramine (HMT, 99%) were purchased from Sigma–Aldrich
and used in the hydrothermal synthesis of ZnO nanoarrays on carbon
fiber fabrics. All the materials were used as received.

2.2. Synthesis procedure of hybrid fibers

In this paper, a two-step hybrid fiber synthesis procedure, com-
bining ALD and hydrothermal methods, was developed to synthesize
ZnO nanoarrays. High quality ZnO seeds were first deposited on carbon
fibers via ALD, and then grown into nanoarrays in an aqueous solution
using the hydrothermal method. The schematic of synthesis procedure
is shown in Fig. 1.

Carbon fiber fabrics were first degreased by dipping them into TCE
and methanol, respectively, for 10 min under ultrasonic agitation,
washed under running deionized water for 10 min, and finally dried in
an environmental oven. The prepared carbon fiber fabrics were used for
the ALD and hydrothermal synthesis of ZnO nanoarrays on carbon fiber

Fig. 1. Schematic of synthesis procedure of hybrid structural fibers using combined ALD and hydrothermal methods.

Fig. 2. FESEM images of synthesized hybrid structural fibers: (a and b) FESEM images of ZnO fine nanowires on carbon fibers; (c and d) FESEM images of ZnO fuzzy
nanowires on carbon fibers; (e and f) FESEM images of ZnO fine nanorods on carbon fibers; (g and h) FESEM images of compact nanorods on carbon fibers showing
the fully coverage of carbon fiber by ZnO.

Table 1
Hydrothermal parameters.

Sample
name

Zn(NO3)2
(mmol/L)

HMT
(mmol/L)

Growth time
(h)

Nanoarray
morphology

A1 25 25 5 Fine nanowires
A2 50 50 5 Fine nanowires
A3 100 100 5 Fine nanorods
A4 200 200 5 Compact nanorods
B1 25 25 17 Fine nanowires
B2 50 50 17 Fuzzy nanowires
B3 100 100 17 Fine nanorods
B4 200 200 17 Compact nanorods
C1 25 25 30 Fine nanowires
C2 50 50 30 Fuzzy nanowires
C3 100 100 30 Fine nanorods
C4 200 200 30 Compact nanorods
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fabrics.
To synthesize ZnO nanoarrays on carbon fiber fabrics, a customized

thermal ALD system was used to deposit ZnO seeds on the cleaned
carbon fiber fabrics. In the reaction process, a double-exchange che-
mical vapor reaction was adopted between DI water and DEZn pre-
cursors. The dose time was controlled via computer driven pneumatic
valves, and N2 gas was used to carry these vaporized sources to the
reaction chamber. The H2O and DEZn were alternately distributed, and
a 10 s ultra-high purity N2 purge period was carried out after each
dosing process. It should be noted that this period was enough to ensure
the pressure returned to its base level before the next pulse.

In the second step, Zn(NO3)2 and HMT aqueous solutions were
prepared for the hydrothermal process. Each was stirred at 600 rpm for
10 min at 55 °C, then mixed together and stirred at 600 rpm for 10 min
at 55 °C. The solution was stored in a water bath at 90 °C for 1 h to
consume impurities. Finally, the carbon fiber fabrics were submerged
into the prepared solution to hydrothermally synthesize ZnO na-
noarrays. The morphologies of synthesized nanoarrays were controlled
by adjusting the hydrothermal reaction time from 5 h to 30 h and re-
agent concentration from 25 mmol/L to 100 mmol/L. The ZnO na-
noarrays were naturally aligned due to the self-assembly nature of ZnO
nanoarrays.

2.2. Property characterization

The investigation of the ZnO nanoarray morphology was carried out
using a field emission scanning electron microscope (FESEM) at a vol-
tage of 20 kV. The diameters of the ZnO nanowires were measured
using the commercial software ImageJ on the FESEM images, and sta-
tistical analyses were employed to study the diameter distribution of
the ZnO nanoarrays. The weight concentration of ZnO in hybrid fiber
was tested using the thermogravimetric analysis (TGA). The element
analysis of hybrid fibers was conducted using energy-dispersive X-ray
(EDX) spectroscopy. Powder X-ray diffraction (XRD) measurements
were carried out using sing a Rigaku Ultima IV diffractometer. Cu-K-
alpha radiation (40 kV, 44mA) was used via a Bragg-Brentano detector.
The hydrophobic and hydrophilic surface properties of the synthesized
hybrid fibers were characterized by measuring the contact angles of
water and ZnO nanoarrays. ZnO nanoarray coated carbon fiber fabrics
was attached on a glass substrate and place on a flat stage in front of a
camera. Water droplet was pushed out from a syringe by a motor-driven
lead screw mechanism. Experimental setup is shown in Supplementary
Material. Only one water droplet was placed on top of the ZnO na-
noarray during the tests. The contact angle was measured using com-
mercial software ImageJ from the recorded pictures.

Fig. 3. Effect of reagent concentration on diameter distributions of ZnO nanoarrays grown on carbon fiber substrates. Growth time: 5 h.
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3. Results and discussions

In this paper, the morphology and microstructure of ZnO na-
noarrays were controlled by tailoring the reagent concentrations and
reaction time of the hydrothermal process, and were studied via
FESEM. Four types of ZnO nanoarray morphology were obtained: fine
nanowires (Fig. 2a and b), fuzzy nanowires (Fig. 2c and d), fine na-
norods (Fig. 2e and f), and compact nanorods (Fig. 2g and h). Both the
fine nanowires and fine nanorods showed a one-dimensional (1D) mi-
crostructure of the synthesized nanoarray, with the ZnO nanowires
aligned on carbon fiber fabrics. However, the fuzzy nanowires were not
well-aligned due to the lack of guidance during the hydrothermal
process. The ZnO compact nanorods covered the entire carbon fiber
surface when the reagent concentration was 200 mmol/L or higher
during the hydrothermal process. The detailed reagent concentrations,
hydrothermal growth time, and obtained morphology are listed in
Table 1. The diameter distributions of the ZnO nanoarrays obtained
from the corresponding FESEM images are shown in Fig. 3. The average
diameters of the ZnO nanoarrays can be controlled at different reagent
concentrations. When the reagent concentration increased from 25 to

100 mmol/L, the average diameters of the ZnO nanoarrays increased
from 29 nm to 65 nm, correspondingly. Similar trends were obtained
when the hydrothermal reaction time increased from 5 h to 30 h.

Weight concentration of aligned ZnO nanowire arrays on hybrid
fiber fabrics is critical for light-weight composite applications. TGA
tests were conducted to burn off all carbon fiber fabrics, and ZnO
weight concentrations were calculated using the residual weight of the

Fig. 4. TGA characterization of ZnO weight concentrations in hybrid structural fibers.

Table 2
ZnO weight concentrations of hybrid fibers.

Sample
name

ZnO weight
concentration

Sample
name

ZnO weight
concentration

Sample
name

ZnO weight
concentration

A1 5.10% B1 5.68% C1 7.56%
A2 5.57% B2 7.24% C2 9.45%
A3 7.54% B3 10.59% C3 11.72%

Fig. 5. EDX spectra of ZnO nanowires on carbon fibers.
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tested samples. As shown in Fig. 4a, carbon fibers on the hybrid fiber
samples A1, B1, and C1 all started decomposing at around 600 °C. Once
all the carbon fibers were burned off, the residual weight concentra-
tions of ZnO for samples A1, B1, and C1 were 5.10%, 5.68%, and
7.56%. Since the reagent concentration used for these samples was at
25 mmol/L, the TGA results proved that longer hydrothermal synthesis
time results in higher ZnO concentrations and larger ZnO nanowire and
nanorod diameters. Similar TGA test results were obtained using other
samples. The TGA testing results of samples A2, B2, and C2 are shown
in Fig. 4b, and the TGA testing results of samples A3, B3, and C3 are
shown in Fig. 4c. The TGA results reported in the supplement materials

demonstrate that longer hydrothermal synthesis time results in higher
ZnO concentrations and larger ZnO nanowire and nanorods diameters.
In addition to the hydrothermal treatment time, reagent concentrations
also impacted ZnO weight concentrations. When the reagent con-
centration increased from 25 mmol/L to 100 mmol/L, the maximum
ZnO weight ratio reached 11.72%. The weight concentration of ZnO of
all the tested samples are listed in Table 2, and summarized TGA in
Fig. 4d.

Elemental analysis of the ZnO nanoarray coated carbon fiber fabrics
was performed via EDX. Zinc, oxygen, and carbon were all detected on
samples with ZnO fine nanowires. Only zinc and oxygen were detected
on samples with fuzzy nanowires and fine nanorods due to the high ZnO
density on the fibers (Fig. 5). The crystal structures of ZnO nanoarrays
were studied via XRD. Fig. 6 shows that multiple diffraction peaks,
including (100), (002), and (101), were recorded due to the highly
cured fiber surface. Since the same XRD diffraction peaks were obtained
from all the samples with different morphology, it can be concluded
that the variation of reagent concentration and hydrothermal process
time did not change the crystal structures of synthesized ZnO nanoarray
coated carbon fiber fabrics.

The contact angles of water on the grown ZnO nanostructures have
been measured from the synthesized hybrid fiber fabrics with four
different types of ZnO morphologies. As shown in Fig. 7, the contact
angles of water on ZnO fine nanowires, fuzzy nanowires, fine nanorods,
and compact nanorods were 155.7°, 144.9°, 139.0°, and 77.8°, respec-
tively. Compared to ZnO morphology in Fig. 2 and the average ZnO
diameters shown in Fig. 3, it is obvious that the nanostructures of fine
ZnO nanowires with good alignment and small average diameter could
provide air/solid binary collaboration effect on the fabric surface,
which increased the water repellence property of the fabrics. However,
the hydrophobic properties were weakened when the average diameter

Fig. 6. XRD diffraction of ZnO nanoarrays with different morphology. .

Fig. 7. Contact angles of four types of synthesized hybrid structural fiber fabrics.
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increased and ZnO morphology converted to fuzzy nanowires and na-
norods. When ZnO completely covered the entire carbon fiber and
showed morphology of compact nanorods, the contact angle reduced to
77.8°, demonstrating the hydrophilic surface property of the hybrid
fabrics.

4. Conclusions

ZnO nanoarrays with controllable morphology were synthesized
and characterized in this paper. A two-step approach combining ALD
and hydrothermal methods was developed to synthesize ZnO na-
noarrays. Characterization methods, including FESEM, TGA, EDX, and
XRD, were employed to study the morphology and crystal structures of
ZnO. Four types of ZnO surface morphology were grown on carbon
fiber fabrics: fine nanowires, fuzzy nanowire, fine nanorods, and com-
pact nanorods. Experimental results demonstrated that the same ZnO
crystal structure was obtained regardless of the reagent concentrations
and hydrothermal process time. The contact angles of the synthesized
hybrid fibers were controlled by the average ZnO diameter and mor-
phology. The developed hybrid fibers can be used to develop light-
weight structural composites with enhanced interfacial properties.
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