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Abstract: 9 

Homogenous ZrCxOy powders have been successfully synthesized by in-situ electro-reduction 10 

of solid ZrO2-C composite precursors in molten CaCl2. The effect of applied cell voltage and 11 

molar ratio of ZrO2 to C on preparation of ZrCxOy were investigated. The reduction pathway of 12 

the composite electrode was studied based on the analysis of intermediate products using X-13 

ray diffraction (XRD) and scanning electron microscopy (SEM). The results show that ZrO2 is 14 

firstly converted to CaZrO3. The resulting CaZrO3 is then reduced to ZrCxOy. The ZrCxOy 15 

formation is dramatically influenced by electrolysis voltage and molar ratio of ZrO2 to C: a 16 

higher cell voltage and lower molar ratio of the ZrO2 to C are more preferable for the formation 17 

of ZrCxOy powder. Homogenous ZrCxOy powders with particle size of ~100 nm are synthesized 18 

by ZrO2 /C starting elemental powders in CaCl2 molten salt at 1123 K for more than 3 h, when 19 

the cell voltage is 3.0 V and the molar ratio of the ZrO2 to carbon starting materials is 1:1.0. 20 

Keywords: In-situ synthesis, molten salt, zirconium oxycarbide, electroreduction 21 

1 Introduction 22 

Metal carbides like TiC, Mo2C or ZrC exhibit excellent thermomechanical properties at 23 

high temperature such as elastic properties, creep and corrosion resistance [1]. Therefore, these 24 

refractory materials can be used as structural materials for furnace units or as plasma arc 25 

electrodes. In addition, ZrC-based materials are also candidates for future nuclear reactor fuel 26 

shielding materials [2]. However, there will always be some oxygen impurities (such as ZrO2) 27 

on the surface of ZrC particles, and oxygen atoms can replace carbon atoms in the ZrC lattice 28 

to form an oxycarbide solid solution (ZrCxOy) [3, 4]. Researchers already have a certain 29 
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understanding of several of the mixed transition metal-based carbon-oxygen compounds, 30 

including "TiCxOy" and "MoCxOy", x and y, which represent variable compositions. These 31 

zirconium oxycarbide are composed of ZrC and ZrO2 and have the properties of these two 32 

materials - carbides generally have better conductivity [5, 6], while ZrO2 has higher ceramic 33 

stability and is also a commonly used catalyst and carrier material in catalysis. In our recent 34 

work, the ZrCxOy was applied as consumable anode for zirconium extraction [7]. 35 

  The traditional method of synthesizing zirconium oxycarbide is a solid-state synthesis 36 

method, which requires high temperature (~2000 K) and high pressure to achieve the necessary 37 

high solid state diffusion rates [8]. However, due to the high temperature, the specific parts of 38 

the prepared powder will inevitably degrade [9]. During the carbothermal reaction, the amount 39 

of carbon is the key to control the synthesis composition. The reaction mechanism has been 40 

deeply studied and discussed [8, 10, 11]. 41 

   Gendre et al. [12] and Barnier et al. [13] used spark plasma sintering (SPS) to prepare 42 

ZrCxOy powders. The resulting powders have a better microstructure than hot pressing, but it 43 

still consumes a lot of energy during synthesis. The other commonly used method to synthesize 44 

different ceramics (including carbon compounds) is the gelation procedure, which is simple and 45 

has been used for a long time [14]. This synthesis method of zirconium carbide and oxycarbide 46 

relies on the use of organic solvents and reactants, which are more complex and 47 

environmentally unfriendly than water-based synthesis [15]. However, it is difficult to form 48 

zirconium dioxide species in an aqueous solution [16]. Therefore, it is necessary to develop 49 

new technologies and methods to reduce energy consumption and environmental pollution 50 

during the preparation of zirconium carbide and oxycarbide. 51 

In recent years, researchers have studied and proposed a series of molten salt electrolysis 52 

processes to prepare carbide materials [17-20]. Molten salt electrolysis provides a convenient 53 

and fairly easy way to obtain carbide materials. It was reported that MCxOy and MCx have been 54 

synthesized by electrolysis using the mixture of MO2 and C as precursor in molten chloride [19, 55 

21-26]. Electrolytic synthesis of MCxOy is a process of removing O2- from MOx and carbon 56 

complexes. Therefore, the composition of the electrolytic product depends on the electrolysis 57 

time and the cathode overpotential, and is also related to the ratio of the ingredients in the raw 58 

materials. However, the mechanism of electrolytic synthesis of ZrCxOy have not been 59 
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systematically discussed. For instance, the transformation form of Zr element and the role of C 60 

during the synthesis process. Thus, it is necessary to conduct a detailed study on the synthesis 61 

mechanism of ZrCxOy. 62 

In the present work, ZrCxOy composites have been tried to be prepared by directly 63 

electrolyzing ZrO2 and graphite precursors in CaCl2 molten salts. The constant cell voltage of 64 

electrolysis and the ratio of ZrO2 and carbon in the precursor were changed to study their 65 

influence on the ZrCxOy synthesis process.  66 

2 Experimental 67 

2.1 Cathode preparation 68 

  ZrO2 (purity >99.9%) and C (purity >99%) powders were purchased from Aladdin 69 

Biochemical Technology, Shanghai, China. ZrO2 and C powders with the different ratio of 70 

1:0.5, 1:0.8, 1:1.0 and 1:2.0 was mixed by ball milling for 6 h at 180 r/min, and alcohol was 71 

added to the nylon bottle as dispersant. After being collected from the bottle and dried in the 72 

air at 333 K, the mixture powder was molded into granules with a diameter of 12.5 mm and a 73 

height of 5 mm under a pressure of about 200 MPa by a manual tablet press. Before the 74 

electrochemical synthesis of ZrCxOy, holes were punched at the edges of the pellets to fix the 75 

current collector as a cathode with a nickel-chromium alloy wire, and a high-purity C rod (φ5 76 

mm) was used as the anode. 77 

2.2 Electrolysis process 78 

  The electrolysis experiment was carried out in a vertical tubular resistance furnace. CaCl2 79 

(120 g, supplied by Shanghai Macklin Biochemical Co., Ltd. analytical grade ≥99.5%) molten 80 

salt was used as reaction medium, which was placed in a corundum crucible (the inner diameter 81 

of the crucible was 75 mm and the height was 95 mm). And then, the corundum crucible was 82 

placed in the resistance furnace. The reactor was then heated to 1123 K at a ramp of 6 K/min 83 

in a flowing argon atmosphere. In order to remove the remaining water from the CaCl2 molten 84 

salt, the salt was pre-melted at 1123 K for 4.0 hours. 85 

  Voltage-dependent and ratio-dependent electrolysis of ZrO2 and C composite pellets were 86 

carried out at the same time. After electrolysis, the electrode was pulled out of the molten salt, 87 

and then taken out of the reactor after the sample cooled to room temperature in an argon 88 
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atmosphere. The cooled products were washed by distilled water to remove the CaCl2 89 

thoroughly and then dried in an oven at 333 K. Finally, the sample was ground into fine powder. 90 

2.3 Materials characterization 91 

The phase composition of cooled electrolytic products was characterized by X-ray 92 

Diffraction (XRD-6100, SHIMADZU). The Scanning Electron Microscopy (SEM, FEI Quanta 93 

250FEG) coupled with Energy Dispersive Spectrometer (EDS) was carried out to observe the 94 

microstructure and element distribution. 95 

3 Results and discussion 96 

3.1 Voltage-dependent constant-voltage electrolysis 97 

 According to the Gibbs free energy data at 1123 K from HSC Chemistry 7.0, the 98 

decomposition voltages of CaCl2 and ZrO2 were calculated to be 3.2 V and 2.3 V, respectively. 99 

Therefore, the electrolysis voltages were controlled in the range between 2.6 V and 3.0 V. In 100 

the voltage-dependent electrolysis, the electrolysis duration and temperature remained the same, 101 

i.e. 10 h and 1123 K, respectively. 102 

Fig. 1 presents the XRD patterns of corresponding samples. ZrCxOy can be obtained over the 103 

voltage range from 2.6 V to 3.0 V. When the electrolysis voltage is 2.8 V and 3.0 V, the 104 

electrolysis products are all ZrCxOy. However, a large amount of CaZrO3 is present in the 105 

samples prepared at 2.6 V. This phenomenon indicates that the phase composition of 106 

electrolytic products is highly dependent on electrolysis voltage.  107 
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 108 

Fig. 1. The XRD patterns of ZrCxOy synthesized by electrolysis at different voltages (-2.6 109 

V, -2.8 V, -3.0 V) with ZrO2-C as the cathode and C rod as the anode for 10 hours. 110 

In order to clarify the formation mechanism of CaZrO3, the chemical stability of ZrO2 in 111 

molten CaCl2 and CaCl2-CaO was studied. Fig. 2 shows the SEM images and XRD patterns of 112 

samples immersed in molten CaCl2 at 1123 K for different times. As shown in Fig. 2a-f, the 113 

size of the sintered particles hardly changes, leaving pores on the surface after molten salt 114 

erosion. From the XRD patterns, the phase composition of the sample is pure ZrO2 without 115 

phase change. The result shows that ZrO2 has better chemical stability in molten CaCl2. The 116 

corresponding SEM images and XRD patterns of samples immersed in molten CaCl2-CaO at 117 

1123 K for various times are shown in Fig. 3. There is obvious boundary between the surface 118 

layer and the inner layer, which separates the CaZrO3 formed in the surface layer from the inner 119 

ZrO2. The thickness of the CaZrO3 layer increases with the immersion time. CaZrO3 may be 120 

formed by the chemical reaction between ZrO2 and CaO via Eq. (1). This reaction is 121 

thermodynamically feasible from the Gibbs free energy data at 1123 K. 122 

ZrO2 + CaO = CaZrO3          ΔG1123 K = -35.17 kJ/mol   (1) 123 
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 124 

Fig. 2. SEM images and XRD patterns of ZrO2 immersed in molten CaCl2 at 1123 K for 125 

various times: (a &. a') 0 h, (b &. b') 0.5 h, (c &. c') 1 h, (d &. d') 2 h, (e &. e') 4 h, and (f &. 126 

f') 8 h. 127 

 128 

Fig. 3. The microscopic morphology and XRD patterns of ZrO2 soaked in molten CaCl2-129 

CaO at 1123 K for various times: (a &. a') 0 h, (b &. b') 0.5 h, (c &. c') 1 h, (d &. d') 2 h, (e &. 130 

e') 4 h, and (f &. f') 8 h. 131 

The mass change and cross-sectional micro-morphology of samples immersed in molten 132 

CaCl2 and CaCl2-CaO for different times are presented in Fig. 4. As illustrated in Fig. 4a-b, the 133 

mass loss of ZrO2 immersed in molten CaCl2 for 0-8 h is almost negligible, while the mass of 134 

ZrO2 in molten CaCl2-CaO increases with the increase of immersion time. From the Fig. 4c, 135 

there is a clear boundary line between CaZrO3 and ZrO2. The result further proves the above 136 

conclusion.  137 

The electrolyte of this electrosynthesis experiment was pure CaCl2, however, CaZrO3 was 138 

detected although it does not contain CaO. Thus, one explanation is that the ZrO2 as the cathode 139 

will lose some oxygen ions during electrolysis. Then, these oxygen ions combine with calcium 140 

ions in the molten salt to form CaO, which then reacts with ZrO2 to obtain CaZrO3. 141 
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 142 

Fig. 4. The mass change graph of ZrO2 immersed in different molten salts for 0~8 h at 1123 143 

K: (a) CaCl2 and (b) CaCl2-CaO and elemental mapping of carbon, oxygen, zirconium and 144 

calcium, respectively. 145 

3.2 Ratio-dependent constant-voltage electrolysis  146 

To obtain the detailed information of the electro-reduction process of ZrO2 and C composite 147 

pellets in molten CaCl2 at 1123 K, the pellets with different molar ratio of the ZrO2 to C were 148 

electrolyzed with a cell voltage of 3.0 V for 10 h. The XRD patterns and SEM images of 149 

obtained samples are exhibited in Fig. 5. 150 

 151 

Fig. 5. XRD patterns and SEM images of ZrCxOy synthesized by electrolysis for 10 hours 152 

with different molar ratio of ZrO2 to C: (a &. a') 1:0.5, (b &. b') 1:0.8, (c &. c') 1:1.0 and (d &. 153 

d') 1:2.0. (1: CaZrO3; 2: ZrCxOy; 3: Zr3O). 154 

When the molar ratios of ZrO2 to C are 1:0.5 and 1:0.8, Zr3O and CaZrO3 are generated in 155 

addition to ZrCxOy. However, as the content of carbon increases to 1:1.0, the peaks related to 156 
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CaZrO3 and Zr3O disappeared and ZrCxOy was the only phase in the product. Fig. 5a-d shows 157 

the SEM images of samples obtained by electrolysis with different carbon content for 10 hours. 158 

It was clearly seen that there were flaky intermediate products-CaZrO3, when the C was 159 

insufficient. With the increasing of C, the particles became fine and uniform, and all the cathode 160 

products were converted into ZrCxOy. This is consistent with the XRD results shown in Fig. 5. 161 

The existence of C promotes or participates in the formation of ZrCxOy. The specific process 162 

and the synthesis mechanism of ZrCxOy need to be obtained by studying the intermediate 163 

products in the electrolysis process.  164 

  In order to clarify the effect of C on the synthesis of ZrCxOy, the pellets with two different 165 

molar ratios of the ZrO2 to C were electrolyzed with a cell voltage of 3.0 V for 0 to 10 h. Fig. 6 166 

shows XRD patterns of samples synthesized at the molar ratio of the ZrO2 to C of 1:0.5 and 167 

1:1.0 at 1123 K for 0 to 10 h. As shown in Fig. 6a, the peaks of the ZrO2 diminished with the 168 

occurrence of peaks assigned to CaZrO3 and ZrCxOy within the first hour of electrolysis. These 169 

results suggest that CaZrO3 and ZrCxOy were formed at the expense of ZrO2 and C. With 170 

prolonging the electrolysis to 5 h, the peaks related to ZrO2 disappeared while the peaks related 171 

to Zr3O appear. After 5 h electrolysis, the peaks of ZrO2 disappeared. The products include 172 

CaZrO3, ZrCxOy and Zr3O according to the XRD patterns of the products obtained after 173 

electrolysis for 5 h to 10 h. Fig. 6b shows the XRD patterns of samples synthesized at the molar 174 

ratio of the ZrO2 to carbon of 1:1.0. Within half an hour of the electrolysis, the peaks of the 175 

ZrO2 diminished with occurrence of CaZrO3, Ca0.15Zr0.85O1.85 and ZrCxOy. After 4 h electrolysis, 176 

ZrCxOy was the only phase.  177 

 178 

Fig. 6. XRD patterns of samples synthesized at different molar ratio of the ZrO2 to C at 1123 179 

K for 0 to 10 h: (a) 1:0.5 and (b) 1:1.0. 180 
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The above results provide direct insights on the formation mechanism of ZrCxOy from the 181 

ZrO2 and C composite. It has been well documented that the electro-reduction process of pure 182 

ZrO2 goes through three steps when the content of C is sufficient: ZrO2 → CaZrO3, 183 

Ca0.15Zr0.85O1.85 and ZrOx (1<x<2) → CaZrO3 and ZrCxOy→ZrCxOy. While the content of C is 184 

insufficient, it goes through two steps: ZrO2→CaZrO3 and ZrOx (1<x<2) → CaZrO3，Zr3O and 185 

ZrCxOy. ZrOx was not detected in XRD because it quickly reacted with C to form ZrCxOy after 186 

it was produced. Zirconium dioxide in the composite is firstly transformed into various calcium 187 

intermediate phases and then the resulting calcium intermediate phases are transformed to 188 

ZrCxOy phase in the following electrolysis. Based on the results of ratio-dependent constant-189 

voltage electrolysis, the reaction sequence at the cathode can be represented by reactions (2)-190 

(9). 191 

ZrO2= ZrOx+(2-x) O2-                                  (2) 192 

O2- + Ca2+ = CaO          ΔG1123K = -517.4 kJ/mol   (3) 193 

ZrOx + xC = ZrCxOy                                             (4) 194 

ZrO2 + CaO = CaZrO3     ΔG1123K = -35.17 kJ/mol   (5) 195 

0.85ZrO2 + 0.15CaO = Ca0.15Zr0.85O1.85              (6) 196 

Ca0.15Zr0.85O1.85 + 0.7CaO = 0.85CaZrO3             (7) 197 

CaZrO3 + xC = ZrCxOy + Ca2+ +(3-y) O2-                 (8) 198 

3CaZrO3 = Zr3O+3Ca2++8O2-                                 (9) 199 

Fig. 7 shows the current vs. time plot of different molar ratios of the ZrO2 to C. As revealed 200 

in Fig. 7a, while the molar ratio of the ZrO2 to C is 1:0.5, the initial current is up to 1 A, and 201 

then quickly dropped to 0.4 A within 0.5 h of electrolysis. Subsequently, the current was further 202 

reduced to 0.2 A with a rather slow speed from 1 to 4 h. At last, the current retains at the value 203 

of 0.2 A. The current fluctuations in the initial period of time are related to the formation of 204 

CaZrO3. With the formation of intermediates on the surface of the pellet, the transfer of oxygen 205 

ions becomes difficult and the reaction resistance increases, which resulting in a rapid drop in 206 

current. Finally, due to insufficient C content, only part of CaZrO3 was converted to ZrCxOy. It 207 

can be clearly seen that there will be flaky intermediate product CaZrO3. With prolonging the 208 

electrolysis time, the cathode products become homogeneous, and the porosity increased. Fig. 209 

7b shows the current vs. time plot recorded during the electrodeoxidation process when the 210 
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molar ratio of the ZrO2 to C is 1:1.0. The current trend is similar to that when the carbon content 211 

is insufficient, and it also goes through three stages. However, with the C content increased, 212 

Ca0.15Zr0.85O1.85 was found in the intermediate product. At last, all cathode products are 213 

transformed into homogeneous nanoparticle aggregates ZrCxOy with uniform distribution, and 214 

with the extension of electrolysis time, the particles tend to be dispersed. 215 

 216 

Fig. 7. Correspondence between products and I-t curve of electrolyzing ZrO2-C: (a) 1:0.5 217 

and (b) 1:1.0. (1: ZrO2; 2: C; 3: CaZrO3; 4: ZrCxOy; 5: Zr3O). 218 

Based on the finding and the results of XRD test in section 3.2, the electro-deoxidation 219 

process can be divided into two main stages: 220 

Stage I: During the first hour of reduction, the CaCl2 melt had yet not spread entirely into the 221 

inner of the pressed pellet, which made the reduction of pellet occurs fastly only on the surface 222 

or shallow layer. The current therefore dropped rapidly due to the slow progression penetrating 223 

into the core of the pellet. The same phenomenon was also found in other works. In this stage, 224 

the occurrence of Eq. (2), Eq. (3) and Eq. (5) is predominant. The small amount of ZrOx 225 

generated after deoxygenation will quickly react with C to form ZrCxOy via Eq. (4).  226 

Stage II: With the interior part of the pellet being infiltrated by CaCl2 melt gradually, more 227 

and more C provides the conductive phase within the pellet, accelerating the electro-228 

deoxidation rate of the interior part of the pellet. As shown in Fig. 6, the formation of zirconium 229 

oxycarbide occurs after 1 h. However, the rate of electro-deoxidization would be retarded due 230 

to the presence of zirconium oxycarbide since its higher molar volume tends to slow up the 231 

oxygen diffusion. Such a competitive relationship between C and zirconium oxycarbide exists 232 

until the depletion of C. In this stage, Eq. (8) is prevalent. At the end of this stage, the C was 233 
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entirely consumed and transformed into zirconium oxycarbide via Eq. (8). When the carbon 234 

content is insufficient, part of CaZrO3 is decomposed into Zr3O via Eq. (9). 235 

Based on the above results, the process for the molten salt electro-synthesis of ZrCxOy 236 

composite powder from ZrO2-C precursor can be summarized and schematically illustrated in 237 

Fig. 8. From the Fig. 8a, when the C content is insufficient, the process of synthesizing ZrCxOy 238 

is relatively complicated. Firstly, the cathode ZrO2 is deoxidized, and O2- enters the molten salt 239 

and combines with Ca2+ to form CaO. ZrOx generated after deoxygenation will quickly react 240 

with C to form ZrCxOy. Then the remaining ZrO2 reacts with CaO to form CaZrO3. Finally, due 241 

to insufficient C content, only part of CaZrO3 reacts with C to form ZrCxOy. Part of the 242 

remaining CaZrO3 is decomposed into Zr3O, and the other part cannot react with C and remains. 243 

The final products are ZrCxOy, Zr3O and CaZrO3. 244 

Schematic diagram of ZrCxOy synthesis when C content is sufficient is shown in Fig. 8b. The 245 

deoxidation process in the first stage is the same as when C is insufficient. However, in addition 246 

to CaZrO3, ZrO2 will react with CaO to form another product- Ca0.15Zr0.85O1.85. Then, 247 

Ca0.15Zr0.85O1.85 further reacts with CaO to transform into CaZrO3. Finally, all CaZrO3 reacts 248 

with C to form ZrCxOy on account of the C content sufficient. 249 

 250 

Fig. 8. Schematic diagram of electrolytic synthesis of ZrCxOy in molten salt using raw 251 

materials with different molar ratios of ZrO2 and C: (a) 1:0.5; (b) 1:1.0. 252 
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4 Conclusions 253 

Single phase ZrCxOy powder was synthesized in-situ by the electro-deoxidation of ZrO2 and 254 

C composite at the voltage of 3.0 V in molten CaCl2 salt at 1123 K when the molar ratio of the 255 

ZrO2 to C starting materials is 1:1.0. After a carful observation, other products such as Zr3O 256 

and CaZrO3 will be formed when the ratios are 1:0.5 and 1:0.8. The mechanism of reduction 257 

ZrO2/C was found to be split into two steps, in which the ZrO2/C composite was firstly 258 

transformed to CaZrO3, and then the CaZrO3 was further reduced to ZrCxOy. The presence of 259 

C will promote the formation of ZrCxOy. 260 
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Figures

Figure 1

The XRD patterns of ZrCxOy synthesized by electrolysis at different voltages (-2.6 V, -2.8 V, -3.0 V) with
ZrO2-C as the cathode and C rod as the anode for 10 hours.



Figure 2

SEM images and XRD patterns of ZrO2 immersed in molten CaCl2 at 1123 K for various times: (a &. a') 0
h, (b &. b') 0.5 h, (c &. c') 1 h, (d &. d') 2 h, (e &. e') 4 h, and (f &. f') 8 h.

Figure 3

The microscopic morphology and XRD patterns of ZrO2 soaked in molten CaCl2-CaO at 1123 K for
various times: (a &. a') 0 h, (b &. b') 0.5 h, (c &. c') 1 h, (d &. d') 2 h, (e &. e') 4 h, and (f &. f') 8 h.



Figure 4

The mass change graph of ZrO2 immersed in different molten salts for 0~8 h at 1123 K: (a) CaCl2 and
(b) CaCl2-CaO and elemental mapping of carbon, oxygen, zirconium and calcium, respectively.

Figure 5

XRD patterns and SEM images of ZrCxOy synthesized by electrolysis for 10 hours with different molar
ratio of ZrO2 to C: (a &. a') 1:0.5, (b &. b') 1:0.8, (c &. c') 1:1.0 and (d &. d') 1:2.0. (1: CaZrO3; 2: ZrCxOy; 3:



Zr3O).

Figure 6

XRD patterns of samples synthesized at different molar ratio of the ZrO2 to C at 1123 K for 0 to 10 h: (a)
1:0.5 and (b) 1:1.0.

Figure 7

Correspondence between products and I-t curve of electrolyzing ZrO2-C: (a) 1:0.5 and (b) 1:1.0. (1: ZrO2;
2: C; 3: CaZrO3; 4: ZrCxOy; 5: Zr3O).



Figure 8

Schematic diagram of electrolytic synthesis of ZrCxOy in molten salt using raw materials with different
molar ratios of ZrO2 and C: (a) 1:0.5; (b) 1:1.0.


