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Abstract 

In this work, fine powders of K0.5Na0.5NbO3 (KNN) are produced by a single step of 

solution combustion synthesis (SCS) using glycine as the reductant fuel and potassium & 

sodium nitrates as the oxidizers, which are mixed with niobium oxide. Single phase of KNN 

products can be successfully prepared in a one-step SCS by adjusting the glycine-nitrate ratio. It 

is concluded that the stoichiometric or slightly fuel-excess condition is good for the single step 

production of KNN. The one-step SCS of KNN also shows good scaling-up productivity, which 

can be ignited by both electric heating and microwave heating. This work may provide a 

feasible large-scale production of various functional oxides by a one-step SCS process.   
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1.  Introduction  

    The preparation of inorganic oxide fine powders has attracted significant attentions in 

recent years. Inorganic fine powders are of interest in ceramics for structural applications and 

new insights into their functional properties such as magnetic, electric, or optical characteristics. 

[1, 2] The piezoelectric ceramics, such as Pb(Zr,Ti)O3 and Pb(Mg1/3,Nb2/3)O3, have numerous 

applications such as sensors, actuators, and transduces. Lead-free potassium-sodium-niobates 

(KxNa1-xNbO3) have been extensively studied for replacing Pb(Zr,Ti)O3-based ceramics 

because of environmental issues. Among them, the perovskite-type K0.5Na0.5NbO3 (KNN) has 

been the most investigated candidate because it has a high Curie temperature, a high 

electromechanical coupling coefficient and a relatively low dielectric constant. [3-6]   

The alkaline niobate ceramics are very difficult to be synthesized by conventional 

solid-state reaction because the high-temperature sintering often leads to stoichiometric 

deviation in the composition of the final product. [7, 8] Several methods have been employed 

for the synthesis of KNN, such as the direct sintering of ammonium niobium oxalate and 

C4H4O6KNa・4H2O, [9] hydrothermal synthesis, [10] citrate precursor technique,  [11] and 

combustion synthesis. [12-14] Solution combustion synthesis (SCS) of ceramic powders have 

attracted much more attentions because of its advantages over the others, such as high degree of 

chemical homogeneity, a single step for the synthesis of ceramic powders, and elimination of 



ball-milling procedures.[15-20] SCS is a combustion synthesis process based on a highly 

exothermic, self-sustaining reaction, which is generated by heating a mixture of aqueous metal 

nitrates and hydrocarbon fuels such as urea and glycine. This approach has been applied for the 

preparation of a variety of functional oxides. [21-27] The preparation of KNN by combustion 

synthesis have been reported by several groups, for example, Yang et al. reported the direct 

synthesis of KNN powders using Na2CO3, K2CO3 and Nb2O5 as raw materials and urea as fuel, 

which were calcined at 500~700 ºC; [13] a similar preparation process was also reported by 

Kumar et al., using urea as the fuel. [28] However, these processes are not the self-sustaining 

one, which cannot produce KNN in a fast one-step synthesis.  

   Here, we report the synthesis of KNN using a one-step glycine-nitrate SCS process, in 

which glycine is used as the reductant fuel, while potassium and sodium nitrates are used as the 

oxidizers. The raw materials are mixed with niobium oxide to produce KNN directly. The effect 

of glycine ratio on the product purity and the scalability of the SCS process are studied in 

details.  

 

 

2.  Experimental section 

Material preparation: All reagents used in this study were commercially available and used as 



supplied without further purification: potassium nitrate (KNO3, 99.9%, Kishida Chemical Co., 

Ltd., Japan), sodium nitrate (NaNO3, 99.9%, Kishida Chemical Co., Ltd., Japan), glycine 

(H2NCH2COOH, > 99%, Kishida Chemical Co., Ltd., Japan), and niobium oxide (Nb2O5, 

99.9%, High Purity Chemicals).  

Figure 1 shows the schematic diagram of the SCS of KNN, which is modified from 

previous studies. [23, 24, 29, 30] In a typical synthesis required for preparing 3 g of KNN, 

potassium nitrate, sodium nitrate and niobium oxide were weighed in a molar ratio of K:Na:Nb 

= 0.5:0.5:1, which were dissolved/mixed in distilled water in an alumina crucible. It is noted 

that niobium oxide was in a powder form, which did not dissolve in water. The suspension 

solutions were subsequently mixed with different amount glycine fuel (to make different 

combustion equivalence ratio, φ) and stirred. The as-prepared suspension solutions were further 

heated on a hot plate while being stirred to evaporate excess water until dried gels were formed. 

The dried gel in the crucible was transferred to a lab-made combustion synthesis apparatus, as 

shown in Figure 1. The reactor consisted of a stainless-steel bin with a long vertical 

stainless-steel mesh chimney, which enabled the safe removal of large amounts of gases during 

combustion, leaving behind the ash reactant remnants in the reactor to be collected after the 

reaction. The reactor was placed in an electric mantle heater, which was pre-heated to and 

maintained at 400 ºC. The gel mixtures self-ignited under heating along with the emission of 



gases. The SCSed products were also further calcined at 500 and 700 ºC for 2 h in air for 

comparison.  

The glycine-nitrate combustion synthesis of KNN can be given in the following equation: 

[24, 31]  

 

0.5 KNO3 + 0.5 NaNO3 + 0.5 Nb2O5 + n C2H5O2N + (4.5n-2.5) O2 → 

K0.5Na0.5NbO3 + 2n CO2 + 2.5n H2O + (0.5 + 0.5n) N2            (1)  

 

The nature of the combustion behavior is governed by the oxidizing/reducing 

characteristics of the nitrate-glycine, which can be quantified using the combustion equivalence 

ratio, φ. Here, φ is determined by the ratio between the total valencies of fuels and the total 

valencies of nitrate oxidizers: [31] 

 

φ = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑣𝑣𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑡𝑡𝑜𝑜 𝑔𝑔𝑡𝑡𝑔𝑔𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑣𝑣𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑡𝑡𝑜𝑜 𝑣𝑣𝑣𝑣𝑡𝑡𝑛𝑛𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣

 = 9n
5

            (2) 

 

   Here, it is assumed that CO2, N2, and H2O were the only gaseous combustion emissions 

since they are the most stable gases products. The valencies of the elements are assumed to be C 

(+4), H (+1), N (0), O (-2), Na (+1) and K (+1), respectively. Here, φ = 1 indicates a 



stoichiometric combustion condition, φ < 1 indicates an insufficient fuel condition, whereas φ > 

1 means an excess fuel condition. In this study, seven samples at φ = 0.6, 0.8, 1.0, 1.2, 1.4, 1.6 

and 1.8 were prepared, with the corresponding n value of 1/3, 4/9, 5/9, 2/3, 7/9, 8/9, and 1, 

respectively.  

For the scaling-up production of KNN, one batch of 100 g was also prepared in the same 

manner by using electric mantle heater. As a comparison, the dried gel raw materials were also 

heated by a microwave oven for the one-step SCS of KNN.   

 

Material characterization: Scanning electron microscopy (SEM, JEOL, JSM-7400F) was used 

for observing the morphology and particle size of the samples. Powder X-ray diffraction (XRD, 

Rigaku Miniflex, Cu-Kα) was used to characterize the phase compositions of the obtained 

materials. The stability of the one-step SCSed products were studied using a thermogravimetric 

(TG) analyzer (Mettler Toledo), in which the samples were subjected to a heating rate of 10 ºC 

min-1 in air flow.  

 

 

 

3.  Results and discussion  



    Figure 2 shows the typical temperature histories during SCS at different φ values, which 

were measured by inserting a K-type thermocouple in the reactants. It is noted that temperature 

jumping increase are observed at around 300 ºC for all samples, excluding at φ = 0.6. The steep 

temperature jumps indicate the occurrence of the typical self-sustaining SCS. At φ = 1.0, the 

measured temperature presents the highest maximum value, indicating the sufficient and most 

intensive combustion reaction at the stoichiometric condition. However, at φ = 0.6, due to the 

insufficient feeding of glycine fuel, the typical temperature jump is not observed, inducing a 

non-self-sustaining combustion reaction.  

    Figure 3 presents the pictures of the products in the crucibles after the single step SCS at a 

3 g-scale. It is noted that all samples, excluding at φ = 0.6, present white powdery products in 

the crucible. Sample at φ = 1.0 presents the whitest color, which is a clue of high-purity product 

under sufficient combustion.  

    The one-step combusted samples were characterized by XRD for their phase compositions, 

as shown in Figure 4. It is noted that excluding the sample at φ = 0.6, all samples present a 

single phase of KNN (JCPDS no. 33–1270) even that the combustion reaction time is very short 

(~several minutes). At φ = 0.6, the sample is not well sintered to form KNN since that the 

high-temperature SCS reaction does not proceed well at this insufficient fuel condition. The 

crystallite size, t, of the SCSed samples was calculated using the Scherer’s equation: 



 

𝑡𝑡 = 𝐾𝐾𝐾𝐾
𝐵𝐵 𝑣𝑣𝑡𝑡𝑣𝑣𝑐𝑐

           (3) 

 

here K is the shape factor (K = 1.0 was used in study), λ is the X-ray wavelength, B is the 

line broadening (measured in radians) at half the maximum intensity, and θ is the Bragg angle. 

The strongest peaks at 2θ = 3.18º was used for the calculation. The calculated crystallite sizes 

are 18.6, 22.5, 20.2, 18.3, 17.1 and 15.2 nm for the samples from φ = 0.8 to φ = 1.8, respectively. 

Sample obtained at φ = 1.0 represent the largest crystallite size, which is due to most sufficient 

combustion at stoichiometric fuel condition with the highest combustion flame temperature. 

With the increase of fuel amount, the crystallite size of the SCSed samples decreases which can 

be ascribed to the decrease of combustion flame temperature at fuel-excess condition and more 

gas emission that can avoid the great sintering the combusted powdery product as well.   

      To further evaluate the effect of sintering temperature on the formation of KNN, the 

SCSed samples were subsequently calcined at 500 and 700 ºC, respectively. As indicative by 

XRD phase composition measurement in Figures 5 and 6, sample at φ = 0.6 is the only one 

which shows the phase composition change upon sintering. After sintering at 500 ºC for 2 h for 

sample at φ = 0.6, a pure KNN phase is still not formed, however, when the sintering 

temperature is increased to 700 ºC, a single phase of KNN is observed. This result indicates that 



for the formation of KNN by sintering, a high temperature of larger than 700 ºC is needed. 

Moreover, by adjusting the glycine-nitrate ratio, it is possible to achieve a high combustion 

temperature that is enough for the fast sintering to produce KNN in a single-step of short-time 

SCS. 

    To further evaluate the stability of the one-step SCSed KNN, the samples were subjected to 

TG analysis under air flow, which were heated to 1000 ºC at a temperature ramp of 10 ºC min-1. 

Figure 7 shows the TG curves. It is observed that for the samples obtained at or slightly higher 

than the stoichiometric condition, including φ = 1.0, 1.2 and 1.4, the TG curves present a small 

weight decrease at around 600 ºC. The TG curve for the sample obtained at φ = 1.6 present 

gradually weight decrease starting from around 200 ºC, which represents the combustion of 

carbonaceous residues due to the addition of excess amount of glycine fuel. However, for the 

sample obtained at the fuel-insufficient condition (φ = 0.8), the TG curve represents an obvious 

weight decrease at around 600 ºC, which is due to the insufficient formation of KNN. The 

weight change for sample φ = 0.6 is even severer. Therefore, it is concluded that the 

stoichiometric or slightly fuel-excess condition is good for the one-step SCS of KNN.  

    The above results are based on the synthesis of a 3 g-scale. To further evaluate the 

scaling-up productivity of the one-step SCS for KNN, the experiments were also conducted at a 

100 g-scale under the stoichiometric condition. The SCS reactions were initiated by both 



electric heating and microwave heating. It is observed from the XRD patterns in Figure 8-(a), 

both samples show the single phase of KNN. The real image of the self-sustaining combustion 

reaction is shown in Figure 8-(b), while the final product at a 100 g-scale is shown in Figure 

8-(c). 

     Figure 9 shows the SEM images of one-step SCSed KNN obtained at different fuel 

conditions. All samples, excluding the one at φ = 0.6, show the agglomerate of cubic 

nanoparticles. Sample obtained at φ = 0.6 shows large bulky agglomerates as the secondary 

particles in the range of several hundreds of microns; the bulky agglomerate for this sample is 

also difficult to be de-agglomerated. At a large magnification observation from SEM, this 

sample presents primary particles with irregular shapes, which are greatly melted together due 

to their nitrate precursors. With the increasing amount of added glycine to obtain a sufficient 

combustion reaction (with φ > 0.8), the observed primary particles show many cubic 

nanoparticles, which are the well-crystallined KNN with size ranging from around 100 nm to 

several hundreds of nanometers. Although the secondary particles of the samples at φ > 0.8 still 

present many large agglomerates with size up to dozens of microns, these samples are very easy 

to be pulverized and de-agglomerated. With the increasing amount of added glycine, the 

powders of the samples become easier to be re-dispersed. This is because of that with the 

increasing amount of added glycine, larger amount of gases emitted during combustion reaction, 



which can avoid the great sintering of the samples at high-temperature flame.  

 

 

4.  Conclusions 

Powdery products of KNN have been manufactured by a single step SCS, which is a 

self-sustaining exothermic process. Specifically, glycine was used as the reductant fuel, while 

potassium and sodium nitrates were used as the oxidizers, which were mixed with niobium 

oxide powders. By adjusting the added glycine amount, KNN product of a single phase could be 

successfully prepared in a one-step SCS. It is also concluded that the stoichiometric or slightly 

fuel-excess condition was good for the single step production of KNN. The one-step SCS 

production of KNN was also scalable, which can be ignited by both electric heating and 

microwave heating. This work offers a successful example of the one-step production of KNN 

by a feasible and scalable SCS process, which can be extended to the production of various 

functional ceramic oxides.  
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Figure 1. Schematic diagram of the experimental setup.  
 

 
Figure 2. Temperature history during SCS at different Φ values, which is measured by inserting 
a K-type thermocouple in the reactants.  
 
  



 

 
Figure 3. Pictures of the products after the one-step SCS at the 3 g-scale.    
 
 

 
Figure 4. XRD patterns of the samples after one-step SCS.    
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Figure 5. XRD patterns of the samples after SCS then calcined at 500 ºC for 2 h.    
 
 

 

Figure 6. XRD patterns of the samples after SCS then calcined at 700 ºC for 2 h.    
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Figure 7. TG analysis of the SCSed samples under air flow.  
 
 

 
Figure 8. Analysis of the KNN products after one-step SCS at a 100 g scale, which were 
synthesized by microwave and electric heating. (a) XRD patterns; (b) the image of reaction 
during combustion in a 300 mL crucible; (c) the product image in the crucible.   
 



 

 
Figure 9. SEM images of the products after one-step SCS.  
 
 
 


