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Application of an Au/B-ZnO/PET-GR flexible
composite structure in photocatalysts and
supercapacitor electrodes

Wei Wang, (&) Taotao Ai,* Yuanyuan Fan and Wenhu Li

The Au/B-ZnO/PET-GR composite structure with different boron doping concentrations was prepared on
a flexible double-layer substrate of PET—GR using the hydrothermal technique assisted by the ion sputtering
method. With the increase of B doping content, the morphology of nano-ZnO evolved from nanorods (NRs)
to nanosheets (NSs). The degradation rate of the Au/3% B-ZnO/PET-GR catalyst achieved the maximum
value of 38.11%, and the reaction of degrading an RhB solution followed first order reaction kinetics. The
photocatalytic activity of the composite structure was effectively increased by the proper incorporation
of B atoms, and the photocatalytic mechanism of the samples was analyzed by energy band theory. The
equivalent series resistance and specific capacitance at a scan rate of 5 mV st of Au/3% B-ZnO/PET-GR
electrode were 31 Q and 6296 F g~ The effects of the substrate and metal layer on the
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1 Introduction

The one-dimensional zinc oxide (ZnO) nanomaterial is an
excellent semiconductor photocatalyst because of its wide band-
gap, high-efficiency electron mobility, high specific area and
strong redox ability under ultraviolet (UV) irradiation with
a wavelength of less than 387 nm."* Compared with titanium
dioxide (TiO,), it has an extensive absorption range of the UV
spectrum and greater capacity to degrade some organic matter,
and is considered as the most promising alternative to replace
TiO, nanomaterials. ZnO/graphene composites were synthe-
sized by M. Ahmad et al. using a simple one-step method and
their efficiency of degrading methylene blue was almost 100%
under the irradiation of visible light.> However, single ZnO
nanoparticle can not satisfy the requirements of high degra-
dation rates. This problem is solved by the following effective
paths, including the combination of different species of semi-
conductor photocatalysts, ZnO nanoparticles modified by
doping transition metal ions, the establishment of metal-
semiconductor, semiconductor-semiconductor, multi-
heterojunction semiconductor and other multi-level struc-
ture.** Among them, taking n-ZnO/p-substrate heterojunction
as a photocatalyst is a hotspot of research. Moreover, as
a member of the family of transition metal oxide, ZnO has high
electrochemical activity, pseudo-capacitive and is able to
undergo rapid reversible oxidation/reduction, insertion/
deinsertion and adsorption/desorption reactions in the elec-

trochemical environment, which is deemed to be the
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electrochemical and photocatalytic properties of the composite structure were also investigated.

supercapacitor material with bright prospect.® The electro-
chemical performance of ZnO electrode is likely to be further
improved by three means, such as increasing specific area of
ZnO by controlling its microstructure, modifying the crystal
surface with metal ions, loading it on the conductive carbon
material.>*® The ZnO/graphene supercapacitor material with
the specific capacitance of 192 F g~ " was prepared by Liu et al.*!
using a one-pot method at room temperature. In this paper, Au/
B-ZnO/PET-GR composite structures with different B doping
concentration were fabricated on PET-GR (polyethylene tere-
phthalate-graphene) flexible substrate at a low temperature
(90 °C). The effect of B doping content on the microstructure of
ZnO was studied, and the growth mechanism of ZnO nano-
particles with different morphologies was investigated. The Au/
B-ZnO/PET-GR structures were used as photocatalyst and elec-
trochemical working electrode to explore their application in
the field of photocatalysis and supercapacitor.

2 Experimental
2.1 Synthesis of Au/B-ZnO/PET-GR composite structure

Au/B-ZnO/PET-GR composite structures were prepared using
the hydrothermal method. Zinc nitrate hexahydrate (Zn(NO;),-
-6H,0) of 0.5 mol L™" and hexamethylenetetramine (CgH;,N,
HMT) of 0.5 mol L™" were dissolved in the deionized water to
confect the precursor aqueous solution of 30 mL, and boric acid
with the concentration of 0%, 1%, 3%, 5% and 7% (defining the
doping concentration of 7% was 0.07 mol L™ ') was added to the
mixed solution, respectively. The reaction solution after stirring
for 30 minutes was transferred to high pressure reactors. The
ZnO seed layer was sputtered onto PET-GR substrate for 15
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seconds using ion sputtering equipment at the conditions of
the sputtering current of 10 mA and vacuum degree of 0.1 mbar.
Among them, the PET-GR flexible double-layer substrate refers
to the film formed by coating a graphene layer on the surface of
polyethylene terephthalate (PET). In general, graphene layers
were able to prepare by chemical vapor deposition (CVD) and
reduction of graphite oxide.”** And the graphene layers were
capable of transferring by the matrix etching method, the “roll-
to-roll” transfer technique and the “electrochemical transfer”
technique.'*'* Afterwards, the substrate adhered with the ZnO
seed crystal was sandwiched with specimen holder and placed
vertically into the autoclave, which was completely submerged in
the as-prepared mixed solution. The reactor was sealed, diverted
to electric oven and allowed to heat at a temperature of 90 °C for
5 hours. Cooling to room temperature (about 20-25 °C), the
sample after washing with deionized water was allowed to dry in
air. Following on, the intact Au/B-ZnO/PET-GR composite
structure was obtained by sputtering the metal Au layer for
30 seconds on the surface of previously prepared structure at the
conditions of sputtering current of 8 mA and vacuum degree of
0.1 mbar.

2.2 Measurements and characterization

The phase composition and morphology of ZnO nanostructures
were analyzed by X-ray diffractometer (XRD) (Rigaku, D/Max-
2200PC) and scanning electron microscope (SEM) (JEOL, JSM-
6700F). The photocatalytic activity of Au/B-ZnO/PET-GR
composite was evaluated by photocatalytic degradation of
rhodamine B solution (RhB), and the specific test steps were as
follows: at room temperature, RhB solution of 25 mL at the
amount-of-substance concentration of 10 mg L™ " was added to
the quartz tube, Au/B-ZnO/PET-GR sample was suspended with
fine copper wire so that it was at half of the liquid level below,
and to ensure that the sample was parallel to the light source to
increase irradiation area. The high pressure mercury lamp with
power of 500 W (main wavelength of 365 nm) was selected as UV
light source and it was 1 meter away from the sample. Magnetic
stirring was employed to enhance mass transfer throughout
whole reaction process. After 30 minutes of dark treatment, RhB
solution of 2.5 mL was sampled at intervals of 20 minutes, and
deionized water of 2.5 mL was added to prepare solution under
test. The catalytic efficiency of photocatalyst was evaluated by
monitoring the absorbance of RhB solution using UV-vis spec-
trophotometer (UV-5600PC), the maximum absorption wave-
length of RhB was 554 nm. The electrochemical performance of
the Au/B-ZnO/PET-GR composite structure was characterized
on CHI660E electrochemical workstation, including cyclic vol-
tammetry (CV) and A. C. impedance spectroscopy (EIS). The
measurement was carried out using three-electrode system and
completed at room temperature with 0.5 mol L™" Na,SO,
solution as the electrolyte. The platinum wire, saturated
calomel and as-fabricated composite structure were served as
the counter, reference and working electrode, respectively. The
frequency range of EIS testing was from 0.01 to 1 x 10° Hz and
conducted at the open-circuit voltage with sine wave amplitude
of 5 mV.
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3 Results and discussion

The crystal structure of the as-prepared Au/B-ZnO/PET-GR
composite is analyzed by XRD patterns, as shown in Fig. 1a. The
diffraction peaks at 31.8°, 34.6°, 36.5°,47.2°, 56.8°, 62.8°, 66.4°,
68° and 69.2° are indexed to (100), (002), (101), (102), (110),
(103), (200), (112) and (201) crystal faces of ZnO with hexagonal
wurtzite structure (JCPDS 89-1397), except for the peak located
near 53.8° is attributed to the PER-GR substrate. When the
content of H3;BO; is too large (greater than or equal to 5%), the
diffraction peak intensity of the products is obviously reduced,
and the peaks of two single gold are observed, suggesting that
the excessive incorporation of H3;BO; solution leads to
a decrease in the crystallinity of the samples. The diffraction
peaks of Au in the XRD patterns of the samples with B doping
concentration of 0%, 1% and 3% are not obvious, which may be
due to the following reasons: the Au content on the surface of
the sample obtaining by ion sputtering is less, when the crys-
tallinity of the product ZnO is very good, the diffraction peak of
the ZnO crystal is particularly high, so the diffraction peak
intensity of Au is very low relative to the peak of ZnO. Of course,
the characteristic peaks of Au certainly exists in the above three
XRD patterns, but the weak diffraction peak of Au is obscured by
strong peaks of ZnO crystal. The lattice constants of the un-
doped and 3% B-doped ZnO structures are calculated by the
interplanar spacing formula for hexagonal system, and the
results are @ = 3.2759 A, ¢ = 5.2011 A and a = 3.2777 A, ¢ =
5.3955 A, respectively, which is due to the substitution doping
or interstitial doping of B atoms, as well as the bending defor-
mation of the flexible substrate cause the internal stress of ZnO
crystal to change, and then giving rise to lattice distortion.*

The SEM images of ZnO with different B doping content
grown on the double-layer flexible substrate PET-GR reveal that
the incorporation of an appropriate amount of B atoms has
little effect on the crystal morphology of ZnO, and show nano-
rod structures with a hexagonal cross section (Fig. 1b and c). All
nanorods are distributed at higher densities on the substrate.
The growth habit of ZnO crystal is transformed along with the
further increase of the B doping amount. ZnO nanosheets with
a length of 1.2 pm and a thickness of 300 nm are obtained
(Fig. 1d) when the B doping content is 3%, which is homoge-
neously and tightly paved on the substrate. There is a handful of
solid spherical ZnO formed by the stacking of many nanosheets.
Subsequently, the doping quantity of B increased to 5%, the
morphology of ZnO is further evolved, and form the nanosword
with a length of 10.345 pm, a width of 3.207 pm and a height of
0.621 um (Fig. 1e). Actually, it is also a kind of nanosheets. It is
worth noting that in the direction perpendicular to the nano-
sword, a few pieces of nanosheets with different sizes embed in
them, similar to the backbone of an aircraft. After the B incor-
poration amount continues to increase, the sample presents
lamella structure (Fig. 1f), but the distribution of grain size is
more extensive and uneven, and large-scale accumulation of
crystalline grain is observed.

Fig. 1g demonstrates the growth mechanism of B-doped ZnO
(BZO) nanostructures prepared by hydrothermal method. In the
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(a) XRD patterns of Au/B-ZnO/PET-GR composite structure, SEM images of BZO nanostructures grown on PET-GR substrate at different

B doping concentrations: (b) 0%; (c) 1%; (d) 3%; (e) 5%; (f) 7% and (g) growth mechanism of BZO NRs/PET-GR and BZO NSs/PET-GR.

hydrothermal environment, the crystal habit of ZnO is closely
related to the crystal structure, which is determined by the
growth rate of each lattice plane. The ionic polar structure of
ZnO with hexagonal wurtzite structure is composed of three
parts: O atoms are arranged in the hexagonal closest packed
way, Zn atoms exist in tetrahedral void, and half of the eight
tetrahedral lattice voids are occupied, eventually leading to ZnO
exhibiting polar crystal characteristics. ZnO has two polar faces,
which are Zn polar faces with positive charge (0001) and O
surfaces with negative charge (0001). Since the (0001) lattice
plane has the lowest surface free energy, its growth rate is
greatest. The growth rate of each crystal face of ZnO is V(0001) >
V(1011) > ¥(1010) > V(0001).”” Therefore, ZnO crystal grows
rapidly along the (0001) direction, and finally the nanorod
structure with hexagonal cross section is formed. After H;BO;
solution is gradually added, it reacts with coating agent CsH;,N,
attached to the non-polar surface of the ZnO crystal, so that the
HMT is decomposed, its shielding effect on the non-polarized
plane is weakened, and the growth rate of these surfaces
becomes faster, resulting in the growth of ZnO along the
directions of [0010] and [0001] or [2110] and [0110]* and
evolving into the morphology of nanosheets.

The photocatalytic activity of composite structure is studied
by the model of photocatalytic degradation of organic dyes RhB,
the results are described in Fig. 2a. The degradation rate is given

52444 | RSC Adv., 2017, 7, 52442-52448

by the formula £ = (1 — C/C,) x 100%, where C and C, are the
dye concentration at time ¢ = ¢ and ¢ = 0. After 90 minutes of
UV irradiation, the RhB solution without catalyst is hardly
degraded (degradation rate is about 5%), indicating that the
self-degradation efficiency of RhB is relatively low. When Au/3%
B-ZnO/PET-GR catalyst is added, the degradation rate of the
sample reaches the maximum of 38.11%, which is 1.62 times
that of the un-doped composite structure (23.49%), illustrating
that the photocatalytic activity of the composites is enhanced by
the incorporation of proper amount of B atoms. However, the
degradation rates of the Au/5% B-ZnO/PET-GR and Au/7% B-
ZnO/PET-GR are all lower than 20%, which is caused by the
poor crystallinity of ZnO crystals after excessive B incorporation.

According to Langmuir-Hinshelwood kinetic model (In(C/
Co) = K, X t + b, K, is the reaction rate constant)," the rela-
tionship between In(C/C,) and irradiation time is explored by
means of linear fitting (Fig. 2b). The In(C/C,) — T curves of un-
doped and 3% B-doped composite structures exist an excellent
linear correlation, and their correlation coefficients (R*) are
0.976 and 0.985, which are expressly close to 1. The photo-
catalytic degradation reaction of RhB by the Au/ZnO/PET-GR
and Au/3% B-ZnO/PET-GR follows the first order reaction
kinetics, and their dynamic equations are In(C/C,) = —0.00277¢
—0.01278 and In(C/C,) = —0.0052¢ + 0.00034. The rate constant
of B-ZnO nanostructure is larger than that of the un-doped

This journal is © The Royal Society of Chemistry 2017
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Fig.2 Photocatalytic properties of Au/B-ZnO/PET—-GR structures. (a) The efficiency of Au/BZO/PET-GR doped with different concentrations of
B atoms to degrade RhB solution under UV light, (b) kinetics of the RhB degradation catalyzed by pure and 3% B-doped Au/ZnO/PET-GCR, (c)
photocatalytic degradation curves of Au/B-ZnO/PET and B-ZnO/PET-GR composite structures under two doping concentrations, (d) energy
band diagram of Au/BZO/PET-GR composite: e, electron; h*, hole; E.; (Ecs) and Ey; (Eyo), conduction band and valence band of PET-GR
substrate (B-ZnO); Eyac, vacuum level; Ey, built-in electric field; W, (Ws), Au (ZnO) work function; (Ef)., and (Ef)s, Fermi level of Au and ZnO.

sample, judging that the photocatalytic degradation capacity of
the former is stronger, which is consistent with the results in
Fig. 2a. Au/B-ZnO/PET and BZO/PET-GR catalyst are prepared
by the same method in order to investigate the effect of
substrates and additional metal layer on the photocatalytic
properties for composite structure, the results are shown in
Fig. 2c. The degradation rates of pure and 3% B-doped Au/B-
ZnO/PET grown on a single layer substrate are 10.2% and
15.31%, respectively. This is because the substrate PET belongs
to resin with good electrical insulating property and is unable to
promote the transmission of electrons like graphene layer with
high conductivity. In addition, the efficiencies of pure and 3%
B-doped B-ZnO/PET-GR without sputtering Au metal layers are
18.88% and 27.49%, are also lower than that of Au/BZO/PET-GR
catalyst.

The working mechanism of photocatalytic reaction of Au/B-
ZnO/PET-GR composite structure is analyzed by band theory,
the schematic diagram without regard to the interface state
demonstrates in Fig. 2d. The intrinsic graphene is generally
identified as zero band-gap semiconductor. However, due to the
presence of small amounts of impurities and interaction of
graphene-substrates, the graphene at room temperature is often

This journal is © The Royal Society of Chemistry 2017

a p-type semiconductor with very narrow band-gap.*® A p-n
heterojunction is formed when it is in close contact with the n-
type B-ZnO semiconductor. In the case of UV irradiation,
valence electrons are excited by photons to the conduction
band, generating the electron-hole pairs, that is, holes (elec-
trons) appear on the valence band (conduction band) of B-ZnO
(PET-GR). Since there is a built-in electric field (Ep,) from ZnO
side toward substrate side at the interface of heterojunction, it
is produced by the diffusion movement of electrons or holes,
giving rise to the migration of photogenerated electrons (holes)
from conduction band (valence band) of substrate (ZnO) to
conduction band (valence band) of ZnO (substrate). Thus, the
electron-hole pairs are separated. Photogenerated holes, as
a strong oxidizing agent, are able to oxidize hydroxide ions
(OH™) in water into hydroxyl radicals ("OH). And hydroxyl
radicals are powerful oxidants in nature that are second only to
fluorine. The electrons are capable of converting oxygen into
superoxide radicals with oxidizing property, which in turn
reacts with hydrogen ions to form hydroxyl radicals. Chemical
equations are described as: h*+ OH™ — 'OH, e  + 0, — "0, 7,
'0,” +e +2H" — 2°0H, h'/"0, /"OH + RhB — CO, + H,0.
When B atoms as a donor impurity are incorporated into n-type

RSC Adv., 2017, 7, 52442-52448 | 52445
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Fig. 3 Electrochemical performance of Au/B-ZnO/PET—-GR composite electrodes measured in 0.5 M Na,SO,4 electrolyte solution. (a) CV curves
of Au/BZO/PET-GR electrode doped with 3% B at different scan rates, (b) diagrams of the scan rate versus the specific capacitance of Au/3% B-
ZnO/PET-GR, (c) comparison of CV curves at a scan rate of 5 mV s~ between Au/3% B-ZnO/PET-GR, 3% B-ZnO/PET-GR and Au/3% B-ZnO/
PET electrodes, and the inset is the result of its corresponding capacitance, (d) electrochemical impedance spectroscopy of Au/B-ZnO/PET-GR
and Au/ZnO/PET-GR electrodes, and the inset is a partially enlarged picture.

ZnO, the concentration of donor impurity in the n-region of
heterojunction increases, and more electrons are ionized
comparing to the case of un-doped, the diffusion movement of
electrons from n-region to p-region is further enhanced. As
a result, the built-in electric field larger than that of un-doped is
formed, causing the photogenerated electron-hole pairs to be
further separated. Therefore, the composite structure doped
with 3% B atoms has better photocatalytic performance
compared to pure Au/B-ZnO/PET-GR. It is also possible to
improve the photocatalytic activity by sputtering an appropriate
thickness of metal layer over ZnO nanostructure. Because the
work function of metal Au (5.1 eV)** is greater than that of ZnO
semiconductor (4.84 eV),? that is W, > W, and the Fermi level
of ZnO ((Er)s) is higher than that of Au ((Eg)m) before they touch.
When the equilibrium is reached, the Schottky barrier is formed
at the interface, where the electrons of ZnO semiconductor flow
to Au metal, thereby facilitating the separation of electron-hole
pairs. Besides, the surface plasmon resonance effect of precious
metal is also likely to be another reason for enhancing the
photocatalytic activity of composite structure.>*>*

The cyclic voltammetry measurement results suggest that
the CV curves of Au/3% B-ZnO/PET-GR electrodes at different
scan rate is not the regular rectangle exhibited by the ideal

52446 | RSC Adv., 2017, 7, 52442-52448

supercapacitor (Fig. 3a), indicating that the capacitive perfor-
mance of the composite structure in the electrolyte is mainly
derived from the redox reaction of pseudo-capacitance. A pair of
Faraday redox peaks in the CV curve are observed near the
potential windows of —0.5 and 0.8 V, which is caused by the
following reason that the potential window is larger than the
decomposition window of aqueous electrolyte considering the
low electrolyte concentration of 0.5 M, thus, the oxidation and
reduction peaks are more likely to be the decomposition of
electrolytes rather than the sodium intercalation. The specific
capacitance of the composite structure is calculated according
V.
J “1v)dv

i

mK(Vy — Vy)’
electrode mass, K represents the scan rate, V, and V; are the
upper and lower limits of potential window, and I(v) expresses
the voltammetric current. When the scan rate is 5 mV s~* and
20 mV s ', the specific capacitance of 62.96 F g~ ' and
40.64 F g~ ' for Au/3% B-ZnO/PET-GR electrode are gained.
Fig. 3b shows a graph of specific capacitance versus scan rate. As
the scan rate increases from 5 mV s~ ' to 20 mV s~ ', the specific
capacitance tends to decrease, but its retention rate attains
64.55%. On account of that at a large scan rate, the electrolyte

to the following equation: C = where m is the

This journal is © The Royal Society of Chemistry 2017
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ions are less likely to enter the interior of electrode and can't be
diffused and absorbed,* resulting in charge exchange between
ions and electrode materials mainly occur on the surface of
electrode, where only the external active surface is used for
charge storage. However, in the case that scan rate is small, the
exchange of electric charge lies in electrode’ inside and all of
outer active surface.

The CV curves and specific capacitance of 3% B-ZnO/PET-GR
and Au/3% B-ZnO/PET electrodes are also obtained to research
the effect of substrate and metal layer on electrochemical nature
for composite electrodes. As can be seen from Fig. 3c, the CV
curves of two electrodes are similar in shape to that of Au/3% B-
ZnO/PET-GR electrode, their capacitive properties are also
determined by the Faraday pseudo-capacitance. But, the specific
capacitance is significantly different, and its values of 60.89 F g *
and 49.27 F g~ for 3% B-ZnO/PET-GR and Au/3% B-ZnO/PET are
gained, which are less than that of Au/3% B-ZnO/PET-GR elec-
trode and are also smaller than that of 3DCS/polyaniline (three-
dimensional CNT sponge/polyaniline) nanocomposite fibers
(242.9 F em™ ") prepared by Li et al® It is speculated that the
substrate plays a dominant role in factors which affect the elec-
trochemical performance of the composite structure. This is
chiefly due to the graphene layer with electron mobility of
2 x 10° em® V- s~ " and conductivity of 1 x 10° Q m~" provides
the network of high conductivity for charge transfer in the
process of charging and discharging.””*® In addition, the gra-
phene layer as a buffer layer is conducive to mutual contact of
ZnO with entire substrate. When the substrate is only single-layer
PET, there is a large number of defects in its interface with ZnO,
and the contact is not especially tight, thus extending the path of
ion diffusion and migration, which is not beneficial to electro-
chemical nature of electrode.

The typical electrochemical impedance spectra of Au/ZnO/
PET-GR and Au/B-ZnO/PET-GR electrodes are described in
Fig. 3d, and the inset is a partially enlarged picture. The equiva-
lent series resistance (ESR) of 3.5 Q and 3.1 Q for above two
electrodes are acquired from X-axis intercept of Nyquist diagram.
The smaller ESR facilitates to lessen the energy loss of super-
capacitor. In the high frequency region of EIS, a small section of
capacitive loops is discovered, which is not a complete semicircle,
indicating that the existence of electrode dispersion effect. This is
related to the nonuniformity of interface properties between
electrode and electrolyte or absorbed layer on electrode surface.
Furthermore, the circular-arc radius of high-frequency imped-
ance curve of B-ZnO is obviously smaller than that of pure ZnO,
which deems that the interfacial resistance and charge transfer
impedance of Au/B-ZnO/PET-GR electrode are smaller than those
of the latter. Therefore, the proper amount of B doping are
capable of decreasing the grain boundary resistance, promoting
the charge transmission and then improving the electrochemical
performance of composite electrode.

4 Conclusions

In summary, Au/B-ZnO/PET-GR composite structures were
successfully prepared on flexible double-layer substrate by
a simple and practicable method. The growth habit of ZnO
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nanocrystals was vastly affected by B atoms which were doped
into the ZnO lattice, and then the growth rate of each crystal
face changed, resulting in the transition of the morphology of
ZnO from the nanorods to nanosheets. Au/B-ZnO/PET-GR
exhibited favorable photocatalytic activity, the degradation rate
increased from 23.49% to 38.11% due to the doping of B atoms.
The main active materials in the degradation process of RhB
solution were ‘OH, ‘O*” and holes. Au/3% B-ZnO/PET-GR
showed pseudo-capacitance characteristics, and the graphene
layer in the PET-GR substrate provided a high conductivity
network for electrode charge transfer. The photocatalytic and
electrochemical properties of composite structures were influ-
enced by the variation of substrate and the lack of metal layer.
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