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ABSTRACT 

Nickel-cobalt (Ni-Co) oxide thin films were directly grown on the fluorine-doped tin 

oxide (FTO)-coated glass substrates via a simple one-pot solution process using various 

ratios of Ni and Co precursors. All the Ni-Co oxide samples were composed of nanosheet 

structures that were vertically aligned on the surface of the substrates. The nanosheets of 

the Ni10-Co0, Ni8-Co2, Ni6-Co4, and Ni4-Co6 oxide samples uniformly covered the 

surface, whereas those of the Ni2-Co8 and Ni0-Co10 oxide samples were sparsely 

distributed. As the ratio of Co to Ni was increased, the width of the nanosheets gradually 



increased. Cyclic voltammetry (CV) at a scan rate of 50 mV/s showed that the Ni8-Co2 

and Ni6-Co4 oxide samples exhibited better electrochemical performance than the other 

oxide samples. Furthermore, all Ni-Co oxide samples except Ni0-Co10 exhibited a 

reversibly sustainable in-situ transmittance change with cycling (1000 cycles, 30000 s) 

and a relatively fast switching time of less than 4 s for the colored and bleached states. 

Herein, the color modulation from transparent to black nanosheet-structured Ni-Co oxide 

samples was effectively tuned by adjusting the ratios of the Ni and Co precursors.  
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1. Introduction 

The requirement for electrochemically stable electrochromic films with large optical 

modulation and fast switching times has increased, making them a key factor in energy-

saving and color-tuning applications [1-4]. Several studies have reported the 

electrochromic performance of inorganic metal oxides (nickel oxide (NiO) and cobalt 

oxide (Co3O4)) prepared via dry or wet chemical methods [5-9]. The optical modulation 

of NiO thin films prepared via reactive radio-frequency magnetron sputtering method was 

improved by continuously varying the crystallinity by gradually controlling the 

deposition temperature (25−350 ºC) [5]. Chen reported that the electrochromic 

performance of porous NiO nanowall thin films prepared via hydrothermal synthesis was 

dependent on the annealing temperature (300−400 ºC) [6]. A lower annealing temperature 

allowed for the higher electrochemical reaction activity of NiO. Xia reported that porous 

nanoflake intercrossing net-like structured Co3O4 thin films had noticeable 

electrochromism with reversible color changes from pale yellow to dark grey [7]. Firat 

reported that the color contrast of a Cu-doped NiO thin film comprising a uniform 

nanograin and smooth surface was higher than that of undoped NiO [8]. In our previous 

study, we investigated the electrochromic performance of nanosheet-structured NiO thin 

films incorporating Co and Zn dopants via a cost-effective one-pot solution method [9]. 



With the addition of Co dopant, the nanosheet-structured Co-doped NiO thin film 

exhibited higher transmittance modulation than the undoped NiO sample. Meanwhile, the 

morphologies of NiO changed to loose-packed nanosheet-structures with the addition of 

Zn dopant, consequently leading to the formation of a relatively transparent thin film. 

Herein, further study is needed on the morphological properties and optical modulation 

of electrochromic mixed metal oxide samples. 

In this study, we report the electrochromic performance and morphological evolution 

of porous nanosheet-structured Ni-Co oxide thin films prepared via a simple solution 

method. Well-controlled nanosheet-structured oxide thin films have been focused on for 

their enhanced electrochromic performance. Furthermore, the study of the morphological 

properties of nanostructured Ni-Co oxide samples with a large surface area could be 

applied to electrochemical energy-storage devices [10-13]. 

 

2. Experimental 

The Ni-Co oxide thin films were prepared by immersing the fluorine-doped tin oxide 

(FTO)-coated glass substrate in an aqueous solution of nickel acetate tetrahydrate 

(Ni(CH3COO)2·4H2O, 0, 2, 4, 6, 8, 10 mM), cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 

0, 2, 4, 6, 8, 10 mM), and hexamethylenetetramine (C6H12N4, 10 mM) at room 



temperature. With the variation in the ratio of Ni and Co precursors, the samples were 

indexed as Ni10-Co0, Ni8-Co2, Ni6-Co4, Ni4-Co6. Ni2-Co8, and Ni0-Co10. Using a 

simple and facile one-pot solution method at a growth temperature of 90 ºC for 1.5 ~ 6 h, 

the nanostructured samples were thoroughly rinsing with Milli-Q water and dried at 90 

ºC for 24 h, followed by annealing at 300 ºC for 1 h in air. It was a relatively simple and 

cost-effective process for preparing nanostructured Ni-Co oxide samples compared with 

those in other reports [12,13].   

The crystalline structure and phase were characterized using X-ray diffraction (XRD, 

ULTMA IV) and Fourier-transform infrared (FTIR, JASCO, FT/IR-6100). The 

morphology of the nanostructures was characterized using field-emission scanning 

electron microscopy (FESEM, JSM-6701F). The elemental composition was analyzed 

using energy-dispersive X-ray spectroscopy (EDS, JSM-6510A). Cyclic voltammetry 

(CV, HSV-100, HOKUTO DENKO) was performed using a typical three-electrode 

system with a Ni-Co oxide sample as the working electrode, Pt as the counter electrode, 

and Ag/AgCl as the reference electrode in a 1 M KOH as the electrolyte [14]. Air and a 

quartz glass cell filled with 1 M KOH were used as references for the in-situ transmittance. 

 

3. Results and discussion 



Figure 1 shows the FESEM images of the Ni-Co oxide samples with various Ni and 

Co precursors ratios. All the Ni-Co oxide samples have the nanosheet structures that were 

vertically aligned on the surface of FTO substrates. As shown in Fig.S1(a) 

(Supplementary Information), only the diffraction peaks related to the FTO substrate are 

observed (JCPDS No.41-1445). From the FTIR spectra (Fig.S1(b)), without annealing 

treatment, there are non-hydrogen bonded OH groups at ~3650 cm-1 and metal-OH 

bending vibration at ~500 cm-1, which indicate a hydroxide phase [13,15,16]. After 

annealing at 300 ºC, these absorption peaks disappear, and a metal-oxygen (M-O) 

stretching vibration at ~400 cm-1 is observed [13,15,16]. These results indicate that the 

obtained nanostructure samples annealed at 300 ºC were amorphous phase oxide. As 

shown in the photographs (Fig.S2), the Ni8-Co2 and Ni2-Co8 oxide samples were 

yellow-like and relatively transparent, respectively. Changing the Ni-to-Co ratio enabled 

the effective tuning of the color of the Ni-Co oxide samples.  

As shown in the top FESEM images (Fig.1(a,b)), the interconnected nanosheets of 

the Ni10-Co0 oxide sample are uniformly covered on the surface, and the width of the 

individual nanosheets is approximately 20 nm. The Ni8-Co2 (Fig.1(c), Fig.S3) and Ni6-

Co4 (Fig.1(d), Fig.S3) oxide samples show highly porous morphological features, which 

is similar to that of the Ni10-Co0 oxide sample. The interconnected nanosheet structures 



of the Ni8-Co2 and Ni6-Co4 oxide samples were uniformly distributed on the surface. 

With a further increase in the Co ratio (Ni4-Co6 (Fig.1(e,f)), Ni2-Co8 (Fig.1(g,h)), Ni0-

Co10 (Fig.1(i), Fig.S3)), the width of the individual nanosheets gradually increases to 

approximately 100 nm. The Ni2-Co8 (Fig.1(g,h)) and Ni0-Co10 (Fig.1(i), Fig.S3) oxide 

samples show that nanosheet structures are sparsely observed on the surface. Then, bare 

FTO nanoparticles, hundreds of nanometers in size, were exposed on the surface (Fig.1(i), 

Fig.S3). 

Figure 2 shows the film thickness of each Ni-Co oxide samples estimated from the 

cross-sectional FESEM images with different growth times. At 1.5 h of growth (Fig.S4), 

the Ni10-Co0, Ni8-Co2, Ni6-Co4, and Ni4-Co6 oxide samples have nanosheets 

uniformly covering the surface, leading to the formation of a continuous thin-film 

structure. However, nanosheets of the Ni2-Co8 and Ni0-Co10 oxide samples were 

sparsely formed, resulting in a discontinuous structure. Our previous study reported that 

the nanosheet structures of nickel hydroxide (Ni(OH)2) were randomly formed on the 

surface of FTO during the initial growth and uniformly covered with increasing growth 

time [9]. In contrast, cobalt hydroxide (Co(OH)2) showed morphological evolution from 

a compact nanowire-net structure to a spare nanosheet structure with increasing growth 

times [17]. At 6 h of growth, the estimated film thickness of Ni10-Co0, Ni8-Co2, Ni6-



Co4, and Ni4-Co6 are ~0.9, ~1.4, ~1.2, and ~0.6 m, respectively. The vertical length of 

individual nanosheet of Ni2-Co8 and Ni0-Co10 is ~0.7 and ~1.1 m, respectively. With 

increasing growth time, the vertical growth of the Ni8-Co2 and Ni6-Co4 oxide samples 

are faster than that of the Ni10-Co0 oxide sample. The Ni4-Co6 oxide sample exhibited 

relatively slow growth compared with the other samples. Notably, the length, width, and 

density of the nanosheet structures are strongly dependent on process factors, such as 

growth time, temperature, and dopants [9,17,18]. Furthermore, the Ni-Co oxide 

nanostructured samples are potential candidates for sustainable applications such as 

glucose sensor, supercapacitor, and catalytic water splitting owing to their large surface 

area, leading to a short ion diffusion path [12,13,19,20]. 

EDS elemental mapping images and spectrum of the Ni8-Co2 oxide sample are 

shown in Fig.3. Pt was used as the coating material, and Sn from the FTO substrate was 

detected in the spectrum. Ni, Co, and O are uniformly distributed on the surface. Detailed 

amounts are listed in Table S1, and the corresponding EDS spectra were shown in Fig.S5.  

The optical transmittance modulation of the electrochromic thin films was dependent 

on the CV measurement conditions, that is, the scan rate, potential range, and electrolyte 

[2,9,21,22]. As the scan rate increases, there may not be sufficient time for ions to diffuse 

from the electrolyte to the nanostructures, leading to a reduced number of ions provided 



in the electrochemical reaction [23]. It has been reported that the porous nanostructure 

with large reaction surfaces and inner spaces can be more favorable for electrochemical 

reactions than compact nanostructures [24,25]. In here, the electrochromic performance 

was characterized at a moderately high scan rate without pre-activating cycling.  

Figure 4(a-f) shows the in-situ transmittance variation measured at a wavelength of 

600 nm, applied potential between −0.20 and +0.55 V at a scan rate of 50 mV/s with 

cycling. At the 1000th cycle (30000 s), the transmittance variation (∆𝑇) of the Ni-Co oxide 

samples was listed in the Table 1. The obtained ∆𝑇 of the Ni10-Co0 oxide sample is 

~38%, which is better than that of a similar nanostructured NiO thin film (13% @  = 

630 nm) [26]. Meanwhile, the Ni0-Co10 oxide sample exhibited no noticeable 

transmittance variation during cycling (Fig.4(f)). The Ni8-Co2 oxide sample has a higher 

transmittance moderation than the other oxide samples (Fig.4(b)). As shown in Fig.S6, 

the obtained ∆𝑇 values of the Ni8-Co2 oxide sample at the 10th, 200th, 400th, and 1000th 

cycles were ~25, ~41, ~47, and ~49%, respectively. After the 400th cycle, the change in 

∆𝑇  is moderately small and sustained. At the 1000th cycle (30000 s), the calculated 

optical densities (∆𝑂𝐷 ) of the Ni10-Co0, Ni8-Co2, Ni6-Co4, Ni4-Co6, and Ni2-Co8 

oxide samples are 0.39, 0.93, 0.76, 018, and 0.06, respectively.  

Figure 4(g,h) shows the CV curves at a scan rate of 50 mV/s and the calculated charge 



density at the 1000th cycle. All the samples had one pair of redox peaks (Fig.4(g)). The 

coloration and bleaching processes were associated with the oxidation and reduction 

peaks, respectively, which could be attributed to the following electrochemical reactions 

[2,5,26]: 

𝑁𝑖(𝑂𝐻)2 (𝑏𝑙𝑒𝑎𝑐ℎ𝑒𝑑) + 𝑂𝐻− ↔ 𝑁𝑖𝑂𝑂𝐻 (𝑐𝑜𝑙𝑜𝑟𝑒𝑑) + 𝐻2𝑂 + 𝑒−  [1] 

𝐶𝑜(𝑂𝐻)2 (𝑏𝑙𝑒𝑎𝑐ℎ𝑒𝑑) + 𝑂𝐻− ↔ 𝐶𝑜𝑂𝑂𝐻 (𝑐𝑜𝑙𝑜𝑟𝑒𝑑) + 𝐻2𝑂 + 𝑒−  [2] 

Both the current density of these redox peaks and the charge density increased in the order 

of Ni0-Co10, Ni2-Co8, Ni4-Co6, Ni10-Co0, Ni8-Co2, and Ni6-Co4. The ratio of the 

inserted and extracted charge densities of all the Ni-Co oxide samples was approximately 

1 (Fig.4(h)). The Ni8-Co2 and Ni6-Co4 oxide samples distinctly exhibited superior 

electrochemical activities to the other oxide samples. Meanwhile, Ni0-Co10 exhibited a 

lower current density but was noticeably stable with cycling (Fig.S7). As listed in Table 

1, the Ni8-Co2 oxide sample had a higher color efficiency (CE, ~41.1 cm2/C) than the 

other samples.  

Figure 5 (a,b) show the in-situ transmittance variation measured at a wavelength of 

600 nm, applied potential of +0.55 V for 18 s (colored state) and −0.20 V for 18 s 

(bleached state). The calculated optical switching time of all the Ni-Co oxide samples are 

listed in Table 1. The Ni8-Co2 and Ni6-Co4 samples had 3-4 s for the colored state and 



2-3 s for the bleached state, which are slightly slower than those of the Ni10-Co0, Ni4-

Co6, and Ni2-Co8 samples (< 2 s for colored and bleached states). However, it has a fast 

switching time compared with other reported compact nanoparticle-structured oxides 

(15~20 s for colored and bleached states) [27]. This might be because the nanosheet-

structured Ni-Co oxide samples provide facile ions-diffusion pathways [27,28]. The in-

situ transmittance spectra and corresponding photographs of the Ni-Co oxide samples in 

the colored and bleached states are shown in Fig.5(c-e). The color of Ni10-Co0 changed 

from pale grey to dark brown, whereas that of Ni8-Co2 was pale yellow and black. In the 

colored state, the Ni8-Co2 and Ni6-Co4 samples had lower average transmittance in the 

visible region than other samples. In both the colored and bleached states, the Ni2-Co8 

sample was highly transparent compared with the other samples. Meanwhile, there was 

no noticeable difference between the colored and bleached states of the Ni0-Co10 sample. 

Figure 6 shows the memory test in the colored state performed for 3000 s under open-

circuit condition. The transmittance degradation of the Ni10-Co0 sample (~10%) was 

higher than those of the other samples (< ~3%). However, all Ni-Co oxide samples 

exhibited excellently sustainable coloration durability, which is important for practical 

applications. Furthermore, no thin film detachment from the substrate was observed 

during cycling, and the nanosheet-structured Ni-Co oxide sample exhibited outstanding 



structural stability after the electrochromic performance tests (Fig.S8). 

 

4. Conclusions 

We investigated the morphological evolution of the Ni-Co oxide samples directly 

grown on FTO/glass substrates via a simple and cost-effective one-pot solution method 

with various ratios of Ni and Co precursors. The Ni10-Co0, Ni8-Co2, Ni6-Co4, and Ni4-

Co6 oxide samples had vertically aligned nanosheets on the surface of the FTO substrate, 

forming a continuous thin film structure. Meanwhile, the Ni2-Co8 and Ni0-Co10 oxide 

samples only had randomly distributed nanosheets on the surface. The width of the 

individual nanosheets increased with increasing Co-to-Ni ratio. The variations in the in-

situ transmittance and CE of the Ni8-Co2 oxide sample were higher than those of the 

other samples. Whereas, the Ni0-Co10 oxide sample exhibited no significant 

transmittance change, but it exhibited excellent electrochemical stability. In the colored 

state, the colors of the Ni-Co oxide samples were changed from transparent to black with 

a moderately fast switching time. The porous and vertically well-aligned nanosheet 

structures of the Ni-Co oxide samples provided the advantages of electrochromic 

performance with large optical modulation and fast switching time. 
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Table 1. The in-situ transmittance at the bleached (Tbleached) and colored (Tcolored), ∆𝑇 at 

1000th CV cycle, CE, and switching time for bleached (𝑡𝑏) and colored (𝑡𝑐) states. 

 𝑇𝑏𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (%) 𝑇𝑐𝑜𝑙𝑜𝑟𝑒𝑑 (%) ∆𝑇 (%) CE (cm2/C) 𝑡𝑏 (s) 𝑡𝑐 (s) 

Ni10-Co0 ~63 ~25 ~38 ~38.1 ~0.5 ~1.5 

Ni8-Co2 ~56 ~7 ~49 ~41.1 ~2.5 ~4.0 

Ni6-Co4 ~35 ~6 ~29 ~29.7 ~2.0 ~3.5 

Ni4-Co6 ~71 ~48 ~23 ~25.2 ~0.5 ~1.0 

Ni2-Co8 ~75 ~65 ~10 ~21.2 ~0.5 ~1.0 

Ni0-Co10 − − − − − − 

  



Figure captions 

Fig.1. FESEM images of Ni-Co oxide samples directly prepared on FTO/glass substrates; 

(b,f,h) high magnified images marked by dotted regions in (a,e,g); Scale bar in inset figure 

(a,c,d,e,g,i) was 1 m; Growth time was 6 h. 

Fig.2. Film thickness of Ni-Co oxide samples with growth times. 

Fig.3. Electron image (a), EDS elemental maps (b-d), and spectrum (e) of Ni8-Co2 oxide 

sample; Ni (b), Co (c), O (d). 

Fig.4. The in-situ transmittance variation at a wavelength of 600 nm with cycling (a-f), 

CV curves (g), and charge density (h) of Ni-Co oxide samples. 

Fig.5. The in-situ transmittance variation at a wavelength of 600 nm with time (a,b), in-

situ transmittance spectra (c,d), and photographs (e) of Ni-Co oxide samples under 

applied potential of +0.55V (colored state) and −0.20 V (bleached state) during 18 s for 

each; Dotted lines were guide for eye. 

Fig.6. The In-situ transmittance variation at a wavelength of 600 nm as a function of 

memory time. 
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Fig.S1. XRD patterns (a) of Ni-Co thin film samples annealed at 300 ºC and FTIR spectra 

(b) of Ni8-Co2 powder sample with annealing treatment; Growth time was 6 h. 

 

 

 

Fig.S2. Photographs of Ni-Co oxide thin film samples directly prepared on FTO/glass 

substrates; Thin film area was 1 x 1 cm2; Dotted lines were guide for eye; Growth time 

was 6 h.  



 

Fig.S3. FESEM images of Ni-Co oxide samples grown for 6 h and bare FTO. 

 

 

 

Fig.S4. FESEM images of Ni-Co oxide samples grown for 1.5 h. 



Table S1. Ni, Co, and O amounts determined by EDS measurements. 

 Ni (wt% / at%) Co (wt% / at%) O (wt% / at%) 

Ni10-Co0 64.1 / 32.7 − 35.9 / 67.3 

Ni8-Co2 49.5 / 23.8 10.1 / 4.9 40.4 / 71.3 

Ni6-Co4 39.4 / 18.3 17.4 / 8.1 43.2 / 73.6 

Ni4-Co6 23.2 / 9.1 18.0 / 7.0 58.8 / 83.9 

Ni2-Co8 11.6 / 4.6 31.6 /12.6 56.8 / 82.8 

Ni0-Co10 − 65.7 / 34.2 34.3 / 65.8 

 

 

 

 

Fig.S5. EDS spectra of Ni-Co oxide samples. 

 

 

 

 

 



 

Fig.S6. The in-situ transmittance variation of Ni8-Co2 oxide sample during CV cycling. 

 

 

 

Fig.S7. CV curves of Ni0-Co10 oxide sample at a scan rate of 50 mV/s for 1000 cycles. 

 

 

 

Fig.S8. FESEM images of Ni8-Co2 oxide sample after electrochromic cycling test. 
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Optical density (∆𝑂𝐷) [R1] 

∆𝑂𝐷 = 𝑙𝑜𝑔
𝑇𝑏𝑙𝑒𝑎𝑐ℎ𝑒𝑑

𝑇𝑐𝑜𝑙𝑜𝑟𝑒𝑑
 

 

Color efficiency (CE) [R1] 

𝐶𝐸 =
∆𝑂𝐷

𝑄𝑖𝑛𝑠𝑒𝑟𝑡𝑒𝑑
 

 

Optical switching time [R1]  

: time to reach 90% of the full change in transmittance 

 

 

[R1] S, Hou, A.I. Gavriluk, J. Zhao, H. Geng, N. Li, C. Hua, K. Zhang, Y. Li, Appl. Surf. 
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