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Abstract 

NiO powders were synthesized using coprecipitation, sol-gel, and hydrothermal synthesis methods. 

The powders were subjected to calcination in atmospheric air, followed by recalcination in an O2-rich 

atmosphere at 800 ºC for 2 hours each. Characterization techniques such as scanning electron 

microscopy, X-ray diffraction, energy dispersive X-ray spectroscopy, and microRaman spectroscopy 

were utilized. The coprecipitation and hydrothermal methods resulted in disaggregated sub-

micrometric particles. The average size of particles obtained by coprecipitation method after 

calcination in atmospheric air and recalcination in O2-rich atmosphere was 360  140 nm and 400  

130 nm, respectively.  Regarding the particles obtained by hydrothermal method, the average size was 

190  50 and 220  80 nm for calcined in atmospheric air and recalcined in O2-rich atmosphere, 

respectively. Conversely, the sol-gel method produced particle aggregates with an average size of 430 

 150 nm after calcination in atmospheric air and 500  200 nm for calcination in O2-rich 

atmosphere. X-ray diffraction analysis revealed that only the hydrothermal method yielded pure NiO 

without additional Ni-related phases, irrespective of the calcination procedure. In contrast, the 

coprecipitation sample exhibited a Ni2O3 phase after calcination in atmospheric air, which 
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disappeared after recalcination in an O2-rich atmosphere. The sol-gel-derived sample maintained a Ni 

phase after both calcination processes. Analysis of the crystallite size demonstrated an increase after 

recalcination in an O2-rich atmosphere for the hydrothermal and sol-gel derived samples, while a 

decrease was observed for the coprecipitation-derived sample. Raman spectra exhibited defect-

enabled first-order forbidden phonon modes that were sensitive to the synthesis route. The two 

magnon phonon modes also demonstrated dependency on the route, indicating variations in defect 

structures. Photocatalytic evaluation using methylene blue degradation in aqueous solutions indicated 

better performance for the powders recalcined in an O2-rich atmosphere. 

Keywords: Wet Chemical Synthesis, NiO, X-ray diffraction, Raman spectroscopy, Photocatalysis, 

Two Magnon Phonon Modes. 

1. Introduction  

The use of semiconductor oxide has been increasing in recent years, and this trend is expected to 

continue in the coming years, covering a wide range of applications including chemical and 

biochemical sensing, energy harvesting and storage, optoelectronics devices, environmental 

remediation, among others 1–3. In the electronic industry, the use of semiconductor oxides is almost 

limited to n-type doped semiconductors 4, 5, including mainly ZnO, In2O3 and SnO2 5. Similarly, in 

other applications like environmental photocatalysis, the most widely used semiconductor oxide is 

TiO2, which is also a n-type semiconductor 6, 7. The limited usability of p-type semiconductors impose 

substantial constraints to practical applications of pn heterostructures formed by semiconductor oxides 

4, leading to an increase in active research in the synthesis of p-type semiconductors oxides and the 

improvements of their properties 4, 8. 

Among the wide gap semiconductor oxides, NiO stands out as an intriguing and promising material, 

mainly due to its electrical, optical, and magnetic properties. NiO is an intrinsic p-type 

semiconductor with a band gap energy within the range of 3.15 to 4.0 eV 9 that can be precisely 

controlled by adjusting the oxygen content in its crystalline lattice. In other words, the optical and 
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electronical related properties of NiO can be tuned in the synthesis by manipulating the experimental 

parameters that impact its stoichiometry.  

This capability to fine adjustment of its properties renders it a multifunctional material with a variety 

of applications that include environmental photocatalysis, solar cells, electrochromic films, and 

antibacterial coatings.  

Given the pressing concern of environmental remediation and particularly water purification, the 

development of semiconductor structures with enhanced photocatalytic properties remains an area of 

intense interest among the scientific community, industries, and governments worldwide. Although 

TiO2-based photocatalysts have been shown to have excellent activities for the degradation of a wide 

list of pollutants, they have also presented some disadvantages, such as low charge carrier mobilities, 

photocorrosion under prolonged UV exposure and difficult catalyst recovery. For this reason, research 

on TiO2 and other semiconductor oxide-based photocatalysts remains very active nowadays. 

Particularly, there has been a significant surge of interest in utilizing NiO as a photocatalyst for water 

treatment in the recent years, primarily driven by its small electron affinity (∼1.7 eV). This gives it 

the capability to form pn junctions with various n-type semiconductor oxides 9, which in turn results 

in enhanced e-h recombination times and, consequently, improved photocatalytic activities. 

Furthermore, although NiO has an antiferromagnetic behavior, the synthesis of NiO with 

ferromagnetic response has been reported 10, which could facilitate the recovery of the photocatalyst 

material from the treated water without the need to add new components. An alternative approach to 

facilitate the recovery of photocatalysts used after a photocatalytic process is to use submicron sized 

particles instead of nanoparticles. The use of such particles will allow a simplified separation process 

through precipitation followed by filtration. In addition, although the nanosized photocatalysts tend to 

have higher photocatalytic efficiencies than microsized ones, the difficulties in nanoparticles 

recovery, the potential risk of leaching into the environment and the underestimated health-associated 

risks, have triggered interest in microparticulate systems. Therefore, part of the research efforts should 

focus on improving the photocatalytic efficiency of such systems. For example, it was recently 

reported that nanostructuration of ZnO and Cd-doped ZnO sub-microparticles results in the 
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enhancement of the photodegradation rate of methylene blue under UV light 11. Also, it was reported 

that concave AgI sub-microparticles exhibit higher rhodamine B photodegradation rate  compared to 

spherical AgI sub-microparticles 12. 

Besides the fine-tuning of physical and chemical characteristics that have impact on photocatalytic 

properties, the synthesis process should also be studied to establish the relation between synthesis and 

properties.   

In this work, the synthesis of NiO powders composed of sub-micrometric particles was investigated 

using three chemical wet methods: hydrothermal, coprecipitation, and sol-gel, and followed by 

calcination at 800 ºC under atmospheric air and recalcination at 800 ºC under O2-rich atmosphere. 

The impact of each synthesis strategy on the morphological, structural, vibrational, and 

photocatalytic properties of the NiO powders was examined and discussed. By employing the 

coprecipitation and hydrothermal methods, the synthesized NiO powders exhibited disaggregated 

particles, in contrast to the particulate aggregate structure obtained through the sol-gel process. 

Furthermore, only the hydrothermal method proved successful in producing a pure NiO powder, 

free from any additional Ni-related phases. Analysis of the lattice parameters, microstrain and 

Raman spectroscopy revealed changes that indicated the presence of a high density of point defects 

in the growing NiO powders. 

The significance of conducting a comparative analysis of these synthesis method lies in their capacity 

for large-scale production and the potential to obtain NiO powders on an industrial basis. Moreover, 

existing literature often tends to focus on individual methods, thereby neglecting a comprehensive 

understanding of the strengths and weaknesses associated with each method of synthesis. 

2. Experimental part 

Nickel Oxide powders were synthesized by three different methods: coprecipitation, hydrothermal 

and sol-gel, each one followed by two different calcinations: in O2 and atmospheric air.  
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For coprecipitation route, 25 mL of 0.1 M aqueous solution of NaOH (J.T.Baker ACS 98,9%, CAS 

number 1310-73-2) was added dropwise to 100 mL of 0.1 M aqueous solution of NiCl26H2O 

(Supelco EMSURE  ACS 99%, CAS number 7791-20-0) and left stirring for 5 minutes. The solid 

obtained was isolated by centrifugation, washed with water 3 times and then dried at 100 ºC for 4 

hours. Finally, the powder was calcinated at 800 ºC for two hours in a tubular furnace in atmospheric 

air. The powder was ground in an Agatha mortar for 30 minutes before and after calcination. 

For hydrothermal route, 5 mL of 0.5 M aqueous solution of NiCl26H2O and 5 ml of 1.0 M aqueous 

solution of hexamethylenetetramine (HMTA, Panreac® ACS 99,0%, CAS number 100-97-0) were 

added to a 25 mL PTFE vessel, which was put on a stainless-steel autoclave. The autoclave was 

heated to 125 °C and held at this temperature for 16 h. Finally, the autoclave was cooled to room 

temperature. The solid obtained was isolated by centrifugation and the process from this point on was 

similar to the described for coprecipitation method.  

In contrast to the two previous methods, for sol-gel ethanol (Cicarelli® ACS 99.5%, CAS number 64-

17-5) was used as solvent. For this, 4.82 mL of diethanolamine (DEA, Cicarelli® ACS 98.5%, CAS 

number 111-42-2) was added to 100 mL of 0.1 M ethanolic solution of NiCl26H2O previously heated 

to 70 ºC, to obtain a 5:1 DEA:Ni2+ relation. The solution was maintained at 70 ºC under stirring for 

two hours to promote the formation of a stable colloidal phase. Then, the temperature was raised to 80 

°C to increase the rate of solvent evaporation and to form a gel. The obtained gel was calcined at 300 

°C for 2 hours in an oven in order to decompose the organic phase and to obtain a xerogel. Finally, it 

was calcinated at 800 ºC for two hours in a tubular furnace in atmospheric air. The powder was 

ground in an Agatha mortar for 30 minutes after calcination. 

A portion of the powders obtained after calcination in atmospheric air underwent a secondary 

calcination process at 800 °C for two hours under a constant flow of O2 (5 sccm) and Ar (95 sccm). 

The respective flowcharts of each synthesis route are shown in Fig. S1-S3 of the supplementary 

material. 
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The powders morphology was studied using scanning electron microscopy (SEM) (Carl-Zeiss Supra 

55-VP). The elemental composition was determined by energy-dispersive X-ray spectroscopy (EDS). 

Crystalline phases and their structure were studied by X-ray diffraction (XRD) [Malvern Panalytical 

Empyrean diffractometer with Cu Kα radiation source (λ = 1.54056 Å)]; patterns were recorded in the 

20°–90° 2θ range using an PIXcel3D area detector. MicroRaman measurements were carried out by 

using a 532 nm wavelength, 10 mW power laser (DXR Smart Raman Spectrometer, Thermo 

Scientific). Photocatalysis experiment was conducted using methylene blue (MB) as model colorant. 

For this purpose, a 5 mg/L of MB aqueous solution was prepared; 15 mg of NiO in 50 mL of MB 

solution was used as a photocatalyst. The methylene blue solution containing the NiO was illuminated 

during 2 h with an Ultra Vitalux 300 W E27 lamp that has an emission between 200 to 2500 nm. The 

degradation of colorant was measured by absorbance spectroscopy in the 200–900 nm range using a 

deuterium-halogen source, optical fibers and a CCD spectrometer (UV/VIS/NIR absorbance 

Avantes® bundle). 

3. Results and Discussion  

Morphologies of all obtained samples are shown in the Fig. 1(a-f) and measured sizes are summarized 

in the Table 1. Samples synthesized through the coprecipitation method [Fig. 1(a,b)] and by 

hydrothermal methods [Fig. 1(e,d)] are formed by nearly disaggregated particles.  As it can be seen 

from the histograms shown in the Fig. 2(a-f), there was a significant dispersion in particle size for all 

samples. The average size of particles obtained by coprecipitation method after calcination in 

atmospheric air and recalcination in O2-rich atmosphere was 360  140 nm and 400  130 nm, 

respectively.  Regarding the particles obtained by hydrothermal method, the average size was 190  

50 and 220  80 nm for calcined in atmospheric air and recalcined in O2-rich atmosphere, 

respectively.  Contrasting the disaggregated particle formation, the sample obtained by sol-gel [Fig. 

1(e,f)] exhibited a particulate aggregate structure with average grain size of 430  150 nm after 

calcination in atmospheric air and 500  200 nm for calcination in O2-rich atmosphere. These results 

show a clear and significant decrease in particle size for the hydrothermal derived powder. We find 
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that the particle size or grain size does not exhibit a clear trend with changes of the calcination 

atmosphere, and the average size values fall within the range of experimental error. Therefore, it 

would not be reasonable to conclusively affirm that the recalcination process has a measurable effect 

on the particle or grain size in our samples. 

Aggregate of nanoparticles forming micro or sub-micro structures, similar to the exhibited for the sol-

gel derived powder, have been reported for ZnO powders obtained through hydrothermal synthesis 

and for NiO powders through sol-gel where, as for the sample shown in Fig. 1(e,f),  DEA was used as 

alkaline agent 13, 14. It is important to remark that in alcoholic media, the reaction between DEA and 

metal ions can occur through the amine ligand, improving the solubility of the metallic precursor and 

the stability of the sol by formation of M-O-DEA chains 14, 15. Also, the formation and precipitation of 

oxide or hydroxide particles is inhibited during the early stages of sol-gel process in ethanolic media 

using DEA as alkaline agent, until the solvent and additive evaporate during calcination, when the 

oxide forms. Therefore, the formation of solid particles does not take place within the liquid-phase but 

in a solid phase, which enables the intimate interaction between particles, hence promoting the 

subsequent aggregate formation. 

In contrast, in both coprecipitation and hydrothermal methods, solid particles are formed in the liquid 

phase. In this phase, particle motion plays a crucial role in avoiding particle aggregation, thereby 

promoting the production of disaggregated powders. In both cases, the most probable reaction 

pathway involves the formation of Ni(OH)2 through the reaction between Ni2+ and OH- ions, the latter 

being provided to the reaction media by NaOH and HMTA for coprecipitation and hydrothermal 

methods, respectively. Subsequently, Ni(OH)2 transforms into NiO upon calcination at high 

temperatures. Regarding the observed differences in average particle size obtained by coprecipitation 

and hydrothermal methods, it may be attributed to the mechanism of decomposition of the HMTA at 

hydrothermal conditions, which is progressive and controlled, leading to the gradual release of OH- 

ions into the reactive media 16, 17. This gradual release affects the particle growth kinetics and can 

result in smaller particle sizes. In contrast, coprecipitation conditions involve the abrupt release of 

OH- ions into the media, making them immediately available for reaction.  
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In Fig. 3(a,b), diffraction patterns for powders obtained by the different synthesis routes and 

calcination atmospheres are shown, while Fig. 3(c,d) provide a zoomed-in view of the low intensity 

range within these patterns, enabling a clearer observation of the secondary phases. As is clearly 

observed in Fig. 3(a) and 3(b), the diffraction patterns of all powders calcined in atmospheric air and 

oxygen atmosphere, respectively, exhibit five main reflections centered around 37.2º, 43.2º, 62.8º, 

75.3º and 79.3º. For the powder obtained by coprecipitation method and calcined in atmospheric 

air, additional reflections were observed around 31.7º, 45.3º, 56.4º and 66.2º, which disappear 

after calcination in O2 atmosphere, as is clearly observed in Fig. 3(c,d). In the case of the powder 

obtained by hydrothermal method, no additional reflections were observed both in air and in O2 

calcination; while for the case of the powder obtained by sol-gel using DEA, small intensity 

reflections were observed around 44.5º and 51.8º after calcination in atmospheric air that remain 

observable even after calcination in O2 atmosphere (see Fig. 3(c,d)). The diffraction patterns were 

compared with those reported in the literature:  the five reflections centered around 37.2º, 43.2º, 

62.8º, 75.3º and 79.3º are in good agreement with the (111), (200), (220), (311) and (222) planes 

of face-centered cubic (fcc) NiO phase (space group of 𝐹𝑚3̅𝑚) 18–20. The four reflections centered 

around 31.7º, 45.3º, 56.4º and 66.2º observed for sample obtained by coprecipitation method 

after the calcination in atmospheric air, are in good agreement with the Ni2O3 with hexagonal phase 

according to the JCPDS card number 00-014-0481. Finally, the reflections centered around 44.5º and 

51.8º observed in the powders obtained by sol-gel corresponds to the fcc Ni phase 21.  

As is evident, only the hydrothermal method was successful in producing a pure NiO powder without 

the presence of any additional Ni-related phases, regardless of the calcination procedure used; in 

contrast, it was observed that the Ni2O3 phase, which was present in the powder obtained by 

coprecipitation method after the calcination in atmospheric air, was eliminated upon subjecting the 

powder to recalcination in an O2-rich atmosphere, leading to the formation of a pure NiO phase. In the 

other hand, the sol-gel synthesized powder exhibited a different behavior, in which the Ni phase 

observed after the calcination in atmospheric air persisted even after calcination in an O2-rich 

atmosphere. This observation suggests that the Ni phase grew within the core of the NiO 
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microstructure, rather than at the NiO surface or grain boundaries, since oxidation to NiO would have 

been observed in those cases. 

As for Ni2O3, it has been reported as an unstable oxide that can only be obtained through stabilization 

during the growth process on the surface of other oxides, and remains as a poorly characterized 

material without a full understanding of its properties 22, 23. Despite this, the synthesis of pure Ni2O3 

nanoparticles by the coprecipitation in NaOH and NaClO reactive media has recently been reported 24. 

It is interesting to note that to obtain NiOOH, a possible precursor to obtain Ni2O3 by coprecipitation 

method, NaClO is also used to oxidize Ni(OH)2 
25. Taking the above into account, it is possible to 

postulate that in the presence of a highly concentrated NaOH solution and reactive chloride, the Ni2+ 

reacts to form both Ni(OH)2 (with Ni oxidation state of 2+) and NiOOH (with Ni oxidation state of 

3+), which may be given by a low yield parallel reaction formation of NiClO that can oxidized the 

Ni2+ to Ni3+. Therefore, a possible reaction path can be hypothesized as:  

𝑁𝑖𝐶𝑙2 ⇄ 𝑁𝑖2+ +  2𝐶𝑙−         (1) 

𝑁𝑎𝑂𝐻 + 𝐶𝑙− ⇄ 𝑁𝑎𝐶𝑙𝑂 +  𝐻+         (2) 

𝑁𝑖2+ + 2𝑂𝐻− ⇄ 𝑁𝑖(𝑂𝐻)2         (3) 

2𝑁𝑖(𝑂𝐻)2 +  𝑁𝑎𝐶𝑙𝑂 ⇄  2𝑁𝑖𝑂𝑂𝐻 + 𝑁𝑎𝐶𝑙 +  𝐻2𝑂       (4) 

So, when a Ni(OH)2/NiOOH mixture is subjected to elevated temperature, NiO/Ni2O3 is formed. Is 

interesting to note that the recalcination in an oxidating condition as a the O2-rich atmosphere, led to 

the disappearance of Ni2O3 obtaining a NiO pure phase, i. e. the Ni3+ was reduced to Ni2+, which 

seems counterintuitive. However, the spontaneous Ni3+ reduction to Ni2+ mediated by lattice O2- has 

been reported in atmospheric air 26. A previous experiment where NiO was synthesized by 

coprecipitation method but calcinated in atmospheric air at 300 ºC (see Fig. S4 in the supplementary 

material) showed a higher concentration of Ni2O3 compared to that calcined at 800 ºC, so the 

disappearance of Ni2O3 in the second calcination process may not be related to the atmosphere in 
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which the process was carried out but to the calcination time. This indicates that the elimination of 

Ni2O3 is indeed promoted by lattice induced reactions.  

To minimize experimental errors and accurately estimate the lattice parameter of the NiO phase, a 

Nelson-Ridley plots were made 27. For this purpose, the lattice parameter was calculated for different 

planes by combining the well-known Bragg’s equation 𝜆 = 2𝑑𝑠𝑖𝑛𝜃 with the interplanar spacing 

equation for the cubic system 𝑑 = 𝑎 √ℎ2+𝑘2 + 𝑙2⁄  and plotting these values in the y-axis against an 

error function  𝑓(𝜃) 28, 29: 

𝑓(𝜃) =  
𝑐𝑜𝑠2𝜃

𝑠𝑖𝑛2𝜃
+

𝑐𝑜𝑠2𝜃

𝜃
          (5) 

The lattice parameter can be determined with high precision  by linear regression and extrapolation of 

Eq. 5 to the y-intercept (𝑓(𝜃) = 0) 27, as shown in the Fig. 4(a). In Fig. 3(b) the obtained lattice 

parameters are presented and as can be seen, they were influenced by both the synthesis route and the 

calcination atmosphere, ranging between 4.1782 and 4.1788 Å. These values are higher than those 

reported in the literature, both experimentally, 4.1684 Å, as well as predicted by DFT calculations, 

4.17 Å 30–32.  

In Fig. 4(b), the following trends can be observed: (i) For the sample obtained by hydrothermal 

synthesis, the lattice parameter increased after the re-calcination in the O2-rich atmosphere, 

contrasting with the sol-gel and coprecipitation powders, whose lattice parameter decreased; (ii) The 

values for hydrothermal synthesis were higher than those obtained by the two other methods; (iii) For 

the sol-gel route, the lattice parameter changed very slightly after the different calcination process, 

while it was considerably modified for the sample obtained by coprecipitation. The lattice parameter 

of oxides is influenced by several factors, mainly by the size and charge of the constituent ions, 

impurities, and internal strain 33. As demonstrated by EDS experiments (see Fig. S5 in the 

supplementary material), only nickel and oxygen are presents in the studied samples, so lattice 

parameters should be mainly fixed by the Ni2+/O2- ratio and strain. Given that the observed lattice 

parameters for the studied samples are larger than those expected from the literature, and that the Ni2+ 

ionic radius (69 pm) is smaller than the O2- ionic radius (138 pm) 34, 35, a possibility is that all the NiO 
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samples contain excess oxygen. The increment of lattice parameter for the hydrothermal sample after 

the recalcination in O2-rich atmosphere is to be expected due to the potential incorporation of 

additional oxygen to the lattice. As for the significant lattice parameter decrease exhibited by the 

sample synthetized by coprecipitation after recalcination in O2, it is possible that it results from a 

complex process associated with solid state transformations such as the elimination of the Ni2O3 phase 

initially present on the NiO particles surface.  

Typically, the crystallite size and lattice microstrain can be simultaneously studied using XRD data. 

To achieve this, there are models that examine the effects of the crystallite size and the microstrain on 

the diffraction peak widths as a function of the peak position (2θ), such as the Williamson-Hall 

method 36–38. This method assumes that the strain broadening in isotropic in nature, that is, it is 

identical in all directions of the crystal 38. Moreover,  the Williamson-Hall method considers that both 

the crystallite size and the microstrain contribute to the broadening of the diffraction peak 

independently and are additive 39. Thus, it is represented by 𝛽 = 𝛽𝑠𝑖𝑧𝑒 + 𝛽𝑠𝑡𝑟𝑎𝑖𝑛, where  is the 

FWHM of the diffraction peaks corrected by the instrumental broadening. To obtain the crystallite 

size and the microstrain using the SSP model, the following equation is used 38: 

𝛽𝑐𝑜𝑠𝜃 =
𝐾𝜆

𝐷
+ 4𝜀𝑠𝑖𝑛𝜃          (6), 

where  is the corrected FWHM for each XRD peak,  K is a shape factor (usually 0.9 for cubic 

crystals),  is the X-ray wavelength, D is the crystallite size and  is the microstrain. It is possible to 

determine the crystallite size and strain by plotting  4𝑠𝑖𝑛𝜃 vs. 𝛽𝑐𝑜𝑠𝜃 and calculating the y-intercept 

and the slope, respectively. The Williamson-Hall plots are presented in the Fig. 5 and the results are 

summarized in the table 1. 

As can be seen, the data obtained by Williamson-Hall method was widely dispersed, making linear 

regression unsuitable for accurate microstructure data extraction. Moreover, the Fig. 5(a,b) exhibited a 

negative slope which means a negative microstrain according to Eq. 6. In contrast to strain, which 

affects the entire lattice and results in the shift of diffraction peaks, microstrain impacts only a few 

lattice spacings, leading to the broadening of the diffraction peaks 38, 39.  The microscopic origin of the 
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microstrain lies in the existence of defects in the lattice, and usually its value is related to the defect 

density 39, hence a negative value of microstrain is a physically meaningless result 39.  

As alternative, there are other models that investigate the crystallite size and microstrain as functions 

of the peak profile 36, 38, 40. Among these methods, the size-strain plot (SSP) method finds widespread 

use since it provides a better estimation of the crystallite size and microstrain with respect to the other 

methods as it assigns higher weight to low-angle reflections, where accuracy and precision are 

comparatively larger, as opposed to those at higher angles 38. It models the XRD peak broadening as a 

result of the combined effects of crystallite size broadening (Lorentzian function) and microstrain 

broadening (Gaussian function) 36, 38:  𝛽 = 𝛽𝐿 + 𝛽𝐺. To obtain the crystallite size and the microstrain 

using the SSP model, the following equation is used 36, 40, 41: 

(𝑑𝛽𝑐𝑜𝑠𝜃)2 =
𝐾𝜆

𝐷
𝑑2𝛽𝑐𝑜𝑠𝜃 +

𝜀2

4
        (7), 

where d is the interplanar space. It is possible to determine the crystallite size and strain by plotting  

𝑑2𝛽𝑐𝑜𝑠𝜃 vs. (𝑑𝛽𝑐𝑜𝑠𝜃)2 and calculating the slope and y-intercept, respectively. The SSP results are 

presented in the Fig. 6; the corresponding crystallite size and microstrain are summarized in the table 

1.  As can be seen, it becomes evident that the results obtained through the SSP method exhibit a more 

precise linear regression fit, as opposed to the those derived from the Williamson-Hall method. In 

addition, both values for the microstrain and the crystallite size are positive. In consequence, we 

confidently attribute a higher level of reliability and accuracy to the values obtained through the SSP 

method 40. 

As observed, for the samples obtained through hydrothermal and coprecipitation methods, the 

crystallite size increased after recalcination in an O2-rich atmosphere, whereas the sol-gel obtained 

sample exhibited a decrease in crystallite size. The increment of the crystallite size has been 

previously reported for NiO powders 41. This phenomenon can be attributed to the absorption of 

oxygen in the nanocrystalline boundaries and the promotion of interface reactions, which facilitate 

atom diffusion and consequently lead to the enlargement of crystallites 42. However, as mentioned 

above, such behavior was not observed for the powders obtained by sol-gel; instead, a decrease in 
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crystallite size was indicated by the results obtained by both Williamson-Hall and SSP methods. With 

the current data, precise understanding of the behavior behind crystallite size in this sample is not 

possible and further experiments are needed.  

After recalcination in an O2-rich atmosphere, all samples showed a slight decrease in microstrain 

values with respect to those calcined under atmospheric air. Notably, the sample obtained via sol-gel 

recalcination in O2-rich atmosphere exhibited both the lowest microstrain and the lowest lattice 

parameter. These findings strongly suggest that this particular sample possessed a lower density of 

defects compared to the other samples. 

To obtain more information about the behavior of defects and the vibrational properties of the studied 

powders, we carried out Raman experiments. In Figure 7(a,b), the Raman spectra for the powders 

calcined in atmospheric air (7a) and recalcined in O2-rich atmosphere (7b) are presented. The Raman 

spectra were characterized by peaks centered at 400-413, 500, 560-570, 730, 906, 1090 and 

1450 cm-1, which agree well with those reported in the literature for the NiO structure 44, 45, without 

any characteristic band that can be attributed to the Ni2O3 phase.  

According to the literature, the vibration modes centered at 400-413 cm-1 and 560-570 cm-1 

correspond to the first-order transverse-optical (TO) and longitudinal-optical (LO) phonon modes, 

respectively 44, 45. Although these phonon modes are forbidden in NiO due to the inversion of 

symmetry in its face-centered cubic (fcc) crystal structure, they can be activated by a high density of 

defects as well as by morphological or structural effects 44, 45. In the range between 700 and 1100 cm-1, 

modes corresponding to the second order optical phonons  2TO, (TO1 + LO2), and 2LO, centered at 

730, 906 and 1090 cm-1, respectively, are seen. In addition, bands centered at 500 cm-1 and 1450 

cm-1 are detected, which correspond to interaction between one-phonon and one magnon (1P+1M) 

excited simultaneously and to the interaction between 2 magnons (2M), respectively 44, 45.  

Although the 2M interaction is difficult to be observed in an antiferromagnetic material 45, the 2M 

band in NiO has been widely studied and its dependences with size, temperature and defect structure, 

among other parameters, have been well established 46–48. This band, which indicates the existence of 
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an antiferromagnetic order in NiO 48, arise from superexchange interactions between the next-nearest-

neighboring Ni2+ ions (NNN) in the Ni2+− O2−−Ni2+ linear atomic chain 48, 49, and in nanostructures its 

existence is very sensitive to the presence of point defects 49. For example, it has been recently 

reported that Cu2+ inclusion in NiO nanoparticles results in a decrease in the intensity of the 2M band 

50, and for bulk NiO film it has been reported that the absence of the 2M band responds to phenomena 

related to a high density of point defects that interfere with the NNN superexchange interaction 51. 

In our samples, there seems to be an inverse correlation between the intensity of the band due to the 

first-order phonon modes (400-570 cm-1) and the intensity of the 2M band: as one becomes more 

intense, the other is diminished. As mentioned above, the emergence of the first-order phonon modes 

in a cubic crystal like NiO can be explained by the existence of structural defects 44, therefore it is 

possible to postulate that the higher the density of defects, the smaller the 2M band due to the break of 

the NNN superexchange interaction. Indeed, the behavior of lattice parameter estimated by XRD 

experiments and the analysis of microstrain by SSP method supports this hypothesis: The sample 

obtained by sol-gel route, whose Raman spectrum is dominated by 2M band for both atmospheres of 

calcination, exhibits a lattice parameter closer to that calculated for stoichiometric NiO and the lowest 

microstrain value, suggesting that it had a lower density of point defects associated with excess 

oxygen (Ni2+ vacancies, interstitial oxygen, etc.), shows the lowest intensity for the band related to the 

first-order phonon modes. On the other hand, the samples obtained by hydrothermal route and that 

presented the highest lattice parameter, show an opposite behavior for these Raman bands.  

Another important feature of the 2M band is its position, which has been associated with the 

correlation length related to the average range of the homogeneity of the crystal lattice 48. As 

expected, the correlation length is responsive to the stoichiometry and defects density, among other 

parameters 48, 52. The red shift of 2M band has been related to a decrease in the correlation length 48. 

The aforementioned implies that a blue shift of the 2M band may be linked to an increase in the 

correlation length, which can also be interpreted as a reduction in the density of point defects. As is 

shown in Fig. 8, a blue shift of the 2M band appeared as a function of the synthesis method, more 

significantly for the sol-gel obtained sample as compared to that fabricated through the hydrothermal 
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route. This interpretation is consistent with the interpretation of the intensity of the first-order phonon 

modes discussed above and support the hypothesis that the sol-gel synthesis route derived in powders 

with lower point defect densities.  

In Fig. 9, the results for photocatalytic degradation of MB using the synthesized NiO powders as 

photocatalysts are shown. Absorption spectra of MB at different irradiation times are presented in Fig. 

9(a-f). The powders recalcined in O2-rich atmosphere exhibited better photocatalytic activity 

evidenced by a more significant decrease of the absorbance of MB. Among the atmospheric air 

calcined powders, the sol-gel obtained powders exhibited better photocatalytic activity, while the 

hydrothermal obtained powders did not show activity.  

To quantify the differences in the photocatalytic activity, the relative MB concentration (C/C0) as a 

function of the irradiation time is depicted in the Fig. 10, together with the Ln (C/C0) vs. irradiation 

time plot (inset) to obtain the degradation rate constant 11.  

According to this, for the atmospheric air calcined powders, those synthesized by sol-gel route had a k 

of 0.0016 min—1, degrading up to 18% of MB present in the solution after 120 minutes of irradiation, 

while those synthetized by coprecipitation route had k = 0.0009 min—1 and a corresponding 

percentage of degradation of 11%. 

Regarding the powders recalcined in O2-rich atmosphere, all powders reached similar values around 

22% MB degradation after 120 minutes of irradiation. In the case of powder obtained by 

coprecipitation route a value of k = 0.0021 min-1 was obtained, while for the powder obtained by sol-

gel route a k = 0.019 min-1 was determined. The higher k values obtained demonstrate that 

recalcination in O2 improved the photocatalytic activity to degrade MB. Although these efficiencies 

are far from the most efficient photocatalyst, they are in the same order as other values reported for 

pure NiO 53–55, and represent a good starting point to research on strategies to improve the 

photocatalytic activity of NiO. 
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Since the sample obtained by sol-gel route exhibited, in comparison with the other samples, a low 

level of point defects, it is possible to suggest that some of the defects created during the fabrication 

may act as recombination centers that result in a lower density of charge available to migrate to the 

NiO surface and participate in the degradation process. Since the recalcination in O2 improved the 

photocatalytic activity for all samples, as well as increased the 2M Raman band associated with a 

decrease in Ni2+ vacancies, it is reasonable to relate this kind of defect with our results. Indeed, it has 

been reported that Ni2+ vacancies induce a large density of charge carrier traps originated from 

adjacent oxygen dangling bonds, which are responsible for hole lifetime shortening 56, 57.  

4. Conclusions  

NiO powders were fabricated by three wet chemical methods: sol-gel, hydrothermal and 

coprecipitation synthesis, followed by a first calcination in atmospheric air or a second calcination in 

O2-rich atmosphere. The study of their morphological, phase composition, crystallographic, 

microstructural parameters, vibrational, and photocatalytic properties revealed that: 

1) The hydrothermal method was successful in producing a pure NiO powder without the presence of 

any additional Ni-related phases, regardless of the calcination procedure used.  

2) A Ni2O3 phase was present in the powder obtained by coprecipitation method after the calcination 

in atmospheric air. This phase could be eliminated by the recalcination in Ar+O2. 

3) The sol-gel synthesized powder exhibited a Ni phase that persisted even after both calcination 

procedures.  

4) The analysis of XRD and Raman spectroscopy showed that all samples grew with a high density of 

points defects, evidenced by larger than expected NiO lattice parameters and the appearance of 

forbidden first order phonon modes. In addition, the behavior of the two-magnon phonon modes, 

related to the superexchange interactions between the next-nearest-neighboring Ni2+ ions in the Ni2+− 

O2−−Ni2+ linear atomic chain and to the crystal homogeneity correlation length, also supported this 

conclusion. 
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5) The microstructural parameters were adequately estimated using Size-Strain Plot method instead of 

the Williamson-Hall method. Crystallite size in coprecipitation and hydrothermal-derived powders 

increased after recalcination in an O2-rich atmosphere, while for sol-gel-derived powder exhibited a 

decrease. Microstrain and lattice parameter analysis indicate that the sol-gel sample exhibited the 

lowest density of defects, a conclusion supported by the Raman results.  

6) The recalcination in O2-rich atmosphere improved the photocatalytic activity of the NiO powders 

for the degradation of methylene blue. Although, in general, the degradation constant is lower than 

other typical oxide photocatalysts in the nanoscale, the results discussed here will allow to explore 

new strategies to improve the photocatalytic activity of NiO microstructures.  
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Table 1. Structural parameters for all samples obtained from the XRD data. 

Sample Lattice param. (Å) 

Williamson-Hall method SSP method 

Size (nm) microtrain () Size (nm) Microstrain () 

Coprecipitation – air calcined 4.1786 60.3 
-5.35 x 10-6 65.4 

2.01 x 10-3 

Coprecipitation – O2 recalcined 4.1783 83.0 
1.24 x 10-4 

77.9 
1.67 x 10-3 

Hydrothermal – air calcined 4.1787 51.4 
-1.74 x 10-4 

58.8 
1.79 x 10-3 

Hydrothermal – O2 recalcined 4.1788 83.0 
1.52 x 10-4 

72.9 
1.13 x 10-3 

Sol gel – air calcined 4.1782(5) 83.5 
1.49 x 10-4 

77.0 
1.71 x 10-3 

Sol gel – O2 recalcined 4.1782(1) 77.0 
8.96 x 10-5 

70.7 
6.36 x 10-4 
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Figure 1.SEM micrographs of NiO powders obtained by; (a,b) coprecipitation and annealed in air and 

air followed by O2,  respectively; (c,d) hydrothermal synthesis and annealed in air and air followed by 

O2,  respectively; (e,f) sol-gel and annealed in air and air followed by O2, respectively.  
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Figure 2. . Histograms of particle size (a - d) and grain size (e, f) of samples synthetized by co-

precipitation (a, b), hydrothermal (c, d) and sol-gel (e, f).  
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Figure 3. XRD patterns for NiO powders synthetized by sol-gel, coprecipitation and hydrothermal 

methods and then calcined in (a) atmospheric air, (b) after a recalcination in O2-rich atmosphere, (c) a 

zoomed-in view of the low intensity range for XRD patterns for samples calcined in atmospheric air, 

(d)  a zoomed-in view of the low intensity range for XRD patterns for samples recalcined in 

atmospheric in O2-rich atmosphere. 
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Figure 4. (a) Nelson-Ridley plots and (b) lattice parameter of NiO phase determined from XRD 

patterns for powders fabricated by sol-gel, coprecipitation and hydrothermal synthesis and calcined in 

air and in Ar+O2. 

 

Figure 5. Williamson-Hall plot from XRD data; (a,b,c) NiO powders obtained by coprecipitation, 

hydrothermal and sol-gel calcined in atmospheric air, respectively; (d,e,f) NiO powders obtained by 

coprecipitation, hydrothermal and sol-gel recalcined in O2-rich atmosphere. 
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Figure 6. Size-strain plot from XRD data; (a,b,c) NiO powders obtained by coprecipitation, 

hydrothermal and sol-gel calcined in atmospheric air, respectively; (d,e,f) NiO powders obtained by 

coprecipitation, hydrothermal and sol-gel recalcined in O2-rich atmosphere. 

 

Figure 7. Raman spectra of powder samples fabricated by the different synthesis methods and 

calcination atmospheres. (a) Powders calcined in air; (b) Powders recalcined in O2-rich atmosphere. 

 

Figure 8. The Raman 2M band for the different samples, showing a blue shift for the sol-gel sample. 

a) Powders calcined in atmospheric air; b) Powders calcined in O2-rich atmosphere. 
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Figure 9. (a-f) Absorption spectra of MB in aqueous solutions after different times of photocatalytical 

degradation by the different studied powders. 

 

Figure 10. Relative variation of the MB concentration (C/C0) in aqueous solution as a function of the 

photocatalytical degradation by powders fabricated by different synthesis routes and calcined in (a) 

atmospheric air and (b) in O2-rich atmosphere. Insets: Ln C/C0. 

 15512916, ja, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19433 by U
N

T
 - U

niv N
acional de T

ucum
an, W

iley O
nline L

ibrary on [01/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

This article is protected by copyright. All rights reserved. 

 

 

 

 15512916, ja, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19433 by U
N

T
 - U

niv N
acional de T

ucum
an, W

iley O
nline L

ibrary on [01/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

This article is protected by copyright. All rights reserved. 

 

 

 

 15512916, ja, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19433 by U
N

T
 - U

niv N
acional de T

ucum
an, W

iley O
nline L

ibrary on [01/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

This article is protected by copyright. All rights reserved. 

 

 

 

 

 15512916, ja, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19433 by U
N

T
 - U

niv N
acional de T

ucum
an, W

iley O
nline L

ibrary on [01/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

This article is protected by copyright. All rights reserved. 

 

 

 

 

 15512916, ja, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19433 by U
N

T
 - U

niv N
acional de T

ucum
an, W

iley O
nline L

ibrary on [01/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

This article is protected by copyright. All rights reserved. 

 

 

 

 

 15512916, ja, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19433 by U
N

T
 - U

niv N
acional de T

ucum
an, W

iley O
nline L

ibrary on [01/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

This article is protected by copyright. All rights reserved. 

 

 

Sample Lattice param. (Å) 

Williamson-Hall method SSP method 

Size (nm) microtrain () Size (nm) Microstrain () 

Coprecipitation – air calcined 4.1786 60.3 
-5.35 x 10-6 65.4 

2.01 x 10-3 

Coprecipitation – O2 recalcined 4.1783 83.0 
1.24 x 10-4 

77.9 
1.67 x 10-3 

Hydrothermal – air calcined 4.1787 51.4 
-1.74 x 10-4 

58.8 
1.79 x 10-3 

Hydrothermal – O2 recalcined 4.1788 83.0 
1.52 x 10-4 

72.9 
1.13 x 10-3 

Sol gel – air calcined 4.1782(5) 83.5 
1.49 x 10-4 

77.0 
1.71 x 10-3 

Sol gel – O2 recalcined 4.1782(1) 77.0 
8.96 x 10-5 

70.7 
6.36 x 10-4 
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