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ZnO nanoparticle films were prepared using facile precipitation with low-toxic solvents. 

The nanoparticle films were observed in compact formation with uniform nanoparticle 

sizes, good distribution, and high specific surface areas. The chemical composition of Zn 

and O was detected and the optical band gap was estimated. The hexagonal wurtzite 

structure of ZnO nanoparticle films was confirmed by XRD and Raman. For 

dye-sensitized solar cell application, power conversion efficiency of 2.51% was measured 

due to the concurrent improvements of dye adsorption and charge collection efficiency. 

Therefore, ZnO nanoparticle films be considered as a well-functional material to turn 

suitable structures for DSSC application. 
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1. Introduction 
 

Dye-sensitized solar cells (DSSCs) are interestingly investigated for over a decade due to 

its advantages including simple fabrication and low-cost technology requirements [1]. The major 

material used in DSSCs is wide-band gap semiconductors such as TiO2, ZnO, SnO2 which has 

major roles to support dye molecules and transfer excited electrons through external loads. For 

DSSC development, effective factors that affecting the photovoltaic (PV) performance should be 

improved such as dye adsorption, electron collection efficiency, harvesting efficiency, scattering 

effect [2]. An improvement of light-harvesting efficiency using β-NaYF4:Yb
3+

, Er
3+

 phosphors was 

reported to modify photoelectrodes as upconversion phosphors (UCPs)-TiO2 composites [3]. The 

light-harvesting efficiency was improved due to the incorporation of UCPs because near-infrared 

(NIR) light region was absorbed. However, large recombination has occurred for the incorporation 

of UCPs. To solve the problem, the balance of UCPs and TiO2 was performed to modify efficient 

UCPs-TiO2 composite photoelectrodes for enhancing power conversion efficiency (PCE) of 

DSSCs. One of the interesting TiO2 composites with graphene oxide (GO) based also studied [4]. 

A successful PV enhancement using TiO2-reduced GO (rGO) heterojunction was demonstrated 

with the improved PCE of 5.36% in comparison to TiO2 photoelectrode (3.94%). The enhancement 

has occurred due to concurrent improvement of electron transport and charge separation. 

Nevertheless, non-composite TiO2 with nanostructures also has the potential to enhance the PV 

performance of DSSCs [5]. The TiO2 was performed to a popcorn-like TiO2 nanostructure and a 

high PCE of 7.56% was measured. The nanostructure was designed to coat over the larger size of 

commercial TiO2 for creating scattering layers and it showed an increased incident 

photon-to-electron conversion efficiency (IPCE) which referring the light scattering improvement. 

Moreover, small sizes of the nanostructure also provided large surface areas for greater dye 

adsorption at the same time. According to the above literature, TiO2-based materials are widely 
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studied to fabricated as photoelectrodes because it has chemical stability and strong light 

absorption [6]. However, ZnO is an alternative candidate material replacing the TiO2 due to 

specific property including high electron mobility, good charge carrier separation and collection, 

and non-toxicity [7,8]. The direct band gap of ZnO can better support the electrodynamic process 

of DSSCs in comparison to the indirect band gap of TiO2. For the TiO2-based DSSCs, the 

drawback of the electrodynamic process may occur including low use of solar spectrum, high 

recombination rate, and low electron transport property [8]. Moreover, it can be controllably 

synthesized to form nanostructures which are an important key for better optoelectronic device 

performance because nanostructures show many advantages such as chemical and thermal stability, 

high electrocatalytic ability, and high surface area [9]. Thus, ZnO nanostructures are considered for 

several devices including DSSCs [8]. It is well known that chemical synthesizing processes of 

ZnO nanoparticles required many solvents including toxic-solvents for controlling growth 

mechanisms to form nanoparticles. However, several toxic-solvents (i.g., ethanol, methanol, 

chloroform, n-butanol) harmful to humans and environments. Thus, distilled water with 

appropriate polymer assistance is considered for ZnO nanoparticle preparation in this work. The 

preparing process with low-toxic solvents could be considered as the friendly-environment process, 

but the high PCE may not be obtained for the non-toxic solvent process. Therefore, the balancing 

between the friendly-environment process and acceptable PCE is mentioned. 

The ZnO nanoparticles were prepared using facile precipitation from starting materials of 

zinc acetate dihydrate and ammonium hydrogen carbonate at different molar ratios. The starting 

materials were separately dissolved in distilled water to form clear solutions. Then, the solutions 

were mixed under violent vibration. During the mixing process, a portion of the polymer was 

added to prevent aggregation or accumulation. The precursors carried ZnO nanoparticles were 

prepared on substrates to form ZnO nanoparticle films. The films were used as photoelectrodes for 

DSSC fabrication, and it was tested under standard measurement for evaluating the performance of 

the films for DSSC application. 
 

 
2. Experimental 
 

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O; ZAD) and ammonium hydrogen carbonate 

(NH4HCO3; AHC) were separately dissolved in distilled water under stirring and heating at 50 C 

for 1 h to form the clear homogenous solutions. The concentration of AHC and ZAD solutions 

were comparatively prepared at AHC/ZAD molar ratios of 0.5, 1.0, and 1.5. The AHC solution 

was slightly dropped into the ZAD solution under stirring and heating. Then, a portion of polymer 

(polyethylene glycol 4000; PEG-4000) was added to reduce surfactant [10], and violent stirring 

was applied until the mixed solution form as viscous ZnO nanoparticle precursor. Next, the 

precursor was coated on fluorine-doped tin oxide (FTO) substrate using a screen-printing method 

and annealed at 550 C for 1 h to form as ZnO nanoparticle films. To control the film’s thickness, a 

thin polymer tap was used as a templating mask. For characterization, the films were investigated 

using various techniques including field emission scanning electron microscopy (FE-SEM), energy 

dispersive spectroscopy (EDS), X-ray diffractometry (XRD), Raman spectroscopy, 

Fourier-transform infrared spectroscopy (FTIR), and ultraviolet–visible (UV–Vis) spectroscopy. 

For DSSC fabrication, ZnO nanoparticle films were moved to a Petri dish contained 0.3 

mM N719 dye solution [1,7,11] for dye adsorption using the re-adsorption process as described in 

previous reports [12] to form as ZnO photoelectrodes. Finally, the photoelectrodes were used to 

fabricate DSSC devices [13,14]. Photovoltaic characteristics of DSSCs were examined using 

current density-voltage (J-V) measurement system, open-circuit voltage decay (OCVD), and 

electrochemical impedance spectroscopy (EIS). 
 

 

3. Results and discussion 
 

Morphological images of ZnO nanoparticle films explore the compact nanoparticle 

formation as shown in Fig. 1. ZnO nanoparticle films carried different sizes of nanoparticles for 
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the different AHC/ZAD molar ratios. The average particle sizes measured using free image-J 

software were 55.59±12.07, 68.48±14.07, and 118.44±28.11 nm for the ratios of 0.5, 1.0, and 1.5, 

respectively. It should be noted that particle sizes are insignificant differences between the ratios of 

0.5 and 1.0. However, small particle sizes are appeared for the ratio of 0.5 because of the lack of 

OH
-
 anions for the chemical reaction at the low AHC concentration. The low OH

-
 anions could 

interact with Zn
2+

 cations with a slow rate which results in small particle size formation. On the 

other hand, larger particle sizes are found for the higher ratios of 1.0 and 1.5. It could suggest that 

aggregation may be occurred due to numerous OH
-
 ions. The particle size distribution of ZnO 

nanoparticles (Fig. 2) presents a comparative good distribution with similar sizes for the ratio of 

1.0 which may be due to the cations-anions equilibrium. However, large particle sizes were formed 

for a higher ratio of 1.5. The effect may be described that excess OH
-
 anions repeating interact 

with the formed ZnO nanoparticles and aggregate at the ZnO surface which resulting in large 

particle size formation. For the surface-to-volume ratio analysis, specific surface areas (SSAs) 

were measured using the BET method. The measured SSAs were 35.75, 41.74, and 29.92 m
2
/g for 

the ratios of 0.5, 1.0, and 1.5, respectively. Generally, it is well-known that high surface area will 

occur for small nanoparticle sizes. However, the ratio of 1.0 exhibits the highest SSAs even though 

it has higher particle sizes compared with the ratio of 0.5. The results, in this case, could explain 

due to the comparative well-uniform of nanoparticles for the ratio of 1.0. Moreover, it presents low 

aggregation with surrounding particles and low dense-deposited particles in comparison to other 

ratios. 
 

        

(a)         (b) 

 

(c) 

Fig. 1 SEM images of ZnO nanoparticle films for AHC/ZAD molar ratios  

of (a) 0.5, (b) 1.0, and (c) 1.5. 

 

 

According to the SEM images, some lacking particle zones are found for the ratios of 0.5 

and 1.5. On the other hand, it is not observed for the ratio of 1.0. Thus, the equal molar ratio of 

starting materials could be considered an optimum condition for better compact ZnO nanoparticle 

films. Moreover, it can interpret that SSAs of ZnO nanoparticle films are not only governed by 

particle sizes but also caused by the forming quality of the films. Chemical compositions of ZnO 
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nanoparticle films were examined using EDS and similar atomic contents of Zn and O are 

approximated (Table 1). The results can determine that ZnO nanoparticle films are formed with 

low contamination for all conditions. 

 

     

(a)         (b) 

 

(c) 

Fig. 2. Particle size distribution for AHC/ZAD molar ratios of (a) 0.5, (b) 1.0, and (c) 1.5. 

 

 

Table 1. Chemical composition, optical band gap, and crystal parameter of ZnO nanoparticle films. 

 

AHC/ZAD 

molar ratios 

Atomic content (%) 
Eg (eV) D (nm) a (Å) c (Å) c/a 

Zn O 

0.5 56.75 43.25 3.21 18.230 3.248 5.208 1.603 

1.0 53.67 46.33 3.22 20.411 3.249 5.209 1.603 

1.5 55.33 44.67 3.23 18.348 3.252 5.211 1.603 

 

 

Optical band gap energy (Eg) of ZnO nanoparticle films was estimated using the Tauc plot 

according to the Equation (1) [15,16].
 

 

(αhυ)n = A(Eg − hυ)               (1) 

 

α and A are constant, h is the Plank’s constant,  is frequency, n is the index for material types 

which can be indexed as 1 and 2 for indirect band gap and direct band gap semiconductor, 

respectively. In this case, n = 2 for the direct band gap of ZnO nanoparticle films. From the 

plotting of (αh)
2
 versus h as shown in Fig. 3, Eg can be estimated from the interception of linear 

fitting (can see in Table 1). The calculated Eg shows insignificant values implying the pure ZnO 

formation. 
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Fig. 3. The plot of (h)
2
 versus h of ZnO nanoparticle films for different AHC/ZAD molar ratios. 

 

 

To characterize crystal structure, XRD and Raman were performed as shown in Fig. 4. The 
XRD diffraction peaks (Fig. 4(a)) for all conditions are well-corresponded to the hexagonal 
wurtzite (JCPDS no. 36-1451) [17], indicating the pure ZnO phase formation in the agreement to 
the EDS and Eg results. For crystal analysis, crystal size (D) was calculated from the 3 major peaks 
of (100), (002) and (101) planes using the Debye-Scherrer formula according to Equation (2) [16]. 
Also, the lattice constants “a” and “c” were calculated from Equation (3)-(4) [18] (can see in Table 
1).   

 

 D =
K

β cos θ
         (2) 

 a =


√3 sin θ
         (3) 

 c =


sin θ
          (4) 

 

k is a constant (0.89),  is the wavelength of X-ray (1.5406 Å), β is the full-width at the 
half-maximum (FWHM) intensity,  is the diffraction angle. Crystal size exhibits the maximum 
value for the ratio of 1.0. The large crystal size implies high crystallinity with reduced defect 
formation. Also, the large crystal size could contribute to the long pathway for electron movement 
at the material surfaces before reaching grain boundaries. The long pathway is considered as the 
factor that could support active electrons for better charge transport in DSSC devices. Note that, 
c/a ratio shows the same value for all samples and closes to the JCPDS c/a ratio of 1.602 implying 
high crystallinity of the prepared ZnO nanoparticle films. 

Raman shift in Fig. 4(b) confirms the hexagonal wurtzite structure of ZnO nanoparticle 
films in agreement with XRD results. The dominating peak at 438 cm

-1
 corresponded to the ZnO 

nonpolar optical phonons E2H mode and the Raman active mode of the hexagonal wurtzite phase 
of ZnO [19-21] The peak at 331 cm

-1
 corresponded to the E2H-E2L mode due to the multi-phonon 

vibration. The peak at 387 cm
-1

 corresponded to the transverse optical modes of A1T. Note that, 
disorder state or defect peak around 580 cm

-1
 is not observed indicating the pure ZnO formation 

[10,22]. 
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(a)         (b) 

Fig. 4. XRD patterns (a) and Raman shift (b) of ZnO nanoparticle films for  

different AHC/ZAD molar ratios. 

 

 

For the DSSC application, all ZnO nanoparticle films were used as photoelectrodes to 

fabricate DSSC devices to evaluate the film’s performance. Photovoltaic characteristics were 

measured under standard light illumination as shown in Fig. 5(a). Then, the photovoltaic 

parameters were calculated using Equation (5)-(6)[11], and listed in Table 2. 

 

 PCE =
JscVocFF

Pin
         (5) 

 FF =
JmaxVmax

JscVoc
         (6) 

 

Jsc is the short-circuit current density, Voc is the open-circuit voltage, FF is the fill factor, Pin is the 

incident illumination (100 mW/cm
2
), Jmax is the maximum current density, Vmax is the maximum 

voltage. The maximum PCE is obtained for the ratio of 1.0. The ratio of 0.5 exhibits a small 

different PCE compared with the ratio of 1.0. On the other hand, the PCE is significantly 

decreased for a ratio of 1.5. It should be noted that low PCEs are obtained in this work compared 

with other reports [23,24]. However, the PCEs are in the several ranges of ZnO-based DSSCs. 

Thus, the ZnO nanoparticle films prepared by facile precipitation can be applied for DSSCs. 

Although the low PCEs are obtained, the use of low toxic solvents (distilled water) demonstrates 

the friendly-environment process which could be considered for further investigation.  

To investigate the major parameter for PCE enhancement, dye adsorption was analyzed as 

shown in Fig. 5(b). The dye molecules adsorbed on ZnO nanoparticle films were extracted by 

immersing the films in NaOH solution. Then, absorbance spectra were measured and the amount 

of dye adsorption was calculated using the Beer-Lambert law [12].
 

 

 A =  cεL          (7) 

 

A is the absorbance, C is the dye concentration,  is the molar extinction coefficient (=14,100 M
−1

 

cm
−1

 at =515 nm), L is the path length of the measured dye solution. The dye molecules adsorbed 

on ZnO nanoparticle films are 6.28×10
-9

, 6.49×10
-9

, and 5.64×10
-9

 moles/cm
2
 for the ratios of 0.5, 

1.0, and 1.5, respectively. The dye adsorption explores a little different value for the ratios of 0.5 

and 1.0. However, it decreases to the lowest value for the ratio of 1.5.  

The relation between PCE and Jsc as the function of dye adsorption is observed as shown 

in Fig. 5(b). The PCE trend is the majoring correlation to the Jsc which be governed by dye 

adsorption. Thus, the improvement of PCE and Jsc is a direct correspondence to dye adsorption. 

Note that, it is believed that high dye adsorption could be supported by the high SSAs due to the 

better size distribution and good qualitative formation of ZnO nanoparticle films. 
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(a)         (b) 

Fig. 5. (a) J-V curves of DSSCs for different AHC/ZAD molar ratios, (b) correlation of  

dye adsorption, Jsc, and PCE. 

 

 

Table 2. Photovoltaic parameters of DSSCs. 

 

AHC/ZAD molar ratios 
Jsc 

(mA/cm
2
) 

Voc 

(V) 

PCE 

(%) 
FF 

0.5 6.47 ± 0.02 0.67 ± 0.01 2.48 ± 0.02 0.58 ± 0.01 

1.0 6.48 ± 0.01 0.69 ± 0.01 2.51 ± 0.01 0.56 ± 0.01 

1.5 4.86 ± 0.02 0.67 ± 0.01 2.07 ± 0.03 0.64 ± 0.01 

 

 

For charge dynamic behavior investigation, OCVD was measured as shown in Fig. 6(a) to 

estimate the recombination process in DSSCs. The measurement was performed by illuminating 

the simulated sunlight to DSSCs for exciting electrons in dye molecules and forming Voc. After the 

illumination was turned off, the decay of Voc for all DSSCs implying excited electrons recombine 

with holes for lowering energy to the ground state was detected. The ratio of 1.0 condition shows 

the slowest decrease in Voc, indicating the lowest recombination rate. This effect could occur 

because large crystal sizes offer a long pathway for electron movement in the conduction band of 

ZnO nanoparticle films. The effect causes in long electron lifetime () according to Fig. 6(b) which 

was analyzed from the Equation (8) [14,25]. 
 

 τ =  −
kBT

e
(

dVoc

dt
)

−1

         (8) 

 

kB is the Boltzmann constant, T is absolute temperature, e is the electron charge. Finally, charge 

collection efficiency (cc) of DSSCs was evaluated from charge transfer resistance (Rct) using EIS 

measurement under a forwarding bias voltage of –Voc with and without illumination [10] as shown 

in Fig. 6(c,d). A brief description of EIS analysis, the EIS curves consist of two semicircles 

including small and large semicircles referring to the resistances of internal charge dynamics. The 

small semicircles are not observed for with and without illumination due to the obscuring of the 

larger semicircles. However, it is enough to calculate the cc using Equation (9) [26], as listed in 

Table 3. 
 

 
cc

=  1 −
Rt

Rrec
         (9) 

 

Rt and Rrec are transport resistance and recombination resistance, respectively. The Rt and Rrec are 
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measured from the diameter of the large semi-circles with and without illumination, respectively. 

Generally, the high cc should give low Rt and high Rrec which reflecting fast electron transport and 

slow electron recombination, respectively [27]. The DSSCs fabricated with ZnO nanoparticle films 

for the ratio of 1.0 exhibit the highest cc compared with other DSSC devices. However, it is an 

insignificant different cc value between the ratios of 1.0 and 0.5. The high cc means excellent 

electron transport, leading to better DSSC performance. This behavior might be caused by 

concurrent improvements of high dye adsorption and large crystal size for increasing electron 

generation and electron lifetime, respectively. Therefore, the equal AHC/ZAD molar ratios could 

be an appropriate condition for ZnO nanoparticle film preparation with potential applications in 

DSSCs. 
 

     

(a)         (b) 

     

(c)         (d) 

Fig. 6. Charge dynamic behaviors of DSSCs fabricated with ZnO nanoparticles films for different 

AHC/ZAD molar ratios; (a) OCVD, (b) electron lifetime, (c) EIS with illumination, (d) EIS without 

illumination. 

 

 

Table 3. Charge recombination resistance, charge transport resistance, and charge collection. 

efficiency. 

 

AHC/ZAD molar ratios Rrec () Rct () cc 

0.5 461.4 134.7 0.77 

1.0 590.6 165.9 0.78 

1.5 403.4 172.5 0.70 
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4. Conclusions 
 

ZnO nanoparticle films were prepared using facile precipitation from zinc acetate 

dihydrate and ammonium hydrogen carbonate under violent vibration with polymer assistance for 

avoiding toxic solvents. The viscous ZnO nanoparticle precursors were coated on FTO substrates 

and annealed to form ZnO nanoparticle films. Compact nanoparticle films were observed with 

high specific surface areas. Chemical composition of Zn and O was detected referring to the pure 

ZnO formation. Hexagonal wurtzite structure with high crystallinity of ZnO nanoparticle films 

was confirmed by XRD and Raman. DSSCs fabricated with ZnO nanoparticle films showed an 

enhanced average PCE of 2.51%.  

The PCE enhancement is due to the concurrent improvements of dye adsorption and 

charge collection efficiency. The high dye adsorption is caused by high specific surface areas of 

ZnO nanoparticle films with uniform particle sizes and good nanoparticle distribution. The charge 

collection efficiency is improved by large crystal sizes which providing the long pathway for better 

electron transport with low recombination. Therefore, ZnO nanoparticle films prepared using 

facile precipitation with low-toxic solvent under the appropriate condition could be considered as a 

well functional material to turn suitable structures for DSSC application with the 

friendly-environment process. 
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