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Hydrothermal Growth of ZnO Nanowire Arrays: Fine
Tuning by Precursor Supersaturation’

Danhua Yan,*? Jiajie Cen,” Wenrui Zhang,* Alexander Orlov,” and Mingzhao Liu **

Here we develop a technique that fine tunes the hydrothermal growth of ZnO nanowires, to ad-
dress the difficulties for such controlling in conventional one-pot hydrothermal method. In our tech-
nigue, precursors are separately and slowly supplied with the assist of a syringe pump, through
the entire course of the growth. Comparing to the one-pot method, the significantly lowered super-
saturation of precursors helps eliminating competitive homogeneous nucleation and improves the
reproducibility. The supersaturation degree can be readily tuned by precursor quantity and injec-
tion rate, thus forming ZnO nanowire arrays of various geometry and packing density in a highly
controllable fashion. The precise control of ZnO nanowire growth enables systematical studies on
the correlation between the material’s properties and its morphology. In this work, ZnO nanowire
arrays of various morphologies are studied as photoelectrochemical (PEC) water splitting pho-
toanodes, in which we establish clear correlations between the water splitting performance and

the nanowires’ size, shape, and packing density.

Introduction

Zinc oxide (Zn0), a direct band gap II-IV semiconductor, bears
many fascinating properties. With its wide band gap at 3.30 eV
(A =375 nm) and large exciton binding energy (60 meV), ZnO en-
joys high transparency in visible range and intense band edge lu-
minescence, 1~ which enable it for various optical and optoelec-
tronics applications, such as light-emitting diodes, photodetec-
tors, and optical modulator waveguides.’"!! Due to its relatively
high electron mobility (1, 20sx = 155 cm*V~!s™1), the material is
also a promising host for transparent conductive oxides, such as
Al:Zn0 and Ga:ZnO. 1-%12 ZnO usually crystallizes in a hexagonal
wurtzite lattice (space group P6smc) that lacks inversion sym-
metry and gives arise to significant piezoelectricity for applica-
tion in acoustic wave (SAW) devices, filters, and resonators. 13-19
Given the high surface energy of its polar (002) facets (normal
to the hexagonal c-axis), wurtzite ZnO readily forms whiskers or
nanowires extending along its c-axis to minimize the exposed area
of (002) facets. In its nanowire form, ZnO finds even more use
in applications such as UV lasing, dye-sensitized solar cell, and
photoelectrochemical (PEC) water splitting. 20-24

A large number of routes have been developed for fabricat-
ing ZnO nanowires, using techniques such as vapour-liquid-solid
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Fig. 1 Limitations of conventional one-pot technique for ZnO
nanowires growth. (a)(b) Top-view SEM images for two batches of ZnO
nanowires grown from identical low pH one-pot process using HMTA as
OH™ precursors, both with 20 minutes growth time, showing significant
morphology variation between the two. (c) Side-view SEM image for ZnO
nanowires grown from high pH one-pot process using Zn(OH)42‘ as the
sole precursors. A densely packed buffer layer emerges between the
nanowire array and the substrate.

(VLS) method, molecular beam epitaxy (MBE), pulsed laser de-
position (PLD), or metal organic chemical vapour deposition
(MOCVD). >16:17,25,26 Among these techniques, the most com-
monly used one is the seeded hydrothermal growth method de-
veloped by Greene et al.?’-33 In the growth process, substrates
seeded with ZnO nanocrystals are submerged into an aqueous so-
lution of zinc ions, which decomposes upon heating (70 —90°C),
following Zn?* +20H~ =Zn0+H, O to form ZnO nanowires over
the seeds. 30-343> Employing very simple experimental apparatus
and technique, the method is widely adapted and is promising
for scalable production of ZnO nanowire arrays. To provide the
hydroxide ions while preventing the precipitation of zinc hydrox-
ide, the precursor is commonly a pH neutral solution of zinc salt
and hexamethylenetetramine (HMTA), of which the latter slowly

decomposes to release hydroxide ions (low pH recipe).?%32 In



another variation, zinc ions are stabilized in a higher pH (> 13)
solution in the form of tetrahydroxozincate (Zn(OH) 42‘), which
decomposes to form ZnO upon heating (high pH recipe).

As a one-pot method, the technique is simple and effective, but
frequently suffers from difficulties in consistency and controlla-
bility. As shown in Figure 1a and b, two ZnO nanowire samples
grown from an identical low pH recipe appear very different on
the sizes and packing densities of ZnO deposits, although the only
difference is that the two batches are prepared a few days apart.
The lacking of consistency is mainly due to the transient nature of
the supersaturated precursor solution, i.e., it must be be prepared
at room temperature and later heated to the growth temperature,
which takes about 20 minutes (ESI, Fig.Slaf). Since the pre-
cursor decomposition starts gradually as the solution heats up,
it is difficult to control the exact reaction starting point, particu-
lar with the temperature inhomogeneity and turbulent convection
inside the solution. The situation is aggravated by the method’s
one-pot nature, i.e., all the precursors are introduced at the very
beginning. The high level of supersaturation not only triggers
very fast nanowire growth but also makes the competitive ho-
mogeneous nucleation the dominant process, as evident by the
quick formation of ZnO precipitation (ESI, Fig.S1bf). The growth
“burst” at beginning may also lead to very dense nanowires,
where many of them cannot extend to full length due to geo-
metrical constraint but instead form a thick “buffer layer”, which
is especially significant for the high pH recipe (Figure 1c).32 Con-
taining numerous randomly oriented crystal domains and grain
boundaries, the buffer layer introduces large number of defects
that are undesired for applications related to the nanowires’ elec-
tronic transport properties. To date various attempts have been
made to improve the original method, such as using buffer agents
including NH,OH or polyethyleneimine (PEI) to slow down the
homogeneous nucleation, 29-32:33:36,37 - However a method that
offers full controllability and tunability to ZnO nanowires growth
is yet to be developed.
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Fig. 2 Experimental set-up for the syringe pump assisted hydrother-
mal growth (SP) method and summary of growth conditions. (a)The
reaction vessel that contains the substrates and reaction medium (100
mL KOH solution at pH 8) is first heated to reaction temperature. The
precursor, a 5 mL solution of Zn(OH)42‘ at various concentration is then
loaded into a syringe and pumped into the reaction vessel through a cap-
illary tube, at various pre-set injection rate. (b) Samples are named ac-
cordingly to their growth conditions, i.e., precursor quantity and injection
rate. The total time for each sample is listed following the sample name.

Here we report a fabrication method that significantly improves
the consistency and tunability of the hydrothermal growth of ZnO
nanowires, with the assistance of a syringe pump (SP method). In
the method a solution of Zn(OH) 42‘ is used as the sole precursor,
which is separately stored at room temperature and pumped into
the preheated growth bath at a desired uniform rate, thus pre-
cisely defining the reaction starting point and guarantees a steady
reaction temperature (Figure 2a). As the precursor is pumped in
slowly and consumed relatively quickly, the precursor supersatu-
ration is maintained at a relatively low level, which largely sup-
presses the undesired homogeneous nucleation and helps elimi-
nating the “buffer layer”. The consistency and tunability enable
the synthesize of ZnO nanowires with various sizes and packing
densities at comparable quality, which offers a unique opportu-
nity to systematically study the material’s properties versus its
morphology. For example, ZnO nanowire arrays are known for
decent performance in supporting photoelectrochemical (PEC)
water splitting, ! however it is not well studied how the perfor-
mance relates to their morphology. In this work we systemati-
cally study the water splitting activities for various ZnO nanowire
arrays and discover strong correlations with the nanowires’ indi-
vidual and collective morphology, thus establishing an instructive
guideline for designing ZnO nanowire arrays for optimized per-
formance in such applications.

Results and Discussion

ZnO nanowires arrays are fabricated with various experimental
parameters to establish the relationship between growth condi-
tions and nanowires morphology. All the ZnO nanowire samples
are grown over conductive fluorine-doped tin oxide (FTO) coated
glass substrates (12 ~ 14 ©/sq) for later PEC water splitting mea-
surements. Prior to the growth a thin layer (~ 5 nm) of nano-
crystalline ZnO is deposited over the substrates as the seeds, us-
ing pulsed laser deposition (PLD). The seeded substrates are then
placed into the preheated growth bath (70 °C), which contains no
precursor but 100 mL of 1 uM KOH solution (pH = 8). Two major
growth parameters, the total precursor quantity and the injection
rate, are investigated. The total precursor quantity is defined as
the total molar amount of injected Zn(OH) 42‘precursor, with the
total injection volume fixed at 5 mL. The injection rate, on the
other hand, is controlled by the total time taken to inject the 5
mL precursor solution. In the work we study three different pre-
cursor quantities, namely NA = 1.88 x 10~* mol, NB =3.75 x 10~*
mol, and NC = 7.50 x 10~* mol, as well as four different injection
rates, namely R1 = 1.31 x 10~8 mol-s—!, R2=2.63 x 10~8 mol-s~!,
R3=525x%10"% mols~!, and R4 = 1.05 x 10~7 mol-s—!. The
twelve samples are named accordingly and are listed in Figure
2b. For instance, sample B3 is grown with precursor quantity NB
and injection rate R3. The total reaction time is also listed for
each sample.

In general, the SP method produces ZnO crystals in a nanowire
shape extruding from the substrate along the c-axis, which is iden-
tical to ZnO nanowires grown from the one-pot methods (Figure
4).27-33 The growth direction is confirmed by their X-ray diffrac-
tion patterns (Figure 3b) in which the diffraction from (002)
planes is the strongest. Since the nanowires are not perfectly per-
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Fig. 3 Structural and optical characterizations of ZnO nanowires. (a)
Tilted-view SEM of sample C4, showing nanowires are not perfectly per-
pendicular to the substrate. (b) X-ray diffraction pattern of ZnO nanowires
(sample C4) on FTO substrate. The strongest diffraction from (002)
planes indicates that the nanowires grow along its c-axis. (c) Optical
absorbance spectra of sample set R4 (sample A4, B4 and C4) with dif-
fuse reflectance corrected by Eq. 3 (ESI, Fig.S3t). (d) PL spectra of the
ZnO nanowire array before (red line) and after (blue line) post-treatment
to remove deep hole traps.

pendicular to the substrate (Figure 3a), diffractions from other
lattice planes appear in weaker peaks. As-grown ZnO nanowires
contains large amount of deep hole traps, represent in the steady
state photoluminescence (PL) spectra as a weak band gap emis-
sion near 3.3 €V (376 nm) and a stronger deep-level emission at
2.2 eV (560 nm) (Figure 3d). We follow a post-treatment pro-
cedure reported previously to remove these deep hole traps and
defects.?! After the treatment, the band gap emission is greatly
enhanced and the deep-level emission is suppressed, suggesting
the successful removal of these deep hole traps. Significant vari-
ation in morphologies is observed for ZnO nanowires grown un-
der different conditions, as shown by their scanning electron mi-
croscopy (SEM) images (Figure 4). At a fixed total precursor
quantity, the precursor injection rate has a great impact on the
nanowire length, diameter and packing density. For the cases of
lower total precursor quantity (NA and NB), a higher precursor
injection rate produces nanowires of lower aspect ratio but higher
packing density (Figure 4, top-view SEM images in ESI, Fig.S27).
The total quantity of precursor impacts the nanowire morphology
as well. At the same injection rate, larger precursor quantity typ-
ically produces longer and thicker nanowires, due to its longer
growth time (Figure 2b). However, these trends do not hold very
consistently at the largest precursor quantity, i.e., the sample set
NC. For example, Sample C1 features very short nanowires de-
spite its low injection rate and long growth time, which deviates
from the established trends significantly (Figure 4). The devia-

tion is likely due to the fact that NC involves a precursor solution
of much higher concentration (0.15 M). When injected into the
growth solution, the high local precursor concentration promotes
homogeneous nucleation and generates large amount of ZnO pre-
cipitates. The aggravated homogeneous nucleation thus leaves
less precursor molecules available for seeded growth over the sub-
strates. In this sense, the sample set NC is similar to the one-pot
method, in which higher precursor concentration makes homoge-
neous nucleation the dominant process and makes the nanowires
growth less controllable.

The morphology of a ZnO NWs array is quantitatively charac-
terized by the nanowires’ mean length L, mean diameter D, mean
aspect ratio R, as well as the packing density 7 defined by the
number of nanowires per unit area, which are listed in Table 1
for all twelve samples. The mean length L and mean diameter D
for each sample are obtained by averaging the measurements of
50 nanowires from corresponding side-view SEM images, while
the mean aspect ratio R equals L/D. The packing density 7 is
determined by optical absorption spectroscopy, taking advantage
of the strong band edge absorption of ZnO (Figure 3c). At wave-
length A, the nanowire array’s spectral absorbance A(1) is given
by the Lambert-Beer Law:

AA) = e(A)el )

where ¢ is the molar extinction coefficient of bulk ZnO, c the vol-
ume fraction of nanowires, and / the optical path length. Con-
sidering that ¢ = vn /I, where ¥ = (xD?L/4) is the nanowire mean
volume, Eq. 1 readily rewrites:

A(A) = e(A)n )

which establishes a linear relation between 1 and A(4). Experi-
mentally we obtain spectral absorbance A(1) using:

1—R(A)

A(4) =logyg Ty

3)
where T'(A) is the transmittance and R(A) the reflectance (Fig-
ure 3c and ESI{). In general, higher spectral absorbance is ob-
served for samples from larger precursor quantity, which reflects
the higher volume of ZnO deposition and is consistent with SEM
studies (Figure 4). To determine 1) from Eq. 2 we choose A = 365
nm (365 = 8.69 x 10* cm~!), where the optical absorption of ZnO
nanowires is sufficiently strong, yet not too much to undermine
the accuracy of transmittance measurement. 38

Through the quantitative analysis, the morphology parame-
ters (L, D, R, and 1) obtained for different ZnO nanowire ar-
rays are very similar in trend to the qualitative observation from
the corresponding SEM images (Figure 5). For samples grown
from relatively low precursor quantity (NA and NB), the mean
length L and aspect ratio R are negatively correlated to the injec-
tion rate (Figure 5a,b). The trend is consistent with the classical
crystal growth theory, in which growth regime evolves with re-
gard to the degree of precursor supersaturation.3%40 In the low
supersaturation regime that is achieved at lower injection rate,
the growth is dominated by deposition over spiral steps around
screw dislocations and essentially one-dimensional (1D), follow-
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Fig. 4 SEMimages of ZnO nanowires prepared under different growth conditions. Both the injection rate and the precursor quantity have a strong
impact on the morphology of ZnO nanowires. Growth with larger precursor quantity at higher injection rate typically produce longer, thicker nanowires

packed more densely. Scale bar = 500 nm.

ing the Burton-Cabrera-Frank (BCF) mechanism. 43*2 The regime
thus favours the growth of high aspect ratios nanowires, which is
consistent with the experimental observation. At higher injection
rate, the supersaturation degree increases toward a new regime
that favours two-dimensional (2D) nuclei formation over crystal
surface. As the 2D nuclei subsequently spread across the surface
and coalesce to form layers, the regime is commonly referred as
layer-growth mechanism. 4%-43 In this regime, the radial growth is
less discriminated against the axial growth, thus producing ZnO
nanowires of low aspect ratios. #* Larger packing density 7 is also
observed for the cases of higher injection rate (Figure 5c¢), which
is due to the smaller critical nucleation size and higher nucle-
ation probability at higher supersaturation degree.*> The latter
observation echoes the results from the conventional one-pot pro-
cess, in which very crowded nanowires are formed due to the
very high initial precursor concentration. As discussed earlier,
over-crowded nanowires are not always desirable for applications
related to electronic transports, due to the formation of “buffer
layer” that contains numerous grain boundaries and defects.

It is well known that ZnO nanowire array supports photoelec-
trochemical (PEC) water splitting as a water oxidation photoan-
ode. To date, there are few systematic studies on how the water
splitting performance relates to the nanowire array’s morphology.
The SP technique developed in this work offers the required tun-
ability and consistency to fabricate ZnO nanowires of desired di-
mensions and packing density, so that we can quantitatively corre-

late the water splitting activities against the nanowire array mor-
phology. The water splitting activities are assessed by measuring
the photocurrent density (J) versus electrode potential (E) un-
der AM 1.5G illumination ( 6). The photocurrent densities at the
thermodynamic potential of oxygen evolving (1.23 Vgygg at 25
°C) are summarized in Figure 6b for all the samples. In general,
among each sample set of identical precursor quantity, the largest
photocurrent density is always observed from ZnO nanowire ar-
rays prepared at the highest precursor injection rate, e.g., samples
A4, B4 and C4, which have the lowest aspect ratio and the highest
packing density among their respective set. On the other hand,
when compared between ZnO nanowire arrays grown under iden-
tical precursor injection rate, larger photocurrent is typically ob-
served from the one produced with higher precursor quantity,
which features thicker and longer nanowires for more effective
light absorption.

Considering the variation of nanowire packing density n across
different samples, a more accurate comparison is made by nor-
malizing the photocurrent density J against 1 to obtain photocur-
rent per nanowire ; = J/n, under AM 1.5G radiation. The nor-
malized photocurrent i thus only depends on the size and shape
of individual ZnO nanowire, namely its length L and diameter D.
As shown in Figure 6¢ and Figure 6d, the normalized photocur-
rent has strong positive correlations with both nanowire length
L and diameter D. To quantify the correlation, we assume an
empirical relationship between i and geometry parameters L and



a NW Length vs. Growth Parameters

-
(&
N

-
o
L

0.5 ]

Length (um)
Aspect Ratio

b Aspect Ratio vs. Growth Parameters

€ Packing Density vs. Growth Parameter

e
2 o(\?\
0’\-\
1 &
)

Fig. 5 The correlation between growth conditions and ZnO nanowires morphology in various aspects: (a) Mean nanowire length L, (b) mean

aspect ratio R, and (c) packing density 1.

Table 1 Summary of morphology parameters for all twelve samples: length (L), diameter (D), aspect ratio (R), and packing density (1) calculated

by corresponding absorbance for each sample.

Sample Mean Length Mean Diameter  Aspect Ratio  Packing Density
Name L (nm) D (nm) R 1 (cm~2)
Al 7.43+2.85 x 10% 27.0+8.3 27.6 1.86 x 10°
A2 3.82+1.30 x 102 21.2+4.7 18.0 2.96 x 10°
A3 2.77+0.88 x 10% 27.6+7.0 10.0 3.42 % 10°
A4 2.1940.39 x 102 34.2+7.1 6.4 3.87 x 10°
B1 1.11+£0.46 x 103 51.1+10.7 21.7 6.12x 108
B2 9.04 +2.47 x 10? 40.0+9.5 22.6 1.69 x 10°
B3 5.02+1.23 x 102 31.0+11.1 16.2 4.23 % 10°
B4 3.02+0.66 x 102 35.7+8.9 8.4 6.17 x 10°
Cl 5.16+2.12 x 10% 46.0+11.2 11.2 1.42 x 10°
Cc2 1.254+0.46 x 103 54.8+15.0 22.9 8.81 x 108
C3 8.45+2.12 x 10% 27.2+7.0 31.1 3.35 x 10°
C4 9.71 +£2.59 x 10? 342+79 28.4 3.53 x 10°
D: axial direction of the nanowire. Hence it can be inferred from
i=kL"D" @ Eq. 5 that for the same volume, shorter but thicker nanowire

where k, m and n are empirical coefficients. The exponent factors
m and n are determined through a multiple linear regression on
the logarithm form of Eq. 4, Ini = Ink+mInL+nlnD, which gives
m=0.48 and n = 1.80 with R = 0.9 and p < 0.01 (ESI{), i.e.:

ioc L0'48Dl'80. (5)

The result has a few implications. First of all, the exponent
factor for diameter, n, is very close to 2, indicating that the nor-
malized photocurrent i is proportional to the nanowire’s radial
cross-sectional area. As the nanowires are nearly vertical, it sug-
gests that i is directly proportional to the nanowire’s optical ab-
sorption cross-section and that the nanowires have very similar
charge carrier separation efficiency regardless of their diameters.
Secondly, the nanowire length L is apparently playing a less sig-
nificant role here, with an exponent factor of only ~ 0.5. It reflects
that, despite that longer nanowires produce more effective opti-
cal absorption, the effect is limited due to light attenuation along

would be favoured for higher photocurrent, which is consistent
with our qualitative observations. This trend is more explicitly
demonstrated by realizing that the nanowire volume v = 7LD? /4
and that the aspect ratio R = L/D, so that the empirical relation
in Eq. 5 rewrites:

ioc v0.76R70.28 (6)

At such, it becomes very clear that higher photocurrent is
achieved by larger nanowires of lower aspect ratio, for the range
of nanowire dimensions studied here, i.e., diameter D from 20 to
60 nm and length L from 0.3 to 1.2 ym.

One may note that the photocurrent, normalized or not, is not
the sole gauge of the water splitting activity for a nanowire array
photoelectrode. Other important gauges include its photocurrent
onset potential and its J-E characteristics near the onset. Across
the entire sample sets, we find that they all have very similar onset
potential at about 0.4 Vgryg, but quite different J-E characteristics
near the onset. Taking the example of sample set R4 (Figure 6a),
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Fig. 6 The PEC water splitting performance of the ZnO nanowire
arrays and its correlation with sample morphology. (a) Photocurrent
curve vs. potential curves for sample set R4, and sample C4 behaves
differently from sample A4 and B4 near the onset potential, and voltage
range from 0.4 Vgyg to 0.8 Vgyg is enlarged (inset) for a clearer view.
(b) Photocurrent density at 1.23 Vgryg (the thermodynamic potential for
oxygen evolving at 25 °C) under AM 1.5G illumination for each sample.
(c) Both mean diameter and length for a nanowire is strongly positively
correlated to the normalized photocurrent, showing the validity of fitting
these values into a multiple regression model. (d) Normalized photocur-
rent i for a single nanowire exhibits strong correlation with both nanowire
diameter and length.

in which each sample has the best photocurrent among the group,
sample C4 clearly has a PEC behaviour different from those of A4
and B4. Despite its highest photocurrent at 1.23 Vgryg, C4 fea-
tures lower photocurrent near the onset potential than A4 and B4
(Figure 6a inset). The observation suggests that C4 suffers from a
more severe charge carrier recombination that is only overcome
at more anodic potentials. Given that C4 are grown very rapidly
with high precursor injection rate, it is prone to increased defects
formation between substrate and nanowires, which leads to less
effective charge carrier separation at lower potentials.

Conclusion

In summary, the syringe pump method developed in this work fea-
tures high controllability and tunability for the geometry of the
ZnO nanowire array, significantly improves the consistency and
reproducibility for ZnO nanowires growth over the traditional
one-pot hydrothermal growth method. Different aspect ratios
of ZnO nanowires are achieved by fine tuning the supersatura-
tion degree in precursor solution, which is representing differ-
ent growth regimes for ZnO crystals, from axial one-dimensional
growth (high aspect ratio nanowire) to radial two-dimensional
growth (low aspect ratio nanowire). Besides, various packing den-
sities for ZnO nanowire arrays can also be tuned via different su-
persaturation degrees, for higher supersaturation favors smaller

critical nucleation size and higher nucleation probability, leading
to an increased packing density for nanowire arrays. As such, ZnO
nanowire arrays of desired morphology can be fabricated for nu-
merous applications throughout optical, electrical, or mechanical
engineering research fields. Here, by taking advantages of such
controllability, we demonstrate that the relationship between the
nanowire morphology and the photoelectrochemical (PEC) wa-
ter splitting performance can be explicitly revealed. Finally, hy-
drothermal growth has been widely adapted for the synthesis of
a variety of metal oxide nanowire arrays beyond ZnO, such as
TiO,, BaTiO,, and lead zirconate titanate (PZT).*¢~#8 The high
reproducibility and capability for fine tuning offered by the sy-
ringe pump technique sheds a new light for significantly improv-
ing this already powerful technique.

Methods

Fabricating of ZnO nanowire array photoelectrodes

The syringe pump assisted hydrothermal growth method (SP
method) is employed for fabricating ZnO nanowires over fluorine-
doped tin oxide (FTO) coated glasses (MTI Corporation, 12~14
Q/5q).%7 All the FTO substrates are cleaned consecutively in ace-
tone, ethanol and deionized water (DI water) at room tempera-
ture under sonication for 2 minutes each. Prior to seeding pro-
cess they are further cleaned in an oxygen plasma. ZnO seeding
layer is deposited onto FTO substrate by pulsed layer deposition
(PLD, PVD Products PLD/MBE 2300) at room temperature for
500 pulses at 5 Hz (~ 3 nm). After the deposition, ZnO thin films
are annealed in oxygen at 400°C for 10 minutes in a rapid ther-
mal annealer (RTA), to improve the crystallinity of ZnO seeds.
Seeded substrates are first submerged into 100 mL 1 uM KOH
solution (pH = 8), where OH™ ions are used to buffer the ultra
thin ZnO seed layer from dissolving into the DI water. The ves-
sel is then placed into a preheated silicone oil bath and heated
to the pre-set 70°C. Once the pre-set temperature is reached, the
precursor solution is gradually injected into the growth solution
using a syringe pump, through a capillary tube (Figure.2a). The
precursor solution is prepared by mixing zinc nitrate and potas-
sium hydroxide at a 1:20 molar ratio to form a clear Zn(OH) 42‘
solution. In all experiments the injected volume is fixed to 5 mL,
with different Zn?>* concentration and injection rate to produce
ZnO nanowires of different morphology. After the growth, all the
ZnO nanowires are annealed in oxygen at 500°C for 15 minutes
in a rapid thermal annealer (RTA), and then are treated under O,
plasma for 15 minutes to remove the deep hole traps and defects.

Characterization and Photoelectrochemistry Measurement

Morphologies of ZnO nanowires are studied by scanning elec-
tron microscopy (SEM, Hitachi S4800). X-Ray diffraction (XRD,
Rigaku Ultima III) is conducted to confirm the formation and crys-
talline of ZnO nanowires. Optical absorption of ZnO nanowires
are determined by measuring the UV-vis optical transmission and
diffused reflection spectra using an integrating sphere (Perkin
Elmer Lambda 950) (ESIf). Photoluminescence spectra of the
nanowire arrays are measured in an ISS PC1/K2 spectrofluorom-
eter that uses a xenon lamp for optical excitation and a photon



multiplier tube for PL detection. The excitation wavelength is set
to 280 nm by a monochromator at the normal direction to the
excitation beam. A 350 nm long-pass filter is inserted between
the sample and the second filter is inserted between the sample
and the second monochromator to remove the scattered excita-
tion light. The PEC water splitting performance of ZnO nanowire
arrays are measured by a potentiostat (VersaStat4, PAR), using
a three-electrode PEC cell under illumination of a 150 W solar
simulator with an AM 1.5G filter (Newport). The ZnO nanowire
array is used as the working electrode with an active illumination
area of 1.0 cm?, with a platinum wire as the counter electrode,
an Ag|AgCl|3 M KCl electrode as the reference electrode (0.1941
VneE at 25 °C), and a 0.1 M KOH solution (pH = 13) solution as
the electrolyte. The potential recorded experimentally, Exyci/ag
is converted to a potential in reference of the reversible hydrogen
electrode (RHE), Eryg, according to the Nernst equation:

ERHE = Eagcl/ag +E.ZgCl/Ag +0.05917pH @)
where the Eryp is the potential converted, Exqcy/a, 1S the poten-
tial measured, E/igCl/Ag = 0.1941 Vygg at 25 °C, and pH = 13

in our case. The incident light power is calibrated before each
measurement, using a calibrated quartz-windowed silicon solar
cell (Newport) and a spectrometer (Ocean Optics) as described
in previously reports. 2149
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