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A B S T R A C T   

Based on the recent interest in oxy-carbide materials in catalysis, we employ a thin film model concept to 
highlight that variation of key reaction parameters in the reactive magnetron sputtering of zirconium carbide 
films (sputtering power, template temperature or reactive plasma environment) under realistic preparation and 
application conditions often results in zirconium oxy-carbide films of varying stoichiometry. The composition of 
the films grown on silicon wafers and in vacuo - cleaved NaCl (001) single crystal facets was confirmed by depth 
profiling X-ray photoelectron spectroscopy and electron microscopy analysis. A correlation between methane-to- 
argon ratio, excess carbon and template temperature with elemental composition emphasizes the exclusive 
presence of oxygen-containing zirconium carbides. To generalize the approach, we also show that embedding of 
highly ordered Cu particles with uniform sizes in zirconium oxy-carbide matrices yields well-defined metal / oxy- 
carbide interfaces. As the presence of an oxy-carbide and its reactivity has been inextricably linked to enhanced 
activity and selectivity in a variety of processes, including hydrogenation, oxidation or reduction reactions, our 
model thin film approach provides the necessary well-defined catalysts to derive mechanistic details and to study 
the decomposition/re-carburization cycles of oxy-carbides. We have exemplified the concept for zirconium oxy- 
carbide, but deliberate extension to similar systems is easily possible.   

1. Introduction 

Transition metal carbides (TMCs) are known as a materials class 
exhibiting unique physical and chemical properties with applications in 
a wide range of research fields including heterogeneous and electro-
catalysis [1,2]. The chemical and physical properties of these so-called 
interstitial alloys, i.e., solid mixtures of transition metals and carbon, 
strictly differ from those of the constituting metals and cause modifi-
cations of their structure and electronic, as well as reactivity properties. 
Transition metal carbides based on group 4–6 transition metals exhibit 
platinum metal group-like electric conductivity and heat capacity, 
which can be explained by a p-d hybridization due to a strong covalent 
bond between carbon and metal [3]. As for tungsten carbide, the strong 
covalent bonds of most other TMCs result in extreme hardness and 
brittleness, as well as in high melting points [4]. Some TMCs show 
catalytic characteristics like the platinum-group metals and thus, exhibit 
activity in reforming, hydrogenation processes or water-gas shift reac-
tion [2,5,6]. Premise for electrocatalytic use of some transition metal 

oxy-carbides, such as ZrO0.31C0.69, is essentially derived from the 
promising electrochemical stability over a wide potential or pH range 
[7]. Several electrochemical studies on C1 (e.g., CO or methanol) and C2 
(ethanol) oxidation, hydrogen evolution or oxygen reduction reactions, 
proved their wide-scale application possibilities [8]. Despite these 
promising prospects, the performance of most of the TMCs is governed 
by their pronounced and unfavorable oxygen affinity and, thus, their 
tendency to form oxy-carbide compounds or thin oxide films at their 
surface that determine the reactivity at the solid/gas or solid/liquid 
interface [9]. In fact, there is an ongoing discussion about the true na-
ture of the catalytically active centers during (electro-) catalytic oper-
ation of TMCs. Therefore, for full appreciation of the possibilities of 
using (oxy-)carbides as catalytic materials, the entire cycle of decom-
position into carbide + oxide in oxidizing environments, as well as 
(oxy-)carbide re-formation in reducing atmospheres needs to be 
assessed. The archetypical oxy-carbide material, which has been in the 
center of attention, is titanium oxy-carbide TiOxCy. Most of its properties 
are already known and led to the conclusion, that it is a promising 
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material to replace carbon as support material in fuel cell applications at 
the solid/liquid interface [10]. Pt particles supported on titanium 
oxy-carbide exhibited enhanced ethanol oxidation properties, with the 
potential use as support in direct ethanol fuel cells [11]. This is mostly 
due to synergistic effects caused by the close proximity between suitable 
titania species and supported catalysts that can lead to an enhancement 
of the overall catalytic activity [12–14], which is often observed for 
compound materials. The carbides of tungsten and molybdenum (mostly 
WC, W2C and Mo2C) have shown an improved hydrogen evolution 
reactivity and have even been found to outperform noble metal catalysts 
in the gas-phase hydrogenation of CO2 [15]. At least for Mo2C, this 
beneficial behavior is due to the presence of a MoO2 surface layer [9]. 

Recently, we have demonstrated the outstanding stability of a Zr oxy- 
carbide material, ZrO0.31C0.69, in reducing gasses, with only limited 
formation of ZrO2 and pronounced electrochemical stability in acidic 
electrolytes – rendering the material a prospective candidate for elec-
trocatalytic reactions at high anodic potentials, including carbon mon-
oxide or even ethanol oxidation [7,16]. 

With respect to zirconium oxy-carbides, the parent zirconium car-
bide phase, ZrC, is a ceramic material with metallic character, and is 
mostly studied due to its ceramic properties, including high hardness, 
good wear resistance, high melting point or high optical emissivity [17, 
18]. Electrochemical studies of ZrC, despite the relatively high electrical 
conductivity, are scarce, although bulk ZrC (possibly covered with a thin 
anodic oxide at the surface) as electrode material displays promising 
stability over a wide potential range for electrochemical oxidation 
processes [7,16] Of all TMC’s, the oxo-philicity of ZrC represents the 
most serious obstacle [19]. As such, preparation of pure oxygen-free ZrC 
is not straightforward and usually, a respective oxy-carbide component 
is at least partially present. Literature reports stability of the 
Zr-oxy-carbides within the limits C/Zr = 0.64 and C/Zr = 0.98. Lower 
C/Zr ratios (i.e., higher oxygen contents) cause oxy-carbide decompo-
sition into carbide and oxide. Recent work showed that the stoichiom-
etry can be controlled via the synthesis protocol, allowing access to 
several zirconium oxy-carbides with the respective stoichiometries be-
tween C/Zr = 0.63 and C/Zr = 0.73 [7,16]. 

With respect to catalytic use in heterogeneous catalysts, the so-called 
material’s gap, associated with the usual inability of inferring micro- 
kinetic mechanistic details from complex and ill-defined materials, 
still poses a serious obstacle in establishing structure-reactivity re-
lationships [20]. The usual way out is the use of more defined model 
systems, making the elucidation of reaction mechanisms much easier 
[20]. In many cases, such model systems are thin film based and can, as 
simplified model systems, provide a more profound way to achieve a 
better understanding of the actual processes at the active sites of the 
catalyst surface [21,22]. This strategy is well-established for a number of 
materials classes relevant in catalytic research, including metals, oxides, 
intermetallic compounds or more complex entities such as metal-oxide 
composites [23–31]. Thin film systems for ZrC materials are 
well-known and have been in the focus from a ceramics point of view for 
decades, with respect to improving coating, hardness, friction or optical 
properties [29–47]. A range of depositions methods has been employed, 
including chemical vapor-deposition (mostly using methane) [30,33,35, 
39,43,45], (reactive) magnetron sputtering [31,34] ion beam sputtering 
[36,37], pulsed laser ablation [32] or carburization techniques [41]. 
Target parameters are usually structure or morphology to steer the 
properties relevant for use as ceramic materials. 

Although it is possible to prepare pure ZrC (thin) films under strict 
oxygen-free atmospheres, e.g., under ultra-high vacuum (UHV) condi-
tions [48,49], one inherent problem not intentionally addressed in most 
of the thin film systems, is the oxy-carbide formation issue [19]. Of 
obvious tremendous importance for the understanding of the mecha-
nistic details of the oxy-carbides’ catalytic operation, the formation of 
simultaneous Zr-C and Zr-O bonds [33], as well as the dissolution of 
oxygen in ZrC matrices to change the optical properties of ZrC [36], are 
reported. The effect of oxygen impurities on the stability and structural 

properties of ordered sub-stoichiometric ZrCx was recently theoretically 
documented [50]. To illustrate the crucial importance of even minute 
amounts of oxygen present in transition metal carbide catalysts, recent 
results on complementary Mo2C methane dry reforming [51] and CO2 
hydrogenation catalysts [52] have indicated that in fact a 
sub-monolayer oxygen coverage (e.g., of 0.67 ML [51]) represents the 
active state of the catalyst. There is, hence, ample evidence, that also 
trace amounts of oxygen in carbide materials significantly affect their 
properties. 

To deliberately prepare Zr-oxy-carbide thin films with potential use 
as model systems in (electro-) catalytic research, we embarked on using 
reactive gas sputter experiments to obtain various thin film stoichio-
metric compositions of the target material [25,26], Hence, we show 
control of stoichiometry through use of specific synthesis protocols that 
can be steered via the preparation conditions. We have recently shown 
the carbon-free preparation of the ZrO2 benchmark system [26]. The 
fully oxygen-free sample could not be prepared due to the extremely 
high oxygen affinity of ZrC and the associated high negative formation 
enthalpy of ZrO2 (ΔHf (ZrO2) = − 1100.6 kJ mol− 1). The preparation and 
characterization is therefore highly influenced by parasitic oxidation 
processes. In this work, the stoichiometry of the films is steered by 
variation of substrate temperature, Zr sputter current, and meth-
ane/argon/oxygen ratio. We specifically also show the capabilities of 
our synthesis approach in the preparation of copper particles embedded 
in a Zr oxy-carbide matrix, giving rise to structural steering of the metal 
– oxy-carbide interface. Due to the well-defined copper particle size and 
local distribution, it represents a promising pathway for the synthesis of 
oxy-carbide - supported metal catalysts with potential use as new elec-
trode materials for e.g., hydrogen generation. Metal/carbide interfaces 
are increasingly studied with respect to gas-phase and electro-catalytic 
applications [2,53–55]. To connect bulk and surface characterization, 
we rely on state-of-the-art electron microscopy and X-ray photoelectron 
spectroscopy evaluation. 

2. Experimental 

2.1. Zr oxy-carbide thin film preparation 

All thin film preparation steps have been carried out using an ultra- 
flexible and highly modular vacuum setup, described in full detail in 
Ref. [25]. The core of the reactive magnetron sputtering setup is a quartz 
glass cross piece, to which the magnetron sputter device is attached, and 
which is pumped by a Leybold TURBOVAC 361 turbomolecular/ Ley-
bold TRIVAC D16B rotary vane pump combination. A base pressure of 5 
× 10− 7 mbar is approached within 10 min of operation and measured by 
Pirani and ionization gage manometers. As relatively high pressures 
between 1 × 10− 3 mbar and 1 × 10− 2 mbar are required to ignite and 
maintain the argon plasma, throttling of the pumping speed and gas 
throughput by a gate valve was necessary to keep the turbo pump from a 
too high gas load. For reactive sputtering, two gas-dosing valves allow 
the introduction of various gasses into the chamber away from the 
plasma. To limit the reaction to the formed thin film, the gasses are 
therefore not introduced directly into the plasma. An additional gas port 
in the flange of the magnetron sputter source, connected to the gas in-
jection ring of the sputter source, leads the sputter gas argon directly to 
the sputter target. This facilitates the ignition, keeps the plasma at much 
lower overall chamber pressures, and a higher pressure is only locally 
obtained. The magnetron sputter source is a Kurt J. Lesker Torus 2 HV, 
capable of operating targets of 50.8 mm in diameter. For the experi-
ments discussed in this manuscript, the zirconium oxy-carbide films 
were deposited by reactive magnetron sputtering of a metallic Zr foil 
(Alfa Aesar 99.99%, 0.125 mm thickness) placed onto a metallic backing 
plate. Pure argon was supplied through the gas injection ring, while the 
rest of the chamber was backfilled with defined pressures of either 
methane or oxygen to eventually steer the composition of the resulting 
deposited thin film. All films were deposited onto polycrystalline Si 
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wafers at substrate temperatures between 300 ◦C and 500 ◦C, powers 
between 15 W and 50 W and total sputtering times between 30 min and 
480 min. 

In case of the preparation of Cu/Zr-oxy-carbide thin films, Cu was 
first deposited by thermal evaporation, followed by preparation of the 
zirconium oxy-carbide film as described above. The purity of the films 
on the Si wafers were checked by X-ray photoelectron spectroscopy 
survey scans and subjected to further structural and spectroscopic 
characterization. TEM samples were prepared by following a similar 
experimental procedure, but deposition was carried out on vacuum- 
cleaved NaCl (001) single crystal facets. Subsequent dissolution of 
NaCl in distilled water yielded self-supporting thin films suitable for 
transmission electron microscopy. This experimental approach, as well 
as the structural and spectroscopic correlation using different substrates 
has been documented in various studies over the past years [27,56,57]. 

2.2. Transmission electron microscopy 

Elemental and structural analysis was performed by electron mi-
croscopy and EDX spectroscopy. The transmission electron microscopic 
(TEM) investigations were performed using a FEI TECNAI F20 field 
emission TEM operated at 200 kV, equipped with a high angle annular 
dark-field (HAADF) STEM detector, an Apollo XLTW SDD X-ray detector 
and a GATAN GIF Tridiem image filter. The spatial resolution of the EDX 
maps is about 1 nm. Electron energy loss spectroscopy was performed to 
study the chemical environment of Zr and to determine the film 
thickness. 

2.3. X-ray photoelectron spectroscopy 

A Thermo Scientific MultiLab 2000 spectrometer with an Alpha 110 
hemispherical sector analyzer and a monochromatic Al Kα X-ray gun was 
employed for the XPS investigations (E = 1486.4 eV). A flood gun 
supplied electrons with a kinetic energy of 6 eV for charge compensation 
and the base pressure was kept in the low 10− 9 mbar range. 

High-resolution scans of the most relevant regions were recorded 
with a pass energy of 20 eV and an energy step size of 0.05 eV. For 
background correction, a Shirley-type function is utilized. The quanti-
tative determination of the surface composition is based on high- 
resolution spectra of the Zr 3d and C 1s regions the relative sensitivity 
factors (RSFs). To account for the different inelastic mean free paths, the 
predictive G1 formula according to Gries [38] was utilized. Details 
regarding the fitting procedure are given in Tables 1 and 2. 

The amount of ZrCx, ZrOx and Cexcess was calculated from the overall 
atomic composition and the deconvoluted high-resolution (HR) spectra. 
Firstly, the amount of Ccarbidic and Cexcess was calculated from the 
deconvoluted C 1s spectra: 

CCarbidic(at.%) = Ccarbidic(Fit) ∗ C(at.%)

CExcess(at.%) = CExcess(Fit) ∗ C(at.%)

The atomic fraction of ZrOx was, thus, calculated as follows: 

Zroxidic(at.%) = (100 − ZrCarbidic(Fit)) ∗
Zr (at.%)

100 

This directly leads to the normalized atomic ratios of the species, e.g. 

ZrCx = 100 ∗
CCarbidic(at.%)

CCarbidic(at.%) + CExcess(at.%) + Zroxidic(at.%)

All thin films were used in the as-prepared state. No Ar sputtering to 
remove native oxygen layers from the films has been performed to limit 
the impact of Ar sputtering on the thin film composition. 

3. Results 

3.1. Challenges in the preparation of zirconium oxy-carbide films 

With respect to the understanding of zirconium oxy-carbide mate-
rials and films, special focus was put on elucidating the micro-kinetic 
reaction steps. It is now accepted, that ZrCx is sub-stoichiometric in 
carbon (0.7 < x < 0.98) [58,59], and that the carbo-thermal reduction of 
ZrO2 leads to a zirconium oxy-carbide species [41]. In these compounds, 
the oxygen atoms are found in the octahedral position of the Zr lattice 
and are stepwise substituted by carbon [42,59,60]. The resulting stoi-
chiometry ZrOxCy is strongly dependent on the synthesis conditions (e. 
g., temperature or partial pressure of reactants) [41]. These consider-
ations are equally important for the thin film preparation pathway dis-
cussed in this manuscript. Due to the strong getter effect of zirconium, 
we expect the carburization of (sub-stoichiometric) ZrO2-x and the for-
mation of the ZrOxCy as reported for the carburization of powder ZrO2 
[61] instead of direct carburization of zirconium metal. The detailed 
reaction mechanism of ZrO2 is complex, and several intermediate Zr 
oxy-carbide species are reported before the final ZrOxCy stoichiometry is 
reached. It involves two major steps, the reductive carburization of ZrO2 
and the subsequent carbon oxidation to CO. The latter reaction is 
crucial, as especially excess carbon formation is common in zirconium 
carbide thin films. Also, the presence of additional ZrO2-x phases has 
been reported [62,63]. 

In summary, the challenges to reproducibly prepare zirconium oxy- 
carbide films with a continuous stoichiometry are considerable and it 
is of utmost importance to pinpoint the surface and bulk stoichiometry 
by e.g., dedicated XPS quantification through sputter depth profiling. 

3.2. Correlation of zirconium oxy-carbide stoichiometry with key sputter 
parameters: Surface chemical analysis and depth profiling by X-ray 
photoelectron spectroscopy 

To highlight the capability of our approach, Fig. 1 exhibits a full set 

Table 1 
Detailed XPS fitting parameters and constraints of the high-resolution (HR) spectra of Fig. 3.  

Sample Position [FWHM] / eV 

CH4 Position Zrcarbidic,5/2 Zrcarbidic,3/2 Zroxidic,5/2 Zroxidic,3/2 Zrsuboxidic,5/2 Zrsuboxidic,3/2 Cexcess Ccarbidic 

5 Surface 179.3 [1.2] 181.7 [1.2] 182. 5 [1.5] 184.9 [2.5] n.d. n.d. 285.0 [1.6] 281.5 [0.8] 
5 Bulk 179.3 [1.1] 181.7 [1.1] 182.5 [2.0] 184.9 [2.0] 180.6 [1.9] 183.0 [1.0] n.d. 282.0 [1.4] 
10 Surface 179.3 [1.2] 181.7 [1.2] 182.4 [1.6] 184.8 [1.6] n.d. n.d. 284.9 [1.6] 281.6 [1.2] 
10 Bulk 179.3 [1.2] 181.7 [1.2] 182.3 [2.0] 184.7 [2.0] 180.6 [2.0] 183.0 [2.0] 284.2 [1.6] 282.0 [1.2] 
15 Surface 139.3 [1.2] 181.7 [1.2] 182.1 [1.5] 184.5 [1.5] n.d. n.d. 284.5 [1.6] 281.8 [1.2] 
15 Bulk 179.3 [1.1] 181.7 [1.1] 182.6 [2.0] 185.0 [2.0] 180.5 [2.0] 182.9 [2.0] 284.1 [1.6] 282.2 [1.2] 
20 Surface 139.3 [1.2] 181.7 [1.2] 182.1 [1.5] 184.5 [1.5] n.d. n.d. 284.4 [1.5] 281.4 [1.2] 
20 Bulk 139.3 [1.2] 181.7 [1.2] 182.3 [2.0] 184.7 [2.0] 180.8 [2.0] 183.2 [2.0] 284.2 [1.7] 282.2 [1.1] 
Constraints Lineshape GL(30)0T(1.3) GL(30)T(1.3) GL(30) GL(30) GL(30) GL(30) GL(30) GL(30)T(1.3) 

Assymmetry 0.335 0.335 0 0 0 0 0 0.335 
Binding Energy 179.3 Zr,5/2 + 2.4 arbitrary Zr,5/2 + 2.4 arbitrary Zr,5/2 + 2.4 arbitrary arbitrary 
FWHM 0.9 – 1.2 Zr,5/2 * 1 1.4 – 2.0 Zr,5/2 * 1 1.4 – 2.0 Zr,5/2 * 1 1.5 – 1.7 0.8 – 1.4  
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of surface-chemical analysis alongside depth profiling of a representa-
tive zirconium oxy-carbide thin film using exemplary fixed preparation 
conditions (Pmagnetron = 30 W, pCH4 = 5 × 10− 4 mbar, T = 500 ◦C). This 
analysis has been performed for all thin films discussed in this manu-
script. Fig. 1A shows the depth profiling data that were acquired in 
sequential sputtering steps and Panel B a set of high-resolution Zr 3d and 
C 1s XP spectra, that were used to identify the individual components of 
each element. In Panel C, the exemplary deconvolution into individual 
species is highlighted. Possible preferential sputtering effects in this 
system selectively removing reactive oxygen from ZrO2 targets during 
depth profiling, leading to partially reduced ZrO2-x species, are explicitly 
taken into account and fitted in all XPS data analysis [25] 

As a first result, as derived from the exemplary fits used for the 
detailed analysis of the film shown in Fig. 1, we note that the concen-
tration of oxygen and carbon at the surface is around 15 at.% higher as 
compared to the bulk, while the amount of zirconium at the surface is 
substantially lower than in the bulk. We address this to adsorption of 
oxygenate species during contact to ambient while transferring the 
samples from the magnetron sputtering device to the X-ray 

spectrometer. However, at a certain sample depth of around 5 nm 
(corresponding to ~1000s sputter time), the atomic concentrations of all 
elements almost saturate and indicate a uniform Zr-O-C composition. 
This is a general trend for all zirconium oxy-carbide thin films. The same 
effect is visible in the high-resolution Zr 3d and C 1s XP spectra (Panel 
B). The purely oxidic Zr component has diminished considerably after 
1000s of sputtering and is gradually replaced by an oxy-carbidic Zr 
species, as also in deeper regions a considerable oxygen concentration is 
prevalent. After 1000s of sputtering, the thin film composition reaches a 
steady value also in the high-resolution spectra. The terms “carbidic” 
and “oxidic” are hereby used to emphasize the dominant character of the 
respective compound and should not be viewed as either pure carbide or 
oxide. The same trend is observed in the C 1s spectra, where the carbidic 
component also rises upon sputtering to deeper layers. Excess carbon, 
which represents unreacted surface-bound carbon from the preparation 
and transfer processes also vanishes in deeper layers. A clear change 
from a surface stable oxidic Zr phase (Zr3d5/2 at 182.5 eV and Zr3d3/2 at 
185 eV) with excess sp3 carbon (C1s at 284.9 eV) to a more carbidic 
(Zr3d5/2 at 179.3 eV and Zr3d3/2 at 181.7 eV) bulk region is observed 

Table 2 
Detailed fitting parameter and constraints of the high-resolution XP spectra presented in Fig. 4.  

Sample Position [FWHM] / eV 

T / ◦C Position Zrcarbidic,5/2 Zrcarbidic,3/2 Zroxidic,5/2 Zroxidic,3/2 Zrsuboxidic,5/2 Zrsuboxidic,3/2 Cexcess Ccarbidic 

300 Surface 179.3 [1.2] 181.7 [1.2] 182. 5 [1.5] 184.9 [2.5] n.d. n.d. 285.0 [1.6] 281.5 [0.8] 
300 Bulk 179.3 [1.1] 181.7 [1.1] 182.5 [2.0] 184.9 [2.0] 180.6 [1.9] 183.0 [1.0] n.d. 282.0 [1.4] 
500 Surface 179.3 [1.1] 181.7 [1.1] 182.8 [1.4] 185.2 [1.4] n.d. n.d. 285.5 [1.6] 281.7 [1.0] 
500 Bulk 179.3 [1.0] 181.7 [1.0] 182.7 [1.8] 185.1 [1.8] 180.6 [1.9] 183.0 [1.9] 285.1 [1.6] 281.9 [1.1] 
Constraints Lineshape GL(30)0T(1.3) GL(30)T(1.3) GL(30) GL(30) GL(30) GL(30) GL(30) GL(30)T(1.3) 

Assymmetry 0.335 0.335 0 0 0 0 0 0.335 
Binding Energy 179.3 Zr,5/2 + 2.4 arbitrary Zr,5/2 + 2.4 arbitrary Zr,5/2 + 2.4 arbitrary arbitrary 
FWHM 0.9 – 1.2 Zr,5/2 * 1 1.4 – 2.0 Zr,5/2 * 1 1.4 – 2.0 Zr,5/2 * 1 1.5 – 1.7 0.8 – 1.4  

Fig. 1. Full set of X-ray photoelectron spec-
troscopy analysis data for a representative 
zirconium oxy-carbide film deposited under 
the following conditions: Pmagnetron = 30 W, 
pCH4 = 5 × 10− 4 mbar, T = 500 ◦C. Panel A: 
Depth profile of the film composition; Panel B: 
Sequence of high-resolution Zr 3d and C 1s XP 
spectra collected at different sample depths 
from the surface (dark red lines) to around 
200 nm (light red lines); Panel C: Direct 
comparison of surface and bulk high- 
resolution Zr 3d and C 1s XP spectra 
including deconvolution into Zroxidic (blue), 
ZrCarbidic (orange), Zrsuboxidic (violet), C-C 
(green) and Ccarbidic (orange) species to high-
light the presence of individual components.   
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[35,64,65]. 
The deconvoluted high-resolution spectra in Panel C display the 

difference between surface (left side) and bulk (right side) and include 
all present component fits. Oxide-related peak fits were conducted with 
a convoluted Gauss-Lorentz GL(30) function, while carbide related 
peaks have been fitted with the asymmetrical function GL(30)T(1.3). 
More details are given in Section 2.3. The overall picture is hereby the 
same as in the waterfall plots in Panel B, but the deconvolution allows 
better determination of the chemical state of Zr and C. Additionally to 
the expected oxide and carbide related signals, also peaks assigned to Zr 
sub-oxidic Zr species arise, which result from preferential reactive ox-
ygen sputtering. Although we are aware of the fact, that especially for 
thin film/interfacial ZrO2-x species several sub-stoichiometric compo-
nents can be discriminated [66], we opted to fit all sub-stoichiometric 
ZrO2-x species in our case with one Zr 3d doublet only without losing 
essential information. As preferential sputtering of carbon or zirconium 
is not an issue under the preparation conditions applied here [26,67] 
and surface and bulk spectra are shown and accordingly discussed in 
internal comparison only, the quantification of the species is reliable. 
The O1s signal (Fig. 2) clearly reveals the presence of oxygen in all 
layers/depths of the film. 

The systematic extension of the parameter room for the carbo-
thermal conversion to different methane-to-argon ratios and template 
temperatures is highlighted in the following to show the universality of 
the oxy-carbide formation concept, based on complete sets of XP spectra 
used for this evaluation in Figs. 3 and 4 (top row). The resulting quan-
tification of the thin film composition is given in Figs. 3 and 4 Panel A–C 
(bottom row), respectively. 

To highlight the dependence of the ZrOxCy stoichiometry on the 
methane concentration (Fig. 3 Panel A–C), the methane concentration 
was increased from pCH4:pAr = 5:95 to 20:80 (see Fig. 1). The sputtering 
power and template temperature were kept constant (Pmagnetron = 50 W, 

Tsubstrate = 300 ◦C). As expected, higher methane concentrations result 
in more excess carbon both at the surface, as well as in the bulk, as 
inferred from the respective C 1s region (left side of the graph). The 
surface composition appears comparably constant, whereas more 
changes are observed in bulk regions, i.e., in deeper layers the Zrcarbidic: 
Zroxidic ratio rises along with the excess carbon with increasing methane 
concentration. At the highest methane concentrations, more excess 
carbon in relation to carbide is expectedly present. The same trend is 
observed in the Zr 3d spectra. Both oxidic and carbidic Zr components 
are visible at the surface and in deeper layers of the film. The respective 
quantification is summarized in Table 3. 

At higher methane concentrations, excess carbon is increasingly 
dominant in bulk regions, ranging from 0 at.% at 5% methane to 57.7 at. 
% at 20% methane. At similar sputter speeds, this indicates that not all 
carbon can be converted into an oxy-carbide by reaction with zirconium, 
despite the high sputter power and argon partial pressure. The bulk 
zirconium oxy-carbide content is accordingly decreasing. The best 
conversion, i.e., lowest amount of excess carbon with at the same time 
highest oxy-carbide content, is reached at the lowest methane concen-
tration of 5%. As it is essentially devoid of bulk excess carbon, it rep-
resents pure zirconium oxy-carbide in the bulk. Interestingly, the ratio of 
Zrcarbidic:Zroxidic changes drastically with increasing methane concen-
tration: it increases from 1.2 at 5% methane to ~1.5 at 10% methane, to 
~ 2.2 at 15% methane and 3.4 at 20% methane. As the most important 
information from the methane variation series, we note that even under 
strong carburizing conditions at the highest methane concentrations, 
oxygen is still detected in the deepest sputtered layers (at around 100 
nm). This directly confirms the presence of zirconium oxy-carbide in the 
bulk. 

The results, thus, indicate an oxy-carbide surface layer, which is 
more oxidic than carbidic in nature. Due to the propensity of zirconium 
to form a very stable passivating oxide layer upon contact to air [68], 
this is reasonable. This logically follows from the fact that the cubic 
zirconium carbide structure is known to be only stable as a 
sub-stoichiometric compound, creating a high number of defect sites 
acting as possible oxidation sites [69,70]. We never detected pure zir-
conium carbide at the surface under ambient conditions. Most impor-
tantly, at all methane concentrations and even after depth profiling, 
zirconium is never present as a pure carbide, but rather as an 
oxy-carbide in the bulk. The oxidation of zirconium carbide on the 
surface is known to proceed via microscopic cracks and pores [71], 
which render deeper layers also accessible to oxidation. It also has been 
reported that the pervasive presence of oxygen in the structure, i.e., the 
presence of oxy-carbides, represents a pre-state before full oxidation to 
ZrO2 [72]. Putting these results into literature perspective, two major 
obstacles are generally present in zirconium oxy-carbide (thin film) 
material characterization. Firstly, it is not straightforward to structurally 
distinguish ZrCx and ZrCxOy due to their similar structural properties. 
Secondly, oxygen contamination must be completely suppressed to 
synthesize pure zirconium carbide, which is notoriously hard to avoid 
[70]. For the industrially most common carbo-reduction route to pow-
der zirconium carbide, it is proposed that the obtained product is rather 
an oxy-carbide phase with oxygen atoms located at the octahedral po-
sition within the zirconium carbide lattice (therefore representing a 
solid solution of ZrO and ZrC) [41]. Based on our results, this seems to be 
also the case for sputtered ZrC thin films, which are still mostly declared 
as pure zirconium carbide films in literature, despite the clear presence 
of oxidized zirconium carbide species [18,31,34,37,73,74]. This insight 
has been indicated in some studies [69,71], and is validated by our 
findings. 

The influence of the template temperature on the composition of 
zirconium oxy-carbide thin films has been exemplarily assessed quan-
titatively for template temperatures of 300 ◦C and 500 ◦C (Fig. 4, 
quantification in Table 2 and 3. The bulk spectra reveal more carbidic 
zirconium and additional Zr sub-oxides, while the respective surface 
spectra generally display more excess carbon and completely oxidized 

Fig. 2. O 1s waterfall plot for a zirconium carbide thin film deposited at 
following conditions: Pmagnetron = 30 W, pCH4 = 5 × 10− 4 mbar, T = 500 ◦C (cf. 
Fig. 1). The sputter time increases from 0 s (darkest red line, surface) to around 
7500 s (sample depth around 200 nm, lightest red line). Color code for depth 
variation as in Fig. 1. 
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zirconium. The film deposited at 300 ◦C shows substantially higher 
carbide signals compared to that deposited at 500 ◦C, which reveals 
more excess carbon. Both surface and bulk compositions vary with 
varying template temperature. Especially the bulk composition analysis 
at 500 ◦C reveals a lower reaction rate towards zirconium oxy-carbide 
and ~20 at-% excess carbon, while no excess carbon is detected at 
300 ◦C. We tentatively address this phenomenon to the complex depo-
sition mechanism during reactive magnetron sputtering of metal car-
bides and its strong temperature dependence [31]. However, apart from 
the mechanistic details, which are not yet understood in full detail, we 
emphasize that all zirconium carbide species were always accompanied 
by bulk oxygen, either as (sub)oxide or interstitially bonded oxygen. 
This zirconium oxy-carbide material is present under all preparation 
conditions, especially in the bulk. 

3.3. Structural and morphological characterization 

Structural characterization of the zirconium oxy-carbide thin films is 
essentially based on electron microscopy. Fig. 5 highlights the TEM 
characterization for two representative sets of Zr-O-C thin film prepa-
ration. All films are represented by a small-grain structure (Fig. 5A) with 
a low contrast in the TEM images. The previously discussed excess 
carbon is also visible, decorating the film edges (marked by a black 
arrow). As indicated in Fig. 5B, the films are mostly polycrystalline, and 
over extended patches, distinct lattice fringes with a spacing of ~2.7 Å 
indicate the presence of the (111) lattice planes of the parent cubic ZrC 

structure. The EEL spectrum shown as inset in Fig. 3B closely matches 
that of an oxidized zirconium compound in the oxidation state +4. As we 
have laid out in the previous section, all films without exception feature 
the presence of (bulk) oxygen typically within a few sputtered layers. 
This is now directly corroborated by the HAADF/EDX mapping experi-
ments shown in Fig. 5C and D. While the interpretation of the HAADF is 
not straightforward and mostly shows thickness variations, the EDX 
mapping with the overlay of the Zr-K, O-K and C-K edge intensities re-
veals a homogeneous distribution of all constituting elements, strongly 
pointing towards a zirconium oxy-carbide phase. Therefore, the lattice 
fringes in Panels B are assigned a zirconium oxy-carbide, not ZrC, in line 
with the XPS results discussed above. As the zirconium oxy-carbide 
structure is mainly derived from an elongation of the lattice constants 
of ZrC due to the interstitial oxygen, the unambiguous assignment solely 
based on the lattice spacings analysis is difficult. Only by combination 
with XPS and EDX, the presence of the zirconium oxy-carbide structure 
is directly revealed. 

To extend the characterization and to further show the strength of 
our thin film approach, we have deliberately used the zirconium oxy- 
carbide thin films as matrix to embed small metal particles and to 
thus, create a defined metal-zirconium oxy-carbide interface. Due to the 
potential use as electro-catalytic material, we have opted for copper as a 
first metal to provide the proof-of-principle. 

The electron microscopy analysis of the Cu/zirconium oxy-carbide 
composite is outlined in Fig. 6. Fig. 6A reveals the outstandingly or-
dered array of sphere-shaped Cu particles with a size of around 5 nm and 

Fig. 3. Top row: XPS overview chart of zirco-
nium oxy-carbide thin films grown with 
different methane-to-argon ratios. Topmost 
row: pCH4:pAr = 5:95; second row from the top: 
pCH4:pAr = 10:90; third row from the top: pCH4: 
pAr = 15:85; bottom row: pCH4:pAr = 20:80. 
Surface and bulk spectra (at around 20 nm 
depth) of the C1s and Zr 3d region are decon-
voluted to highlight the Zroxidic (blue), ZrCarbidic 
(orange), Zrsuboxidic (violet), C-C (green) and 
Ccarbidic (orange) species present in the thin 
films. Bottom row: Panel A – C: Detailed 
quantitative analysis of the X-ray showing the 
dependence of the zirconium oxy-carbide stoi-
chiometry on the methane concentration. Fixed 
synthesis parameters: Pmagnetron = 50 W and 
Tsubstrate = 300 ◦C.   
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the peculiar triangular-shaped morphology of the zirconium oxy-carbide 
matrix. This is best seen in the insets in Fig. 6A (bright-field image upper 
right corner, HAADF image in the lower left corner). As we deposit Cu on 
the NaCl (001) cleave faces before embedding them in the zirconium 
oxy-carbide matrix and all structures exhibit cubic lattices, we might 
speculate about the epitaxial stabilization of this triangular structure by 
the pre-deposited Cu. High-resolution imaging (Fig. 4B) reveals Cu (111) 
lattice spacings on the round particles and zirconium oxy-carbide (111) 
lattice fringes on the triangular grains. The presence of the latter is also 
revealed in the SAED patterns shown as inset. Due to the high ordering 
of both Cu and zirconium oxy-carbide, the interface is also well-ordered 
and perfectly suited to study its properties from a mechanistic point of 
view. In fact, the HAADF image in Panel C even exposes the regular 
three-dimensional tetrahedral shape of the zirconium oxy-carbide 

grains, which are accordingly decorated with the Cu particles. Again, 
the EDX mapping strongly suggests the presence of a zirconium oxy- 
carbide and not ZrC, as the Zr-K, O-K and C-K intensities follow the 
HAADF derived morphology, and their locations match very closely. The 
Cu-K intensity map reveals a slightly higher intensity at the grain 
boundaries of the tetrahedral crystallites, suggesting these as the pre-
dominant attachment locations. 

4. Conclusions 

Varying the preparation parameters during reactive magnetron 
sputtering preparation of zirconium carbide without exception results in 
zirconium oxy-carbide film formation. It is extremely difficult under 
typical preparation and typical application conditions to prepare a pure 
Zr carbide. Although pure Zr carbide films can be prepared under strictly 
oxygen-free atmospheres, by reviewing the relevant literature, we sug-
gest that the presence of a zirconium oxy-carbide is very likely in many 
cases, even if the samples are in fact termed “zirconium carbide”. The 
reason is the very close structural match of the cubic zirconium carbide 
and a zirconium oxy-carbide with oxygen located at interstitial sites. We 
suggest that the surface is inherently oxidized, whereas the bulk is 
composed of zirconium oxide and a solution of zirconium sub-oxides and 
carbide (“zirconium oxy-carbide”), with a pervasive presence of oxygen 
throughout the thin film. 

As the decomposition of the oxy-carbide under oxidative environ-
ments and the (partial) re-carburization in reductive environments is at 
the epicenter of catalytic activity, the results will provide a guideline for 
use of such oxy-carbide materials in heterogeneous- and electro- 
catalysis. For structure-activity correlations, the use of model systems 
is imperative. The pure and Cu-modified zirconium oxy-carbide thin 

Fig. 4. Top row: XPS overview chart for the 
zirconium oxy-carbide thin film series resulting 
from template temperature variation at 300 ◦C 
(topmost row) and 500 ◦C (second row from the 
top). The surface and bulk spectra (at a depth of 
20 nm) for C 1 s and Zr 3d are shown alongside 
their deconvolution, respectively. Bottom row: 
Panel A – C: Detailed quantitative analysis of 
the X-ray photoelectron spectra showing the 
dependence of the zirconium oxy-carbide stoi-
chiometry on the template temperature. Lines 
between points are shown as guide to the eye. 
Fixed synthesis parameters: Pmagnetron = 50 W 
and pmethane = 5 × 10− 4 mbar.   

Table 3 
Quantification of the XP spectra series collected for the methane pressure and 
template temperature variation as shown in Figs. 3 and 4.  

Methane Concentration Variation Template Temperature Variation 

surface bulk /atomic ratio% surface bulk /atomic ratio% 

CH4 /% Zrcarbidic Zroxidic Cexcess T /◦C Zrcarbidic Zroxidic Cexcess 

5 11.0 
53.5 

20.4 
46.5 

68.6 
0 

300 11.0 
53.5 

20.4 
46.4 

68.6 
0 

10 10.4 
44.5 

20.0 
29.7 

69.7 
25.8 

500 5.0 
29.2 

24.8 
49.7 

70.3 
21.1 

15 5.5 
39.8 

20.6 
17.7 

73.9 
42.6     

20 5.4 
33.1 

11.5 
9.7 

83.1 
57.2      
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films with highly defined metal/oxy-carbide interface are perfect 
models in this respect and allow for easy preparation and extension to 
similar metal – oxy-carbide materials. 
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analysis. Johannes Bernardi: Formal analysis. Julia Kunze- 
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Fig. 5. Electron microscopy characterization of 
pure and self-supporting Zr oxy-carbide thin 
films (P = 30 W, Ttemplate = 500 ◦C, pCH4:pAr =

10:90). Panel A: Bright-field overview TEM 
image of the thin edge of a zirconium oxy- 
carbide film. The amorphous excess carbon 
decorating the film edge is marked by a black 
arrow. Panel B: High-resolution image of the 
zirconium oxy-carbide displaying (111) re-
flections. Inset: Electron-energy loss spectrum 
of the zirconium oxy-carbide film. Panel C: 
HAADF image of the zirconium oxy-carbide 
film. Panel D: EDX mapping of the film shown 
in Panel E using an overlay of Zr-K (yellow), 
O–K (blue) and C–K (red) edge intensities. The 
scale bar in Panel C also applies to Panel D.   

Fig. 6. Structural and spectroscopic TEM 
characterization of the Cu-zirconium oxy-car-
bide thin film (parameters for the zirconium 
oxy-carbide thin film: P = 30 W, Ttemplate =

500 ◦C, pCH4:pAr = 10:90). Panel A: Overview 
TEM image. Insets show an enlarged view of 
one Cu-decorated triangular-shaped ZrOxCy 
grain, as well as the corresponding HAADF 
image of the same region. Panel B: High- 
resolution images of a single triangular-shaped 
zirconium oxy-carbide grain (main Panel), as 
well as a Cu particle (inset). The SAED pattern 
is featured in the lower right corner alongside a 
particle size statistic based on the count of 100 
particles in the upper right corner. Panel C: 
STEM-EDX analysis of the Cu-zirconium oxy- 
carbide thin film based on the Zr-K, C-K, O-K 
and Cu-K intensities. The yellow triangle marks 
the same tetrahedral zirconium oxy-carbide 
particle. Template temperature of Cu deposi-
tion: 500 ◦C.   
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[24] P. Lackner, J. Hulva, E.M. Köck, W. Mayr-Schmölzer, J.I.J. Choi, S. Penner, 
U. Diebold, F. Mittendorfer, J. Redinger, B. Klötzer, G.S. Parkinson, M. Schmid, 
Water adsorption at zirconia: from the ZrO2(111)/Pt3Zr(0001) model system to 
powder samples, J. Mater. Chem. A 6 (2018) 17587–17601, https://doi.org/ 
10.1039/C8TA04137G. 
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[56] T. Götsch, L. Mayr, M. Stöger-Pollach, B. Klötzer, S. Penner, Preparation and 
characterization of epitaxially grown unsupported yttria-stabilized zirconia (YSZ) 
thin films, Appl. Surf. Sci. 331 (2015) 427–436, https://doi.org/10.1016/j. 
apsusc.2015.01.068. 

[57] R. Thalinger, M. Pollach, B. Klötzer, S. Penner, Thin film model systems of ZrO2 
and Y2O3 as templates for potential industrial applications investigated by electron 
microscopy, Mater. Chem. Phys. 138 (2013) 384–391, https://doi.org/10.1016/j. 
matchemphys.2012.11.071. 

[58] A. Ouensaga, M. Dode, Study of oxygen solubility in zirconium carbide at 1555◦C 
with free carbon and thermodynamical equilibrium conditions, Rev. Int. Hautes 
Temp. Refract. 11 (1974) 35–39. 

[59] F.B. Baker, E.K. Storms, C.E. Holly Jr., Enthalpy of formation of zirconium carbide, 
J. Chem. Eng. Data 14 (1969) 244–246, https://doi.org/10.1021/je60041a034. 

[60] A.I. Gusev, A.A. Rempel, A.J. Magerl, Disorder and Order in Strongly 
Nonstoichiometric Compounds, Springer, 2011. 

[61] F. Kazemi, F. Arianpour, H. Rezaie, Kinetic study of carbothermal reduction of 
zirconia under vacuum condition, J. Therm. Anal. Calorim. 139 (2019) 67–73, 
https://doi.org/10.1007/s10973-019-08368-5. 

[62] L.M. Berger, W. Gruner, E. Langholf, S. Stolle, On the mechanism of carbo-thermal 
reduction processes of TiO2 and ZrO2, Int. J. Refract. Met. Hard Mater. 17 (1999) 
235–243, https://doi.org/10.1016/S0263-4368(98)00077-8. 

[63] A. Maitre, P. Lefort, Solid state reaction of zirconia with carbon, Solid State Ion. 
104 (1997) 109–122, https://doi.org/10.1016/S0167-2738(97)00398-6. 

[64] S. Kato, K.I. Ozawa, K. Edamoto, S. Otani, Photoelectron spectroscopy study of the 
oxidation of ZrC(100), Jpn. J. Appl. Phys. 39 (2000) 5217, https://doi.org/ 
10.1143/JJAP.39.5217. 

[65] NIST X-ray Photoelectron Spectroscopy Database, National Institute of Standards 
and Technology, Gaithersburg MD, 2000, p. 20899. NIST Standard Reference 
Database Number 20. 

[66] I. Bespalov, M. Datler, S. Buhr, W. Drachsel, G. Rupprechter, Y. Suchorski, Initial 
stages of oxide formation on the Zr surface at low oxygen pressure: an in situ fim 
and XPS study, Ultramiscroscopy 159 (2015) 147–151, https://doi.org/10.1016/j. 
ultramic.2015.02.016. 

[67] G. Greczynski, L. Hultman, Towards reliable X-ray photoelectron spectroscopy: 
sputter-damage effects in transition metal borides, carbides, nitrides, and oxides, 
Appl. Surf. Sci. 542 (2021), 148599, https://doi.org/10.1016/j. 
apsusc.2020.148599. 

[68] H. Andren, L. Mattsson, U. Rolander, Atom-probe analysis of zircaloy, J. Phys. 47 
(191) (1986) 196, https://doi.org/10.1051/jphyscol:1986228. 

[69] H.F. Jackson, W.E. Lee, R. Konigs, R. Stoller, Properties and characteristics of ZrC, 
in: Comprehensive Nuclear Materials, 1st ed., 2, Elsevier, 2012, pp. 339–372. 

[70] Y. Zhang, B. Liu, J. Wang, Self-assembly of carbon vacancies in sub-stoichiometric 
ZrC1− x, Sci. Rep. 5 (2016) 18098, https://doi.org/10.1038/srep18098. 

[71] C. Gasparrini, C.J. Richard, D. Horlait, L. Vandeperre, W.E. Lee, Zirconium carbide 
oxidation: kinetics and oxygen diffusion through the intermediate layer, J. Am. 
Chem. Soc. 101 (2018) 2638–2652, https://doi.org/10.1111/jace.15479. 

[72] R.G.A. Rao, V. Venugopal, Kinetics and mechanism of the oxidation of ZrC, 
J. Alloy. Compd. 206 (1994) 237–242, https://doi.org/10.1016/0925-8388(94) 
90042-6. 

[73] C. Gasparrini, D. Rana, N. Le Brun, D. Horlait, C.N. Markides, I. Farnan, W.E. Lee, 
On the stoichiometry of zirconium carbide, Sci. Rep. 10 (2020) 6347, https://doi. 
org/10.1038/s41598-020-63037-0. 
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