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Zn-doped NiO thin films were prepared using the simple sol-gel spin-coating method and their
electrochromic characteristics were compared with undoped NiO thin film. The transparency in the
visible region and uniformity of the NiO thin films were enhanced with increasing Zn doping amounts.
The in situ optical transmittance spectra revealed all samples were transparent at bleached state, whereas
the color changed from light brown to dark brown at a colored state, as the Zn doping amounts increased.
The Zn-doped NiO thin film exhibited a higher transmittance change (AT) of 59.8% and higher color
efficiency (CE) of 33.6 cm?/C at a wavelength of 500 nm compared with the undoped film (22.4% (AT)
and 27.3 cm?/C (CE)). Moreover, it displayed a sustained memory effect under open circuit. The addition
of the Zn dopant offered a simple way to improve the electrochromic performance of the NiO thin film.
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1. INTRODUCTION

The wide bandgap nickel oxide (NiO) nanostructures serving as anodic electrochromic material
for smart windows have been intensively studied. The electrochromic performance of the NiO films
exhibits a strong dependence on the porosity, film thickness, annealing treatment condition, and
crystallinity [1-5]. Usually, a porous and thick NiO film annealed at a proper temperature displays a
better electrochromic performance compared to one that is compact and thin. Pereira et al. reported that
as the film thickness increased from 100 to 500 nm, the thicker NiO film prepared by e-beam evaporation
showed enhanced electrochromic performance [3]. Xia et al. reported that a porous NiO film annealed
at 300 °C had better than those annealed at 350 °C and 400 °C [4]. In addition, the incorporation of a
dopant (e.g., Cu, Zn, and Al) was a plausible way to alter the properties of NiO thin films [6-11]. In
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previous paper, we reported that the effects of a Cu dopant on the morphological and electrical properties
of NiO thin films prepared by sol-gel that had the merits of being large-area production and easy
composition control [7]. He et al. reported that the electrochromic performance of Cu-doped NiO thin
film was better than that of undoped NiO prepared by sol-gel dip-coating [8]. The optical and electrical
properties of Zn-doped NiO had also received significant attention. Manouchehri et al. noted that the
optical band gap and crystallite size of NiO prepared by RF sputtering decreased with increasing Zn
doping amounts [9]. Furthermore, NiO-based films are reported to display an ozone-induced coloration
property [10]. However, studies on the electrochromic characteristics of the Zn-doped NiO thin film
remain limited [11].

In this study, we investigate the morphological and electrochromic properties of 120-nm-thick
NiO films prepared by the sol-gel spin-coating method with the addition of a Zn dopant. The
incorporation of the Zn dopant provided a simple way to improve the electrochromic performance of the
NiO thin film.

2. EXPERIMENTAL

For the preparation of sol, nickel acetate tetrahydrate (Ni(Ac), Ni(CH3zCOO)2-4H,0, 0.5 M) was
dissolving in 2-methoxyethanol (2ME, CsHsOz), followed by the addition of zinc acetate dihydrate
(Zn(Ac), Zn(CH3CO0),-2H,0, 0.05-0.10 M) as a dopant. The mixture was stirred at 60 °C for 1 h and
aged at room temperature for 24 h. Spin-coating was performed at 2100 ~ 2400 rpm to adjust the film
thickness, accompanied by drying at 100 °C for 10 min. The spin-coating and dry processes were
repeated, followed by annealing at 300 °C for 1 h in air. The nanostructure samples produced were named
ONZO, 5NZO0, and 10NZO with Zn(Ac) contents of 0, 0.05, and 0.10 M, respectively.

The crystalline phase was characterized by X-ray diffraction (XRD, DBADVANCE). The film
morphology was examined by field emission scanning electron microscope (FESEM, JSM-6701). The
optical transmittance spectra were obtained from ultraviolet-visible (UV-Vis) spectroscopy (HITACHI,
U-2910). The chemical bonding state was identified by Fourier transform infrared spectroscopy (FITR,
FT/IR-6100). Cyclic voltammetry (CV) measurements were conducted between -0.50 and 0.55 V at a
scan rate of 10 mV/s with Pt and Ag/AgCl used as the counter and the reference electrodes, respectively.
The in situ optical transmittance spectra were measured using a charge-coupled device multichannel
detector (USB2000+, Ocean Optics) and halogen and deuterium lamps. For the in situ transmittance
measurements, air and a quartz-glass cell filled with 1M KOH aqueous electrolyte were used as
references [12].

3. RESULTS AND DISCUSSION

Figure 1(a) shows XRD patterns of the sample containing different Zn(Ac) amounts. All samples
display weak diffraction peaks at the 26 positions of 37.3° and 43.3° indexed as the (111) and (200)
planes, respectively, of the face-centered cubic NiO (JSPDS No0.04-0835). No secondary phase
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diffraction peaks associated with Ni, Zn, or ZnO are observed. The solubility of Zn on the NiO is known
to be high [10,13], with Park et al. reporting that the crystalline structure of Zno.31Nio.s00O remained as a
pure NiO phase with no secondary phase like ZnO [13]. Meanwhile, the intensities of the diffraction
peaks decreased relatively, with the peak positions shifting to lower angles with increasing Zn(Ac)
amounts. This characteristic is likely due to the ionic radius difference of Ni?* (0.069 nm) and Zn?*
(0.074 nm) [10,14]. The FTIR spectra were shown in Fig.1(b). All NiO samples had a strong absorption
peak at ~400 cm™ corresponding to Ni-O stretching vibration [4,15]. Furthermore, the broad absorption
around 3400 cm™ corresponds to the stretching hydroxyl groups hydrogen-bonded vibration of water
[4,15]. The hydroxyl groups almost disappeared with increasing annealing temperature. The XRD and
FTIR results indicate the formation of NiO. Figure 1(c) shows the optical transmittance spectra. With
increasing Zn amounts, the average transmittance in the visible region increases and the absorption edge
shifts to a short wavelength. From the inset in Fig.1(c), the optical band gap (Eg) calculated is 3.90, 3.96,
and 4.00 eV for the ONZO, 5NZO, and 10NZO samples, respectively, coherent with previous studies
[16,17]. The results of the optical properties suggest that the average size of the nanoparticles decreased
with increasing Zn amounts [17].
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Figure 1. XRD patterns (a), FTIR spectra (b), and optical transmittance (c) of the NiO thin films with
different Zn amounts; the inset in (c) plots (ahv)? vs hv.

Figure 2(a-c) displays cross-sectional FESEM images of the NiO samples prepared on fluorine-
doped tin oxide (FTO with film thickness ~ 550 nm) coated glass substrate with different Zn amounts.
The average film thickness is ~120 nm, with cracks (indicated by arrows) observed on the ONZO thin
film that was exposed to the bare surface of the FTO substrate. The proportion of cracks increased as the
annealing temperature increased. This is attributed to likely because high residual stress of the NiO film
[18]. The effective release of such stress improved the film uniformly with the addition of Zn as
demonstrated in Fig.2(d-f).

Figure 3(a-c) shows the in situ transmittance variation (AT) at a wavelength of 500 nm of the
ONZO, 5NZO, and 10NZO samples at a scan rate of 10 mV/s. The obtained optical density (AOD,
AOD=log(Toleached/ Tcolored)) are presented in Fig.3(d).
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Figure 2. Cross-sectional (a-c) and top view (d-f) FESEM images of the NiO thin films with different
Zn amounts; (a,d) ONZO, (b,e) 5NZO, (c,f) 10NZO.

The undoped NiO (ONZO) sample shows stable transmittance change up to 20,000 s with of AT
and AOD of 22.4% and 0.15, respectively, representing reasonable performance compared to others
reported [3,19,20]. After the CV measurement, no film detachment from the FTO substrate was
observed. With the addition of Zn, the in situ transmittance change gradually improves and even
saturated at times (Fig.3(b,c)). The AT and AOD of the 10NZO are 59.8% and 0.55, respectively. At the
bleached state, all samples are transparent, whereas, at the colored state, samples change from light
brown to dark brown as the Zn amounts increased. Considering its film thickness (~120 nm), thelONZO
sample shows better performance than previously reported nano-porous NiO film prepared by sol-gel
spin-coating method (4 cycles with thickness ~220 nm, AT ~30% at 500 nm wavelength) [20], and thick
NiO film prepared by the sol-gel dip coating method (8 layers with thickness 445 nm, AT ~50% at 500
nm wavelength) [20]. After 20,000 s cycling process, the CV curves at a scan rate of 10 mV/s are shown
in Fig.3(e). All samples show oxidation and reduction peaks associated with the coloration and bleaching
states [5]. The extraction of protons and electrons from the thin film leads to coloration and reverse
process leads to the bleaching. During cycling, the thin film changes from brown to transparent
reversibly [4,5]. No significant difference emerges between the inserted (Qin) and corresponding
extracted (Qex) charge densities over all the samples; the Qin/Qex ratio for the ONZO, 5NZO, and 10NZO
samples are 1.06, 1.05, and 1.03, respectively. Contrarily, the current density increased in the order of
ONZO, 5NZ0O, and 10NZO. This indicates that the quantity of ions and electrons inserted into the thin
film also increases, implying that reaction activity of the Zn-doped NiO thin film is better than the
undoped thin film [3]. This further supports the observation that electrochromic behavior is enhanced by
the addition of Zn on NiO thin film. As shown in Fig.3(f), the calculated charge density (Q) and color
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efficiency (CE, CE=40D/Q) increase with increasing Zn amounts, the 10NZO sample showing values
of 15.6 mC/cm? and 33.6 cm?/C, respectively.
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Figure 3. In situ transmittance change (a-c), optical density (d), CV curves (e), and calculated Q and CE

(f); (@) ONZO, (b) 5NZO, (c) 10NZO.
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Figure 4. Response time measurements for the 10 NZO sample (a), transmittance spectra of the 10 NZO
sample at bleached and colored states (b), and memory effect (c) of the 10NZO sample; the inset
in (b) are photo images of the bleached and colored states, while the inset in (c) is the CIE 1931
Yxy chromaticity diagram.

From Fig.4(a), the response times at a wavelength of 500 nm, defined as the duration to reach
90% of the full change in transmittance [5], for the bleached state (@-0.50 V for 30 s) and colored state
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(@+0.55 V for 30 s) are ~8 and ~3 s, respectively. The transmittance spectra of the 10NZO thin film
with an applied potential of a colored and bleached state are shown in Fig.4(b). The color of the 10NZO
changed from transparent in the bleached state to dark brown in the colored state. In addition, at the
colored state, a variation of the in situ transmittance at a wavelength of 500 nm was measured under an
open circuit condition (Fig.4(c)). Furthermore, before and after memory effect test, CIE 1931 Yxy
chromaticity diagram for the 10NZO sample is inserted, with no significant shift in x-y co-ordinates.
This supports a sustained memory effect for the 10NZO sample.

4. CONCLUSIONS

We investigated the electrochromic performance of the 120 nm-thick NiO thin films prepared by
the simple sol-gel spin-coating method with different Zn amounts. The average transmittance in the
visible region and the Eg4 of the NiO thin films increased with increasing Zn amounts. The NiO thin film
more uniformly covered on the surface of the FTO substrate with the incorporation of Zn, and improving
electrochromic performance through high optical contrast, charge density, color efficiency.
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