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Abstract 

Zirconium oxide (ZrO2) was deposited onto Ni/Al2O3 catalyst as overcoating by atomic layer 

deposition (ALD) for dry reforming of methane (DRM). High-temperature heating during H2-

reduction could transform the ALD-prepared ZrO2 thin film to tetragonal phase and crack the 

encapsulating layer on Ni sites, which constructed a beneficial Ni-ZrOx interface. Interfacial 

surface oxygen vacancies on ZrO2 overcoating were induced by the partial reduction of ZrO2 

surface during high-temperature H2 reduction, with the assistance of Ni. During DRM, the 

interfacial oxygen vacancies enhanced CO2 activation by dissociating CO2 and releasing active O, 

thereby limiting carbon formation. For DRM at 700 °C and 800 °C, Ni/Al2O3 with 5 cycles of 

ZrO2 ALD overcoating enhanced both activity and stability significantly. For a 100-h DRM test at 
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600 °C, no deactivation was observed for the Ni/Al2O3 catalyst with 10 cycles of ZrO2 ALD 

overcoating, as compared to 59% relative activity loss of Ni/Al2O3. 
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1. Introduction 

Chemical utilization of carbon dioxide (CO2) via dry reforming of methane (DRM) showed 

promising results in lowering the overall greenhouse gas carbon emission and in producing syngas 

(i.e., H2 and CO) as valuable C1 building blocks [1, 2]. Nickel, with low price and considerable 

initial activity, is widely studied as an attractive candidate for DRM [1, 3]. However, deactivation 

of Ni catalysts due to coking and sintering remains a challenge for the implementation of Ni-based 

catalysts for DRM [3]. When the removal rate of carbon intermediate via CO2 oxidation is lower 

than the formation rate of carbon intermediate from methane decomposition or Boudouard 

reactions, coke accumulates and leads to catalyst deactivation [4-6].  

 

Efforts are made to construct the metal-oxide interface for the enhancement of catalytic 

performance. One strategy is to decrease the size of Ni nanoparticles (NPs) to increase the fraction 

of interfacial Ni sites and then utilize surrounding surface O species [7]; however, the sintering of 

Ni NPs during the high-temperature DRM reaction becomes problematic. Another strategy is to 

construct a metal-oxide interface and increase the interfacial oxygen species by introducing an 

oxide promoter or overcoating, such as CeO2 [8], MgO [9], or ZrO2 [10], onto the Ni-based 

catalysts. Especially, when Ni NPs are supported on or decorated by metal oxides, oxygen 
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vacancies (Vo) surrounding the metal-oxide interface can participate in the dissociative activation 

of CO2 to form active oxygen species, which is active for DRM and coke oxidation [4-6]. 

Considering the importance of interfacial oxygen species as CO2 activation sites for DRM, the 

metal oxide overcoating decorating the Ni sites makes it imperative to create metal-oxide interface 

for the catalytic performance.  

 

ZrO2 was studied due to its thermal stability and basicity, and the deficient oxygen vacancies on 

ZrO2 can serve as oxygen transfer sites for catalytic reactions [11]. Notably, the reduction 

treatment on ZrO2 can partially remove the oxygen atoms and induce the formation of oxygen 

vacancies with the coordinatively unsaturated zirconium sites (Zrcus) [12, 13]. Zhang et al. 

investigated the pretreatment (using N2, O2, or H2) on Ni/ZrO2 for DRM and found that H2-

treatment promoted the formation of surface oxygen species (including oxygen vacancies) [14]. 

Studies also showed that H2-active metal NPs on reducible oxides promoted the reduction of the 

neighboring oxygen via hydrogen spillover, thereby decreasing the formation energy of interfacial 

oxygen vacancy via the charge compensation [12, 13]. Therefore, the oxygen species on the ZrO2 

overcoating should be studied to improve the performance in DRM catalyst development. 

 

Different from the traditional wet chemistry coating (normally 20-30 nm thick) [15, 16], atomic 

layer deposition (ALD), which is a layer-by-layer thin film coating technique, can introduce unique 

interfacial overcoating and tailor metal-oxide interface at atomic levels via self-limiting reactions 

for nano-engineered catalysts [17, 18]. As for DRM, Al2O3 ALD has been reported to improve the 

catalyst stability [19, 20]; however, due to the coverage of Ni sites by inert Al2O3 and the formation 

of NiAl2O4 [21, 22], the enhanced stability was achieved at the cost of catalytic activity (see 
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summary in Table S1) [19, 20, 23-26]. Therefore, depositing ZrO2 overcoating with surface 

oxygen species is promising to construct an ideal metal-oxide interface and enhance CO2 activation 

for enhanced catalytic performance. In this work, ALD was used to deposit various amounts of 

ZrO2 overcoating onto Ni/Al2O3 catalyst. The metal-oxide interface constructed by ZrO2 ALD 

overcoating enhanced CO2 activation and improved the activity and stability of Ni/Al2O3 catalyst, 

as ascribed to the reduction-induced oxygen vacancies at the metal-oxide interface. 

 

2. Experimental 

2.1. Catalyst preparation 

The Ni/Al2O3 catalyst was prepared by a traditional incipient wetness method. Commercial γ-

Al2O3 NPs (Sigma Aldrich), with an average particle size of 50 nm and a BET surface area of 137 

m2/g, were used as support. The γ-Al2O3 NPs were soaked in an aqueous solution with nickel 

nitrate (Ni(NO3)2·6H2O, Sigma-Aldrich, 97%) for 1 h, and then were dried in an oven at 100 °C 

overnight. The dried particles were calcined at 500 °C in air in a tubular furnace for 3 h to remove 

the nitride component. In this work, the loading of Ni was ~4.7 wt.% for Ni/Al2O3 catalyst. 

 

Various cycles of ZrO2 ALD were deposited on the pristine Ni/Al2O3 catalysts using a home-made 

fluidized bed ALD reactor [27], as shown in Figure S1. Tetrakis (dimethylamido) zirconium (IV) 

(TDMAZ, Sigma-Aldrich, 99.99%) and deionized water were used as precursors. Typically, 

Ni/Al2O3 sample was loaded into the ALD reactor and heated at 150 °C overnight to remove 

physically absorbed moisture. The reaction temperature was 200 °C, and N2 (Airgas, 99.9%) was 

used as a carrier gas for a TDMAZ bubbler or a flush gas to remove excess precursors and by-

products from the reactor system. One ALD cycle consisted of TDMZA precursor dose, N2 purge, 
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evacuation, deionized water dose, N2 purge, and evacuation. 2, 5, and 10 cycles of ZrO2 ALD were 

applied on the Ni/Al2O3 sample, labeled as 2ZrO2-Ni/Al2O3, 5ZrO2-Ni/Al2O3, and 10ZrO2-

Ni/Al2O3, respectively. 

 

For comparison, the incipient wetness method was also used to add ZrO2 onto Ni/Al2O3 catalyst 

with the same ZrO2 contents as 2ZrO2-Ni/Al2O3, 5ZrO2-Ni/Al2O3, and 10ZrO2-Ni/Al2O3, 

respectively. The Ni/Al2O3 catalyst was soaked in a zirconium (IV) oxynitrate (ZrO(NO3)2·xH2O, 

Alfa Aesar, 99.9%) solution for 1h, dried at 100 ºC, and then calcined at 500 ºC in air for 3 h. 

 

2.2. Dry reforming of methane reaction 

The DRM reaction was carried out using a homemade gas phase reactor system, consisting of a 

vertical quartz tube (I.D. 10 mm), a tube furnace, and an on-line gas chromatograph (SRI 8610C). 

A K-type thermocouple (Omega Engineering) was applied to measure the temperature of the 

catalyst inside the reactor. Mass flow controllers (MKS Instruments) were used to control gas flow 

rates. For the DRM test, catalyst particles (~50 mg) were supported by quartz wool (~30 mg) in 

the reactor. The samples underwent a reduction process at 800 °C in a gas flow of 100 mL/min 

with H2/Ar (mixed at 20/80 vol%, Airgas, UHP level) for 1 h. After reduction, the inlet gas was 

switched to a reactant gas of CH4/CO2 (mixed at 50/50 vol%, Airgas, UHP level) at a flow rate of 

60 mL/min. The on-line gas chromatograph was equipped with a 6-foot Hayesep D column (for 

H2, CO, and CH4), a 6-foot molecular sieve 13X column (for CO2 and H2O), and a thermal 

conductivity detector (TCD) was used for gas component analysis. The conversions and H2/CO 

molar ratios were calculated based on the following: 

XCH4 = (1 −
FCH4,out

FCH4,in
) × 100%         (1) 
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XCO2 = (1 −
FCO2,out

FCO2,in
) × 100%          (2) 

H2

CO
=

FH2,   out

FCO,   in
                                       (3) 

 

 

2.3. Catalyst characterizations 

Transmission electron microscopy (TEM, using an FEI Tecnai F20 TEM) was conducted to obtain 

the morphology of fresh and spent catalysts. X-ray photoelectron spectroscopy (XPS, using a 

Kratos Axis 165 X-ray photoelectron spectrometer) was conducted to obtain the chemical states 

of elements. X-ray diffraction (XRD, using Philips X-Pert Multi-purpose Diffractometer) was 

conducted to obtain the crystalline information of the catalyst samples. Inductively coupled 

plasma-optical emission spectroscopy (ICP-OES) was conducted to analyze the element contents 

on the catalysts using 2000D Perkin Elmer (results in Table S2). The digestion of the samples was 

achieved with a 16-position pressure vessel Titan MPS microwave instrument. Raman spectra 

measurements were conducted on a Horiba Jobin-Yvon LabRam with a HeNe laser (λ = 633 nm). 

 

Hydrogen temperature-programmed reduction (H2-TPR) and H2 pulse chemisorption were 

performed with a Micromeritics AutoChem II 2920 instrument. The TPR test started with a 

preheating treatment at 500 °C in Ar, then it was cooled to room temperature in Ar flow, and 

finally temperature ramping from room temperature to 1,000 °C at 10 ℃/min with a gas flow of 

H2/Ar (mixed at 10/90 vol%) was used. The H2 pulse chemisorption consisted of a reduction in 

H2/Ar (mixed at 10/90 vol%) flow at 700 °C for 1 h, a flush in Ar at 700 °C for 1 h, cooling to 

50 °C in Ar, and pulse chemisorption of H2 at 50 °C. The amount of H2 uptake was calibrated by 

the TPR profile of Ag2O standard. The surface area was estimated as follows: 
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𝑆𝑁𝑖 =
𝑁𝐻𝑁𝐴𝑧

𝑚𝑐𝑎𝑡𝜎𝑁𝑖
                           (4) 

 

where SNi is the surface area, m2/g, NH is the amount of absorbed H2, mol, NA is the Avogadro’s 

constant, 6.02×1023, z is 2 for dissociative chemisorption of H2 on Ni, mcat is the mass of catalyst 

for H2 chemisorption, g, and σNi is the number of Ni atoms per unit area, 1.54×1019 m-2. 

 

Temperature-programed surface reaction (TPSR), temperature-programed oxidation (TPO), and 

temperature-programed desorption (TPD) were performed in a quartz tube reactor with a QMS200 

gas analyzer mass spectrometer (Stanford Research System). The gas species were identified 

according to the m/e value of MS signal; for example, Ar at 40, H2 at 2, CH4 at 16, CO at 28, CO2 

at 44, and O2 at 32. Sequential CH4-TPSR/CO2-TPO/O2-TPO for the reduced catalysts consisted 

of reduction in 20 mL/min H2/Ar (mixed at 20/80 vol%) at 800 °C, cooling to 100 °C in Ar, CH4-

TPSR in 20 mL/min CH4/Ar (mixed at 20/80 vol%) from 100 to 850 °C,  cooling to 100 °C in Ar, 

CO2-TPO in 20 mL/min CO2/Ar (mixed at 20/80 vol%) from 100 to 850 °C, cooling to 100 °C in 

Ar, and O2-TPO in 20 mL/min O2/Ar (mixed at 20/80 vol%) from 100 to 850 °C. The CO2-TPD 

consisted of pretreatment in Ar at 800 °C for fresh catalysts or reduction in H2/Ar (mixed at 20/80 

vol%) at 800 °C for reduced catalysts. Then, the catalysts were cooled to 80 °C in Ar, kept in 20 

mL/min CO2/Ar (mixed at 20/80 vol%) at 80 °C for 1 h, kept in Ar at 80 °C for 1 h, and then 

heated in Ar from 80 °C to 700 °C. The O2-TPO of spent catalysts included pretreatment in Ar at 

100 °C for 1 h and oxidation in 20 mL/min O2/Ar (mixed at 20/80 vol%) from 100 °C to 800 °C.  

 

2.4. Kinetic study 
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Kinetic measurement was conducted in the same reactor system as the catalytic performance test. 

The feed gas consisted of CH4, CO2, and Ar. Partial pressure of one reactant gas varied from 10 

kPa to 45 kPa, and the other reactant gas was set at 30 kPa. The Ar was set to keep the total pressure 

at 101 kPa and a total flow of 101 mL/min. The temperature range was 500 °C to 575 °C, with all 

conversions <20%. The external and internal mass transfer limitations were excluded, as verified 

by the Mear criterion [28] and Weisz-Prater criterion [29]  (see Supporting Information for details). 

The reaction rate was expressed as the function of reactant partial pressure using the power-law 

model, as follows: 

𝑟𝐶𝐻4 = 𝑘𝑃𝐶𝐻4
𝑎𝑃𝐶𝑂2

𝑏                   (5) 

where k is the rate constant, and a and b are the orders of the reaction to be determined. The 

activation energy could be determined according to the following Arrhenius equation: 

𝑙𝑛𝑘 = −
𝐸𝑎

𝑅
𝑇 + 𝐴                     (6) 

 

where Ea is the activation energy, T is absolute temperature, and A is the pre-exponential factor. 

 

3. Results and Discussion 

3.1 Material characterizations 

3.1.1 Structure and morphology characterizations 

XRD was employed to investigate the crystalline structure of catalysts, including fresh Ni/Al2O3, 

reduced Ni/Al2O3, fresh xZrO2-Ni/Al2O3, and reduced xZrO2-Ni/Al2O3 (x=2, 5, or 10, reduced 

catalysts underwent reduction process at 800 ºC in 100 mL/min 20vol%/80vol% H2/Ar). As shown 

in Figure 1, most of the peaks aroused from γ-Al2O3 with cubic structure, with peaks at 37.7°, 
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39.5°, 45.9°, 60.8°, and 66.9° for (311), (222), (400), (333), and (440) planes of γ-Al2O3, 

respectively. The peaks of NiO were not obvious, probably due to the formation of NiAl2O4 or 

because of overlap by intense Al2O3 peaks. For the fresh Ni/Al2O3 and the fresh xZrO2-Ni/Al2O3 

samples, the peaks located at 37.2°, 43.4°, and 62.8° were identified as (111), (200), and (220) 

planes of NiO, respectively. After reduction, the peaks of metallic Ni appeared for the reduced 

Ni/Al2O3 and the reduced 5ZrO2-Ni/Al2O3 samples. As for ZrO2, the XRD patterns of reduced 

xZrO2-Ni/Al2O3 samples exhibited tetragonal ZrO2 (t-ZrO2). Due to the unique growth process of 

ZrO2 ALD and ultrathin film structure, the formation of the amorphous and the tetragonal phases 

has been reported [30, 31]. Thus, the peak located at 30.3°were assigned to the (011) plane of t-

ZrO2 for the reduced 2ZrO2-Ni/Al2O3 and reduced 5ZrO2-Ni/Al2O3 catalysts. Peaks located at 

30.3º and 50.4º were assigned to the (011) and (112) of t-ZrO2 for the reduced 10ZrO2-Ni/Al2O3 

catalyst. Notably, these t-ZrO2 peaks were more significant for the reduced xZrO2-Ni/Al2O3 

catalyst than the fresh xZrO2-Ni/Al2O3 catalysts, thus indicating that more t-ZrO2 formed due to 

the high-temperature process. The crystalline transformation towards more t-ZrO2 led to structure 

change, which possibly caused the cracking of the encapsulating layer. Studies showed that the 

high-temperature treatment led to structure change and cracking of the ALD thin film [32, 33]. In 

this case, the moderate structure change and the possible cracking of ZrO2 ALD layer effectively 

enabled the exposure of the active nickel sites to the reactant gases. 



10 

 

 

Figure 1. XRD profiles of fresh Ni/Al2O3, reduced Ni/Al2O3, reduced Ni/Al2O3, fresh 2ZrO2-

Ni/Al2O3, reduced 2ZrO2-Ni/Al2O3, fresh 5ZrO2-Ni/Al2O3, reduced 5ZrO2-Ni/Al2O3, fresh 

10ZrO2-Ni/Al2O3, and reduced 10ZrO2-Ni/Al2O3.  

      

        

(a)  (b)  

(c)  
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Figure 2. TEM images of (a) reduced Ni/Al2O3 and (b) reduced 5ZrO2-Ni/Al2O3, (c) EDS 

elemental mapping of Al, O, Ni, and Zr for the reduced 5ZrO2-Ni/Al2O3 catalyst. The insets show 

the Ni particle size distributions. 

 

The morphologies of the catalysts were obtained using TEM, as shown in Figure 2, Figure S2, and 

Figure S3. For the reduced Ni/Al2O3 catalyst, the average size of Ni NPs was approximately 13.5 

nm (Figure 2a), whereas the size of Ni NPs for 5ZrO2-Ni/Al2O3 was approximately 12.6 nm 

(Figure 2b). The presence of ZrO2 overcoating prevented the sintering of Ni NPs during the high-

temperature reduction process. Regarding ZrO2 morphology, the results of elemental mapping (see 

Figure 2c) showed that the ZrO2 overcoating grew on both Ni NPs and Al2O3 substrate. Onn et al. 

applied ZrO2 ALD on PdO/Al2O3 for methane oxidation and found that the ZrO2 layer after high-

temperature treatment exhibited small chunks and thin layer structure based on EDS mapping 

analysis [33]. In this study, the ZrO2 (Figure 2c) after high-temperature reduction was also less 

uniform than the pristine ALD-prepared ZrO2 film on the fresh catalyst (Figures S2 and S3), which 

indicates that the structure of ZrO2 film changed after high-temperature reduction.  

 

3.1.2 Interaction of ZrO2 overcoating, Ni sites, and Al2O3 

The H2-TPR was conducted to determine the interaction between NiO and Al2O3 for the Ni/Al2O3 

and ZrO2-overcoated Ni/Al2O3 catalysts, as shown in Figure 3 with quantitative results in Table 

S3. For the Ni/Al2O3 catalyst, the metal-oxide interaction between Ni and Al2O3 depends on the 

extent of NiO diffusion into Al2O3 [8, 34]. Notably, NiAl2O4, a spinel crystalline with strong 

stability, needs a high reduction temperature of approximately 800 °C, whereas NiO without 

interaction can be reduced at 400 °C [29]. The species with reduction temperatures at 500-700 °C 
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is identified as NiO-Al2O3 (or called nonstoichiometric NiAlxOy) [29]. As shown in Figure 3a, 

TPR profiles for Ni/Al2O3 were deconvoluted into three peaks at ~285 °C, ~617 °C, and ~793 °C. 

The peak at ~285 °C was assigned to a small amount of amorphous nanosized NiO, which was 

reduced at a lower temperature than that of the bulk NiO. As for the peak at higher temperatures, 

the Ni(II) peak at ~617 °C was NiO-Al2O3, and the Ni(II) peak at ~793 °C was spinel NiAl2O4. 

For the ZrO2-Ni/Al2O3 catalyst, the reduction peaks of Ni/Al2O3 shifted toward lower temperatures 

than those of Ni/Al2O3; the peak assigned to NiO-Al2O3 shifted from ~617 °C to ~590 °C, and the 

peak assigned to NiAl2O4 shifted to ~764 °C. Moreover, the fraction of NiO-Al2O3 increased, 

whereas the fraction of NiAl2O4 decreased. Consequently, the metal-oxide interaction between 

NiO and Al2O3 was weakened by ZrO2 during reduction, and the reducibility of Ni/Al2O3 was 

enhanced, which was attributed to the formation of intimate Ni-ZrOx interfaces. The enhanced 

reducibility of Ni/Al2O3 by ZrO2 led to a higher fraction of metallic nickel during the redox 

atmosphere in DRM. 

 

In addition, TPR was applied to probe the cracking of ZrO2 ALD on Ni/Al2O3, as shown in Figure 

3b. In this work, all samples underwent heat pretreatment before TPR with pretreatment 

temperatures at 100 °C, 300 °C, 500 °C, and 700 °C (note: 500 °C in Figure 3a). Notably, there 

was a small peak at 260 °C, which was assigned to free NiO for 5ZrO2-Ni/Al2O3 pretreated at 

500 °C, and this peak shifted to a higher temperature for the 5ZrO2-Ni/Al2O3 catalyst that was 

pretreated at 100 °C or 300 °C. The peaks assigned to NiO-Al2O3 or NiAl2O4 remained at similar 

positions. The shifting of free NiO peaks confirmed that NiO was covered/confined by ZrO2 until 

the cracking of the ZrO2 ALD layer during the high-temperature pretreatment, which was similar 

to that reported in the literature [18]. The peaks for 5ZrO2-Ni/Al2O3 pretreated at 100 °C or 300 °C 
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were notably asymmetric, which also indicated the confinement effect of ZrO2. The pretreatment 

at 700 °C in Ar led to the shifting of all peaks towards high temperatures, indicating that a 

calcination process at excessive temperatures strengthened the interaction between NiO and Al2O3. 

In this study, high temperature (800 °C) during the reduction for DRM already exceeded the 

cracking temperature of ZrO2 thin film and thus helped the exposure of nickel sites. Compared 

with encapsulating structure, the cracked ZrO2 overcoating after high-temperature reduction 

exposed Ni active sites for CH4 dissociation and provided sufficient Ni-ZrOx interface for better 

catalytic performance. 

 

 

(a)  

(b)  
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Figure 3. (a) H2-TPR profiles of Ni/Al2O3, 2ZrO2-Ni/Al2O3, 5ZrO2-Ni/AlO3, and 10ZrO2-

Ni/Al2O3 with pretreatment at 500 ºC, and (b) H2-TPR profiles of 5ZrO2-Ni/AlO3 with 

pretreatment at 100, 300, 500, and 700 ºC.  

 

3.1.3 Effects of H2 treatment 

High resolution XPS was conducted to determine the chemical states of fresh Ni/Al2O3, fresh 

5ZrO2-Ni/Al2O3, reduced Ni/Al2O3, and reduced 5ZrO2-Ni/Al2O3 (see Figure 4, Table S4, and 

Figure S4). All spectra were calibrated by using the adventitious carbon of C1s at 284.5 eV (Figure 

S4). For Ni2p in the Ni/Al2O3 catalyst, the Ni2p3/2 peaks were generally deconvoluted into 

metallic Ni, NiO, spinel NiAl2O4, and satellite peaks for Ni(0) and Ni(II) [8, 35]. Notably, 

Ni/Al2O3 and 5ZrO2-Ni/Al2O3 had identical profiles, exhibiting peaks of NiO at ~855.3 eV, 

NiAl2O4 at ~856.9 eV, and satellite peak of Ni2+ at ~861.7 eV. The identical profiles indicated that 

the ZrO2 ALD overcoating did not affect the interaction between Ni and Al2O3, probably due to 

the low deposition temperature of ZrO2 ALD. After the samples underwent the reduction process, 

the peaks for metallic Ni at ~852.1 eV and satellite peak of Ni(0) at ~858.5 eV appeared for the 

reduced Ni/Al2O3 and reduced 5ZrO2-Ni/Al2O3 samples. The NiO in the reduced samples was 

resulted from the oxidation by air during sample transportation. The NiAl2O4, with low reducibility 

and inert DRM activity, was less in the reduced 5ZrO2-Ni/Al2O3 sample due to the ZrO2 

overcoating, which is consistent with the TPR results. 
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Figure 4. XPS spectra of (a) Ni 2p3/2, (b) O 1s, and (c) Zr 3d core levels of fresh Ni/Al2O3, 

reduced Ni/Al2O3, fresh 5ZrO2-Ni/Al2O3, and reduced 5ZrO2-Ni/Al2O3.  

 

As for O1s in Figure 4b, the oxygen peaks were deconvoluted into lattice O at 530.4 eV (mainly 

metal oxide) and surface O at 531.4 eV (including low-coordination oxygen, hydroxyl oxygen, 

and adsorbed H2O) [14, 35]. The fresh Ni/Al2O3 and reduced Ni/Al2O3 samples had identical 

profiles, indicating that the chemical states of O for Ni/Al2O3 remained the same after the reduction 

in H2 and recovery in air. With the introduction of ZrO2 overcoating onto Ni/Al2O3, there was an 

increased amount of surface oxygen for the fresh 5ZrO2-Ni/Al2O3 catalyst, from 21% for the fresh 

Ni/Al2O3 catalyst to 30% for the fresh 5ZrO2-Ni/Al2O3 catalyst, which was ascribed to the larger 

amount of hydroxyl groups on ZrO2 than those on Al2O3. The surface oxygen for the reduced 

5ZrO2-Ni/Al2O3 sample was further increased to 37%, as compared to that of the fresh 5ZrO2-

Ni/Al2O3 sample, whereas the surface oxygen was only 21% for the fresh Ni/Al2O3 sample and 

20% for the reduced Ni/Al2O3 sample. There was an additional surface oxygen species generated 

on ZrO2 overcoating during the reduction process.  

 

(a)  (b)  (c)  
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Different from bulk ZrO2 that was primarily composed of stoichiometric ZrO2 [12, 36], the Zr 3d 

profiles of ZrO2 ALD overcoating exhibited both stoichiometric ZrO2 (182.4 eV for Zr 3d3/2 and 

184.7 eV for Zr 3d1/2) and nonstoichiometric ZrOx (181.4 eV for Zr 3d3/2 and 183.8 eV for Zr 

3d1/2). The existence of nonstoichiometric ZrOx could be attributed to the unique ALD growth 

process or subnano-size structure, and similar phenomena were reported for ZrO2 thin film [37-

39]. A lower amount of stoichiometric ZrO2 (19%) was found for the reduced 5ZrO2-Ni/Al2O3 

sample, as compared to 26% for the fresh 5ZrO2-Ni/Al2O3 sample, which indicated the partial 

reduction of ZrO2 overcoating occurred during the reduction of the catalyst. For the partial 

reduction of ZrO2, the removal of surface O by H2 led to the formation of the oxygen vacancy site 

(Vo) [40, 41]. The surrounding metal sites at the Ni-ZrOx interface induced the partial reduction of 

ZrOx [13, 40, 41]. Pacchioni et al. investigated the reduction behavior of ZrO2 films on Pt3Zr or Pt, 

and they determined that the metal sites could lower the formation energy of oxygen vacancies on 

the ZrO2 surface in a H2 atmosphere [41]. Hydrogen-active metals have been proven to enhance 

the reducibility of interfacial ZrO2 and increase the concentration of surface oxygen vacancies [13]. 

The XPS study was also conducted to examine the effects of Ni sites using the fresh and reduced 

5ZrO2-Al2O3 samples without the presence of Ni. As shown in Figure S5, without Ni, the fresh 

and the reduced 5ZrO2-Al2O3 samples exhibited similar surface oxygen levels in O 1s and 

nonstoichiometric ZrOx in Zr 3d. The difference between 5ZrO2-Al2O3 and 5ZrO2-Ni/Al2O3 

indicated that the presence of Ni assisted the partial reduction of the surface O at interfacial ZrO2. 

When the samples were cooled to room temperature, the low-coordinated oxygen or hydroxyl was 

recovered by air, which accounted for the increased surface oxygen for the ZrO2-overcoated 

Ni/Al2O3 samples after reduction. Consequently, the partial reduction of ZrO2 overcoating and the 
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formation of surface oxygen sites were boosted by the ALD-prepared ZrO2 overcoating and the 

presence of Ni. 

 

Figure 5. CO2-TPD of fresh Ni/Al2O3, reduced Ni/Al2O3, fresh 5ZrO2-Ni/Al2O3, and reduced 

5ZrO2-Ni/Al2O3.  

 

CO2-TPD was conducted to determine the adsorption and activation behavior of CO2, as shown in 

Figure 5. For Ni/Al2O3, the peak at T<180 °C (in Figure 5) was identified as weak basic sites for 

physisorption and surface -OH groups (Brønsted basic sites) [35, 42]. After ZrO2 was deposited 

onto Ni/Al2O3, more peaks appeared for ZrO2-Ni/Al2O3. The peak at 180-300 °C was identified as 

medium basic sites for Lewis acid-base pair Zr4+-O2-, and the peak over  300 °C was identified as 

strong basic sites for low-coordination oxygen sites (e.g., oxygen vacancy) [42]. Studies 

demonstrated that oxygen vacancies can trap one O of CO2 molecule as monodentate carbonate, 

lengthen the C=O bonds, and further dissociate the adsorbed CO2 into CO and adsorbed O* species 

at DRM conditions [2, 42, 43]. As ZrO2 ALD was deposited onto Ni/Al2O3, the basic nature of 

ZrO2 increased the quantity and strength of basic sites for Ni/Al2O3. A larger number of basic sites 

appeared for the reduced 5ZrO2-Ni/Al2O3 sample, especially the strong basic sites, as compared to 
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those of the fresh 5ZrO2-Ni/Al2O3 sample. The increased strong basic sites after reduction 

confirmed that the additional interfacial oxygen vacancies were induced via the partial reduction 

of surface ZrO2, and they thereby enhanced the CO2 activation. 

 

3.1.4 Role of ZrO2 overcoating in reactant activation 

     

   

Figure 6.  Sequential CH4-TPSR/CO2-TPO/O2-TPO for reduced Ni/Al2O3 and reduced 5ZrO2-

Ni/Al2O3 catalysts: (a) CH4-TPSR, (b) CO2-TPO, and (c) O2-TPO. All catalysts underwent a 

reduction process at 800 ℃ before the tests. 

 

To get further insight into the effects of ZrO2, temperature-programed surface reaction (CH4-TPSR) 

was conducted to test the activity of catalysts for CH4, and the following temperature-programmed 

oxidation (CO2-TPO and O2-TPO) was conducted to demonstrate the capacity of catalysts in CO2 

activation and carbon removal, as shown in Figure 6. In DRM, the adsorption and activation of 

CH4 will take place on metallic Ni sites as the initial step to generate adsorbed H and CHx-Ni, 

which reacts with CO2 [44]. For CH4-TPSR (Figure 6a), both Ni/Al2O3 and 5ZrO2-Ni/Al2O3 

(a) CH4-TPSR (b) CO2-TPO (c) O2-TPO 
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exhibited similar profiles for CH4 consumption and H2 generation peaks. The CH4 consumption 

peak confirmed the cracking of ZrO2 layer after high-temperature reduction. The initial 

temperatures for the CH4-consumption and H2-generation peak started at a lower temperature 

(430 °C) for 5ZrO2-Ni/Al2O3, as compared to 470 °C for Ni/Al2O3, whereas the peak positions 

were located at approximately 670 °C for both catalysts. It was postulated that part of Ni showed 

better activity in dissociating CH4 due to the ZrO2 overcoating, because the average Ni size of 

ZrO2-overcoated Ni/Al2O3 was smaller than that of the uncoated Ni/Al2O3 or part of Ni sites 

interacted with ZrO2 overcoating and was influenced by ZrOx [45].  

 

For the oxidation of CHx-Ni by CO2, although this process can occur on nickel surface (often 

reported for solely Ni or Ni/SiO2), a much more efficient pathway of CO2 activation can take place 

on surface O at the metal-oxide interface and the active O from CO2 dissociation further transfers 

towards Ni to oxidize the CHx on Ni sites [6, 46]. For CO2-TPO, the 5ZrO2-Ni/Al2O3 catalyst 

exhibited a larger CO2-consumption peak and a larger CO-generation peak that were both found 

at 750 °C, as compared to the peaks at 810 °C for Ni/Al2O3. The lower temperature of CO2-

consumption and CO-generation peak on 5ZrO2-Ni/Al2O3 indicated that the activation of CO2 

occurred more efficiently due to ZrO2 overcoating, which was closely related to the increased 

surface oxygen sites. These sites participated in the CO2 activation and greatly improved the 

oxidation of CHx-Ni species. The left carbon deposition after CO2-TPO was further examined by 

O2-TPO. Most of the carbon was removed by CO2 oxidation for 5ZrO2-Ni/Al2O3, whereas there 

was a lot of graphitic carbon (T> 700 ºC in Figure 6c) for Ni/Al2O3. The carbon could accumulate 

and possibly lead to catalyst deactivation. The combination of CO2-TPO and O2-TPO after CH4-



20 

 

TPSR indicated that the ZrO2 ALD overcoating could greatly improve CO2 activation for DRM 

reaction. 

 

3.2 Catalytic performance 

3.2.1 High-temperature DRM   

 

 

Figure 7. (a) CH4 conversion and (b) H2/CO ratio of DRM using Ni/Al2O3, 2ZrO2-Ni/Al2O3, 

5ZrO2-Ni/Al2O3, and 10ZrO2-Ni/Al2O3 at 700 ℃ and 800 ℃. Reaction conditions: 50 mg catalyst, 

30 mL/min CH4, and 30 mL/min CO2. The blue solid lines show the equilibrium values. 

 

(a)  

(b)  
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To verify the role of oxygen vacancies formed at the metal-oxide interface by depositing ultra-thin 

ZrO2 overcoating, the catalytic performance of pristine Ni/Al2O3 and ZrO2 coated Ni/Al2O3 

catalysts were tested and compared, as shown in Figure 7 and Figure S6. The deposition of ZrO2 

exhibited a significant promoting effect for the Ni/Al2O3 catalyst. The 5ZrO2-Ni/Al2O3 sample 

showed the best performances in terms of stability and activity; the methane conversion reached 

91.3% at 800 ºC and 77.2% at 700 ºC, as compared to 86.2% at 800 ºC and 68.0% at 700 ºC for 

the pristine Ni/Al2O3 catalyst. For 10ZrO2-Ni/Al2O3, the initial catalytic activity decreased to 81.5% 

at 800 ºC and 57.2% at 700 ºC, probably because too much ZrO2 overcoating covered active sites 

of Ni/Al2O3, and the reactive sites were not fully exposed to the reactants. As for the stability, the 

5 or 10 cycles of ZrO2-overcoated Ni/Al2O3 catalysts exhibited excellent stability without any 

deactivation at both 800 ºC and 700 ºC, whereas the activity of Ni/Al2O3 catalyst decreased 

significantly from 68.0% to 52.6% at 700 ºC.  

 

The ZrO2 ALD prepared samples were also compared to samples prepared by the traditional IW 

method. The ZrO2 content of the IW-ZrO2/Ni/Al2O3 sample was similar to those prepared by ALD. 

The sample was tested for DRM at 700 ºC (see Figure S7). The highest initial CH4 conversion of 

the IW-ZrO2/Ni/Al2O3 catalyst with 1.4 wt.% ZrO2 (same as 10ZrO2-Ni/Al2O3) was 72.1%, which 

was lower than 77.2% for the 5ZrO2-Ni/Al2O3 catalyst. Besides, the IW-prepared IW-

ZrO2/Ni/Al2O3 catalyst was less stable than the ALD-prepared ZrO2-Ni/Al2O3 catalyst. There was 

a 9.7% relative activity loss for IW-ZrO2/Ni/Al2O3 (1.4 wt.% ZrO2) and no deactivation loss for 

5ZrO2-Ni/Al2O3 and 10ZrO2-Ni/Al2O3. The better performance of the ALD-prepared ZrO2-

Ni/Al2O3 catalysts than that of the IW-prepared catalysts was ascribed to the Ni-ZrOx interface 

and oxygen species. 
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3.2.2 Low-temperature DRM 

 

 

 

Figure 8. (a) Methane conversion and (b) H2/CO ratio of DRM using Ni/Al2O3, 2ZrO2-Ni/Al2O3, 

5ZrO2-Ni/Al2O3, and 10ZrO2-Ni/Al2O3 at 600 ºC. Reaction conditions: 50 mg catalyst, 30 mL/min 

CH4, and 30 mL/min CO2. The blue solid lines show the equilibrium value. The equilibrium CH4 

conversion is 40.7% at the reaction conditions. 

 

It is desirable to develop a highly stable catalyst at low operating temperatures. However, low 

temperature thermodynamically favored the formation reactions of coke (i.e., CH4 decomposition 

and CO disproportionation) [47]. As shown in Figure 8 and Figure S8, low-temperature DRM was 

(b)  

(a)  
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tested, and the order of the initial reaction rate was determined as follows: 5ZrO2-

Ni/Al2O3 >2ZrO2-Ni/Al2O3 ≈ Ni/Al2O3 > 10ZrO2-Ni/Al2O3. Rapid deactivation during the 100-h 

test from 14.2% to 5.8% (with 59% relative loss) was observed for the Ni/Al2O3 catalyst; in 

contrast, the deactivation rate of the 5ZrO2-Ni/Al2O3 catalyst was slower (from 16.1% to 11.9%, 

with 26% relative loss), whereas the conversion of 2ZrO2-Ni/Al2O3 catalyst decreased from 14.8% 

to 10.5% (with 30% relative loss). The H2/CO ratio of DRM catalyzed by Ni/Al2O3 showed an 

increasing trend in the last 20 h of the reaction test, indicating the occurrence of the CH4 catalytic 

decomposition without the following CO2 oxidation. For the 10ZrO2-Ni/Al2O3 catalyst, there was 

no deactivation during the DRM test for low-temperature DRM reaction at 600 ºC. For both high-

temperature and low-temperature DRM tests, the highest initial activity was achieved by 5ZrO2-

Ni/Al2O3, and the best stability was achieved by 10ZrO2-Ni/Al2O3. The conclusion about the 

catalytic performance was drawn that a moderate amount of ZrO2 overcoating was beneficial to a 

higher activity and the more amount of ZrO2 overcoating achieved a better stability. 

 

To clarify the confinement effects of ZrO2 overcoating and the enhanced interfacial oxygen sites, 

the surface areas of active Ni for the reduced samples were determined by H2 pulse chemisorption, 

as shown in Figure 9a. Notably, the surface area gradually decreased when more cycles of ZrO2 

ALD were applied, indicating that part of Ni sites was covered by the ZrO2 overcoating. The 

turnover frequency (TOF) values at 600 °C were driven to demonstrate the intrinsic rates for the 

DRM reactions ordered as follows: 5ZrO2-Ni/Al2O3 > 10ZrO2-Ni/Al2O3 > 2ZrO2-Ni/Al2O3 > 

Ni/Al2O3. Higher TOF values of the ZrO2-overcoated catalysts indicated that the ZrO2 overcoating 

exhibited reaction-promoting effects and led to higher reaction rates. In this work, the sample with 

5 cycles of ZrO2 ALD film exhibited the highest turnover frequencies due to the moderate 
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interfacial Ni-ZrOx sites, though some of the Ni active sites were covered by the ZrO2 overcoating. 

As more cycles of ZrO2 ALD were applied, the intrinsic activity kept the same and the overall 

conversion coverage of Ni sites could be detrimental to the overall methane conversion. 

 

 

Figure 9. (a) Effects of the number of ZrO2 ALD cycles on Ni surface area based on H2-

chemisorption and turnover frequency of DRM at 600 °C. (b) Arrhenius plots for CH4 activation 

energy during DRM using Ni/Al2O3 and 5ZrO2-Ni/Al2O3 as catalysts. 

 

3.2.3 Activation energy measurement for DRM 

The kinetic study was conducted for the Ni/Al2O3 and 5ZrO2-Ni/Al2O3 catalysts to get deeper 

insight, as shown in Figure 9b, Figure S9, and Table S5. By fixing the pressure of one reactant gas 

(a)  

(b)  
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at 30 kPa and varying the pressure of the other reactant gas from 10 kPa to 45 kPa (balanced with 

Ar for a total pressure of 101 kPa), the relationships between reaction rates (in the express of CH4) 

and reactant gas partial pressures was obtained. When comparing the reaction order, CH4 with a 

higher reaction order had a greater impact on the reaction rate, which is consistent with the fact 

that CH4 dissociation was the initial and dominant step [14, 44]. The reaction order of CO2 for 

5ZrO2-Ni/Al2O3 was lower than that of Ni/Al2O3, indicating that the less dependence of CO2 partial 

pressure was ascribed to the active oxygen sites for the ZrO2-overcoated Ni/Al2O3 catalysts. From 

the Arrhenius equation, the apparent activation energy of the reaction with the Ni/Al2O3 catalyst 

was approximately 71.1 kJ/mol, which is similar to values found in the literature [48-50]. In 

contrast, the apparent activation energy for 5ZrO2-Ni/Al2O3 was lower (62.3 kJ/mol), confirming 

the promoting effect of the ZrO2 overcoating. 

 

3.3 Deactivation study 

3.3.1 Sintering of Ni nanoparticles 

The change of Ni NPs after DRM was checked by TEM. As shown in Figure S10, the spent 

Ni/Al2O3 catalyst had an average Ni size of 16.6 nm after DRM at 800 °C for 48 h followed by 

DRM at 700 °C for 48 h, whereas the 5ZrO2-Ni/Al2O3 catalyst had a smaller average Ni size of 

14.9 nm after the same reaction time and conditions, which indicates that the ZrO2 overcoating 

could prevent Ni sintering.  

 

3.3.2 Coking formation 
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Figure 10. TPO profiles of spent Ni/Al2O3, spent 2ZrO2-Ni/Al2O3, spent 5ZrO2-Ni/Al2O3, and 

spent 10ZrO2-Ni/Al2O3: (a) after DRM at 800 °C for 48 h and 700 °C for 48 h sequentially, and (b) 

after DRM at 600 °C for 100 h. (c) Raman spectra for spent Ni/Al2O3, spent 2ZrO2-Ni/Al2O3, spent 

5ZrO2-Ni/Al2O3, and spent 10ZrO2-Ni/Al2O3 after DRM at 600 °C for 100 h. 

 

(a)  

(b)  

(c)  
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O2-TPO was applied to study carbon deposition of the spent catalysts after DRM, as shown in 

Figure 10 and carbon amount results in Table S6. Carbon with a TPO peak at 500-600 °C was 

identified as amorphous carbon, whereas the carbon requiring a higher oxidizing temperature was 

identified as graphitic carbon [15, 46]. For the spent catalysts after reactions at 800 °C for 48 h 

and at 700 °C for 48 h sequentially, only small peaks appeared at approximately 610 °C for the 

5ZrO2-Ni/Al2O3 catalyst or at approximately 625 °C for the spent 10ZrO2-Ni/Al2O3 catalyst 

(Figure 10a). However, broad peaks were found for the spent Ni/Al2O3 and the spent ZrO2-

Ni/Al2O3 catalysts; the CO2 signal peak (550 °C to 830 °C) for the spent Ni/Al2O3 catalyst 

indicated the existence of both amorphous and graphitic carbon. Therefore, the ZrO2 ALD 

overcoating suppressed the formation of graphitic carbon. 5 cycles of ZrO2 ALD film decreased 

76% relative coke and 10 cycles of ZrO2 decreased 90% relative coke of Ni/Al2O3 after DRM at 

800 °C for 48 h and at 700 °C for 48 h sequentially. Similar results were obtained from the TPO 

result (Figure 10b) of the spent catalysts after the 100-h DRM reaction at 600 °C. Due to the lower 

oxidation capacity for CO2 at lower temperatures, the carbon deposition at 600 °C was more severe 

than that after the sequential DRM reactions at 800 °C and 700 °C. The severe coke after 100-h 

DRM test at 600 ºC was found for Ni/Al2O3, reaching ~39.9 wt.% of Ni/Al2O3; in contrast, the 

coke was only 11.8 wt.% of the 10ZrO2-Ni/Al2O3 catalyst, indicating that the ZrO2 layer decreased 

~71% carbon deposition of Ni/Al2O3 at 600 ºC. Only the spent Ni/Al2O3 and 2ZrO2-Ni/Al2O3 

catalysts showed peaks above 700 °C, which indicates ZrO2 overcoating effectively suppressed 

the formation of graphitic carbon.  

 

To figure out the carbon nature after DRM, Raman spectra were conducted on the spent catalysts 

after 100-h DRM test at 600 ºC (see Figure 10c). All the catalysts exhibited 2 major peaks at 
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~1,340 cm-1 (D band) and ~1,580 cm-1 for (G band). The D band is the disorder-induced band from 

the structural imperfections in defective carbon, and the G band is the graphitic carbon with the 

in-plane C-C stretching vibrations of pairs of sp2 carbon [51]. The intensity ratio ID/IG was 

calculated for the spent catalysts to represent the relative content for graphitic carbon. The lowest 

ID/IG ratio was achieved by the Ni/Al2O3 catalyst at ~1.6, indicating that Ni/Al2O3 had the most 

graphitic carbon among the tested catalysts. The ID/IG ratio reached ~2.4 for 2ZrO2-Ni/Al2O3, ~2.5 

for 5ZrO2-Ni/Al2O3, and ~2.7 for 10ZrO2-Ni/Al2O3, indicating less graphitic carbon with more 

cycles of ZrO2 ALD overcoating.  

 

From TEM images for spent catalysts, there seem to be filamentous structure carbon for the spent 

Ni/Al2O3 catalyst (Figure S10b), whereas no such structure carbon was observed for the 5ZrO2-

Ni/Al2O3 catalyst (Figure S10d). The filamentous carbon was generally assigned to the graphitic 

carbon and was generated due to the methane catalytic decomposition on Ni sites [46, 52]. The 

TPO, Raman spectra, and TEM draw the consistent conclusion that the ZrO2 overcoating 

suppressed the carbon formation, especially the graphitic carbon during the DRM reaction.  

 

Based on the catalytic performance and carbon analysis from TPO and Raman, the deactivation 

was more closely related to the graphitic carbon than the amorphous carbon. For carbon species 

formed during DRM, the amorphous carbon was generally considered the product of the CH4 

thermal cracking on the whole catalyst, whereas the graphitic carbon with a well-ordered structure 

was generated from the catalytic dissociation of CH4 on Ni sites [34, 46, 52]. The different growth 

sites of amorphous carbon and graphitic carbon could explain that the ZrO2 overcoating improved 

suppression effects on the formation of graphitic carbon because the increased interfacial oxygen 
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species on ZrO2 overcoating around the Ni sites assisted the oxidation of carbon intermediate and 

prevented the growth of graphitic carbon. Therefore, the ZrO2 overcoating on the Ni sites 

effectively suppressed the formation of graphitic carbon and enhanced the catalytic stability during 

DRM. 

 

3.4 Mechanism of ZrO2 overcoating 

 

     

Figure 11. Schematic representation of (a) catalyst preparation and catalyst reduction, (b) effects 

of ZrO2 overcoating during the DRM reaction. 

 

From the results of characterizations, including XRD, H2-TPR, H2-chemisorption, and CH4-TPSR, 

the structure of the ZrO2 layer significantly changed and the Ni sites became accessible to the 

reactant gases after high-temperature reduction. Based on these behaviors, it was postulated that 

the ZrO2 layer was cracked during the high-temperature reduction process, although it was not 

directly observed. The cracked ZrO2 overcoating still influenced the Ni sites (from XPS, H2-TPR,  

CH4-TPSR, and kinetics). Therefore, a hypothetical model was proposed that the cracked ZrO2 

overcoating remained on the Ni sites and further interacted with Ni (see reduced ZrO2-Ni/Al2O3 

in Figure 11a). As schematically shown in Figure 11a, high-temperature reduction before DRM 

not only reduced NiO to Ni, but also cracked the encapsulating ZrO2 layer, which exposed Ni 

(a)  (b)  
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active sites and generated Ni-ZrOx interface. The surface oxygen of ZrO2 overcoating could be 

removed during H2 reduction, possibly forming interfacial oxygen vacancies. During the DRM 

reaction (Figure 11b), the oxygen vacancies at the Ni-ZrOx interface participated in CO2 

dissociation as CO2 activation sites and generated active adsorbed O* species. The active O* 

species further transferred to Ni sites and oxidized the carbon intermediates. The enhanced CO2 

activation by ZrO2 ALD effectively prevented the formation of graphitic carbon. Therefore, ZrO2 

overcoating enhanced the activity and stability of Ni/Al2O3 for DRM. 

 

4. Conclusion 

In this work, ultrathin ZrO2 overcoating was deposited by ALD onto IW-prepared Ni/Al2O3 

catalysts for DRM. The high-temperature reduction process before the DRM reaction drove the 

ZrO2 crystalline towards more tetragonal ZrO2, which possibly cracked the ZrO2 layer and exposed 

Ni active sites. The reducibility of Ni(II) was improved by the metal-oxide interaction between Ni 

NPs and ZrO2, which helped keep Ni in the metallic state. In addition, the high-temperature H2 

treatment partially removed the interfacial oxygen of ZrO2 overcoating and induced the formation 

of oxygen vacancies on ZrO2. The increased oxygen sites at the Ni-ZrOx interface kinetically 

accelerated the CO2 activation for DRM, thus improving the activity and stability for DRM, even 

though part of the nickel sites were covered. For DRM at 700 °C and 800 °C, the Ni/Al2O3 catalyst 

with 5 cycles of ZrO2 ALD showed enhanced activity and stability, compared to the Ni/Al2O3 

catalyst without any ZrO2 overcoating. With the increased number of ZrO2 ALD cycles, extremely 

stable performance with no activity loss was achieved for the 10ZrO2-Ni/Al2O3 sample during a 

100-h test at 600 °C, whereas the pristine Ni/Al2O3 lost a relative 59% activity. Less carbon 
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deposition, especially the graphitic carbon, was achieved for the ZrO2-overcoated Ni/Al2O3 

catalysts due to the ability of ZrO2 in CO2 activation of surface oxygen sites. 
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