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Abstract: Thermal processing of Zr-loaded ion-exchangers is a facile route to synthetize (ZrO2, ZrC)@C 
composites. The chemical character of the functional groups in the cation exchanger is an essential factor in the 
composition and properties of the (ZrO2, ZrC)@C composites. In the present paper furnace and RF-thermal 
plasma processing of ZrOCl2 loaded thiourea-functionalized styrene-divinylbenzene copolymer was 
investigated that led to various composites containing ZrO2 and ZrC. Depending on the synthesis conditions, 
different ZrO2@C composites were formed between 1000 and 1400 °C in 2 h, whereas the composite containing 
ZrC was created at 1400 °C in 8 h. The ratio of ZrO2/ZrC, the prevailing ZrO2 modifications, and the crystallite 
sizes strongly depend on the synthesis conditions. The ZrC-containing composites formed only at 1400 °C in 8 
hours and by the plasma treatment of the ZrO2@C sample prepared in the furnace, resulting in 8 and 16% ZrC 
content, with 44 and 41 nm ZrC crystallite sizes, respectively. The ZrO2-containing composites (tetragonal, 
monoclinic, and cubic modifications with 65–88 nm ZrO2 crystallite sizes and 15–43 m2/g BET surface areas, 
depending on the carbonization temperature) formed in a tube furnace between 1000 and 1400 °C in 2 h. The 
tube furnace–prepared sample formed at 1400 °C in 8 h contained ZrC, ZrO2 modifications, and amorphous 
carbon, whereas the plasma-treated sample contained ZrC, ZrO2 modifications, and graphite. All ZrO2@C 
composites had both amorphous carbon and graphite, and their ratio is temperature-dependent. The 
carbonaceous compounds of the prepared composites were characterized by Raman spectroscopy, with 
analysis of the G and D band intensities. XPS studies showed the surface oxidation of ZrC.  

Keywords: zirconium carbide; zirconium dioxide; carbon matrix; graphite; RF plasma; 
carbonization; thiourea; styrene-divinylbenzene copolymer; Raman spectroscopy 

 

1. Introduction 

Radiolytically stable amorphous carbon and graphite composites containing ZrC and ZrO2 have 
enormous strategic importance in the nuclear industry due to their advantages such as high 
mechanical strength, a high adsorption capacity towards fission products, and a large neutron 
absorption cross-section [1–4]. A recently developed new method to synthesize carbon composites 
containing metal oxides is based on the carbonization of ion exchangers with various functional 
groups (sulfonate, iminodiacetate) [5,6]. Some metals like titanium or zirconium form carbides at 
higher temperatures or during plasma treatment[7-9]. ZrC@C or (ZrC, ZrO2)@C composites were 
prepared from Zr-loaded sulfonate-, iminodiacetate-, or dimethylamine-functionalized ion-
exchanger resins loaded with cationic, complexed, or anionic Zr-species, respectively. The functional 
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groups strongly influence carbide formation despite the loss of the functional groups below 500 °C 
due to the differences between the reactivity of the intermediates that formed from the various 
functionalized polymers[5,6,10,11]. The sulfonate-, iminodiacetate-, and dimethylamine-
functionalized ion exchangers have S and O, N and O, and only N heteroatom-containing functional 
groups bound to zirconium. Therefore, in the present paper, we tested an ion exchanger with an S, 
N-type active group—thiourea linked through a methylene group to the styrene-divinylbenzene 
skeleton - as a precursor of carbon composites containing ZrO2 and (ZrO2, ZrC). We studied the 
formation of (nano-ZrC, nano-ZrO2)@C composites in a high-temperature tube furnace from Zr-
loaded thiourea-functionalized resin. The distribution of zirconium in the functional groups is 
homogeneous at the atomic level, which promises to enhance the uniformity of the distribution of 
ZrO2 and ZrC in the carbon matrix. The properties and composition of nano-(ZrCx, ZrO2)@C 
composites prepared in a tube furnace at 1400 °C for 8 h and the samples made by post RF plasma 
treatment in a He atmosphere were characterized in detail.  

2. Materials and Methods 

The thiourea-functionalized resin (Resinex CH-80-L) and other chemicals (HCl, zirconyl 
chloride, and other analytical reagents) were supplied by Deuton-X Ltd, Hungary. 

Experimental 

Preparation of Zr-loaded samples 

The thiourea-functionalized styrene-divinylbenzene copolymer containing 2% DVB was soaked 
in 3 M aq. HCl for 24 hours, the swelled beads were transferred into a long (20 cm) glass column. The 
Zr loading process was performed with a zirconyl chloride solution containing 0.5 wt.% Zr in 3 M 
HCl [5]. The Zr-loaded sample was dried at 90 and 110 °C in air for 3 and 2 h, respectively. The dry 
beads were left to cool in a sealed desiccator containing freshly prepared calcium oxide. 

Elemental analysis  

The CHNS analysis of the Zr-loaded sample was performed using a Carlo Erba 1106 
(Cormaredo, Italy) instrument. The sample was dried in a vacuum oven at 140 °C for 19 h, and the 
dry sample was stored in a glass vial filled with nitrogen and tightly capped. Zr content was 
measured with the ICP-OES method [12]. 

Carbonization experiments 

The Zr-loaded sample was ground in a planetary ball mill (225 rpm, 30 min), reducing the 
particle size below 63 µm. In each experiment, 1.5 g of the sample was placed into a quartz boat. 
Pyrolysis (carbonization) was performed in a tubular furnace supplied with an alumina tube under 
an argon atmosphere at 1000, 1200, and 1400 °C for 2 h and 1400 °C for 8 h. The heating rate was 15 
°C min-1 and the volume flow rate of the argon gas (1.5 L⋅min-1) was kept constant during the 
experiments. 

RF thermal plasma processing 

Because of the 20.3 wt.% of residual water content in the Zr-loaded resins (Table S1) and the 
shortness of residence time of the resin beads in the plasma plume, direct carbonization cannot 
produce carbonized samples. Therefore, the sample carbonized preliminary at 1000 °C for 2 h, which 
contained only ZrO2 and elemental carbon, was subjected to in-flight RF thermal plasma treatment 
in a helium or hydrogen atmosphere. The experimental setup [13-15] consisted of a reactor chamber, 
which was supplied with an RF inductively coupled plasma torch mounted on the top (type PL-35, 
TEKNA Ltd, Sherbrooke, Canada), an RF generator (LEPEL, Waukesha , USA, with a maximum 
power of 30 kW at 4–5 MHz), a cyclone, a filter unit, and a vacuum pump [5]. Each sample was 
delivered into the plasma as described in Martiz et al. [5] with the use of a Praxair feeder (He as a 
carrier gas, with a flow rate of 5 L⋅min-1) at a feeding rate of 3 g⋅min-1. The location of the feeding 
probe was coaxial in the middle of the induction coil, and the plasma gas and the sheath gas were an 
11:6 and a 35:5 L⋅min-1 mixture of Ar and He, respectively. The main operating conditions (70 kPa 
and 25 kW of power) for each test were adapted from [15]. 
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Specific surface area measurements 

The surface area of the carbonized samples was determined with the Brunauer-Emmett-Teller 
(BET) equation based on nitrogen adsorption data (collected at −196 °C, Autosorb 1C, Quantachrome, 
Boynton Beach, USA). The samples were evacuated before the measurements at 100 °C for 24 h. 

Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) was carried out with a 200 keV (Talos Thermo 
Scientific, Waltham, USA) electron microscope. The carbonized grains were crushed in EtOH and 
deposited onto the surface of Cu grids covered by Lacey carbon [5]. Selected-area electron diffraction 
patterns (SAED) were obtained. The current in TEM mode was ~600 pA, and the SAED patterns were 
acquired using a camera length of 520 mm.[13]. 

Thermal studies 

Thermogravimetric analysis, differential scanning calorimetry, and mass spectrometric evolved 
gas analysis were performed simultaneously with the use of a SETARAM Labsys Evo (Lyon, France) 
and a Pfeiffer Vacuum OmniStar (Asslar, Germany) instruments under a He atmosphere (heating 
rate 20 °C/min, 25–1000 °C). The details of the thermal analysis were given in [5,6]. 

Powder X-ray Diffraction 

The powder XRD patterns were acquired with the use of a Bragg-Brentano parafocusing 
goniometer (Philips, Amsterdam, Netherland) Cu weighted Kα radiation, 1.5406/1.5444 Å) in the 2θ 
range of 4–70° (step size 0.02°, 1 s interval time). Despite the known unit cell dimensions of the ZrC 
and ZrO2 phases, the composition of phases has to be considered an estimate rather than accurate 
due to the amorphous carbon content and problems in determining the background. The other details 
of the XRD analysis were given in [5,6]. 

Vibrational spectroscopy 

The IR and far-IR spectra were collected from 16 scans and acquired with a resolution of 4 cm−1 
on a Bruker Alpha FT-IR (Bruker, Ettingen, Germany) and a Biorad-Digilab FTS-30 instrument 
(Biorad, Budapest, Hungary), respectively, in Attenuated Total Reflectance (ATR) mode[16-18]. The 
Raman spectra were recorded with the use of a Horiba Jobin–Yvon LabRAM micro-spectrometer 
(Horiba France SAS, Longjumeau, France, external Nd-YAG laser, 532 nm) focusing the laser beam 
on an objective (20X, numerical aperture = 0.4) with the use of D0.3 or D0.6 optical filters to reduce 
the intensity of the laser beam to avoid degradation. A grating monochromator (1800 mm-1 for light 
dispersion) and 1000 µm of the confocal hole were attached. The wavenumber scanning resolution 
was 3 cm-1, and the accumulation time was 90–120 s per point for the spectral range (3400–200 cm-1). 

X-ray photoelectron spectroscopy 

The XPS (X-ray photoelectron) spectra were recorded with a Kratos XSAM 800 instrument 
(Manchester, UK) in fixed analyzer transmission mode. Pass energy of 40 eV, Mg Kα1,2 (1253.6 eV) 
excitation, and < 1·10−7 Pa chamber pressure were applied. Survey spectra were recorded in the 100–
1300 eV kinetic energy range. The high-resolution spectra of the main PE lines of Zr, O, and C were 
recorded with 0.1 eV steps and a dwell time of 1 s. The quantitative analysis after removing the 
Shirley background was performed with the XPS MultiQuant program using experimentally 
determined cross-section data and asymmetry parameters [19,20]. 

3. Results 

Preparation and properties of the Zr-loaded thiourea-functionalized resin  

The styrene-divinylbenzene skeleton is chloromethylated only in meta-position with 
chloromethyl methyl ether. Thus the consecutive coupling with thiourea results in only the meta-
substituted thiourea-functionalized resin. The divinylbenzene is present only in 2%. Therefore, the 
functionalization of DVB units has marginal importance in the properties of the ion-exchange resin 
(Scheme 1).  
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Scheme 1. The structural units of the thiourea-functionalized crosslinked styrene-divinylbenzene 
copolymers. 

The zirconium(IV) ion hydrolyzes and polymerizes in aqueous solutions even at low pH values, 
and the zirconyl ion (ZrO2+) is the only form of zirconium(IV) species in aqueous solutions at pH > 0. 
Zirconium (IV) ions form only in >12 M HCl solutions and at a very low zirconium concentration 
(0.0001 M) [21]. Although the zirconyl chloride octahydrate is a tetramer ([Zr4(OH)8(H2O)16]Cl8) in the 
solid state, the zirconyl ion is the dominant chemical form in its aqueous solutions. Therefore, we 
used a 0.055 M zirconyl chloride solution in 3 M HCl in the Zr-loading of the thiourea-functionalized 
resin because the other available zirconium salts, zirconium sulfate (H2[ZrO(SO4)2) and nitrate 
(ZrO(NO3)2) contain the zirconium in anionic or neutral species in their solution, respectively [21-23].  

The CHNS and Zr content of the Zr-loaded sample showed (ESI Table S1) that the amount of 
thiourea groups is ~0.4/ring, thus, not all the rings are functionalized. The S and Zr content shows 
that only 17% of the functional groups are loaded with zirconyl ions. The swelling water content is 
~20%. No chloride ion was detected in the sample, thus, the deprotonated thiourea group is the anion. 
The weak N-donor properties of thiourea suggest sulfur ligation [24]. The IR spectra (fingerprint 
region) of the unloaded and Zr-loaded samples were very similar because only a part of the thiourea 
groups was in complex (ESI Figure S1). The scissoring deformation mode of the swelling water gives 
intense broadband at 1634 cm-1 with a shoulder (NH2 deformation band at 1604 cm-1) (Figure 1) [25]. 
In contrast, the scissoring water deformation and OH stretching bands disappear in the IR spectrum 
of the dried Zr-loaded sample (Figure 1, ESI Figure S1). It shows the lack of coordinated water in the 
Zr coordination environment.  
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Figure 1. IR spectra of the raw (a) and Zr-loaded thiourea-supported styrene-divinylbenzene (b) 
copolymers in the 800–600 and 1700–1500 cm-1 ranges. 

The band at 1000–870 cm-1 is characteristic of the zirconyl ion (or other product containing a 
condensed Zr-O bond) [23,26-28], but it coincides with different vibrational modes of the skeleton. 
Yuchi et al. stated that Zr-saturated resins with various functional groups contain R-Zr(OH)2 species, 
but the IR spectrum of the dry resin does not contain OH bands at all, so these functional groups 
transform into Zr=O or condensed Zr-O bond species during drying [28,29]. The peak observed at 
1420 cm-1 in the spectra of free thiourea-functionalized and Zr-loaded resins may be attributed to the 
stretching vibrations of C=S groups, while the peak with a maximum at 1110 cm-1 can be attributed 
to the rocking mode of the NH2 group [25].  

Thermal studies of the Zr-loaded thiourea-functionalized STY-DVB resin  

The carbonization of the Zr-loaded thiourea-functionalized STY-DVB resin under inert 
conditions (ESI Figure S2) was a long decomposition process, which consists of parts belonging to 
the degradation of the thiourea functional group (~200–250 °C) together with the partial degradation 
of the polymer skeleton, followed by the multi-step depolymerization of the polymer skeleton (350–
500 °C, Figure 2). The functional group loss process proceeds with the formation of various fragments 
(m/z=26, 27, 44, 58,59, 60, and 75 corresponding to CN+, HCN+ (HNC+), CS+ (CO2+, N2O+) CNS+, HSCN+ 
pr HNCS+, H2NCS+ or H2NCSH+, respectively) from the CH2HNCSNH2+ parent ion (Figure 2a), 
together with hydrocarbon fragments from the degradation of the aromatic ring (m/z=64 (Figure 2b)), 
which shows that the functional groups are eliminated with a partial decomposition of the polymer 
skeleton between 250 and 500 °C (the m/z=64 signal belongs to the C5H4+ fragment ion from aromatic 
ring fragmentation) [30]. 
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Figure 2. TG-MS plots of Zr-loaded thiourea-supported styrene-divinylbenzene copolymer 
carbonization. Fragments of functional group (a), hydrocarbon fragments forfrom the decomposition 
of aromatic rings (b). 

The expected decomposition product at m/z=44 is the CS+ fragment, but CO2+ and N2O+ can also 
signal at m/z=44. To distinguish these species, we followed the evolution of the m/z=28 (CO+, N2+) 
and m/z=32(S+) fragments because the m/z=28 (CO+ or N2+) fragments may be formed only from CO2+ 
or N2O+, respectively, whereas m/z=32 (S+) fragment only from CS parent ions. The shape of the 
CO+/N2+ curve (m/z=28) does not entirely coincide with the shape of the CO2+/N2O+/CS+ curve, thus 
the m/z=44 peak consists of at least two ion signals, one of which generates an m/z=28 fragment ion 
and at least one other which does not cause an m/z=28 fragment ion (Figure 3). Evaluation of the 
m/z=32 curve did not give valuable information due to the high reactivity of sulfur vapor and possible 
O2 traces. The evolution of water was followed by monitoring the peaks at m/z=18 (H2O+) and m/z=17 
(OH+ ). The m/z=16 (O+ and NH2+) peak intensities were compared with the peak intensities of m/z=15 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 June 2023                   doi:10.20944/preprints202306.2203.v1

https://doi.org/10.20944/preprints202306.2203.v1


 7 

 

(NH+, CH3+) and m/z=14 (N+ and CH2+) fragment ions, which showed that the m/z=15 and 14 intensity 
ratio is changed with increase the temperature. It may be attributed to the CH3 ion formation with H 
abstraction during the high-temperature polymer skeleton degradation. Accordingly, the m/z=15 and 
14 peaks contain more N and NH fragments around 350 °C, whereas the contribution of CH3 and 
CH2 fragments at 450-500 5C is higher than at ~350 °C, respectively (Figure 3). 

 

Figure 3. TG-MS plots of Zr-loaded thiourea-supported styrene-divinylbenzene copolymer 
carbonization. Evolution of water (m/z=18 (OH2+) and 17 (OH+)) and m/z=15 (NH+, CH3+) and m/z=14 
(N+ and CH2+) fragment ions (a). m/z=44 parent ions and their fragments (b). 

The decomposition process may be described with the following steps:  

A) The decomposition of the Zr-loaded thiourea groups with partial depolymerization/degradation 
of the rings attached to the Zr-loaded thiourea functions 

B) The degradation of unfunctionalized thiourea groups with partial depolymerization and 
degradation of the rings attached to the unloaded thiourea groups  
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C) complete depolymerization/degradation of the residual polymer matrix at ~ 500 °C [5,6]. The 
other minor effects are the decomposition of residual materials, including the N and S containing 
carbonaceous materials formed in the previous decomposition steps.  

Polymer degradation proceeded with the formation of Ph-CHCH+ (m/z=103), PhCH+ (m/z=91), 
C6Hx+ (x=3,4,5, m/z=63,64,65), and DVB fragments (m/z=130,129,128) (ESI Fig. 3). The low DVB content 
does not help the formation of large amounts of solid carbonaceous products [31], but metal loading 
generally increases the formation of solid products [32-34]. The amount of solid residue was >30%, 
with ~2.8% Zr content and ~20% water content. Thus, the solid carbonaceous products have ~9-10 
C/Zr atomic ratio values. S and N might also be incorporated into the carbonaceous residue in the 
same amount. 

The decomposition process is completed at around 800 °C. Therefore, the lowest carbonization 
temperature was selected to be 1000 °C.  

The preparation and properties of ZrO2@C composites  

The carbonization reactions were investigated first at 1000, 1200, and 1400 °C for 2 h in a tube 
furnace. To assess the impact of reaction time, the holding time was prolonged up to 8 h at 1400 °C. 
ZrC formed only at 1400 °C in 8 h, whereas ZrO2 was created at all three studied temperatures. 
Tetragonal and monoclinic ZrO2 were detected at 1000 °C, embedded in graphite and amorphous 
carbon. Treatment temperature and reaction time significantly affected the ratio of tetragonal and 
monoclinic ZrO2 [35], which had values of 0.375, 0.38, 0.83, and 1.2 for tests conducted at 1000, 1200, 
and 1400 °C for two hours and at 1400 °C for eight hours, respectively. Cubic ZrO2 was formed only 
at 1400 °C carbonization temperature, and its amount also increased with increasing treatment time. 
Amorphous carbon content decreases from ~48% (1000 °C for 2 h) to 22% (1400 °C for 2 h), and 
increasing the reaction time to 8 h at 1400 °C causes a further decrease (~10%) (Table 1). 

Table 1. Composition and properties of (ZrC, ZrO2)@C composites prepared from the Zr-loaded 
thiourea functionalized styrene-divinylbenzene copolymer. 

Sample 

Carbon content [wt%] 
ZrO2 content ans size [wt%, 

nm] ZrC content and size [wt%, 

nm] Graphi

te 

Amorphous 

carbon 
Tetra Mono Cubic 

R_1000C-2h 30 ~48 6 (85) 16 (80)   
R_1200C-2h 26 ~34 11 (88) 29 (74)   
R_1400C-2h 38 ~22 15(76) 18(71) 7(61)  
R_1400C-8h 32 ~10 18(71) 15(66) 15(52) 8(44) 

R_1000C_2h_P_
Ar-He 

>35 -- 27(65) 11(69) 11(53) 16(41) 

The change in the BET surface areas shows the opposite tendency—they increase from 15 m2/g 
(1000 °C for 2 h) to 43 m2/g (1400 °C for 2 h) and 125 m2/g (1400 °C for 8 h) (Table 2).   

Table 2. BET Surface Area of all the calcination products obtained in furnace and RF-Plasma reactor. 

Sample 
BET-specific surface area 

(m2/g) 

R_1000C-2h 15 

R_1200C-2h 27 

R_1400C-2h 43 

R_1400C-8h 115 

R_1000C_2h_P_Ar-He 278 
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The preparation and properties of composites containing zirconium carbide  

Cubic ZrC (a = 4.6690 Å, Fm3m) appeared with a crystallite size of ~44 nm at 1400 °C in 8 h. The 
RF plasma treatment of the sample prepared at 1000 °C in 2 h (30% graphite, 48% amorphous carbon, 
6% and 16% tetragonal and monoclinic ZrO2, respectively), promoted the formation of ZrC (16 %), 
which was the highest among all test conditions. The composite's average crystallite size and BET 
surface area were 41 nm and 278 m2/g, respectively. The amorphous carbon content completely 
disappeared on RF plasma treatment in He [5], and all three ZrO2 modifications were present 
(tetragonal, monoclinic, and cubic, in 27%, 11%, and 11%, and with an average crystallite size of 65, 
69, and 53 nm, respectively).  

The TEM study on the samples containing ZrC prepared at 1400 °C for 8 h and by RF plasma 
treatment can be seen in Figures 4 and 5. These samples exhibited similarities in their composition, 
e.g., they had both monoclinic and tetragonal ZrO2 phases, but there was no evidence of the ZrC cubic 
phase.  

 

Figure 4. TEM images of the (ZrC, ZrO2)@C composites prepared at 1400 °C in 8 h from the Zr-loaded 
thiourea-functionalized styrene-divinylbenzene copolymer. 

 

Figure 5. TEM images of the (ZrC,ZrO2)@C composites prepared by plasma treatment of ZrO2@C composite 
prepared at 1000 °C in 2 h from the Zr-loaded thiourea functionalized styrene-divinylbenzene copolymer 

(Miller indices 111 and 101 are shown for monoclinic and tetragonal ZrO2, respectively). 

Raman studies on ZrO2@C and (ZrC,ZrO2)@C composites 

Raman spectroscopy gives information about the amount of carbonaceous phases, such as 
amorphous carbon, graphite, or distorted graphite structures, and the graphitization process [36-39]. 
The highly ordered monocrystalline graphite with an ideal graphite lattice gives two first-order 
Raman shifts. These are the harmonic transverse optical mode neighboring the zone boundary K 
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point, G (E2g), and the degraded optical mode at the Brillouin zone, G1 (2D), at ~1580 and ~ 2687 cm-

1, respectively [40,41].  The disordered graphitic lattice possesses the band D1 (D) (A1g, phonon of the 
longitudinal in-plane optical branch) and D2 (D') (E2g, in-plane acoustic branch neighboring the K 
point), due to the graphene layer surfaces and edges, at around 1350 and 1620 cm-1, 
respectively[5,42,43]. The amorphous carbon D3 band (D") is located at 1500 cm-1, whereas the D4 (D*) 
band at 1200 cm-1 consists of mixed modes including a graphite lattice disordered mode (A1g) and 
ionic impurity or polyene modes[36,39]. The Raman spectra of carbonaceous materials include weak 
combination (D + D") and harmonic overtone (2D') modes as well [43-45]. The Raman spectra of the 
ZrC-containing composites prepared from Zr-loaded thiourea-supported STY-DVB resin between 
1000 and 1400 °C are given in Table 2 and ESI Figure 4.  

The intensity ratio of the peaks belonging to amorphous/graphitic components (D"/(D+G)) drops 
steadily as the reaction temperature increases, suggesting increasing graphitization. The same result 
was also observed in the Raman spectrum of the plasma-treated sample. Due to the creation of more 
crystalline phases, the D and G bands become sharp. The intensities of the D* bands decrease 
drastically above 1200 °C, illustrating the decomposition of the organic polyenes. The D bands' 
stability on changing the temperature and carbonization time demonstrates low-level degradation of 
the surface graphene layers. The I2D/IG ratio, proportional to the thickness of the monolayer carbon 
sheets, varies only a little and randomly with increasing reaction temperature and time. It shows that 
Zr atoms were not substantially absorbed into the carbon network [46]. Graphite formation may also 
be attributed to the catalytic effect of ZrC and the increasing temperature above 1400 °C [47]. The 
more ZrC is formed, the more graphite appears. 

In the case of the furnace-treated samples, the increased reaction time and temperature resulted 
in soft improvements in the graphitization process. The amorphous carbon/graphite ratio decreases 
with increasing temperature. The Raman spectrum of the plasma-treated sample illustrates the 
complete disappearance of the D* bands and the thermal decomposition of polyenes and their 
transformation into the superficial graphene layers.  

XPS studies of the carbonized samples were performed to follow the changes in the state of 
carbon in the samples. The carbon 1s spectra were fitted using asymmetric peak shape AS(40, 0.6), 
usually used for graphite samples, on the carbonized samples (Figure 6). The spectra contain satellites 
and confirm the aromatic nature of the carbon phases. In the spectra of the plasma-treated samples, 
oxidized carbon species can be seen, which were not present in the XPS C1 spectra of the furnace 
heat-treated samples. No Zr-compounds were detected at the surface layer, which suggest that an 
outer carbon-containing  layer was formed from the evaporated volatile hydrocarbon degradation 
products during the pyrolysis process.  
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Figure 6. C1s XPS spectra of the carbonized Zr-loaded thiourea-functionalized styrene-divinylbenzene 
copolymer samples (a) 1400 °C for 2 h; (b) 1400 °C for 8 h; (c) Plasma treated in H2 atmosphere; (d) Plasma-

treated in He atmosphere. 

Comparison of the ZrC containing composites prepared from various functionalized styrene-divinylbenzene 

based cation exchangers 

The ZrC-containing composites have high importance in the nuclear industry. The properties of 
the carbon-based composites containing ZrC and ZrO2, prepared from various cation exchangers, are 
summarized in Table 3.  

Table 3. Carbon-based composites containing ZrC and ZrO2, prepared by the carbonization of various 
functionalized styrene-divinylbenzene polymer based cation exchangers. 

Functional group Conditions 
ZrO2 content and crystallite 

size 

ZrC content and 

crystallite size 
Ref. 

-SO3H, ZrOCl2 
loaded 

1400 °C, 8 h, 
2% DVB 

7%tetragonal and 11% 
monoclinic, each size was 32 

nm 
No ZrC formation [5] 

1400 °C, 8 h, 
8% DVB 

<5%tetragonal and <5% 
monoclinic, 20 and 27 nm, 

respectively 
No ZrC formation [5] 

RF Plasma, He 
16% tetragonal, 13% 

monoclinic, <5% cubic, 20, 27 
and 27 nm, respectively 

11% ZrC, 23 nm 
>55% graphite content 

[5] 

RF Plasma, H2 
17% tetragonal, 10% 

monoclinic, <5% cubic, 18, 27, 
and 22 nm, respectively 

13% ZrC, 21 nm 
>55% graphite content 

[5] 
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-CH2-NHC(S)NH2 

1400 °C, 8 h, 
2% DVB 

18% tetragonal, 15% 
monoclinic, 15% cubic, 71, 66, 

and 52 nm, respectively 

8% ZrC content, 44 nm 
(32 and 10% graphite 

and amorphous C 
content) 

 

RF plasma, He 
27% tetragonal, 15% 

monoclinic, 11% cubic, 65, 69, 
and 53 nm, respectively 

16% ZrC content, 41 
nm (only graphite is 

present as 
carbonaceous phase) 

 

-CH2-
N(CH2COOH)2, 
ZrOCl2 loaded 

1200 °C, 2 h 15% tetragonal, 11 nm 
75% ZrC, 10 nm 

(no graphite and 10% 
amorphous C content) 

[6] 

-CH2-
N(CH2COOH)2, 
ZrOCl2 loaded 

1400 °C, 8 h 
5% tetragonal/monoclinic=1.92, 

26 nm 

85% ZrC, 14 nm 
(no graphite and 10% 
amorphous C content) 

[6] 

-CH2-
N(CH2COOH)2, Zr-

sulphate loaded 
1400 °C, 8 h 

5% monoclinic/cubic=1.05, 31 
nm 

50% ZrC, 56 nm 
(no graphite and 45% 
amorphous C content) 

[6] 

-CH2-
N(CH2COOH)2, Zr-

nitrate loaded 
1400 °C, 8 h No ZrO2 

95% ZrC, 18 nm 
(5% amorphous C 

content) 
[6] 

-CH2-
N(CH2COOH)2, Zr-

nitrate loaded 
RF plasma, He No ZrO2 

95% ZrC, 62 nm 
(5% graphite) 

[6] 

-CH2-
N(CH2COOH)2, Zr-

nitrate–loaded 
RF plasma, H2 No ZrO2 

90% ZrC, 35 nm 
(10% graphite) 

[6] 

As shown in Table 3, the ZrC content and crystallite size strongly depend on the functional 
groups of the precursor ion exchanger and the carbonization conditions. Thus, the method (tube 
furnace and plasma treatment carbonization) can result in different compositions with various 
ZrO2/ZrC ratios (ESI Figure S5). Different ratios of each ZrO2 modification were found and had 
various crystallite sizes. The functional groups of the anion exchangers were similarly crucial in the 
distribution of ZrC and ZrO2, including the modifications of ZrO2 [48].  

4. Conclusion 

Various composites with different ZrO2 and ZrC content with varying ratios of each ZrO2 
modification were prepared from a ZrOCl2-loaded thiourea-functionalized styrene-divinylbenzene 
copolymer by carbonization in a tube furnace at 1400 °C as well as by in-flight thermal plasma 
treatment of the ZrO2@ sample made at 1000 °C in 2 h. The crystallite sizes of the ZrO2 modifications 
and ZrC strongly depend on the synthesis conditions. The functional groups of the cation exchangers 
are an essential factor in preparing the (ZrO2, ZrX)@composites. The ZrC-containing composites were 
formed from the thiourea-functionalized and ZrOCl2-loaded samples at 1400 °C in 8 h and with in-
flight plasma treatment in He with 8 and 16% ZrC, and 44 and 41 nm ZrC crystallite sizes, 
respectively. The BET surface area of the composite containing ZrC was 115 and 278 m2/g for the 
samples prepared in a tube furnace and by plasma processing, respectively. Carbide formation was 
time-dependent, with no detected ZrC at 1400 °C in 2 h. Lower temperatures (1000–1200 °C) and a 
short reaction time (2 h) resulted in only ZrO2 modifications (tetragonal, monoclinic, and cubic) in 
various ratios and crystallite sizes (65–88 nm) and BET surface areas (15–43 m2/g).  

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. ESI Table S1 Chemical analysis of Zr-loaded thiourea functionalized 
styrene-divinylbenzene copolymer (average of five measurements). ESI Table S2 Raman peak 
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positions (in cm-1) and intensities for (ZrO2)@C and (ZrO2,ZrC)@C composite samples. ESI Figure 1 
FT-IR spectra of the unloaded and Zr-loaded thiourea-functionalized styrene-divinylbenzene 
copolymer. ESI Figure 2 TG-DSC of the of the Zr-loaded thiourea-functionalized styrene-
divinylbenzene copolymer under N2 atmosphere. ESI Figure 3 TG-MS of the Zr-loaded thiourea-
functionalized styrene-divinylbenzene copolymer: Ph-CHCH+ (m/z=103), PhCH+ (m/z=91), C6Hx+ 
(x=3,4,5, m/z=63,64,65) (a), and DVB fragments (m/z=130,129,128) (b). ESI Figure 4 Raman spectra of 
the carbonized Zr-loaded thiourea-functionalized styrene-divinylbenzene copolymer at different 
temperatures and processes. 1000 °C for 2 hours (a), 1200 °C for 2 hours (b), 1400 °C for 2 hours (c), 
1400 °C for 8 hours (d), plasma treated in He atmosphere (e). ESI Figure 5 XRD pattern of the samples 
produced by calcination of the Zr-loaded thiourea-functionalized sstyrene-divinylbenzene 
copolymer 
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