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HIGHLIGHTS

e A heterojunction of p-Si/n-ZnO NRs was fabricated by a simple hydrothermal method.
e An improvement in photocatalytic activity of the heterojunction was demonstrated.

o The enhancement is attributed to the inner electric field and effective surface area.

o This heterojunction serves as a convenient recyclable and effective photocatalyst.
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A heterojunction of p-Si(100)/n-ZnO nanorods was fabricated by a simple hydrothermal method. The
photocatalytic activity of this heterojunction was examined by degradation of Rhodamine B (RhB) under
UV light irradiation. The results indicated that the p-Si(100)/n-ZnO nanorods heterojunction exhibits
higher photocatalytic activity compared to that of a glass/n-ZnO nanorods. The inner electric field created
by the space charge region of heterojunction will oppose the recombination of photogenerated electrons

and holes. Furthermore, this heterojunction serves as a convenient recyclable and effective photocatalyst.
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The photodecomposition rate of RhB after 5 cycles is negligible change in an experiment using this
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1. Introduction

Zinc oxide (ZnO) nanostructures have been considered as a
promising candidate for application in photocatalysis because of
their specific surface area, high electron mobility, and high photo-
sensitivity [1-5]. Furthermore, ZnO nanostructures are usually
fabricated on some kinds of substrates, thus, they are easily sepa-
rated from a solution and recycled for waste water treatment.
However, the efficiency of pure ZnO photocatalyst is still low
because of the rapid recombination of the photogenerated elec-
trons and holes that is attributed to the direct bandgap character-
istic of ZnO semiconductor. To solve this issue, noble metals such as
Ag [6,7], Au [8], and Pt [9], or some metal oxides [10—12] were
decorated onto ZnO nanostructure where noble metals and metal
oxides are utilized to collect photogenerated electrons and reduce
the recombination of the photogenerated carriers. Moreover, using
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an ITO layer as a photogenerated electron collecting layer is also
another way to separate photogenerated electron-hole pairs [13].
Due to band alignment of ITO and ZnO, the ITO/ZnO junction can
separate the photo-generated electrons and holes and the recom-
bination of electron-hole pairs is suppressed. The results indicated
that the ZnO nanowire with an ITO layer exhibits notably enhanced
photocatalytic activity, which was 9.65 times faster than that of
ZnO nanowire without an ITO layer. In addition, the organic mol-
ecules are mainly oxidized by holes concentrated in the valence
band of ZnO because the surface of the ITO layer is covered by an Al
doped ZnO seed layer.

Moreover, ZnO can only be activated by ultraviolet light due to
its wide band gap (3.37eV). That means it can absorb less than 5% of
sunlight and thus restricts the practical application of ZnO photo-
catalysts. Therefore, significant progresses have been made to
effectively utilize the visible light (A > 420 nm). One of the widely
used strategies to extend the photoresponse of a wide bandgap
semiconductor towards the visible spectral region is combining
wide bandgap semiconductors with narrow bandgap semi-
conductors such as CuS [14], Cuy0 [15]. Both materials were proven
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to be efficient visible light driven photocatalysts. Silicon (Si) is a
narrow indirect bandgap semiconductor (1.12 eV). p-Si/n-ZnO film
and p-Si/n-ZnO nanorods (ZnO NRs) heterojunctions were already
fabricated by various methods and mainly applied to photovoltaic
[16—19]. In photocatalytic applications, an ultralong ZnO nanowire
array grown on Si substrate by vapor transport was reported [20].
The result showed an enhancement in photocatalytic activity of
ZnO nanowires on the Si substrate compared to that of ZnO
nanowires on the glass substrate. However, in this work, the role of
the p-Si/ZnO heterojunction hasn't been mentioned. Based on this
heterojunction, photogenerated charge carriers can be separated by
an inner electric field and the optical absorption range of this
photocatalyst can be extended. Therefore, further investigations of
the p-Si/ZnO NRs heterojunction in photocatalytic activity are still
required.

In this work, p-Si/n-ZnO film and p-Si/n-ZnO NRs hetero-
junctions were fabricated by spin coating and simple hydrothermal
methods, respectively. As comparison, ZnO film and ZnO NRs were
also fabricated on glass substrates by the same process. The pho-
tocatalytic activities of these samples have been investigated. The
results demonstrated that the p-Si/n-ZnO NRs heterostructure
exhibited enhanced photocatalytic activities compared to the glass/
n-ZnO NRs. The enhanced photocatalytic mechanism of p-Si/n-ZnO
NRs heterostructure would be ascribed to the extension of the
optical absorption range and the efficient separation of photo-
generated electron-hole pairs.

2. Experimental details
2.1. Materials

Zn(NO3),.6H,0, hexamethylenetetramine (CgHi2N4) are all
purchased from Sigma. All chemicals are of analytic reagent grade
and used as received without purification. Glass and p-Si wafers
were used as the substrates to support the ZnO nanorods. Before
the ZnO NRs growth, the substrates (2 cm x 2 cm x 0.1 cm) were
cleaned by 5% NaOH solution, methanol, and deionized water in
sequence.

2.2. Synthesis of ZnO film and ZnO NRs

ZnO NRs were fabricated on glass and p-Si substrates coated
with a seed layer of ZnO nanoparticles by a simple hydrothermal
method. The ZnO nanoparticles seed layer was deposited by uni-
formly spin coating. In the process of hydrothermal growth of ZnO
NRs, a growth solution was prepared using 20 mM zinc nitrate
hexahydrate and 20 mM hexamethylenetetramine. 100 mL solution
was then transferred into Teflon-lined stainless steel autoclave.
Afterward, the glass or p-Si substrates coated with a seed layer
were immersed into the growth solution and heated to 80 °C for
120 min. Finally, the autoclaves were allowed to cool down natu-
rally. The obtained samples were cleaned ultrasonically in ethanol
and distilled water for 30 min, followed by a drying treatment at
100 °C. Schematic illustration of the p-Si/ZnO NRs heterojunction is
shown in Fig. 1(a).

For comparison purpose, 300 nm thick of ZnO films were also
fabricated on glass and p-Si substrates by spin coating technique.
0.3 M zinc acetate dehydrate (Zn(CH3COO).2H;0) as a precursor,
isopropanol (IPA) as a solvent and diethanolamine (DEA) as a sta-
bilizer were utilized to create a solution. The obtained solution was
spread on the substrates using a spin coating system at a spin speed
of 3000 rpm and spin time of 30 s. The films were then dried at
150 °C for 20 min in an oven to evaporate the solvent and remove
organic residuals. The spin-coating and drying processes were
repeated five times to get a desired thickness and then the
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Fig.1. Schematic illustration of (a) a p-Si/ZnO NRs heterojunction and (b) photocurrent
response measurement.

precursor films were annealed at 500 °C for 1 h in air.

2.3. Characterization

The surface morphologies were characterized using a field
emission scanning electron microscopy (FESEM, Hitachi, S-4800).
The crystal phases of the fabricated samples were determined using
an X-ray diffractometer (XRD) D5000 with CuKo radiation
(A = 1.5406 A) over the 20 range 20—70° at room temperature. The
UV—Vis transmittance and absorption spectra were measured by a
UV-Vis spectrophotometer (Jasco, V-670).

2.4. Photocatalytic activity measurement

The photocatalytic activity of the fabricated samples was
investigated by a degradation of Rhodamine B (RhB) under ultra-
violet (UV) light irradiation. A sample (the area is 2 cm x 2 cm) was
placed in 100 ml RhB solution whose initial concentration was
5 mg L. The reactor was kept in the dark for 30 min to allow
adsorption-desorption equilibrium before light irradiation. A
250 W mercury lamp with a UV bandpass filter was served as a UV
light source and placed about 30 cm from the reactor to minimize
the heat effect. After given time intervals (10 min), 3 mL of solution
was withdrawn and analyzed by a UV-Vis spectrophotometer
(Jasco, V-670) at a wavelength of 554 nm. For the reusability test of
the p-Si/n-ZnO NR heterojunction, optical absorptions of RhB so-
lution at the wavelength of 554 nm were taken before and after
irradiation for 60 min. After each cycle, the p-Si/ZnO NRs was rinsed
to remove residual molecules and immersed into a fresh solution of
the same concentration and volume. This process was repeated for
5 times to confirm the suitability for multiple uses of the p-Si/n-
ZnO NRs photocatalyst. Furthermore, the photocatalytic activity of
this heterojunction under natural sunlight was also tested. In this
test, three cups containing of 100 ml of 5 mg.L~! RhB solution with
and without placing the p-Si/n-ZnO NRs heterojunction, the glass/
n-ZnO NRs were irradiated by nature sunlight for 10 h at the same
position. The concentrations of RhB solution were analyzed based
on the change of the absorption peak intensity at 554 nm.

In order to understand the role of the heterojunction in the
photocatalytic activity, the photocurrent response was carried out.
The photocurrent response is measured using a homemade setup
with a Keithley 2000 multimeter, a DC supply source, and a 250 W
mercury lamp. This measurement setup was depicted in Fig. 1(b).

3. Results and discussion
3.1. Structural characteristics
Fig. 2 shows SEM images of the ZnO film and ZnO NRs grown on

glass substrates. Fig. 2(a) indicated that ZnO film is made up of tens-
nanometer particles and the thickness of the film is about 300 nm
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Fig. 2. Top- and side-view SEM images of (a) ZnO film and (b) ZnO NRs grown on glass
substrates.

as shown in cross-section image (inset in Fig. 2(a)). Well-aligned
and uniformly distributed ZnO NRs is observed in Fig. 2(b). The
SEM image of this sample indicates that an average length, diam-
eter, and density of ZnO NRs are approximately of 300 nm, 40 nm,
and 1.5 x 10'° rods/cm?, respectively.

Fig. 3(a) shows the XRD patterns of the ZnO film and ZnO NRs
grown on glass substrates. The XRD patterns indicate that the
structure of the fabricated samples is polycrystalline. The presence
of the (100), (002), (101), (102), (110), (103), and (112) peaks in the
XRD patterns also indicates hexagonal wurtzite structure of ZnO.
Diffraction peaks related to other impurity phases are not observed
in the XRD patterns. The much higher intensity of the (002)
diffraction peaks for ZnO NRs indicates the excellent c-axis orien-
tation of this sample. Fig. 3(b) shows the optical transmittance
spectra of the ZnO film and ZnO NRs grown on glass substrates
measured in the wavelength range 300—800 nm at room temper-
ature. The average optical transmittance of the samples in the
visible region is higher than 80%. For estimating the band gap en-
ergy (Eg) of the samples, (ahv) = B(hv — Eg)™ relationship is uti-
lized [15]. Where, a is the absorption coefficient, f§ is a constant and
hv is the photo energy. The ZnO is a direct band gap semiconductor
so m is chosen as 2 [21]. The absorption coefficient a of the films is
calculated from the transmittance spectra using the equation of
o=1In (%1)—. where t is the thickness of film and T is the trans-
mittance: The band gap energy Eg of about 3.27 eV for the ZnO film
and ZnO NRs is determined by extrapolating the linear region of
(ahv)? versus the photo energy (inset in the Fig. 3 (b)).

3.2. Photocatalytic properties

The photocatalytic activity of the p-Si/n-ZnO NRs hetero-
structure was evaluated by the bleaching of RhB dye under the
irradiation of an Hg lamp. During the photodegradation process,
the concentration change was characterized by the RhB absorption
peak at 554 nm using a UV — vis spectrometer as shown in Fig. 4(a).

20

(a)

(100)
j P—
(=5
N’

-
X 4
o ol = "
— @ 5 4l—=— ZnO fim ;?
) 3 S ]
< S @ ,|—°*— Zn0 nanorod /
= £ 60 5° :
Q = =
) T 45 i !
~ [nanorod =P T — el
90 31 32 /3 34
. hsporviyedino . - E(hv)
20 30 40 50 60 70 300 400 500 600 700 800

26 (deg.) Wavelength (nm)

Fig. 3. (a) XRD patterns of the ZnO film and ZnO NRs grown on glass substrates. (b)
Optical transmittance spectra of the ZnO film and ZnO NRs grown on glass substrates.
The inset shows a plot of (¢hv)? versus hv for estimation of optical band gap of the ZnO
film and ZnO NRs grown on glass substrates.

C and Co in Fig. 4 are reaction concentration and initial concen-
tration after the equilibrium adsorption of the RhB, respectively.
From —30 to 0 min, the aqueous solution of RhB was kept in dark for
ensuring an adsorption/desorption equilibrium of RhB on the
fabricated samples. Adsorption and self-degradation aren't
observed at this time. The concentration of RhB is reduced when
reaction time increases under the illumination of UV light. After
60 min illumination, the degradation of RhB concentrations by the
glass substrate, Si substrate, glass/ZnO film, glass/ZnO NR, p-Si/ZnO
film, and p-Si/ZnO NR is 35, 40, 56, 68, 83, and 93%, respectively.
This result indicated that the controlled experiment with the glass
substrate shows a considerable degradation of RhB. This might be
attributed to the self-degradation of RhB under UV irradiation.
Moreover, the first-order kinetics of RhB photodegradation was
depicted in Fig. 4(b). The pseudo-order rate constant (k) was
determined from the slope of the line and shown in Fig. 4(b) (inset).
The result indicated that the k value of p-Si/ZnO NRs in degrading
RhB is 3 times higher compared to that of glass/ZnO NRs. This
enhancement in photocatalytic activity of ZnO fabricated on p-Si
substrates can be explained by the contribution of the inner electric
field to the separation of photogenerated electron-hole pairs.
Furthermore, the effective surface area of about 22 cm? can be
determined for the p-Si/ZnO NRs sample. Therefore, the higher
degradation rate of RhB molecules by p-Si/ZnO NR compared to
that by p-Si/ZnO film can be attributed to the larger effective sur-
face area of ZnO NRs.

Fig. 5 shows the degradation of RhB concentrations by the p-Si/
ZnO NRs sample when it is irradiated on the ZnO NRs and the Si
sides. The degradation of RhB concentration by the p-Si substrate is
also depicted in Fig. 5 for comparison purpose. When the p-Si/ZnO
NRs sample is illuminated on the p-Si side, the photocatalytic ac-
tivity is lower than that illuminated on the ZnO NR side and higher
than that of the p-Si substrate. The reduction in photocatalytic
activity of this sample when it is illuminated on the p-Si side might
be attributed to the thickness of the p-Si substrate (~300 pum).
Photogenerated electron-hole pairs at the back side surface of the
p-Si substrate might be easily recombined before they are sepa-
rated by the inner electric field of the p-n heterojunction. In addi-
tion, the effective surface area of the ZnO NRs is larger than that of
the p-Si. Therefore, the degradation rate of RhB concentration by
the p-Si/ZnO NRs irradiated on the ZnO NRs side is faster than that
irradiated on that p-Si side. Moreover, based on the degradation
rate of RhB concentration by the p-Si substrate, the role of the p-n
heterojunction in photocatalytic activity is demonstrated.

Fig. 6 shows the photocatalytic degradation cycles of RhB. For
each cycle of the photodecomposition experiment, the p-Si/ZnO
NRs are rinsed to remove residual molecules and immersed into a
fresh solution of the same concentration and volume. After 5 cycles,
a negligible change in the photodecomposition rate is observed.
This result demonstrates that the p-Si/ZnO NR is high photostable
and reusable photocatalyst.

The photocatalytic activity of this heterojunction under natural
sunlight was also evaluated as illustrated in Fig. 7. After exposure to
10 h of bright sunlight, about 70% of RhB was decomposed by the p-
Si/ZnO NRs heterojunction while only a small change in the UV —
vis absorption spectrum of RhB using the glass/ZnO NRs. This result
indicates the extension of optical absorption range and the excel-
lent photocatalytic ability of this heterojunction with natural
sunlight.

3.3. Mechanism of the enhanced photocatalytic activity of p-Si/ZnO
NRs

The I-V characteristic of the p-Si/ZnO NRs exhibits diode-like-
rectifying-behavior as shown in Fig. 8(a). This result indicates
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Fig. 4. (a) Photodegradation of RhB under UV light by different samples and (b) the first-order kinetic plot for RhB photodegredation.

'p-'Si/'Zn'O NRs
O\.\.
oio ~—,

1.0

0.8

506 R

C/C

AN

O,

021 4 g o\o \o
do~

[ —o— illumination on Si side o0— o
r—0— illumination on ZnO NR side

0 10 20 30 40 60

Time (min)

0.4

0.0

50 70

Fig. 5. The photodegradation of RhB by the p-Si/ZnO NRs heterojunction when it is
irradiated on ZnO NRs and Si sides.

1.4 - T

——RhB |
glass/ZnO NRs;
—— p-Si/ZnO NRs |

-
N

Absorbance (a.u)
o o o =
~ » o o

o
N

L e

600

500
Wavelength (nm)

0.0
400 700

Fig. 7. Optical absorption spectra of RhB after 10 h irradiated by natural sunlight with
different samples.

iolm st Lo 2nd 1. 3rd [, 4th ], Bth ]
o \ \ 1 \‘ L\
Vol TN T
oo06F \ 5 1 i il \ 1
Q | \
o 04l \ 1 1 1 \ 1 *\ i
. +
ol A 1\ ] A A
\ \_ 1 . \ot \ ]
0.0 | I I .N! | - 1 " 1 .\, 1 P P P 1 P n 1 .\? 1 " 1 " 1 .\T

0 20 40 600 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60
UV light exposure time (min)

Fig. 6. The photocatalytic degradation cycles of RhB by p-Si/ZnO NRs over 5 cycles.

that the p-Si/ZnO NRs heterojunction can be well formed under our
experimental condition. Furthermore, the normalized photocur-
rent response of the p-Si/ZnO NRs photocatalyst is also studied. The
measurement setup is described in Fig. 1(b). The result is shown in

Fig. 8(b) with two cases of applied potential bias: positive to the p-
Si [(+) p-Si] and negative to the p-Si [(—) p-Si]. The applied voltage
is 0.5 V during the irradiation process. The rise and fall of the
photocurrents correspond well to the UV illumination being



N.T. Hoa et al. / Materials Chemistry and Physics 204 (2018) 397—402 401

0.15 — T T T T

o

e

o
T

Current (mA)
o
&

0.00| e

Voltage (V)

a
o

by  —#®p-si

40l ON OFF — (-)p-Si|

Normalized photocurrent (nA)

Time (min)

Fig. 8. (a) The I-V characteristic of the p-Si/ZnO NRs and (b) the normalized photocurrent response of the p-Si/ZnO NRs photocatalyst.

switched on and off for the both cases. This result indicates that the
p-Si/ZnO NR photocatalyst shows a high photoresponse. Moreover,
a higher photocurrent of (+) p-Si compared to that of (—) p-Si is
attributed to the characteristic of the p-n heterojunction.

The enhancement photocatalytic activity of the p-Si/ZnO NRs
photocatalyst can be explained by the heterojunction formation
between the p-Si and the n-ZnO NRs. When the p-Si and the n-ZnO
closely contact with each other, they should have same Fermi level,
leading to the shift of their conduction and valence bands [22,23].
An inner electric field forms at the junction. An approximate
equilibrium energy band diagram and schematic diagram for the p-
Si/ZnO NRs heterojunction is shown in Fig. 9. When the p-Si/ZnO
NRs heterojunction is irradiated with photon energies higher or
equal to the band gaps of ZnO and Si, electron-hole pairs are
generated (Eq. (1)). Under the action of the inner electric field, the
photogenerated electrons can be injected from the p-Si conduction
band to that of the ZnO NRs. In the valence band, the photo-
generated holes migrate to the opposite direction. Subsequently,

(a) n-ZnO p-Si
0,
© )—) C02 + HZO
Yo 00600 ,.v I
Ef_ """"""""""""" RhB
-OH
000 _OH
RIB | 3.27eV 5
2
€O, +H,0 I

Fig. 9. (a) An approximate equilibrium energy band diagram and (b) schematic dia-
gram for the p-Si/ZnO NRs heterojunction.

the photogenerated electrons can be easily trapped by the adsorbed
0, molecules to produce superoxide radical anions of (O2)” (Eq. (2)).
The (0,) radicals and electrons can then react with H,O to create
-OH radicals (Eq. (3)). The photogenerated holes in valence band of
Si can be scavenged by the H,0 molecules to producte -OH (Eq. (4)).
These -OH are responsible for degradation of RhB molecules (Eq.
(5)). These processes can be proposed as the following equations.

p-Si/ZnO NR + hv — p-Si/ZnO NR (h* + e™) (1
e+ 02 > (0p) )
(02) + 2H0 + e~ — -OH + 30H™ (3)
h* + OH™ — -OH (4)
-OH + RhB — CO; + Hy0 (5)

Based on this technique, the photogenerated electrons and holes
are efficiently separated and the recombination of electron-hole
pairs is suppressed. Furthermore, the electrons and holes will
take the same role in photodegradation process. However, further
study including quantum efficiency analysis will be necessary to
fully understand the photocatalysis mechanism of p-Si/ZnO NRs.

4. Conclusions

The p-Si/ZnO NR heterojunction has been successfully fabri-
cated by a simple hydrothermal method. After 60 min illumination,
the degradation of RhB concentrations by the p-Si/ZnO NR can be
reached to 93% that is about 1.3 times higher compared to that of
the glass/ZnO NR. Moreover, the pseudo-order rate constant (k) of
p-Si/Zn0 NRs in degrading RhB is 3 times higher compared to that
of glass/ZnO NRs. This enhancement in photocatalytic activity was
attributed to the inner electric field formed in the heterojunction.
The heterojunction has also demonstrated to work as effective and
recyclable photocatalyst and exhibit excellent photocatalytic ac-
tivity under natural sunlight. Therefore, using a heterojunction
between low and high bandgap energy semiconductor materials is
an efficient method to improve the activity of semiconductor
photocatalysts.
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