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Abstract An efficient method was developed for fabri-
cating a highly porous nanoforest structure composed of
ZnO/C core—shell hexagonal nanosheets (HNSs). Compact
thermolysis of zinc acetate dihydrate in a sealed bath
reactor at 400 °C over 20 h yielded the nanoforest struc-
tures. A carbon shell layer coating was applied in situ
during the growth of the ZnO nanosheet core. The struc-
tures, morphologies, growth processes, compositions, and
binding characteristics of the ZnO/C core—shell HNS
nanoforests were analyzed using multi-purpose high-per-
formance X-ray diffraction (XRD), scanning electron
microscopy, energy-dispersive X-ray spectroscopy, Raman
spectroscopy, transmission electron microscopy, and X-ray
photoelectron spectroscopy (XPS) techniques. XRD and
XPS results suggest the existence of oxygen vacancy
defects in the core surface of ZnO/C core—shell. The ZnO/
C core—shell HNS nanoforests exhibited strong absorption
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features from the visible to the near-IR region
(400-1670 nm), and the nanoforest films showed high
electrical conductivity.

Introduction

The physicochemical properties of a material vary mark-
edly depending on its structure, morphology, and size [1,
2]. Core-shell nanostructures have attracted significant
interest over the past decades because of their tunable
surface properties, as well as their enhanced optical, elec-
tronic, and catalytic properties. These nanostructures are
also potentially useful in a wide range of applications [3,
4], including photoactive materials [5], electron emitters,
nanotransistors, electrochemical supercapacitors [6], solar
cells [7, 8], transparent conducting oxides, gas sensors,
alternative materials for ITOs [9], sophisticated electronic
and optoelectronic devices [10], and chemical and bio-
logical detectors [8].

ZnO serves as a flexible material in catalysis, piezo-
electric transducers, actuators [11], microsensors [12], and
photo-electrochemical cells. These applications depend
intimately on the nanoscale properties of the ZnO,
including the crystal size, orientation, and morphology.
Several nanostructured ZnO materials with morphologies
such as rods, belts, cables, combs, wires, tetrapods, and
hierarchical nanostructures with high degrees of symmetry
have been synthesized [9, 13, 14]. ZnO forms polar, hex-
agonal, highly anisotropic crystals that grow along the
c-axis, [0001], as a result of the lowest surface energy of
the (0002) facet [15]. In addition, the wide band gap
(3.37 eV) and large exciton binding energy (60 meV) of
ZnO have rendered the material useful in photonic crystals
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[16], light-emitting diodes [17], photodetectors [18], gas
sensors [19], transparent conducting oxides [9], and opto-
electronic devices [20]. The characteristics of ZnO
nanomaterials can be further improved by incorporation of
carbon. Because carbon works as an electron donor,
acceptor, and a hole transport layer, its bonding with ZnO
may strongly influence the electronic and optical properties
of ZnO. The electrical conductivity of highly crystalline
Zn0O may be improved by applying a shell layer coating of
conductive carbon, which provides several electrochemical
advantages [21]. Metal oxide-based composite nanostruc-
tures are currently under intensive investigation [22].

Highly porous structures with large surface areas, such
as ZnO/C core—shell nanoforests, may be useful in dye-
sensitized solar cells (DSSCs) because such structures can
absorb large quantities of dyes. This enables the excitation
of a greater number of electrons from the valence band to
the conduction band, leading to a greater quantity of
photoexcited electrons and hence a higher power conver-
sion efficiency. These considerations led us to develop an
efficient catalyst-, template-, and solvent-free method for
fabricating nanoforests composed of ZnO/C core—shell
hexagonal nanosheets (HNSs). The nanoforests were found
to form a conductive film on silicon wafers and quartz glass
substrates. The solution-phase ZnO/C core—shell HNSs
exhibited a strong and broad absorption band from the
visible to the near-IR region (400-1670 nm), whereas the
pure ZnO film was only UV-active. The novelty of this
work stems from the production of highly porous core—
shell nanostructures via a simple procedure under easily
controlled catalyst-, template-, and solvent-free conditions.
The carbon shell layer was deposited in situ onto the sur-
face of the core ZnO nanostructure to improve the elec-
trical conductivity. Potential practical applications of the
core—shell nanostructures are discussed.

Materials and methods
Nanoforest of ZnO/C core—shell HNSs

Zinc acetate dihydrate (Sigma Aldrich, 99.999 %, 1.0 g) was
placed in a home-built stainless steel reactor (~30 cm? in
volume) (SUS 316) sealed with a copper gasket. The reactor
was heated in a muffle-type furnace chamber prepared from
high-purity fibrous alumina. The temperature was controlled
using a programmable silicon-controlled rectifier. HNS
nanoforests were fabricated at a temperature of 400 °C over
20 h. After thermolysis, the reactor was slowly cooled to
room temperature under programmed control over 4 h to
achieve smooth fabrication. The product, a brown solid, was
collected and washed in ethanol and then subjected to soni-
cation for 1 min by a low-concentration HCl solution
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(0.1 %) to remove the uncoated ZnO. Highly concentrated
acid was avoided to protect the carbon-coated ZnO HNSs.
Acid was removed from the HNS nanoforest by washing
several times in distilled water. Finally, the product was
washed with acetone and dried in a vacuum oven for 6 h at
100 °C. The products were characterized using multi-pur-
pose high-performance X-ray diffraction (XRD, X’pert
Powder, PANalytical) techniques. Scanning electron
microscopy (SEM) images were obtained using a JEOL
JSM-6400 microscope under accelerating voltage of 0.2—40,
0.2-5 (in 100 V steps), and 5-40 kV (in 1 kV steps). X-ray
energy-dispersive spectroscopy (EDX, Horiba, EMAX) was
used in conjunction with FE-SEM (S-4700, Hitachi, Japan)
to understand the chemical constituents of the materials.
Transmission electron microscopy (TEM) measurements
were obtained using a JEOL JEM-2010 microscope, and
Raman spectroscopy (HORIBA JOBIN YVON, Lab RAM
HR, Laser 514.54) and X-ray photoelectron spectroscopy
(XPS, K-o, Thermo Scientific, USA) experiments were
conducted to characterize the carbon and oxygen atoms in
the ZnO/C core—shell HNS nanoforest film. Absorption
property was characterized by UV—Vis near-IR spectroscopy
(V670, JASCO, Japan). The electrical conductivity of the
film was measured using a four-point probe instrument (FPP,
RS8, DasolEng).

The nanoforest film

The HNS nanoforest was dissolved in ethanol under low-
power bath sonication over 1 min. The HNS nanoforest
solution was then dropped onto a silicon wafer or a quartz
glass and dried at 250 °C for 2 h on a hot plate. The
electrical conductivity of the film was improved by placing
the HNS nanoforest film, which had been prepared on a
silicon wafer or a quartz glass put in a glass vial, in a
stainless steel reactor containing 0.5 g zinc acetate dihy-
drate. The film was then heated at 500 °C for 10 or 20 h.
Heating the film reduced the as-prepared carbon product,
and carbon was further deposited onto the HNSs.

Pure ZnO and residual carbon

Pure ZnO nanoparticles from the ZnO/C core—shell HNS
nanoforest were prepared using concentrated HCI [23].
Dissolving the ZnO/C core—shell HNSs in concentrated
HCI produced residual carbon (insoluble phase) and ZnCl,
(solution phase). The residual carbon was filtered and
separated from the ZnCl, solution. The ZnCl, solution was
reacted with a 5 % NaOH solution to produce the Zn(OH),
precipitate. The precipitated Zn(OH), was collected by
filtration and then dried at 70 °C under vacuum for 24 h.
During the drying step, pure ZnO nanoparticles were pro-
duced from Zn(OH), by dehydration.
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Results
ZnO/C core—shell HNS nanoforests

Figure 1 shows the XRD patterns of the as-prepared ZnO/C
core—shell HNS nanoforests produced by heating zinc
acetate dihydrate at 400 °C for 20 h in a sealed bath. The
patterns were collected from samples prior to dilute acid
treatment (curve a), after complete treatment with HCI (for
the insoluble carbon fraction) (curve b), and after isolation
of the pure ZnO (curve c), which was produced after
removing the carbon shell from the ZnO/C core—shell HNS
nanoforests. All diffraction peaks in curves a and ¢ were
indexed as ZnO (JCPDS No. 01-075-0576) and agreed well
with the peaks corresponding to standard wurtzite
ZnO (space group: P63mc (186), a = 0.325 nm, ¢ =
0.5207 nm). The XRD pattern of the insoluble product
(residual carbon) upon HCI treatment (curve b) was
indexed as a low-crystalline carbon. No peaks relating to
carbon were observed in curve a. The carbon phase could
not be detected by XRD, possibly due to the formation of
an amorphous carbon shell around the ZnO core. The peak
positions of the ZnO/C core—shell (curve a) HNSs matched
those of pure ZnO nanoparticles (curve c), indicating that
the strains induced by the amorphous carbon shell were
insufficient to change the lattice constants of the ZnO HNS
cores; however, the ratios among the intensities of the
(100), (002), and (101) diffraction peaks in curve c differed
somewhat from those obtained from curve a (0.76:1:1.31 to
1.50:1:2.43). These results indicated that the pure ZnO
precipitates may have been selectively generated with
(002) facets. The peak at the (102) plane (marked by an
arrow in curve a) indicated that non-oxidized free zinc
centers were present. This result suggested that oxygen
vacancy defects formed in the ZnO/C core—shell HNSs.
The morphology and size of the as-prepared products
prior to acid treatment were obtained by SEM imaging,
which revealed the growth of the HNS nanoforests (Fig. 2).
The SEM images displayed well-aligned and vertically
grown HNS nanoforests on the substrates. Figure 2a shows
that the HNSs were aligned along the diagonal direction
after heating for 17 h at 400 °C. All HNSs appeared to be
very similar at this stage. Further heating (to induce
growth) for 20 h at 400 °C (Fig. 2b) increased the size of
the HNSs, and additional hexagonal HNSs were found in
the nanoforest. These images also indicated that the
structure between the nanosheets was highly porous.
Figure 3a and b shows the TEM and HR-TEM images
of ZnO/C core—shell HNS. The transparent carbon layer
was shown by arrow in Fig. 3a. The HR-TEM image shows
that the amorphous carbon layer was scattered over the
ZnO crystal nanosheets. A ZnO crystalline phase was
observed under the carbon layer. The selected area electron

diffraction (SAED) pattern (Fig. 3c) revealed a hexagonal
structure indicative of single-crystalline ZnO. A ring pat-
tern with a low intensity was also observed in the SAED
pattern, corresponding to the amorphous carbon shell. The
EDS analysis of ZnO/C core—shell HNS (Fig. 4a) con-
firmed that the HNS nanoforests contained Zn, C, and O,
consistent with the XRD results (Fig. 1).

Acid treatment of the ZnO/C core—shell nanosheets
produced soluble ZnCl, in the aqueous phase and a carbon
precipitate. Figure 3d shows an FE-SEM image of the
carbon precipitate, which formed thin sheets. The acid
broke down the edge of the carbon shell layer. XRD studies
(curve b in Fig. 1) of the residual carbon atoms revealed
broad peaks corresponding to the (002) and (101) planes at
23.8° and 44.5°, respectively, indicating the presence of an
amorphous phase. The EDX spectrum of the residual car-
bon atoms (Fig. S1) revealed both carbon and oxygen

peaks, indicating that the residual carbons may have
included oxygen-containing functional groups. The
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Fig. 1 XRD pattern obtained from curve a the ZnO/C core—shell
HNS nanoforest, curve b the amorphous residual carbon, and curve ¢
the pure ZnO nanoparticles
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Fig. 3 a TEM image of ZnO/C core—shell HNS, b HR-TEM images of ZnO/C core-shell HNS, ¢ SAED patterns of the ZnO/C core—shell HNSs,
and d FE-SEM image of residual carbon layer isolated from ZnO/C core—shell nanosheets by acid washing

presence of the oxygen-containing functional groups
increased the d-spacings between the carbon shell layers,
producing an amorphous feature and a broad band in the
XRD peaks (curve b in Fig. 1).

The ZnO/C core—shell HNS nanoforest growth process
at 400 °C was explored by conducting reactions over dif-
ferent periods of time at a given temperature. SEM images
collected after each period are shown in Figs. 5 and S2.
Rod-like shape of ZnO/C begins to appear after heating for
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5 h (Fig. S2a). After heating for 10 h, rods with a tower
shape were formed (Fig. 5a). Additional heating (12 h)
induced the growth of a few sheets from the rods (Fig. 5b).
The number of sheets increased over 14 h (Fig. 5c). The
tower-shaped rods finally split into nanosheets after 15 h of
heating (Fig. 5d). A nanoforest was produced after 17 h of
heating (Fig. Se, f). The nanosheets were found to be
stacked along the towers. The HNS composed of nano-
forests was found to be further developed in size and shape
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Fig. 4 EDX spectra of a an as-prepared ZnO/C core—shell HNS
nanoforest film grown on a silicon substrate at 400 °C for 20 h, and a
ZnO/C core—shell HNS nanoforest film further heated at 500 °C for
b 10 h and ¢ 20 h using zinc acetate dihydrate as a carbon source in a
sealed bath for the deposition of additional carbon atoms onto the
shell layer

after 18 h of heating (Fig. 5g) and was complete by 20 h of
heating (Fig. Sh). Further heating over 25 h produced a
similar feature to Fig. Sh (Fig. S2b).

The SEM images recorded throughout the formation of
the ZnO/C core—shell HNS nanoforests were used to pre-
pare a schematic diagram of the nanoforest growth process,
as shown in Fig. 6. Microparticles of zinc acetate dihydrate
(Fig. 6a) grew into the ZnO/C core—shell rod structure after
10 h of heating (Fig. 6b). Further heating multiplied the
rods (Fig. 6¢). After multiplication, the rods began to split
into HNSs (Fig. 6d—g). The tip parts (angles) formed and
hexagonal shapes developed from the rods. The sizes of the
hexagonal shapes grew over 20 h of heating.

A ZnO/C core—shell HNS nanoforest could be synthe-
sized as follows. Water molecules in the Zn(CH;COO), -
2H,O structure were removed as the temperature was

Fig. 5 SEM images obtained during the growth of the ZnO/C core—
shell HNS nanoforests at 400 °C as a function of time. a Tower-like
rods formed upon heating over 10 h. b Sheets grew from the rod-like
towers over 12 h. ¢ The number of sheets that formed increased after
14 h. d The rods split into nanosheets at 15 h. e, f Nanosheets that
resembled a forest formed after 17 h. e shows a magnified image
obtained from f. g The sizes and shapes of the nanosheets developed
further up to 18 h. h Complete growth of the HNS nanoforest was
achieved after 20 h

increased (Reaction 1). The structures then decomposed to
yield ZnO, carbon, and hydrocarbon, as shown below [24]:

Zn(CH;CO0), - 2H,0 ™% Zn(CH,C00), + 2H,0 (1)

47n(CH;COO0), + 2H,0 ™% 7Zn,0(CH;CO0),

(2)
+ 2CH;COOH |

heat

Zn,0(CH;CO0)4 + 3H,0 <% 4Zn0 + 6CH;COOH ~ (3)
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Fig. 6 Schematic diagram showing the HNS nanoforest growth
process at 400 °C. a ZnO microparticle structure obtained after
growth for less than 10 h. b The rod structure formed from the
particles. ¢ The rod was split into two rods. d The tips of the
nanosheets grew along the rod. e The angle of the tip sharpened to
form HNSs. f HNSs developed. g Complete formation of the HNS
nanoforest after 20 h

heat

Zn,O(CH,CO0) =% 4Zn0 + 3CH;COCH; 1 +3CO; 1
(4)

ZnO formed polar, hexagonal, highly anisotropic crystals
that grew along the c-axis [0001] due to the low surface
energy of the [0002] facet [25]. The thermodynamic
properties of the structure may enable the formation of the
hexagonal shape. The ZnO/C core—shell structure was
formed by the deposition of carbon onto the ZnO surfaces.
The hydrocarbons were vaporized and burned, and ZnO
nanoparticles were produced by the reactions (3) and (4).
During the decomposition of the Zn organic compounds to
yield ZnO and hydrocarbons, burning hydrocarbons could
be deposited onto the ZnO in a sealed reaction system.

A comprehensive analysis of magnified images of sev-
eral HNSs after different heating times revealed that the
HNSs split during the reaction, as shown in Fig. 7.
Figure 7a shows a thick HNS that could be split into two or
several thinner HNSs, as shown in Fig. 7b and c. The
splitting continued more and more, such that the HNS
thickness decreased (Fig. 7d, e). Figure 7f shows a com-
pletely split HNS structure in a nanoforest. Close inspec-
tion of several splitting processes led us to propose the
schematic growth process shown in Fig. 8. The first split-
ting event occurred at position 1 of the HNS (Fig. 8a—d).
The second splitting event occurred at position 2, as shown
in Fig. 8e—g. Further subsequent splitting events at posi-
tions 6, 5, and 3 completed the splitting of the single HNSs
into two HNSs (Fig. 8h-1). The number of angles in a
nanosheet increased with the successive splits at each
position.

@ Springer

Effects of the carbon shell on the electrical conductivity
and absorption properties

We fabricated films composed of ZnO/C core—shell HNS
nanoforests on quartz and Si substrates and measured the
electrical conductivities of the structures. SEM images of
the nanoforest films grown on quartz and Si substrates
(Fig. 9a, b, respectively) revealed that the films retained
the porous structure of the HNS nanoforests. The conduc-
tivity of the as-prepared ZnO/C core—shell HNSs was
1.5 x 107* Sm™"'. This conductivity was improved to
35 S m™! by applying a further coating of carbon onto the
shell layer of the HNSs. Additional carbon atoms were
deposited by placing the ZnO/C core—shell HNS films in a
glass vial, which was then placed in a stainless steel reactor
containing zinc acetate dihydrate as a carbon source.
Heating to 500 °C for several hours resulted in the depo-
sition of carbon onto the HNS nanoforests. SEM images
after carbon deposition revealed that the same HNS
nanoforest structures were preserved (Fig. S3) with a high
porosity.

The deposition of a carbon coating on the shell of the
ZnO/C core—shell HNSs was confirmed by EDX and
Raman spectroscopy analyses. Figure 4b and ¢ shows the
EDX peaks of the ZnO/C core—shell HNS films heated at
500 °C for 10 and 20 h in the presence of a carbon source,
respectively. The carbon fraction increased relative to the
as-prepared products (Fig. 4a). Raman spectroscopy
revealed the characteristics of the carbon shell after coating
(Fig. 10). Curve a shows that the intensities of the D and G
bands of the coated carbon shell were higher than those of
the as-prepared HNSs (curve b). The Raman spectrum of a
pure ZnO film (curve ¢) did not display D and G bands.
The presence of a high-intensity D band (curve b) relative
to the G band indicated that the HNS core—shell materials
included defects or amorphous carbon atoms. The defect
carbon atoms may have been reduced by restoring the
double bonds in defects upon heating at 500 °C. The rel-
ative increase in the G band (curve a), compared to the D
band intensity, after carbon coating at 500 °C, suggested
that the reduction was carried out. Restoring the double
bonds provided an extended conductive path that should
improve the electrical conductivity of the material. A
greater quantity of carbon was found to have been depos-
ited during the decomposition of zinc acetate upon heating
in a sealed bath. Further deposition of the carbon layer on
the surface of the ZnO/C core—shell, as well as the
reduction of carbon, may improve the electrical conduc-
tivity. The electrical conductivity increased from
1.5 x 10% t0 35S m~!, which was comparable to the
values obtained from other carbon composite materials
[26-28]. The peaks around 433 cm™! (Fig. 10a—c) and
576 cm™! (Fig. 10b, c) were attributed to the E, (high)
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Fig. 7 SEM images showing the splitting of the HNSs. a A thick HNS. b—d HNS splitting. e The last stage of HNS splitting. f Completion of the

HNS splitting process in the nanoforest
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Fig. 8 Schematic diagram showing the splitting of HNSs. a-d For-
mation of the first HNS angle at position 1. e—-g Half of the HNS grew
through the formation of a second angle at position 2. h, i Growth of a
third HNS angle at position 6. j, k Growth of a fourth HNS angle at
position 5. 1 Growth of fifth and sixth HNS angles at positions 3 and 4

phonon frequency [29] and the A1-LO phonon mode [30]
of the ZnO nanocrystal, respectively, as confirmed by the
spectrum of the pure ZnO film (curve c¢). The Al-LO
phonon mode intensity was reduced in the carbon-coated
ZnO/C core—shell species, possibly due to the long heating
time.

The binding characteristics of the carbon layer on the
ZnO core were characterized by investigating the carbon-
coated ZnO/C core—shell HNSs by XPS analysis. The 2p3,

and 2p,, peaks (curve a in Fig. 11) at 1022.0 and 1045 eV,
respectively, were attributed to ZnO. The Ols peak (curve
b) was deconvoluted into three components located at
531.66, 532.48, and 533.01 eV. The low-energy peak at
531.66 eV corresponded to the O~ species in the wurtzite
structure of the ZnO lattice, and the peak at 532.48 eV
corresponded to the C=0O groups bonded to Zn in the
poorly crystalline carbon shell layer [31]. The high-energy
peak (533.01 eV) originated from the C-O functional
group [32]. The energies of the deconvoluted peaks of Ols
were slightly higher, possibly due to the incorporation of
the more electronegative carbon atoms (compared to Zn).
Here, the peaks corresponding to the C=0 and C-O groups
in the ZnO species indicated that Zn was chemically bon-
ded to C=0 or C-O at the interface between the ZnO sheets
and the carbon shell layer in the ZnO/C core—shell HNSs.
The Cls peak (curve c) could be deconvoluted into several
components with binding energies of 284.6, 284.8, 285.8,
287.65, and 289.3 eV. These energies were attributed to
the C=C bonds in sp> carbon atoms, the C—C bonds in sp*
cartbon atoms, C-OH, C=0, and O-(C=0) groups,
respectively [33]. The peak at 290.6 eV corresponded to
the m—n" transition of the sp* C=C network in the shell
layer. The presence of oxygen-containing functional
groups (curve c¢) was consistent with the peaks of the CO
group (532.48 and 533.01 eV) in curve b.

The XPS analysis revealed carbon, oxygen, and Zn
atomic ratios of 36.85, 36.15, and 25 %, respectively. The
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Fig. 9 SEM images of a ZnO/C core—shell HNS nanoforest film a prepared on a quartz substrate or b on a Si substrate
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Fig. 10 Raman spectra (curve a) of the HNS nanoforest film after
deposition of additional carbon atoms at 500 °C over 20 h, (curve b)
of the as-prepared ZnO/C core—shell HNS nanoforest film grown at
400 °C over 20 h, and (curve c) of the pure ZnO film

excess oxygen atoms relative to Zn were attributed to the
functional groups in the carbon shell layers (curve c).
These results were consistent with the Raman, EDX, and
XRD measurements: The D band in the Raman spectrum
(Fig. 10) indicated the presence of oxygen-containing
functional groups, the EDX curve (Fig. S1) included both
carbon and oxygen peaks, and the XRD peak at 54° (the
102 plane, Fig. 1a) indicated the presence of free zinc in
the core of the ZnO/C core—shell nanosheets. These
observations suggested that the core in the ZnO/C core—
shell HNSs lacked oxygen atoms and the carbon shell layer
included oxygen-containing functional groups. At the
interface between the core sheets and shell layers, zincs
could form bonds to the oxygen atoms in oxygen-con-
taining functional groups. These binding characteristics
yielded an electrical conductivity that was more than a
factor of 10° times the conductivity obtained from the
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as-prepared ZnO/C products. This combination of oxygen-
rich carbon shell layers and oxygen-deficient core sheets
could play an important role in light absorption.

Discussion

The high porosity and high electrical conductivity of the
ZnO/C core—shell HNS nanoforests suggested that these
materials may be suitable for use in DSSC applications, gas
sensors, and supercapacitors. The applicability of the
nanoforests to DSSC, nanocrystal photovoltaic device, and
white light photocatalyst applications was investigated by
measuring the absorption spectroscopy of the solution-
phase ZnO/C core—shell HNS nanoforests (Fig. 12). Solu-
tion-phase ZnO/C core—shell HNS was produced by dis-
solving the core—shell HNS nanoforests in N-methyl-2-
pyrrolidone, followed by sonication for 25 min. Three
different solution concentrations (0.02, 0.05, and
0.1 mg mL™") were tested. The solution-phase pure ZnO
nanomaterials were characterized in an effort to understand
the effects of the carbon shell layer on the light absorption
properties. A pure ZnO solution (0.05 mg mL™') was
prepared by separating the carbon shell from the ZnO/C
core—shell HNS in an acid treatment step. Curve a shows
the absorption spectrum obtained from the pure ZnO
solution (0.05 mg mL™"), which exhibited a strong peak in
the UV region and smaller absorption band in the visible
region. A solution containing ZnO/C core—shell HNSs at
the same concentration displayed a dramatic improvement
in the visible absorption bandwidth (curve c¢)
(400-1670 nm). A higher concentration, 0.1 mg mL™!, of
the ZnO/C core—shell HNSs displayed the strongest white
light absorption behavior (curve d). Furthermore, the lower
concentration solution (0.02 mg mL™") displayed greater
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Fig. 11 XPS spectra of a Zn 2p, b Ols, and ¢ Cls core level of ZnO/
C nanosheet materials

light absorption in the visible to near-IR region (curve b)
compared to the pure ZnO solution (0.05 mg mL™"). These
results indicated that the presence of a carbon shell in the
ZnO/C core—shell HNSs increased the absorption profile
across the visible and near-IR regions, as well as increasing
the electrical conductivity.

Absorption at longer wavelengths may be related to Zn
defect centers (d—d transition) [34]. As the ZnO/C core—
shell concentration in the solution was increased, the
absorption peak intensity increased across the full visible—
near-IR spectrum, although the UV peak was shifted
toward shorter wavelengths relative to the peaks obtained

a—— Zn0O (0.05 mg/mL) 4
b—— ZnOIC (0.02 mg/mL) 4
¢ —— ZnO/C (0.05 mg/mL)
d —— Zn0OIC (0.10 mg/mL)

[ d

Absorbance
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Fig. 12 UV-Vis—near-IR spectra of a nanoforest composed of pure
ZnO (curve a) and ZnO/C core—shells HNS (curves b—d) prepared at
different concentrations

from the pure ZnO sample, possibly due to surface plasmon
excitation [35-37]. This suggested that the absorption
intensity could increase upon further carbon deposition.
Further carbon deposition on the ZnO/C core—shell HNSs
eventually increased the thickness values of the nanosheet.
Therefore, the absorption band broadened and the absorp-
tion peak was shifted toward shorter wavelengths
(Fig. 12b—d). The light absorption properties could be
enhanced through multiple light scattering effects due to
the gaps in the nanoforest nanosheets [38, 39]. Light could
be trapped more readily by scattering it in multiple direc-
tions between the gaps of the nanosheets.

The carbon coating layer improved the electrical con-
ductivity and the light absorption efficiency of the ZnO
nanosheets, as well as the stability of the ZnO nanostruc-
tures in DSSCs. In a DSSC, ZnO nanoparticles react with
the carboxylic groups of acidic dye molecules during
immersion of the nanoparticles in the acidic dye solution.
The reaction eventually forms Zn®/dye agglomerate
complexes [40] on the surfaces of the ZnO nanoparticles.
These effects consequently decrease the adsorption of dye
molecules onto the nanoparticle surfaces, and the
agglomerated dye complexes become incapable of electron
injection into the photoanode. The overall power conver-
sion efficiency of the DSSC devices, therefore, decreased.
The formation of a Zn>*/dye agglomerate complex may be
prevented by using shell materials composed of TiO, or
SiO, to improve the stability of the ZnO nanoparticles in
the acidic dye. The coated ZnO nanoparticles displayed an
enhanced stability and higher power conversion efficiency
[41]. The presence of the Al,O3 shell layer improved the
stability of the ZnO nanoparticles and also functioned as an
insulator [42] on the ZnO surfaces. This insulating layer
resisted photoexcited electron injection from the conduc-
tion band of the photosensitizer dye into the semiconductor
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photoanode. As a result, the overall device efficiency
decreased. High-efficiency DSSC fabrication, therefore,
requires the use of a conductive and stable shell layer. In
this context, the conductive stable carbon shell layer of a
ZnO/C core—shell HNS could pave the way for the devel-
opment of promising materials for use in DSSCs. As a
white light photocatalyst, several characteristics including
visible light absorption, high electrical conductivity (to
reduce recombination), well dispersibility, dye degradation
efficiency, and recycle performance are required. It is
possible that the HNS nanoforest may have the less photo-
corrosion because of the stable carbon shell layer, which
can be favorable for the recycle performance. The strong
light absorption profile across the visible and near-IR
regions, the high electrical conductivity, and the good
stability of the carbon shell in the ZnO/C core—shell HNSs
highlight the potential utility of these structures in nano-
crystal photovoltaic devices, white light photocatalytic
applications, and white light emitters.

Conclusions

Highly porous and conductive ZnO/C core-shell HNS
nanoforests were fabricated through the direct decomposi-
tion of zinc acetate dihydrate in a sealed thermolysis
stainless steel vessel at 400 °C without using a catalyst,
solvent, or template. The carbon shell layer coating was
applied in situ during the growth of the ZnO nanosheet core.
The thickness of the carbon shell layer increased, thereby
enhancing the electrical conductivity of the ZnO/C core—
shell materials. The HNS growth process was monitored
and electrically conductive ZnO/C core—shell HNS nano-
forest films were fabricated. Finally, the ZnO/C core—shell
HNS nanoforests exhibited strong absorption features in the
visible and near-IR regions (400—-1670 nm), indicating the
practical utility of the materials in DSSCs, nanocrystal
photovoltaic devices, white light emitters, and white light
photocatalyst applications. These properties may poten-
tially be improved with the addition of a carbon shell layer.
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