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Abstract The different morphological ZnO micro-

nanostructures were prepared by solvothermal method and

their photoelectric conversion efficiency applied in dye-

sensitised solar cells (DSSCs) were be analysed. The

morphologies and crystalline structures of the ZnO

nanocrystals grown under different driving forces, which

were characterised by scanning electron microscopy,

transmission electron microscopy and X-ray diffraction

measurements. The results showed that different additives

caused different growing directions for the crystal plane

and then formed ZnO micro-nanostructures with different

morphologies. The UV–visible diffuse reflectance spectra

displayed that nanorod-assembled 3D urchin-like ZnO had

the strongest absorbance intensity. When they were used as

photo-anodes for DSSCs, the I–V curve showed their

photoelectric conversion efficiency enhanced to different

degrees. The highest was that of the nanorod-assembled 3D

urchin-like ZnO micro-superstructures, which was synthe-

sised under NaBH4 and 25 % concentrated aqueous

ammonia reaction system. Its photoelectric conversion

efficiency is 2.37 %. Other hand, this simple and controlled

method is promising to prepare the low-cost, environ-

mentally friendly and high performance innovative struc-

tural materials.

1 Introduction

With the energy demand increasing, the research of solar-

energy-driven optoelectronic nano-semiconductor materi-

als becomes promising. The 3D ZnO semiconductor micro-

nanostructures, as semiconductor materials, exhibit the

quantum-range size and surface-interface effects that are

unique among nanomaterials. They show characteristic

features like optical, photocatalytic, electrical, non-toxic

and non-migratory properties that broaden their scope of

applications [1], such as in antibacterial deodorisation,

disinfection and photocatalysis. They are also used in gas

sensors and as materials for piezoelectric, coating, dye-

sensitised solar cell (DSSC) devices and in other applica-

tions [2, 3]. Dianyi Liu et al. [4] reported that, when ZnO

nanostructures are used as the electron transport layer of a

CH3NH3PbI3–perovskite-based solar cell at room temper-

ature, the photoelectric conversion efficiency can reach

15.7 %. This solar cell was listed in a science magazine as

one of the ten scientific and technological breakthroughs in

2013. Hence, more and more researchers take keen interest

to the synthesis of 3D ZnO micro-nanostructure materials

with 1D or 2D structures as assembly structures because of

special morphology (porosity) and high specific surface

area [5, 6]. Seho Oh et al. [1] prepared spherical and rod-

shaped ZnO nanoparticles by modified sol–gel methods,

and they found that the rod-shaped ZnO particles exhibit

higher photoelectric conversion efficiency. Qun Ma and

Jinlei Xu et al. [7, 8] synthesised ZnO micro-flowers by a

simple solution deposition method. As they found, the

nanocrystals showed higher light harvesting efficiency in

comparison to that of ZnO nanoparticles, and it may be

tempting for further application. Arpita Jana et al. [9]

reported that the energy conversion efficiency is closely

related to the surface area of the ZnO structures. Therefore,
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the synthesis of ZnO micro-nanomaterials with different

morphologies are very important, especially the prepara-

tion of the 3D morphologies which combine with the

unique properties of 1D or 2D structures. Different ZnO

micro-nanostructures with various morphologies have been

synthesised. These structures include 0D (quantum dots)

[10], 1D (nanowires, nanorods, nanotubes) [11–13], 2D

(nanoribbons, nanosheets) [5, 14] and 3D nanostructures

(nanospheres, nano-flowers) [15, 16], as well as other

nanostructures based on these structure types [17, 18].

However, assembling a stable, dense, porous, uniform, sea-

urchin spherical-structured ZnO on a soft pattern still needs

to be studied further. Therefore, the nanorod-assembled 3D

urchin-like ZnO micro-superstructures are considerable in

this work especially when applied in DSSCs. Given its

large surface area, its capacity for dye adsorption and

photo-generated electron production can be increased;

hence, the photoelectric conversion efficiency can be

improved [19–21]. Then, the ZnO micro-nanostructures

with different morphologies have been synthesised through

different methods, and their characteristics are dependent

on the grown shapes. In addition, different reaction sol-

vents provide different energy for crystal growth. At the

same time, additives can be added to change the

nanocrystal surface energy, which can guide the crystal

growth and form different morphologies. Thereby, the

synthesis of 3D micro-nanostructures with nano-pin ZnO

and ZnO nanosheets is controlled. Their potentials are

significantly higher than that of low-dimensional ZnO

structures obtained previously [22]. Respectively, the

simple and controlled preparation method is significant.

In this study, the effect of different additive environment

on the growth of ZnO nanocrystals is considered in search

of appropriate adjuvant-controlled synthesis of 3D crys-

talline ZnO. The photoelectric conversion efficiencies of

the optical anodes formed by the different morphology

nanostructures ZnO applied in DSSCs were studied. A

simple and controlled method, using H2 as the soft tem-

plate, which preparing the nanorod-assembled three-di-

mensional urchin-like ZnO micro-superstructures was

sought.

2 Experimental

2.1 Experimental procedure

FTO coated glass substrates were cleaned in the ultrasonic

bath with acetone, ethanol and deionized water. In a typical

procedure, 2 mmol Zn(Ac)2�2H2O were dissolved in a

certain amount of deionized water under magnetic stirring

to form a clear solution, firstly. Then slowly dropped

4 mol/L of NaOH (or 25 % NH3�H2O) aqueous solution to

produce precipitation, stirring and until the precipitate

dissolved at room temperature. Added an equal amount of

ethanol (volume ratio: 1:1), stirring continued until

homogeneous. Finally, a certain quantity of additive

(sodium citrate, NaBH4 or their mixture), is added under

stirring for 10–20 s, then the precursor solution was

obtained.

Subsequently, the precursor solution was transferred to a

Teflon-sealed autoclave, Then, to synthesise the ZnO

micro-nanostructures, the reaction was performed at

120 �C for 6 h. After deposition, the samples were cleaned

several times with double distilled water and absolute

ethanol, and then dried in a vacuum oven at 60–70 �C for

4–6 h.

2.2 Construction of dye-sensitized solar cell

The obtained electrodes with different ZnO micro-nanos-

tructures were dipped in a N3 solution (0.5 mmol/L in dry

ethanol solution) for 12 h. Pt electrode was the counter

electrode, which was obtained by coating with a drop of

H2PtCl6 solution (5 mmol/L in isopropanol solution) on

FTO and heated at 300 �C for 15 min. A sandwich type

cell was assembled with the dye-covered ZnO electrode

and Pt-counter electrode. 0.5 mol/L KI, 0.05 mol/L I2 in

acetonitrile was the electrolyte solution [23].

2.3 Characterization

The samples were characterized using scanning electron

microscopy (SEM, JEOL JSM-6700F), field emission

transmission electron microscope (STEM, JEOL JEM-

2100F) and X-ray diffraction system (SIEMENS D5000)

operating at Cu Ka radiation (40 kV/40 mA) and the scan

range was 20�–80�. The light scattering phenomenon were

analyzed by the UV–visible diffuse reflectance spec-

troscopy (UV–Vis DRS) using a UV–Vis spectropho-

tometer (TU-1901, Beijing). The optical properties,

including short-circuit current density, open-circuit volt-

age, fill factor and photoelectric conversion efficiency were

measured by an electrochemical workstation (CHI 660D,

ChenHua Instrument Co.).

3 Results and discussion

Different additives imply a significant effect on the micro-

nanostructural ZnO formation. They provide a driving

force for the ZnO crystal growth in different directions.

And the ZnO nuclei gradually grow into nanorods with a

diameter of *100 nm only when NaBH4 is added. As the

reaction proceeds, the nanorods self-assemble into the

flower-like ZnO micro-nanostructures (Fig. 1a). When
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sodium citrate is used as adjuvant, the morphology chan-

ged. The most prominent change is that the nanorods

converted into nanosheets, and new nanosheets grow on the

nanosheets at an oblique angle; these nanosheets is

approximately 20 nm thick (Fig. 1b). When NaBH4 and

sodium citrate are added (Fig. 1c), ZnO nano-spheroids

composited of tiny nanosheets are synthesised. A certain

porosity degree is observed between the sheets, and the

spheroid diameters are *4 lm. Figure 1b is the same as

Fig. 1c except that the latter shows high-resolution

topography. Sodium citrate and NaBH4 interact and pro-

vide a new driving force for the growth of ZnO nano-

spheroids formed from the nanosheets in the same reaction

system. Obviously, different adjuants provide the different

effect for the growth of ZnO crystal nuclei in different

directions. This phenomenon is further analysed with X-ray

diffraction (XRD), as well be shown in Fig. 3.

The morphologies shown in Fig. 1b, c are preferable.

The related SEM and TEM images are shown in Fig. 2,

where the microscopic crystal orientation and morphology

of the ZnO micro-nanostructures are shown. Figure 2a, b

shows that the nanosheets, which are approximately

3.5 lm in diameter, are assembled into spheroids accord-

ing to a certain pattern, and the spherical surface renders

many large and small ‘‘pentagram’’ shapes. This phe-

nomenon may be related to the nanosheets arrangement.

The ZnO nano-spheroids have rough surfaces, and the

sheet structures arranged on the surfaces are serrated. The

TEM image of the typical nano-spheroid surface portion, as

shown in Fig. 2c, proves that the nanosheet structures are

superposed in a certain direction, and the mono-nanosheet

surface is very thin and smooth. The high-resolution TEM

(HRTEM) of the atomic phase region is shown in Fig. 2d.

The structure clearly exhibits a lattice spacing of 0.281 nm,

which corresponds to the distance between the two adja-

cent (0002) planes of ZnO. In brief, sodium citrate and

NaBH4 have a crucial effect on the ZnO nanocrystal

growth orientations and can cause different ZnO structures

and morphologies.

The XRD patterns of the ZnO nanocrystals with dif-

ferent morphologies are shown in Fig. 3. The diffraction

peaks at 2h = 31.6�, 34.3�, 36.2�, 47.5�, 56.5� and 62.7�
correspond to wurtzite planes (100), (002), (101), (102),

(110) and (103), and these values can be readily indexed to

the hexagonal wurtzite phase of ZnO (JCPDS Card No.

36-1451). I. Beinik and G.Brauer et al. [24, 25] described

the crystal structure of ZnO detailed by using XRD and

AFM (atomic force microscopy). A comparison of the

three patterns shown in Fig. 3 indicates that the growth of

the (002) planes is weak. This finding may be due to the

special environment caused by both sodium citrate and

NaBH4; they produce specific orientation of crystal growth.

Fig. 1 SEM images of the ZnO micro-nanocrystalls synthesised by

solvothermal method at the same experimental conditions: a 3D

flower-like cone-bar ZnO synthesised in NaBH4; b ZnO nano-sheets

synthesised in sodium citrate; c nanosheet-assembled 3D spherical

structure ZnO synthesised in sodium citrate and NaBH4; d individual

ZnO sphere at higher resolution
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Under normal circumstances, the ZnO crystal plane (001)

grows swiftly with the formation of 1D ZnO rod. Given the

action of the crystal growth rate and anisotropy under

certain experimental conditions, the low growth rate

gradually accelerated, and 3D spherical-structured ZnO

nanosheets with special growth orientations are

synthesised.

After optimisation of the experimental conditions with

NaBH4 as additive, 25 % concentrated aqueous ammonia

reaction system, 120 �C temperature control and 3 h of

reaction time, then 3D urchin-like ZnO micro-superstruc-

tures are synthesised from the nanorods, as shown in

Fig. 4. The SEM and TEM images of the ZnO crystallite

topography are shown in Fig. 4a, b, which reveal that the

prepared 3D sea urchin-like ZnO is composed of several

individually aligned nanorods, which radiate from the

centre of the crystals with an appropriate tightness, and

these nanorods are of uniform size. The cross-sectional

SEM image, in the upper left of Fig. 4a, indicates thickness

Fig. 2 Electron microscope images of nano-sheet assembled 3D spherical structure ZnO: a SEM image; b TEM image; c TEM image of nano-

sheets; d High-resolution TEM lattice diagram

Fig. 3 XRD patterns of micro-nano crystalline ZnO: a 3D flower-like

cone-bar ZnO synthesised in NaBH4; b ZnO nano-sheets synthesised

in sodium citrate; c nanosheet-assembled 3D spherical structure ZnO

synthesised in sodium citrate and NaBH4
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of the film is about 20 lm. The top surface of the urchin-

ball nanorods is obviously rough and uneven. The rough

and uneven interface would strengthen internal light scat-

tering, and the larger crystallites, interface area also sup-

port the charge transport [26]. Figure 4c shows the detailed

topography of a single nanorod. The ZnO nanorod surface

is relatively smooth and has good orientation, with an

average width of approximately 20 nm. The HRTEM

image in Fig. 4d shows that the lattice spacing is approx-

imately 0.2645 nm, which corresponds to the (002) planes

of the hexagonal wurtzite ZnO, suggesting that the sample

has a single-crystalline structure. This 3D structure is

arranged orderly and can increase the transmission path of

electrolytes; thus, it can be applied in DSSCs. In addition,

the specific surface area and reaction centre are increased.

Thus, the structure can effectively improve the photoelec-

tric conversion efficiency [22].

In order to investigate the light absorption and scattering

ability of different ZnO micro-nanostructures, the UV–

visible diffuse reflectance spectra were measured, as shown

in Fig. 5a. It certificated the nanorod-assembled 3D urchin-

like ZnO had the highest absorption intensity. The

enhanced absorption intensity may be related to the rules of

the ordered arrangement of 3D urchin-like ZnO nano-rods,

because of the light reflect back and forth among the

nanorods. When the ZnO micro-nanostructures with dif-

ferent morphologies were synthesized with additives, the

ZnO particles were applied as optical anode in DSSCs, and

the photoelectric conversion efficiency was improved at

different degrees. The corresponding parameters, including

the short-circuit current density (JSC), open-circuit voltage

(VOC), fill factor (FF) and photoelectric conversion effi-

ciency (g), are listed in Table 1. When the DSSC optical

anode is assembled with the 3D flower-like cone-bar ZnO

synthesised in NaBH4, the photoelectric conversion effi-

ciency is minimum (Fig. 5b). This may be caused by a

small surface area and low dye adsorption rate. The second

is the 3D spherical structure ZnO that is synthesised with

sodium citrate and NaBH4. Its photoelectric conversion

efficiency increased by 84.96 % compared with that of the

flower-like cone-bar ZnO. As evident from Fig. 1, the

formations possess high porocity, and the numerous pores

of the 3D sphere surface further increase the surface area. It

can absorb more dye, has more reactive centres and

Fig. 4 Electron microscope images of nanorod-assembled 3D urchin-like ZnO: a SEM image and the cross-sectional SEM image; b TEM

image; c TEM image of a single nanorod; d High-resolution TEM image
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induces more photo-generated electrons. The relation

between FF and g is:

g ¼ Pm

Pin

¼ Isc � Voc � FF

Pin

ð1Þ

From (1), the g increases with the FF.

From Table 1, the values of JSC, VOC, FF, and g of the

nanorod-assembled 3D urchin-like ZnO micro-superstruc-

tures are 6.87 mA/cm2, 0.74 V, 0.466 and 2.37 %,

respectively. Because the electronic transmission path

nanosheet-assembled structure is poorer than the nanorod-

assembled, the photoelectric conversion efficiency is

maximal and increased by 13.4 % as compared with that of

the 3D spherical-structured ZnO assembled from nanosh-

eets. And it may be related to the further increase in surface

area, reactivity centres, and higher light absorption inten-

sity, thereby improving its effective electron transport

paths. Meanwhile, a variety of surface effects and the

quantum size effect caused by the large surface area also

has a great impact on the optical properties of ZnO.

4 Conclusions

In summary, ZnO micro-nanostructures were synthesised

in different adjuvant solvent systems (sodium citrate,

NaBH4 or both) by solvothermal method, and ZnO

nanosheets, flower-like cone-bar ZnO, 3D spherical-struc-

tured ZnO assembled from nano-sheets were obtained,

respectively. When the nanostructures were applied in

DSSCs, different photoelectric properties were obtained.

Furthermore, the optimised experimental condition, using

the NaBH4 and ammonia system, the synthesis of 3D

urchin-like ZnO micro-superstructures with perfect crys-

tallinity, uniform morphology with excellent denseness is

obtained. It has rough and uneven surface, thus a larger

surface area, mesoporous characteristics and more reactive

centres, which can increase the dye adsorption rate and the

number of generated carriers per unit time, thereby further

improving the optical activity. The photoelectric conver-

sion efficiency is the highest. Therefore, this work is

envisioned to synthesise the multifunctional micro-nanos-

tructures ZnO, and promote their practical applications in

DSSCs, and even the environmental and other energy

storage issues.
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