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Figure 1. The cross-section and top view (inset) images of the ZNAs synthesized with 0.05 M
precursor concentration in T1 for 2 h and 0.01 M in T2 for: (a) 0 h (H-0); (b) 1 h (H-1); (c) 2 h
(H-2); (d) 4 h (H-4); and (e) the cross-section and (f) the top view images of the ZNAs synthesized
with 0.05 M precursor concentration in T1 for 2 h and 0.01 M in T2 for 10 h (H-10). The insets are their
high-magnification images.

Figure 2. (a,b) The top-view and cross-section SEM images of the sample L-0 which was synthesized
with 0.01 M precursor concentration in T1 for 2 h without T2 treatment. (c,d) The top view and
cross-section SEM images of the sample L-2 which was synthesized with 0.01 M precursor concentration
in T1 for 2 h, and with 0.05 M precursor concentration in T2 for 2 h.
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Figure 3 shows the XRD patterns of the sample H-0, H-4, L-0, L-2, and the seed layer. The diffraction
peaks correspond to the ZnO hexagonal wurtzite structure (JCPDS 36-1451). For each sample, only one
diffraction peak was found at 34.54°, which indicates a prefered (002) orientation. No other diffraction
peaks were detected, which indicates the high purity of the samples.

F ©002) —H4
3 I ——H-0
‘; 1 1 1
< b —L-2
2 F
B A
[ 1 1 1
8 F
E —L-0
3 = i
n n 5
L —— Seed layer

A
1 1 1

20 40
Wavelength (nm)

Figure 3. The XRD patterns of the seed layer and the sample L-0, L-2, H-0, and H-4.

In order to further understand the growth mechanisms of the ZnO nanostructures, the TEM
analysis was conducted on sample H-4. As shown in the low-resolution TEM images of Figure 4a,b,
the syringe shape with obvious change in diameter is clearly exhibited in the images. Figure 4c,d are
the high-resolution TEM (HRTEM) images of the corresponding selected areas of the red boxes in
Figure 4b, which are the ultra-sharp tip and the thick bottom rod, respectively. The lattice spacing of
0.26 nm corresponds to the ZnO (0001) plane. Inset of Figure 4d is the corresponding selected-area
electron diffraction (SAED) pattern. The results of the HRTEM and the SAED pattern indicate that the
syringe-shaped ZnO nanorod grows along the [0001] direction, which corresponds to the XRD results.
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Figure 4. (a,b) The TEM images of the syringe-shaped ZNAs of the sample H-4. (¢,d) HRTEM images
of the selected areas marked on the syringe-shaped ZnO nanorod shown in (b). Inset of (d) is the
corresponding SAED pattern.
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In the aqueous solution condition, the ZnO crystals were obtained according to the following
reactions. Initially, when Zn(NOj3),-6H,O was dissolved into the water, zinc ion (Zn?*) and nitrate ion
(NO3; ™) were dissociated as the following Equation (1):

Zn(NO3),-6H0 4 HyO — Zn2* 4 2NOj + 7H,0 )

Methenamine is believed to act as a stabilizer, which can slowly hydrolyze in water and gradually
produce ammonium ions (NH4*) and hydroxide ions (OH™) [27,28]:

(CHy)Ny + 6H,0 — 6HCHO + 4NH; )

NH; + H,0 + NH} +OH~ (3)

Zn(OH);>~ and Zn(NHj3),* ions are generally assumed as growth units which are formed after
mixing and heating the precursor solutions as Equations (4)-(6) [29-31]. The ZnO crystal can be formed
by dehydration of Zn(OH),2~ and Zn(NH3)42* as Equations (7) and (8):

Zn** 4 20H~ — Zn(OH), 4)
Zn(OH), +20H~ — Zn(OH); ™ )

Zn>* 4+ 4NH] — Zn(NH3);" (6)
Zn(OH)2™ — ZnO + H,O + 20H ™ @)
Zn(NH3)3" +20H™ — ZnO + 4NH; + H,O 8)

The precursor concentration directly influences the amount of Zn?* and OH ™. At the beginning
of the reaction, the pH values of 0.05 M and 0.01 M solution are 6.6 and 6.8, respectively. When the
reaction continues for 1 h, 2 h, and 4 h, the pH value of 0.05 M solution remains constant at 5.3.
The large decrease in the pH value may due to the reaction of Zn?>* and OH ™, resulting in a large
consumption of OH™. As for the 0.01 M solution, when the reaction continues for 1 h, 2 h, 4 h, and
10 h, the pH values are 5.6, 5.7, 6.1, and 6.3. At the early stage of the reaction, the pH value decreases,
which is similar to the 0.05 M solution. However, as the reaction proceeds, the pH value increases
slowly. This is because the gradually-released OH™ ions are not consumed owing to the low amount
of Zn?* ions remaining in the solution after a period of growth.

The ZnO seed layer plays a vital role on the alignment of the ZnO nanorods. As shown in the XRD
pattern (Figure 3, black line), the seed layer exhibits only a (002) diffraction peak, which indicates its
high orientation with c-axis perpendicular to the substrate. Due to the natural properties of the polar
crystal, the polar surfaces can be easily charged positively or negatively [25]. Thus, the ZnO seed layer
surface consists of a positively-charged polar Zn?*-terminated (001) plane or a negatively-charged
polar O?~-terminated (001) plane [30,32]. Then the surface can attract growth units of Zn(NHjz)4>* or
Zn(OH),2~, which can be dehydrated to form ZnO crystal. Continuously, the polar surfaces absorb the
growth units and repeat dehydration to form ZnO crystal until the supply of growth units stops. Thus,
the crystal growth rate is faster along the c-axis than other nonpolar surfaces [25]. It is easy to obtain
ZnO nanorod arrays with high alignment perpendicular to the substrate with the ZnO seed layer.

The growth mechanisms of the syringe-shaped and the nail-shaped ZNAs are illustrated in
Figure 5. The precursor concentration can influence the relative growth rate of different orientations,
which is the key factor in determining the overall morphology of the ZnO crystal. Moreover, the growth
rate of non-polar facets {0110} is more sensitive to the precursor concentration change than polar facets
{0001}, which has also been detected by Zhang et al. [33]. In the T1 step, the supply of the growth units
is stable during the early stage of crystal growth and, accordingly, the growth rate ratio of {0001} facets
and {0110} facets changes very slightly. Thus, ZnO nanorods terminated with flat hexagonal tops were
obtained, as shown in the sample H-0 (Figure 1a). If the precursor concentration in T2 is lower than
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that in T1, as shown in Figure 5a, the growth rate of {0110} slows down, but pieces by laser and clean
crystal maintains a relatively high growth rate on {0001} facets. The tops of the original nanorods serve
as energetically-favored sites, so ZnO nanorods with cone-shaped tops were obtained, as shown in
the sample H-1 and H-2 (Figure 1b,c). When the growth rate of {0110} decreases to a critical value,
the growth rate ratio of {0110} and {0001} becomes stable in the current solution, and accordingly the
nanorods will grow with uniform diameter again. Thus, syringe-shaped nanorods were obtained when
the time of T2 extended to 4 h, as shown in the sample H-4 (Figure 1d). If the precursor concentration in
T2 is higher than that in T1, as shown in Figure 5b, the growth rate ratio of {0110} and {0001} increases.
However, confined by the nucleation sites, the diameter cannot increase suddenly, so the diameter
of the nanorods enhances layer by layer until the growth rate ratio of {0110} and {0001} return to
stable, nail-shaped ZNAs with inverted hexagonal pyramid tips forming, as shown in the sample L-2
(Figure 2¢,d).

(a) T1 T2
0.05M 0.01 M
ZnO seeds
(b) T1 T2

Figure 5. Schematic of the growth mechanisms of: (a) the syringe-shaped ZNAs; and (b) the
nail-shaped ZNAs.

Figure 6 shows the room-temperature PL spectra of the sample H-0, H-4, L-0, and L-2. All the
samples exhibit a UV emission peak located at around 384 nm, which is attributed to the recombination
of the free excitons (electrons from the conduction band and holes from the valence band) [34-36].
The sample H-4 shows a strong and sharp UV emission indicating its high crystalline. The green
emissions are found ranging from 500 nm to 600 nm which are mainly attributed to the defects, such as
O-vacancy, Zn-interstitial, and absorbed molecules [30,31,37]. O-vacancy has three different charged
states: neutralized oxygen vacancy (V}}), single-ionized oxygen vacancy (V), and doubly-ionized
vacancy (V3 ™"). The electrons from the conduction band (CB) recombine with the doubly-ionized
vacancies (V ), which generate green emission. The single-ionized oxygen vacancies (V}) capture
electrons from CB, and then recombine with the photo-generated holes in the valance band (VB), which
always generates a green emission. It is commonly believed that the oxygen-related species, such
as O, and OH™ can be absorbed on the surface of ZnO nanorods. The electrons or holes captured
by the O, and OH™ on the surface of ZnO nanorods can nonradiatively recombine [37]. The large
surface-to-volume ratio will induce a high amount of O, and OH™ absorbed on the surface, which
can capture more photo-generated electrons or holes. Nonradiative recombinations increase and, as
a result, induce the decrease of green emissions. For our samples, H-4 with ultrasharp tips has the
highest surface-to-volume ratio and, accordingly has the lowest green emission. The sample H-0,
with the lowest surface-to-volume ratio, exhibits the highest green emission. L-0 and L-2 are in the
middle levels.
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Figure 6. Room-temperature PL spectra of the sample H-0, H-4, L-0, and L-2.

4. Conclusions

In conclusion, the precursor concentration and the growth time in each step are the key factors to
determine the morphology of the ZnO nanorods. By changing the growth conditions, ZnO nanorods with
different morphologies, including flat top, cone top, syringe-shaped, and nail-shaped, were obtained.
The growth mechanism of each nanostructure was discussed. The room-temperature PL spectra show
that the syringe-shaped ZNAs with ultra-sharp tips have higher intensity of UV emission peak, indicating
their high crystalline quality.

Acknowledgments: The work was financially supported by The Provincial Natural Science Foundation of
Guangdong Province, China (no. 2017A030310064), and The National Natural Science Foundation of China
(no. 61307080, no. 61404052, no. 51372092, no. 51672090).

Author Contributions: Guannan He characterized the samples, analyzed the data and wrote the article.
Zhenxuan Lin performed the experiments and obtained ZnO nanorod arrays with different structures. Bo Huang
and Weifeng Yang contributed in the discussion of the experimental results and proposed growth models.
Qinyu He and Lunxiong Li contributed in the revision of the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Choi, S;; Bonyani, B.; Sun, G.J.; Lee, ] K.; Hyun, SK.; Lee, C. Cr,O3 nanoparticle-functionalized WO3
nanorods for ethanol gas sensors. Appl. Surf. Sci. 2018, 432, 241-249. [CrossRef]

2. Long, HW, Li, Y.Q.; Zeng, W. Substrate-free synthesis of WO3 nanorod arrays and their superb NH3-sensing
performance. Mater. Lett. 2017, 209, 342-344. [CrossRef]

3. Yin, Z.Z,; Cheng, SW.; Xu, L.B,; Liu, H.Y.,; Huang, K; Li, L.; Zhai, Y.Y.; Zeng, Y.B.; Liu, H.Q.; Shao, Y.; et al.
Highly sensitive and selective sensor for sunset yellow based on molecularly imprinted polydopmine-coated
multi-walled carbon nanotubes. Biosens. Bioelectron. 2018, 100, 565-570. [CrossRef] [PubMed]

4. Wang, ZH.; Yang, C.C.; Yu, H.C; Yeh, H.T,; Peng, Y.M.; Su, Y.K. Electron field emission enhancement
based on Al-doped ZnO nanorod arrays with UV exposure. IEEE Trans. Electron Devices 2018, 65, 251-256.
[CrossRef]

5. Hou, ].W,; Wang, B.B.; Ding, Z].; Dai, R.C.; Wang, Z.P,; Zhang, Z.M.; Zhang, ].W. Facile fabrication of infrared
photodetector using metastable vanadium dioxide VO, (B) nanorod networks. Appl. Phys. Lett. 2017, 111,
072107. [CrossRef]

6. Lee, S; Lee, WY,; Jang, B.; Kim, T.; Bae, ].H.; Cho, K,; Kim, S.; Jang, J. Sol-gel processed p-type CuO
phototransistor for a near-infrared sensor. IEEE Electron Device Lett. 2018, 39, 47-50. [CrossRef]

142



Crystals 2018, 8, 152

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Li, YM.; Zhang, Q.S.; Niu, L.Y,; Liu, J.; Zhou, X.E. TiO, nanorod arrays modified with SnO,-Sb,O3
nanoparticles and application in perovskite solar cell. Thin Solid Films 2017, 621, 6-11. [CrossRef]

Momeni, M.M.; Ghayeb, Y.; Menati, M. Facile and green synthesis of CuO nanoneedles with high photo
catalytic activity. J. Mater. Sci. Mater. Electron. 2016, 27, 9454-9460. [CrossRef]

Ozgiir, U.; Alivov, Y.I; Liu, C.; Teke, A.; Reshchikov, M.A.; Dogan, S.; Avrutin, V.; Cho, S.-J.; Morkog, H.
A comprehensive review of ZnO materials and devices. J. Appl. Phys. 2005, 98, 041301. [CrossRef]
Montenegro, D.N.; Souissi, A.; Martinez-Tomas, C.; Munoz-Sanjose, V.; Sallet, V. Morphology transtions in
ZnO nanorods grown by MOCVD. J. Cryst. Growth 2012, 359, 122-128. [CrossRef]

Lu, S.N; Qi, J.J.; Wang, Z.Z.; Lin, P; Liu, S.; Zhang, Y. Size effect in a cantilevered ZnO micro/nanowire and
its potential as a performance tunable force sensor. RSC Adv. 2013, 3, 19375-19379. [CrossRef]

Yuan, Z.L.; Yao, J.C. Growth of well-aligned ZnO nanorod arrays and their application for photovoltaic
devices. J. Electron. Mater. 2017, 46, 6461-6465. [CrossRef]

Lung, C.M.; Wang, W.C.; Chen, C.H.; Chen, L.Y.; Chen, M.]. ZnO/Al,O3 core/shell nanorods array as
excellent anti-reflection layers on silicon solar cells. Mater. Chem. Phys. 2016, 180, 195-202. [CrossRef]
Fujiwara, H.; Suzuki, T.; Niyuki, R.; Sasaki, K. ZnO nanorod array random lasers fabricated by a laser-induced
hydrothermal synthesis. New J. Phys. 2016, 18, 103046. [CrossRef]

Harale, N.S.; Kamble, A.S.; Tarwal, N.L.; Mulla, 1.S.; Rao, V.K.; Kim, J.H.; Patil, P.S. Hydrothermally grown
ZnO nanorods arrays for selective NO, gas sensing: Effect of anion generating agents. Ceram. Int. 2016, 42,
12807-12814. [CrossRef]

Kim, D.; Kim, W.; Jeon, S.; Yong, K. Highly efficient UV-sensing properties of Sb-doped ZnO nanorod arrays
synthesized by a facile, singlestep hydrothermal reaction. RSC Adv. 2017, 7, 40539-40548. [CrossRef]
Husham, M.; Hamidon, N.M.; Paiman, S.; Abuelsamen, A.A_; Farhat, O.F,; Al-Dulaimi, A.A. Synthesis
of ZnO nanorods by microwave-assisted chemical-bath deposition for highly sensitive self-powered UV
detection application. Sens. Actuators A-Phys. 2017, 263, 166-173. [CrossRef]

Han, C.; Chen, Z.; Zhang, N.; Colmenares, J.C.; Xu, Y.J. Hierarchically CdS decorated 1D ZnO nanorods-2D
graphene hybrids: Low temperature synthesis and enhanced photocatalytic performance. Adv. Funct. Mater.
2015, 25, 221-229. [CrossRef]

Zhang, N.; Xie, S.J.; Wenig, B.; Xu, Y.J. Vertically aligned ZnO-Au@CdS core-shell nanorod arrays as
an all-solid-state vectorial Z-scheme system for photocatalytic application. ]. Mater. Chem. A 2016, 4,
18804-18814. [CrossRef]

Liu, S.Q.; Tang, Z.R.; Sun, Y.G.; Colmenares, ].C.; Xu, Y.J. One-dimension-based spatially ordered architectures
for solar energy conversion. Chem. Soc. Rev. 2015, 44, 5053-5075. [CrossRef] [PubMed]

Wu, C.C; Wuu, D.S;; Lin, PR.; Chen, T.N.; Horng, R.H. Realization and manipulation of ZnO nanorod
arrays on sapphire substrates using a catalyst-free metalorganic chemical vapor deposition technique.
J. Nanosci. Nanotechnol. 2010, 10, 3001-3011. [CrossRef] [PubMed]

Wu, C.C.; Wuuy, D.S; Lin, PR; Chen, T.N.; Horng, R.H. Three-step growth of well-aligned ZnO nanotube
arrays by self-catalyzed metalorganic chemical vapor deposition method. Cryst. Growth Des. 2009, 9,
4555-4561. [CrossRef]

Kawakami, M.; Hartanto, A.B.; Nakata, Y.; Okada, T. Synthesis of ZnO nanorods by nanoparticle assisted
pulsed-laser deposition. Jpn. J. Appl. Phys. 2003, 42, 1L33-L35. [CrossRef]

Kim, M.S.; Nam, G.; Leem, J.Y. Photoluminescence studies of ZnO nanorods grown by plasma-assisted
molecular beam epitaxy. J. Nanosci. Nanotechnol. 2013, 13, 3582-3585. [CrossRef] [PubMed]

Chen, Z.T.; Gao, L. A facile route to ZnO nanorod arrays using wet chemical method. . Cryst. Growth 2006,
293, 522-527. [CrossRef]

Sardana, S.K.; Chandrasekhar, P.S.; Kumar, R.; Komarala, V.K. Efficiency enhancement of silicon solar cells
with vertically aligned ZnO nanorod arrays as an antireflective layer. Jpn. J. Appl. Phys. 2017, 56, 040305.
[CrossRef]

Ahsanylhaq, Q.; Umar, A.; Hahn, Y.B. Growth of aligned ZnO nanorods and nanopencils on ZnO/Si in
aqueous solution: Growth mechanism and structural and optical properties. Nanotechnology 2007, 18, 115603.
[CrossRef]

Xu, S.; Lao, C.S.; Weintraub, B.; Wang, Z.L. Density-controlled growth of aligned ZnO nanowire arrays by
seedless chemical approach on smooth surfaces. J. Mater. Res. 2008, 23, 2072-2077. [CrossRef]

143



Crystals 2018, 8, 152

29.

30.

31.

32.

33.

34.

35.

36.

37.

Wang, Z.; Qian, X.E; Yin, J.; Zhu, Z.K. Aqueous solution fabrication of large-scale arrayed obelisk-like zinc
oxide nanorods with high efficiency. J. Solid State Chem. 2004, 177, 2144-2149. [CrossRef]

Prabhu, M.; Mayandi, J.; Mariammal, RN.; Vishnukanthan, V.; Pearce, ].M.; Soundararajan, N.;
Ramachandran, K. Peanut shaped ZnO microstructures: Controlled synthesis and nucleation growth toward
low-cost dye sensitized solar cells. Mater. Res. Express 2015, 2, 066202. [CrossRef]

Jang, ].M.; Kim, S.D.; Kim, S.D.; Choi, HM.; Kim, J.Y.; Jung, W.G. Morphology change of self-assembled
ZnO 3D nanostructures with different pH in the simple hydrothermal process. Mater. Chem. Phys. 2009, 113,
389-394. [CrossRef]

Wilson, S.J.; Hutley, M.C. The optical properties of ‘moth eye” antireflection surfaces. Opt. Acta 1982, 29,
993-1009. [CrossRef]

Zhang, D.B.; Wang, S.J.; Cheng, K.; Dai, S.X.; Hu, B.B.; Han, X_; Shi, Q.; Du, Z.L. Controllable fabrication
of patterned ZnO nanorod arrays: Investigations into the impacts on their morphology. ACS Appl.
Mater. Interfaces 2012, 4, 2969-2977. [CrossRef] [PubMed]

Yue, S.S.; Lu, J.J.; Zhang, ].Y. Controlled growth of well-aligned hierarchical ZnO arrays by a wet chemical
method. Mater. Lett. 2009, 63, 2149-2152. [CrossRef]

Bai, S.L.; Guo, T.; Zhao, Y.B,; Luo, R X,; Li, D.Q.; Chen, A E; Liu, C.C. Mechanism enhancing gas sensing
and first-principle calculations of Al-doped ZnO nanostructures. J. Mater. Chem. A 2013, 1, 11335-11342.
[CrossRef]

Wang, M.].; Shen, Z.R.; Chen, Y.L.; Zhang, Y.; Ji, H.M. Atomic structure-dominated enhancement of acetone
sensing for a ZnO nanoplate with highly exposed (0001) facet. CrystEngComm 2017, 19, 6711-6718. [CrossRef]
Xu, J.P; Shi, S.B.; Wang, C.; Zhang, Y.Z.; Liu, Z.M.; Zhang, X.G.; Li, L. Effect of surface-to-volume ratio on
the optical and magnetic properties of ZnO nanorods by hydrothermal method. J. Alloys Compd. 2015, 648,
521-526. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).

144



MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Crystals Editorial Office
E-mail: crystals@mdpi.com
www.mdpi.com/journal/crystals







MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

/
Fax: +41 61 302 89 18 mI\D\Py
/

www.mdpi.com ISBN 978-3-03897-653-0



	Blank Page



