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Abstract 

Aqueous-phase reforming (APR) of methanol over nickel supported on zirconium, cerium and lanthanum 

oxides was performed in continuous laboratory scale reactor and discussed in this paper. The role of 

composition and physico-chemical properties of the supports were investigated and significant benefit of 

using mixed oxides CeO2-ZrO2 and La2O3-ZrO2 over the pure oxides, in term of methanol conversion and 

hydrogen production, was demonstrated. Methanol conversion of over 50 % with hydrogen production 

efficiency of over 40 % were achieved with the most active catalyst Ni/25%CeO2-ZrO2. 

Furthermore, catalyst stability, the most challenging issue within APR studies, was thoroughly investigated 

and discussed. Slight deactivation of the prepared catalysts during APR experiments or reduction was 

observed and addressed to the Ni particles sintering. On the other hand, other common reasons causing 

catalysts deactivation under APR conditions, such as leaching of Ni, changes in Ni oxidation state or 

changes in the supports lattice were not observed by wide range of characterization methods. The most 

stable catalyst, Ni/10%La2O3-ZrO2, exhibited a slight decrease of MeOH conversion within two subsequent 

experiments (each per 6h) from 46.3 % to 42.7 %.  
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1. Introduction 

Aqueous-phase reforming (APR) is a promising technology converting organic compounds in aqueous 

solutions preferably to hydrogen and carbon dioxide. Therefore, APR can be considered as a potential route 

for transformation of organic compounds found in biorefinery wastewaters to value added products. This 

would lead to increasing economic efficiency of processes such as biomass pyrolysis and Fischer-Tropsch 

synthesis and make them more environmentally friendly by decreasing the amount of organic compounds 

in wastewater streams. In comparison with well-known steam reforming, APR has proven to be more 

energy efficient because of no need of evaporating feedstock to gas phase [1]. 

Very challenging task within the research focused on APR has been the finding of a suitable catalyst, which 

would show high activity in reforming reaction (Eq. 1) and water-gas shift (WGS, Eq. 2) reaction and 

remain stable under the demanding APR reaction conditions. Furthermore, the catalyst should not support 

the cleavage of C-O bonds and hydrogenation of CO and CO2 should be suppressed (e.g. Eqs. 3 and 4). 

Desired reactions  Undesired reactions  

 𝐶𝐻3𝑂𝐻 ⇌ 𝐶𝑂 + 2𝐻2 (1)   𝐶𝑂 + 3𝐻2 ⇌ 𝐶𝐻4 + 𝐻2𝑂 (3) 

 𝐶𝑂 + 𝐻2𝑂 ⇌ 𝐶𝑂2 + 𝐻2 (2)  𝐶𝑂2 + 4𝐻2 ⇌ 𝐶𝐻4 + 2𝐻2𝑂 (4) 

In general, Group VIII metals exhibit high activity for C-C bond scission. The highest activity and hydrogen 

selectivity in reforming reactions have typically been achieved over Pt-based catalysts, especially Pt 

supported on γ-Al2O3 [2–4]. However, comparable activities were achieved over cheaper nickel catalysts 

[5]. Nickel supported catalysts have generally shown high conversion and high hydrogen selectivity [5]. 

However, the most tested nickel-based catalysts deactivated rapidly, due to the changing of the oxidation 

state of Ni, sintering or structural changes of the support [6]. Therefore, supports based on ZrO2 and CeO2 

were selected to be tested as a potentially stable supports for Ni in the current paper. 

Zirconium and cerium oxides are used extensively as catalyst supports in various applications [7–9]. 

Zirconium oxide may act as a catalyst itself, for example in alkene isomerization, alcohol dehydration and 

in many petrochemical processes, such as hydrocarbon hydrogenation, dehydrogenation or cracking. As a 

catalyst support, zirconia has been employed in CO oxidation and water-gas shift reaction [8]. Ceria based 

catalysts are used in automotive exhaust catalysts, in fluid catalytic cracking and oxidation of volatile 

organic compounds [7]. The most important property of cerium oxide as a catalyst support is its oxygen 

storage capacity and oxygen mobility throughout the lattice, which promotes catalysts activity mainly in 

WGS reaction [10,11]. This property also efficiently suppresses the formation of carbon deposits on the 

catalyst surface [12,13] which is, however, most likely not an issue in APR [3]. Especially, mixed oxides 

of ceria and zirconia have many advantages over pure oxides, such as high stability, resistance towards 

coking and high oxygen storage capacity [9].  

Doping cerium oxide with a lower-valence metal, such as lanthanum, leads to increase of oxygen mobility 

and oxygen storage capacity via the formation of oxygen vacancies. In case of pure zirconia, lanthanum 

doping leads to stabilizing of the oxide lattice [14] and causes stronger metal-support interaction, which is 

beneficial for producing highly dispersed Ni species and avoiding particle coalescence [15–19].  
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Platinum modified mixed oxides of CeO2 and ZrO2 have been studied in APR reaction of glycerol [20,21]. 

Effect of Ce/Zr ratio has been found out to affect Pt oxidation state, metal dispersion and surface area, and 

particle size [20]. In another study, Pt supported on Ce-Zr mixed oxides have been successfully applied for 

APR of the low-boiling fraction of bio-oil and additionally, catalyst recyclability by calcination was proven 

[22]. Enhanced activity and stability in APR of ethylene glycol was achieved by using Co as promoter to 

Pt/CeO2-ZrO2 [23]. Platinum-rhenium synergy on zirconia, ceria and their mixed oxides have been 

evaluated by Ciftci et al. [21] in APR of glycerol. 

In addition to platinum catalysts, Ni supported on mixed oxides such as LaAlO3, CeO2 and MgO has been 

employed in APR of glycerol resulting in high activity and catalyst stability [24]. Activity of Ni/CeO2 was 

evaluated in APR of ethanol [12] and n-butanol [25] and showed higher efficiency and H2 and CO2 

selectivity compared to Ni/Al2O3. Bimetallic Pt-Ni composites on ceria-doped alumina supports have been 

studied in APR of glycerol targeting to minimize amount of expensive Pt [26]. Mono- and bi-metallic 

catalyst of Ni and Pt supported on mesoporous zirconium oxide as well as on ceria-zirconia-silica supports 

in APR of sorbitol have been tested and significant differences in the catalysts reducibility and consequent 

activity have been revealed by Tanksale et al. [27].  

The main target of the current investigation is to study the application of APR process in the treatment of 

biorefinery wastewaters. Based on the typical compositions of wastewaters originating from Fischer-

Tropsch process as well as of biomass pyrolysis water streams [28,29], methanol was selected as a model 

compound. Biorefinery wastewaters contain mixture of wide range of chemical compounds and among 

them methanol is the only compound that can be found in high concentrations in all types of wastewaters. 

Even though methanol is not a typical feedstock for APR studies, since the catalyst activity in C-C cleavage 

cannot be evaluated, its reforming will be crucial in case of studying the potential of utilizing APR process 

in larger scale. 

 

2. Experimental 

2.1 Materials 

Granulated zirconium dioxide supplied by Saint-Gobain Ceramic Materials was calcined at 500 °C in air 

for 10 h. Cerium(IV) oxide supplied by Sigma-Aldrich (99.9 %) was calcined at 450 °C in air for 10 h. 

Zirconium, cerium and lanthanum mixed oxides (17 wt-%CeO2-ZrO2, 25 wt-%CeO2-ZrO2, 17 wt-%CeO2-

5 wt-%La2O3-ZrO2, 10 wt-%La2O3-ZrO2) were supplied by MEL Chemicals in amorphous form and 

calcined at 450 °C in air for 10 h to obtain the desired oxide forms. Before metal modifications, all supports 

were first pelletized, then crushed, and sieved in order to obtain particles with well-defined particle size 

suitable for placing on sinter of fixed bed tubular reactor (particle diameter of 200 – 300 μm). Nickel nitrate 

(Ni(NO3)2∙6H2O, ≥97.0 %) utilized as the metal precursor was supplied by Sigma-Aldrich. 

2.2 Catalysts preparation 
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Zirconia, ceria and lanthanum oxide and their mixtures (ZrO2, 17%CeO2-ZrO2, 25%CeO2-ZrO2, 17%CeO2-

5%La2O3-ZrO2, 10%La2O3-ZrO2 and CeO2) were used as the supports for nickel (10 wt-%) modified 

catalysts. Metal modification of the supports was performed using conventional incipient wetness 

impregnation method. The support material was mixed with aqueous solution of nickel nitrate and kept for 

24 hours at room temperature, followed by drying at 110 ˚C and calcination at 500 ˚C for 4 h under air flow. 

Reduction of the catalyst was performed in situ in APR reactor before each experiment (reduction 

conditions: 450 °C, 25 bar, N2 = H2 = 5 l/h, 2 h). 

2.3 Catalysts characterization 

Wide range of characterization methods such as atomic absorption spectroscopy (AAS), nitrogen adsorption 

and desorption (BET and BJH method), high-resolution transmission electron microscope (HR-TEM), X-

ray diffraction (XRD), were used for describing the properties of the prepared catalysts. 

The metal loading of the prepared catalysts was analyzed using atomic absorption spectroscopy (AAS). 

200 mg of sample was dissolved in closed teflon vessels with HNO3 and HCl at 120 °C. After cooling, the 

sample was diluted with Milli-Q water. Varian AA240 AAS equipment using air-acetylene flame was used 

for the determination of Ni loading. 

Nitrogen physisorption (Ultra Surfer, Thermo Fisher) was used to determine surface area, pore volume, and 

pore size distribution of the pure supports and the prepared catalysts. The degassing of the samples was 

performed prior to the measurement under vacuum for 3 h at 200 °C. In the case of the spent catalysts, the 

degassing of samples was performed under vacuum at 120 °C for 5 h in order to prevent desorption of the 

compounds potentially adsorbed during the APR experiments. Surface areas were calculated using BET 

method and pore volumes as well as pore diameters by BJH method from nitrogen desorption isotherms. 

Hydrogen static volumetric chemisorption (Ultra Surfer, Thermo Fisher) was used to determine nickel 

dispersion and its surface area. The catalyst was reduced at 450 ˚C in H2 flow (15 ml/min) for 2 h and then 

degassed at the same temperature under vacuum for 2 h prior to the measurement. Hydrogen chemisorption 

was performed at room temperature.  

The type of the surface species on the catalyst was determined by X-ray diffraction (XRD) analysis using 

PANalytical X`Pert PRO MPD Alpha-1 diffractometer with Cu Kα1 radiation (45 kV and 40 mA). If 

needed, the sample was ground before placing it into the sample holder prior to the analysis. The X-ray 

scanning was performed in continuous scan mode in the range of 10 - 90° (2θ) and a step size of 0.0131°. 

The mean metal crystallite diameter was estimated for some of the catalysts using the Scherrer equation 

based on the peak broadening of the most intense peaks. 

An aberration-corrected JEOL-2200FS microscope (JEOL Ltd., Japan), operated at 200 kV was used for 

scanning transmission electron microscopy (STEM). Particle size of the supports were evaluated using 

Gatan DigitalMicrograph software. The EDS analysis was applied for the chemical characterization of the 

selected samples and recording of elemental maps.  

The CO2 temperature-programmed desorption (CO2-TPD) was carried out in an Altamira Instruments AMI-

200R flow-through set-up equipped with Hiden QIC-20 mass spectrometer for outlet gas analysis. 100 mg 
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of support was placed in a quartz U-tube and pretreated in 20% O2/He (flow 20 ml/min) at 600 ˚C (heating 

rate 15 ˚C/min) for 2 h. Thereafter the sample was cooled down to adsorption temperature (Tads = 40 or 

100 ˚C) in flowing He. The adsorption was performed by feeding 500 μL pulses of CO2 to the He flow at 

4-minute interval. After adsorption the sample was flushed for 10 min with He and then heated at a constant 

rate of 15 ˚C/min up to 600 ˚C and held there for 10 min to ensure full desorption of CO2. 

2.4 Catalytic activity tests 

APR experiments were performed in a continuously operated stainless steel tubular reactor using downward 

flow. The catalyst (1.5 g) was loaded on a sinter placed in the midsection of the reactor with 15 mm of inner 

diameter. Reaction conditions of experiments were 230 °C and 32 bars. A 5 wt-% aqueous solution of 

methanol was fed to the reactor using HPLC pump with a flow of 120 ml/h. In addition, N2 was fed through 

the reactor with flow of 4.5 l/h during the whole experiment and its flow was used as an internal standard 

for evaluating the composition of gaseous product.  

The outlet stream from the reactor was cooled down and separated into gas and liquid phases at the reactor 

pressure. The gaseous products were analysed online by MicroGC (Agilent 490 Micro GC Biogas 

Analyzer) consisting of a dual channel cabinet including a 10-meter CP-Molsieve 5A with argon as carrier 

gas, and a 10-meter CP-PoraPLOT U column channel with helium carrier gas and equipped with 2 thermal 

conductivity detectors (TCD). 

The liquid products were taken at specific time intervals and analysed offline by a gas chromatograph 

(Agilent 6890 series) equipped with a flame ionization detector (FID) and a Zebron ZB-wax Plus column 

(60 m x 0.25 mm x 0.25 µm). Butan-2-ol was used as an external standard. 

After the experiment, the catalyst was kept in the reactor, re-reduced using the same reduction condition as 

in the case of fresh catalyst and tested again in a subsequent APR experiment under the same reaction 

conditions. After the second experiment, the spent catalyst was characterized in order to determine reasons 

for potential deactivation. 

The results of the catalyst screening in APR were evaluated in terms of hydrogen production efficiency 

(EH2, Eq. 5), total conversion of methanol (X, Supplementary material Eq. S1), hydrogen production rate 

(rH2, Supplementary material Eq. S2), product yields (Yi, Supplementary material Eq. S3) and product 

selectivities (Si, Supplementary material Eq. S4). 

𝐸𝐻2(%) =
ṅ𝑜𝑢𝑡

𝐻2

ṅ𝑚𝑎𝑥
𝐻2 × 100 (5) 

Where ṅ𝑜𝑢𝑡
𝐻2  (μmol/min) is molar flow rate of H2 in gaseous product and ṅ𝑚𝑎𝑥

𝐻2  (μmol/min) is theoretical 

maximal H2 production (being 3 μmol/min from 1 μmol/min of MeOH). 

 

3. Results and discussion 

3.1 Catalyst characterization 
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Deep characterization of all prepared catalysts, namely Ni/Zr (10%Ni/ZrO2), Ni/17Ce-Zr 

(10%Ni/17%CeO2-ZrO2), Ni/25Ce-Zr (10%Ni/25%CeO2-ZrO2), Ni/17Ce-5La-Zr (10%Ni/17%CeO2-

5%La2O3-ZrO2), Ni/10La-Zr (10%Ni/10%La2O3-ZrO2), and Ni/Ce (10%Ni/CeO2), revealed differences in 

pore size, surface areas, and metal particle size.  

3.1.1 Quantitative analyses by atomic absorption spectroscopy (AAS) 

Ni content in fresh and spent catalysts detected using AAS method is shown in Table 1. As the consequence 

of the preparation method, the success of Ni deposition on various supports was above 90 % of the nominal 

loading as the content of 10 wt-% of Ni was targeted in each case. The small differences in Ni content are 

addressed to measurement error. As can be seen by comparing the Ni content of fresh and spent catalysts, 

Ni was leached slightly (below 1 % point of Ni after 12 h on stream)  from pure ZrO2, CeO2 and support 

17Ce-5La-Zr during the experiments.. On the other hand, no Ni leaching was observed after two APR 

experiments from either Ce-Zr or La-Zr supports. These results revealed that Ni leaching cannot  be decisive 

reason for catalyst deactivation under APR conditions and the contribution of homogeneous catalysis by 

leached Ni can be neglected as the experiments were performed in continuous flow mode. 

Table 1. Ni content in fresh and spent catalyst determined using AAS. 

Catalyst 
Ni content (wt-%) 

Fresh Spent 

Zr 9.4 8.6 

17Ce-Zr 9.5 9.7 

25Ce-Zr 9.3 9.2 

17Ce-5La-Zr 10.1 9.3 

10La-Zr 9.0 9.0 

Ce 9.2 8.3 

 

3.1.2 Textural properties by nitrogen adsorption -desorption 

The textural characteristics of pure supports and Ni-modified catalysts (fresh and spent) are shown in Table 

2. Surface area of the supports differed significantly ranging from very low (9.9 m2/g) in case of pure CeO2 

to relatively high (136.1 m2/g) in case of 17Ce-5La-Zr. 

The surface areas and pore volumes (Table 2) of all tested supports decreased with Ni impregnation, which 

was caused by the partial blockage of some pore entrances by the metal particles. The value of average pore 

diameter increased in the most cases after Ni loading. This fact was explained by blocking of the smallest 

pores by Ni particles either after metal loading or by Ni particles sintering during the APR experiments. 

Decrease in volume of micropores which leads to the higher calculated pore diameter is presented in 

Supplementary material (Section S2.) comparing the total pore volumes and volumes of micro-, meso- and 

macropores (Supplementary material, Table S1). In addition, pore size distribution of all supports and their 

Ni modified forms (fresh and spent) are shown in Supplementary material (Fig. S1, Section S2.).  
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Negligible differences in surface areas and pore volumes were observed in case of spent Ni/Zr, Ni/17Ce-

Zr, Ni/25Ce-Zr and Ni/10La-Zr. However, significant decrease of surface area was observed in case of 

spent Ni/17Ce-5La-Zr compared to the fresh catalyst. This material (pure support and Ni modified catalyst) 

exhibited the highest surface areas and pore volumes as well as the smallest average pore diameters. 

Therefore, the blockage of the smallest pores by Ni particles sintering led to the most significant differences 

in measured values between fresh and spent catalyst (see below Section 3.1.4). Significant decrease in 

surface area was also determined for spent Ni/Ce. This decrease is attributed to the proven formation of 

carbonates on surface of this catalyst (see below Section 3.1.4).  

Table 2. Textural properties of pure supports, and Ni modified fresh and spent catalysts. 

Catalyst or support Specific surface area (m
2
/g) Pore volume (cm

3
/g) 

Average pore 

diameter (nm) 

Zr 

- 97.6 0.32 8.4 

10 % 59.7 0.26 11.7 

spent 62.1 0.27 13.4 

17Ce-Zr 

- 112.0 0.22 7.0 

10 % 73.3 0.20 8.5 

spent 72.3 0.20 8.6 

25Ce-Zr 

- 98.8 0.28 10.7 

10 % 82.7 0.26 10.9 

spent 75.5 0.29 11.4 

17Ce-5La-Zr 

- 136.1 0.37 3.6 

10 % 114.0 0.36 3.7 

spent 84.8 0.29 6.0 

10La-Zr 

- 78.9 0.31 14.7 

10 % 68.7 0.25 12.6 

spent 64.5 0.25 14.0 

Ce 

- 9.9 0.07 2.8 

10 % 7.2 0.05 2.6 

spent 3.9 0.02 3.7 

 

The N2 adsorption-desorption isotherms of all tested materials are shown in Fig. 1. Zirconium oxide and all 

mixed oxides and their Ni modified forms were characterized by isotherms type IV (according to IUPAC 

classification) with a H2-type hysteresis loop, typical for mesoporous materials. As can be seen from the 

isotherms, these materials contain negligible amount of micropores in their structure (See also 

Supplementary material, Table S1). 

On the contrary, CeO2 was characterized by nonporous structure which can be seen from its isotherm type 

III (IUPAC classification) and which results in very low surface area of this material. 
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Figure 1. Isotherms of pure supports (dashed line), 10% Ni modified materials (line) and spent catalyst 

(dots). 

3.1.3 Hydrogen chemisorption 

In order to determine an accessible Ni surface and dispersion, H2 chemisorption was performed for all tested 

fresh catalysts (Table 3). Ni dispersion in range of 3-6 % was determined on all supports in exception of 

Ni/Ce. As mentioned, CeO2 exhibited nonporous character with very low surface area and therefore, higher 

dispersion of Ni cannot be reached.  

As discussed below, larger Ni particles were determined using H2 chemisorption than XRD line-broadening 

(See Section 3.1.4 and Table 5) which could be a consequence of Ni particles sintering during the reduction 

step. It should be noted here, that the reduction of catalysts prior to the chemisorption analyses was 

performed at atmospheric pressure and 450 ˚C for 2 h while the reduction performed in situ prior to the 

APR experiment was done at 25 bar and the same temperature and time. Therefore, it is not possible to 

estimate, real Ni particles size on the catalysts tested in APR experiments. 

Table 3. Ni dispersion, particle size and surface area determined by H2 chemisorption. 
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 Catalyst 
Ni dispersion 

(%) 

Ni particle size 

(nm) 

Ni surface area 

(m
2
/g) 

Zr 3.9 26.0 25.9 

17Ce-Zr 5.8 17.4 38.7 

25Ce-Zr 3.7 27.3 24.7 

17Ce-5La-Zr 2.9 35.6 19.1 

10La-Zr 4.6 21.9 30.7 

Ce n.a. n.a. n.a. 

n.a. = not available 

3.1.4 Structural analysis by X-ray diffractometer (XRD) 

XRD patterns of the pure supports and their Ni modified forms are presented in Fig. 2. The characteristic 

monoclinic phase (JCPDS card number 13-307) for ZrO2 was identified in pure and Ni modified zirconia. 

XRD pattern of CeO2 exhibited main reflections on the 2θ scale 28.5°, 33.0°, 47.5°, 56.4°, 59.1°, 69.4°, 

76.7°, 79.1° and 88.4° corresponding to (111), (200), (220), (311), (222), (400), (331), (420) and (422) 

planes, respectively, which are characteristic of the cubic ceria phase with fluorite structure (JCPDS card 

number 34-394) [30,31]. Patterns of all mixed oxides were very similar to each other showing the absence 

of phases typical for pure oxides and low crystallinity of these materials. 

Nickel oxide is typically characterized by the five diffraction peaks listed in Table 4. Among those, four 

diffraction peaks were observed in the XRD patterns of all prepared catalysts (Fig. 2).  

Table 4. The dominant peaks of NiO and metallic Ni available in the measured range [32,33]. 

Phase 
Position 

 (2θ) 

Reflections 

[h k l] 
Phase 

Position 

 (2θ) 

Reflections 

[h k l] 

NiO 37.3 1 1 1 Ni 44.3 1 1 1 

43.3 2 0 0 51.7 2 0 0 

62.9 2 2 0 76.2 2 2 0 

75.4 3 1 1   

79.4 2 2 2   
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Figure 2. XRD patterns of the pure supports (thin line) and Ni modified catalysts (thick line) with marked 

NiO characteristic peaks. 

XRD patterns of the spent catalysts are shown in Supplementary material (Fig. S2, Section S3.). XRD 

patterns typical for all supports, in exception of CeO2, remained the same showing no changes in the oxides 

lattice during the APR experiments (See also Table 5). Metallic Ni is typically characterized by the three 

diffraction peaks (listed in Table 4) which all were visible in the XRD patterns of all spent catalysts. No 

peaks characteristic for NiO were present in any of the spent catalysts suggesting that the total reduction of 

metal species was reached by in situ reduction performed before experiment and no oxidation of metallic 

Ni took place during the APR experiments. 

XRD pattern of spent Ni supported on CeO2 contained peaks typical for cubic cerium dioxide phase but 

also peaks typical for hexagonal cerium carbonate hydroxide (CeCO3OH) (marked with ○ in Supplementary 

material (Fig. S2, Section S3.)). Formation of carbonates during WGS reaction over CeO2 supported 

catalysts has been previously confirmed by in situ DRIFTS studies using different metal modified CeO2 

[34]. It has been claimed that CO adsorbed on active metal species reacts with OH groups originating from 

dissociated water on the catalysts surface, to generate formate intermediates or formic acid (HCOOH). The 

formates react further with water, producing hydrogen and carbonates, which in the final step decompose 

to generate CO2 [34–36]. Formation of formates and carbonates has been found out to be main reason for 

catalysts deactivation in WGS. However, the catalytic activity could be fully recovered by the calcination 

of the deactivated materials in air at elevated temperatures [36]. Carbonate thermal decomposition toward 

CeO2 was reached within 1 h at 300 ˚C in flowing air as shown in Eq. 6 [37].  

4 CeCO3OH + O2→ 4 CeO2 +2 H2O + 4 CO2  (6) 

However, the deactivation of Ni/CeO2 was not investigated in the present research because of its very low 

initial activity; thus, the re-activation of this material was not studied. 
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XRD line-broadening and Scherrer equation were used to estimate the crystal size of NiO and metallic Ni 

in fresh and spent catalysts, respectively (Table 5). Crystal sizes present on fresh and spent catalysts were 

determined using the most intensive peaks being 43.3° 2θ for NiO and 44.4° 2θ for metallic Ni. 

Crystallites of NiO, being in the range from 11 to 13 nm, were determined on all supports in exception of 

CeO2 where Ni particles formed bigger clusters (over 30 nm) in accordance to its very low surface area 

(9.9 m2/g).  

As mentioned above (Section 3.1.3), smaller crystallites of NiO were determined using XRD line-

broadening than using H2 chemisorption (Table 3). On the other hand, the trend of the sizes is in line using 

both methods. The chemisorption measurement was performed on the reduced catalysts while XRD patterns 

were recorded for calcined materials. Therefore, the differences between those two methods could suggest 

metal particles sintering during the reduction step. Particle growth during reduction step has been observed 

by Manfro et al. [38].  

Comparison of NiO crystal size present on fresh catalyst and Ni crystal size present on spent catalysts 

(Table 5), suggests significant sintering of Ni under APR conditions. It should be noted here, that Ni/Ce 

was used only in one APR experiment while all the other catalysts were characterized after testing in two 

subsequent APR experiments. Very significant sintering was observed in case of pure ZrO2 and all supports 

containing Ce, where Ni crystallites on the spent catalysts were at least 4 times larger than NiO crystals on 

the fresh ones. It should be emphasized that even though it has been published previously that compared to 

pure oxide support, strong interaction exists between the mixed oxide supports and metal [39], Ni sintering 

in the current study was comparable in case of using pure zirconia as well as mixed oxide supports 

containing CeO2 in the lattice. 

On the other hand, lower sintering was determined in case of Ni supported on 10La-Zr mixed oxide lattice. 

This can be consequence of strong interaction of between Ni and La2O3 which was described to be effective 

in inhibiting the migration of Ni and carbon deposition [18,19]. 

In addition to the determination of the crystallite size of the active metal, XRD line-broadening and Scherrer 

equation were used to determine the crystal size of the oxides in the pure supports as well as in the Ni 

modified fresh and spent catalysts (Table 5). As mentioned above, no significant changes in the oxides 

lattice were observed neither after nickel loading nor during the APR experiments and the crystallite sizes 

for all supports remained comparable. The dimensions of mixed oxides crystallites containing Ce in the 

lattice were in the range of 5.1-7.2 nm, whereas they were slightly larger in the case of La-Zr support being 

9.5 nm. In contrast, ZrO2 and CeO2 were characterized by larger crystallite sizes. Smaller crystallites of 

mixed oxides of Ce and Zr can be attributed to the incorporation of the small-size zirconium species into 

the matrix of CeO2 as has been previously described by Jeon et al. [40]. Smaller crystallites in case of 10La-

Zr comparing to pure ZrO2 can be explained correspondingly. 

Table 5. Ni species and supports oxides crystal size measured by XRD.  

Catalyst 
Crystallite size of Ni 

species (nm) 
Crystallite size of oxides (nm) 
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dNiO 

(FRESH) 

dNi 

(SPENT) 

Pure 

support 

FRESH 

catalyst 

SPENT 

catalyst 

Zr 12.7 47.6 13.9 15.2 15.2 

17Ce-Zr 11.3 48.5 6.4 6.5 6.7 

25Ce-Zr 12.9 48.8 7.2 6.9 6.6 

17Ce-5La-Zr 13.1 46.4 5.1 5.1 6.4 

10La-Zr 12.2 33.9 9.5 9.3 9.5 

Ce 33.8 61.5 74.5 82.9 73.8 

3.1.5 Transmission electron microscopy (HR-TEM and STEM) 

The selected nickel-modified catalysts were characterized by TEM in order to determine the nickel particle 

size, morphology, and their distribution on the catalyst surface (Fig. 3, bright field STEM images). 

Because of the fact that elements present in the supports (Zr, Ce, La) are heavier then Ni, it was not possible 

to see metal particles using neither HR-TEM, nor STEM. Therefore, the elemental maps determining the 

location of the elements were recorder and they are presented in Fig. 3, showing location of Ni (red), 

location of Zr (green) and their overlay (blue color is dedicated to Ce in case of Ni/17Ce-Zr in Fig. 3b and 

to La in case of Ni/10La-Zr in Fig. 3c). As can be seen from the elemental maps, Ni is not equally distributed 

on any of those supports, showing that Ni particles are present most probably in forms of larger 

agglomerates.  

 

a) 

 
 

    

b) 
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c) 

 

 

    

Figure 3. TEM micrographs, and the elemental maps recorded by EDS of Ni catalysts: (a) Ni/Zr, (b) 

Ni/17Ce-Zr and (c) Ni/10La-Zr. 

3.1.6 Temperature-programmed desorption (CO2-TPD) 

Temperature-programmed desorption of CO2 (CO2 adsorbed at 40 and 100 ˚C) was performed to 

characterize the basicity of the supports. The CO2-TPD profiles (CO2 adsorption at 100 ˚C) are shown in 

Fig. 4 and amounts of desorbed CO2 for both adsorption temperatures are given in Table 6.  

One broad CO2 desorption maximum with Tmax being ca. 200 °C, can be seen in the TPD profiles of the 

supports containing Ce in their lattice (17Ce-Zr, 25Ce-Zr and 17Ce-5La-Zr). In contrast, CO2-TPD profile 

of pure ZrO2 shows two maxima at 200 ˚C and 330 ˚C. A different trend can be seen in the TPD profile of 

10La-Zr, exhibiting a broad distribution of basic sites over the temperature range of 200-550 °C. 

 

Figure 4. TPD profiles of CO2 adsorbed at 100 ˚C for the Zr-based supports. 

Desorbed CO2 amounts after adsorption at 40 ˚C results in the total amount of basic surface sites (weak and 

strong sites) while desorbed CO2 amounts after adsorption at 100 ˚C represent the stronger basic sites. 

Doping pure ZrO2 with either CeO2 or La2O3 increased the amount of total basic surface sites (CO2 

adsorption at 40 °C in Table 6). The highest amount of desorbed CO2 at both adsorption temperatures was 

obtained with 17Ce-5La-Zr catalyst indicating the highest amount of both weak and stronger basic sites. 

Since Garcia et al. have reported that nickel impregnation on ZrO2 did not affect the amount of basic sites 

on the catalyst [41], it is therefore assumed that the basic nature of the prepared Ni catalysts is similar to 

that of the supports. 

Table 6. Desorbed CO2 amounts from the supports in TPD performed up to 600 ˚C. 
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 Catalyst 
Desorbed CO2 (μmol/g) 

Tads = 40 ˚C Tads = 100 ˚C 

Zr 130 100 

17Ce-Zr 180 130 

25Ce-Zr 170 120 

17Ce-5La-Zr 200 150 

10La-Zr 170 140 

Ce n.a. n.a. 

3.2 Catalytic activity tests 

All prepared catalysts were tested in APR of methanol aqueous solution under the same reaction conditions 

(See Section 2.4). In addition, blank test with the pure support 17Ce-5La-Zr was performed and negligible 

conversion of methanol (below 1 %) was detected with no production of any gaseous products indicating 

that the catalytic activity can be attributed to Ni. 

Hydrogen, methane, CO and CO2 were detected as the main gaseous products. Furthermore, ethane and 

propene were detected in negligible amounts (up to 0.1 %). Only unconverted methanol was detected in the 

liquid samples and its concentration was used to determine its conversion. Carbon balance for all 

experiments was calculated to be around 90 % indicating the ratio of analyzed carbon to the carbon in the 

feed. The missing carbon most probably remained in aqueous phase as dissolved CO2 because of the gas-

liquid separation performed at elevated pressure (32 bar) and therefore the calculated yield of CO2 is 

probably slightly lower than the real yield.  

Table 7 compares achieved methanol conversions, hydrogen production efficiencies and selectivities 

towards gaseous products achieved over all tested catalysts in the steady state (achieved within 90 min from 

the beginning of the reaction) (See Fig. 6). The prepared catalysts showed relatively high activities in APR 

of methanol with the highest conversions being over 50 % achieved over Ni on both supports containing 

CeO2 and ZrO2 (17Ce-Zr and 25Ce-Zr). High and comparable conversion of MeOH being around 46 % 

were also achieved over both supports containing La in their lattice (17Ce-5La-Zr and 10La-Zr). On the 

other hand, the lowest activity in APR and the lowest H2 yield was achieved when pure CeO2 was applied 

as a support probably due to the low surface area and very poor metal dispersion. Lower activity was 

achieved also over Ni/ZrO2 which indicates that the use of mixed oxides is highly beneficial.  

As a contrast, Ciftci et al. [21] has reported higher activity achieved over Pt supported on pure ZrO2 than 

on CeZrO2 in APR of glycerol, whereas the opposite trend has been determined for the bimetallic catalysts 

of Pt and Re on these supports. The overall order of activity in glycerol APR using those supports has been 

PtRe/CeZrO2>PtRe/ZrO2>PtRe/CeO2>Pt/ZrO2>Pt/CeZrO2>Pt/CeO2 showing that activities have been 

increasing with increasing reducibility of the supported metals [21].  

It was detected that the selectivities towards the products (Table 7) did not change with the increasing 

MeOH conversions before reaching the steady state showing that all products are formed with the constant 

rates. This fact allowed us to compare product distribution at different conversion levels. The selectivities 

towards hydrogen were ranging from 74 % to 77 % over all tested materials except Ni/25CeZr where 
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slightly lower selectivity towards hydrogen (72.7 %) was caused by higher formation of methane. 

Therefore, hydrogen efficiencies were observed to be directly proportional to MeOH conversions.  

Hydrogen production rate, and yields of products obtained in APR of methanol over tested Ni modified 

catalyst are shown in Supplementary material (Section S4., Table S2). 

Table 7. Methanol conversions, hydrogen efficiency, and selectivities toward products over tested catalysts 

obtained in APR of methanol over tested Ni modified catalyst on various supports in steady state. 

Support XMeOH (%) EH2 (%) SH2 (%) SCO (%) SCO2 (%) SCH4 (%) 

Zr 26.4 16.3 77.0 4.7 16.7 1.5 

17Ce-Zr 50.9 34.3 74.8 5.2 17.8 2.2 

25Ce-Zr 58.8 40.9 72.7 5.9 18.0 3.3 

17Ce-5La-Zr 45.7 34.4 75.8 3.5 18.6 2.0 

10La-Zr 46.6 34.7 74.2 5.2 17.9 2.6 

Ce 16.9 7.3 75.7 15.6 8.6 0.0 

 

In order to achieve high hydrogen production, high activity in the reforming reaction should be 

accompanied by high activity in WGS. Evaluation of WGS is primarily expressed as a ratio of CO2 to CO 

(Fig. 5). Furthermore, ratio of CO2 to sum of CO and CH4 comparing WGS activity to activities of undesired 

competitive methane formation, causing decrease of H2 production, is depicted in Fig. 5. The highest WGS 

activity was achieved over Ni/17Ce-5La-Zr, which led to the comparable H2 production efficiency as 

Ni/17Ce-Zr but at lower MeOH conversion. On the other hand, the lowest WGS activity, leading to higher 

yield of CO than CO2, was observed in case of using pure CeO2 as a support. All other supports showed 

similar ratio of CO2 to CO production, being over 3 (mol/mol). The highest WGS activity of 17Ce-5La-Zr 

correlates with its highest basicity among the studied catalysts (See section 3.1.6) since it has been proven 

previously that presence of basic sites on the catalysts surface is preferred for high WGS activity [42]. 

WGS is reversible mildly exothermic reaction which should result to almost total conversion of CO to CO2 

under conditions used in APR [43]. Therefore, it can be concluded that equilibrium concentrations were not 

achieved. 

It has been published previously that the ceria-supported catalysts generally show very high activity in 

WGS reactions because of high oxygen storage capacity of those materials [10,11]. On the other hand, those 

conclusions were drawn once WGS had been tested in gas-phase system. High WGS activity in APR of 

ethanol for Ni supported on CeO2 has been presented by Roy et al. [12]. However, very low conversions of 

ethanol up to 6 % have been achieved because of different reaction conditions as lower reaction temperature 

(175 ˚C) and lower pressure (14-28 bar) were used [12]. As a contrast, Lee et al. detected very high 

selectivity towards CO over 15 wt-% Ni/CeO2 in APR of glycerol performed at 250 ˚C  [24] which is in 

consistence with current results.  
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Figure 5. Evaluation of WGS activity as a function of ratio of CO2 to CO (solid) and CO2 to sum of CO 

and CH4 (line). 

3.2.1 Catalysts stability 

The possibility of the catalyst reuse after their re-reduction in the APR reaction was tested for all catalysts 

except Ni/Ce, which showed very low activity in the first run.  

Methanol conversions as a function of reaction time with the fresh and re-reduced catalysts are compared 

in Fig. 6. Steady states of the reaction were achieved within 90 minutes from the beginning of MeOH 

feeding with all fresh as well as re-reduced catalysts (Fig. 6).  

When comparing fresh catalysts, only Ni/10La-Zr and Ni/25Ce-Zr showed stable activity with no decrease 

of MeOH conversion after reaching steady state. Slight deactivation during the experiment, with 5% 

decrease of MeOH conversion (compared to steady state), was observed using all other catalysts. 

Remarkable drop of activities can be seen from comparison of fresh and re-reduced Ni/17Ce-Zr and 

Ni/25Ce-Zr, suggesting that the sintering of Ni particles causing catalysts deactivation occured during the 

reduction step. This fact was already suggested while comparing results obtained by XRD and H2 

chemisorption (Section 3.1.3. and 3.1.4) and is in consistence with results published by Mafro et al. [38]. 

When comparing re-reduced catalysts, most of the spent catalysts showed stable activity with low decrease 

of MeOH conversion, being around 3% in exception of Ni/25Ce-Zr where MeOH conversion drop was 

almost 10 %.  

Compared to Ni particles of 11-13 nm (determined by XRD) in the fresh particles, the sintered Ni particles 

with sizes over 45 nm were determined in all spent catalysts containing Ce in their support lattice causing 

decrease in the activity of these catalysts (See Table 5). In the contrast, Ni particle size for spent Ni/La-Zr 

increased only to 34 nm.  

As can be seen from Fig. 6, catalyst Ni/La-Zr exhibited the highest stability when comparing steady state 

values in two subsequent experiments. Decrease of MeOH conversion was determined to be below 4 % 

since the steady state conversion was 46.3 % and the final conversion after 12 h was 42.7 %. This is in line 

with the lowest sintering rate of Ni particles on this support. 
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As a result of all listed deactivations, comparable conversions of MeOH after 12 h on stream (two 

subsequent APR experiments à 6 h) conversions (39-43 %) were achieved over all tested mixed oxide 

supported catalysts. 

 

Figure 6. Conversion of methanol as a function of reaction time over fresh (solid line) and re-reduced 

(dashed line) catalysts: Ni/Zr (∆), Ni/17Ce-Zr (▲), Ni/25Ce-Zr (●), Ni/17Ce-5La-Zr (♦), Ni/10La-Zr (■) 

and Ni/Ce (○). Note: Catalysts re-reduction after 360 min. 

The selectivities towards the products listed in Table 8 obtained over re-reduced catalysts did not change 

with the increasing MeOH conversions as in case of using fresh catalysts. The selectivities towards 

hydrogen were also ranging from 74 % to 77 % over all the tested materials as in case of fresh catalyst 

showing that overall deactivation of the materials do not influence H2 formation.  

Comparing selectivities to CO2 and CO over spent and fresh catalyst, some decrease in WGS activity was 

observed in case of Ni/Zr and Ni/17Ce-Zr since the selectivity toward CO increased while selectivity toward 

CO2 decreased. On the other hand, WGS activity seems to be rather comparable with all other materials 

and the highest CO2 to CO ratio was again determined for Ni/17Ce-5La-Zr corresponding with its highest 

basicity.  

The lower amount of methane was formed over all re-reduced catalyst in exception of Ni/La-Zr where CH4 

yield remained the same as in the case of using the fresh catalysts. This catalyst exhibited the lowest 

deactivation from the point of MeOH conversion and obviously all sites active in methane formation 

remained intact as well.  

Table 8. Methanol conversion after two subsequent experiments and selectivities towards products over re-

reduced Ni catalysts on various supports.  

Support XMeOH (%)* SH2 (%) SCO (%) SCO2 (%) SCH4 (%) 

Zr 21.5 76.1 7.8 15.0 1.1 

17Ce-Zr 38.3 76.8 6.7 15.8 0.8 

25Ce-Zr 39.9 74.9 4.6 18.3 2.1 

17Ce-5La-Zr 38.8 76.2 3.3 18.7 1.8 

10La-Zr 42.7 74.5 4.2 18.3 3.0 
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*after 12h on stream 

It can be concluded that some deactivation addressed to sintering of Ni particles was observed in case of 

catalysts tested within the current study. However, deactivation observed over tested catalysts was much 

lower in comparison with the most catalyst tested in APR studies. It should be emphasized here, that the 

lattice of supports remained intact and metallic Ni did not undergo change in its oxidation state. Problem 

with the sintering of Ni particles could be avoided by using different preparation methods, which might 

lead to the stronger interaction between Ni and support. Other preparation methods improving Ni dispersion 

and resistance toward sintering can be solution combustion, co-precipitation, sol-gel or some complexing 

methods [18,19,25,38]. 

4. Conclusions 

Activity of series of nickel catalysts supported on ZrO2, CeO2 and La2O3 oxide supports were evaluated for 

hydrogen production via aqueous-phase reforming (APR) of methanol in continuous laboratory scale 

experiments. Using of mixed oxides of Zr, Ce and La instead of pure oxides of ZrO2 and CeO2 as support 

for Ni was proven highly beneficial for the catalytic activity. The highest hydrogen efficiency representing 

the hydrogen production compared to theoretical yield of hydrogen, of over 40 % was achieved using the 

most active catalyst of the study, Ni/25Ce-Zr. The highest WGS activity, which enhance the hydrogen 

production, was determined for Ni/17Ce-%La-Zr and was confirmed to be in line with the highest basicity 

of this material.  

Slight deactivation of catalysts was observed during either APR experiments or reduction steps and was 

addressed to Ni particles sintering. Other deactivation processes typical for APR studies, such as leaching 

of Ni and changes in Ni oxidation state or in the supports lattice were excluded based on results of the 

various characterization methods, which indicates that the prepared catalyst exhibited very promising 

stability.  
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