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A B S T R A C T   

The effect of the initial state of ZrO2 on properties of Ni/ZrO2 catalysts for hydrogen production in steam 
reforming of glycerol was investigated. The catalysts were synthesized by impregnating the supports obtained by 
varying the treatment temperature of ZrO2‧nH2O and introducing Y2O3 as a promoter. All materials were 
characterized by thermal analysis, X-ray diffraction, N2 physisorption, scanning electron microscopy, H2-TPR, 
NH3-TPD and transmission electron microscopy. The mutual influence of NiO and ZrO2 on the genesis of the 
phase composition, pore structure and reducibility was demonstrated. Different catalytic behavior is explained 
by influence of the initial form of the support on the size, morphology of Ni particles, and the support thermal 
stability. The initial activity of Ni/ZrO2is proportional to the monoclinic phase content. The catalysts based on 
tetragonal ZrO2 displayed the best stability. For the first time, the presence of the aldol condensation products in 
glycerol steam reforming was demonstrated.   

1. Introduction 

Up to 50 % of all commercially available hydrogen is produced by 
steam reforming of methane. Natural gas reserves are, however, 
depleting which requires a search for new sources of hydrogen. One such 
potential feedstock can be a by-product of biodiesel manufacturing. 
Production of the latter has both advantages and disadvantages 
compared to petrodiesel [2–5]. Formation and accumulation of crude 
glycerol is one of the disadvantages, diminishing the its commercial 
value and capacity utilization. To overcome these challenges develop
ment of new and cost-effective ways for glycerol valorization are 
required [2]. Steam reforming [4,5], dry reforming [5,6], and 
aqueous-phase reforming [7–9] are possible routes for glycerol pro
cessing. Various reactions giving both gaseous products (H2, CO, CO2, 
etc.) and liquid products occur in these processes [5,10,11]:  

SRG: C3H8O3 + 3H2O = 7H2 + 3CO2 (ΔH873 K =165.6 kJ/mol)                  

Glycerol decomposition: C3H8O3 = 4H2 + 3CO (ΔH873 K =324.4 kJ/mol)      

WGS: 3CO + 3H2O = 3H2 + 3CO2 (ΔH873 K = -52.9 kJ/mol)                    

Over the last years, a large number of papers has been published 
addressing various catalysts suitable for SRG. Judging by the literature 
not only the active phase, but also the support selection is very impor
tant. Because nickel is most often used as an active component [1,3,4,8, 
12–15], the support should provide a high dispersion of Ni0 particles, 
which is important for the structure-sensitive SRG [16], affecting also 
the catalyst stability. Coking and sintering as the main causes of SR 
catalysts deactivation largely depend on the support properties [5]. 
Optimally SRG is performed at high temperatures (> 873 K) giving high 
hydrogen yields, and allowing coke gasification at these temperatures 
range, thus mitigating deactivation. However, high process temperature 
requires adequate thermal stability of the catalyst, which is one of most 
challenging aspects for catalytic steam reforming of glycerol. Such a 
challenge is solved by selection both the process conditions and the 
support. 

Abbrebiations: APR, aqueous phase reforming; MSI, metal-support interaction; SRG/SRE/SRM, steam reforming of glycerol/ethanol/methane; SSA, specific 
surface area; WGFR, water-to-glycerol feed ratio; WGS, water gas-shift reaction; YSZ, yttria-stabilized zirconia. 
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Catalysts based on ZrO2, CeO2 and SiO2 show the best results among 
the most common supports (γ-Al2O3 [4–11,17,16,18], MgO, ZrO2 [11, 
19–21], CeO2 [19], TiO2, SiO2 [11,20]). Comparison of Al2O3, ZrO2, and 
SiO2 as supports for SRG catalysts [11] revealed that Ni/ZrO2 has a good 
stability, exceeding substantially that of Ni/Al2O3 being somewhat 
inferior to Ni/SiO2. High stability of Ni/ZrO2 was ascribed [11] to 
elevated inertness of the support, and a lower degree of coke graphiti
zation in comparison with Ni/Al2O3. Manfro et al. [21] showed that the 
smallest amount of coke was observed on Ni/ZrO2 compared to 
Ni/Al2O3 and Ni/CeO2. A positive effect of zirconium on the catalytic 
properties is associated with two states of the close-to-surface ions 
(Zr4+/Zr3+), presence of oxygen vacancies, and weaker acidity of the 
zirconia surface [3,11,19,21–23]. 

Ni/ZrO2 catalysts have been widely studied in steam reforming of 
glycerol [11,20,21,24–28], ethanol [30–33], ethylene glycol [34] and 
methane [29,35–38]. The phase composition [28] and the textural 
promoter [24,25,27] are the main parameters of ZrO2 studied in the 
literature. It was shown in [25] that a catalyst based on YSZ with a 
tetragonal structure (t-ZrO2) has a better activity than a catalyst based 
on unstabilized ZrO2. At the same time, the authors [28,39,40] showed 
that the catalyst based on monoclinic ZrO2 (m-ZrO2) displays better 
activity and stability than the catalyst based on t-ZrO2 for SRG, WGS and 
Cannizzaro reaction of pyruvaldehyde to lactic acid, respectively. 

In addition to the tetragonal and monoclinic forms, ZrO2 also exists 
in the amorphous state (am-ZrO2) preceding the crystalline forms of 
ZrO2. Amorphous ZrO2 is obtained by precipitation of ZrO2‧nH2O from 
zirconyl salts solutions. A study [41] of Ni/ZrO2 catalysts for methane 
decomposition showed that am-ZrO2 supported catalyst exhibited better 
activity and stability than the catalysts based on t- and m-ZrO2. The 
results [41] were explained by an increased dispersion of Ni0 on 
am-ZrO2, as well as by a lower amount of coke and a degree of its 
graphitization on Ni/amZrO2. 

Either commercial zirconia [25,28,33] or ZrO2 obtained under con
ditions of prolonged treatment of the precipitation product [28,41] were 
used. While full characterization of the physicochemical properties of 
the initial products is typically not provided, it can be still concluded 
that the initial state of the ZrO2 precursor and the preparation conditions 
have a strong influence on the properties of the final zirconia support 
[42,43]. At the same time, contradictory results were reported regarding 
the effect of zirconia phase composition [25,28], where am-ZrO2 was 
not considered as the initial support form for the SRG catalyst. In [28] 
the results on the effect of the zirconia phase composition on the Ni0 

particle size were not provided, and both commercial and homemade 
ZrO2 were used as supports with different phase compositions. There
fore, there is a lack of information on the influence of the initial phase 
composition of ZrO2, which can be represented by all three main mod
ifications of ZrO2 obtained from one precipitation product, on the cat
alytic behavior. 

This work aims at elucidation of the effect of the initial state and 
structural modifications of ZrO2 on the genesis of physicochemical 
properties, activity, selectivity and stability of Ni/ZrO2 catalysts for 
hydrogen production in SRG. For the first time, all modifications of ZrO2 
(amorphous, stabilized and unstabilized t-ZrO2 and m-ZrO2) are inves
tigated as supports of Ni/ZrO2 catalysts for the SRG process, and changes 
in the state of the active component and support are monitored at the 
main stages of synthesis and testing. Close attention is paid to the 
comparison of the YSZ and m-ZrO2 in terms of physicochemical prop
erties, activity and stability. The initial form of ZrO2 was controlled by 
varying the treatment temperature corresponding to the main stages of 
the transformation of ZrO2‧nH2O, and by introducing Y2O3 as a pro
moter. During catalytic testing the residence time was carefully selected 
allowing a fair comparison of different catalysts in terms of activity and 
stability. The results of this work are compared with the literature aiding 
in insightful selection of the phase composition of zirconia in Ni/ZrO2 
catalysts, and paving a way for further improvements of catalysts based 
on ZrO2. 

2. Experimental 

2.1. Reagents 

ZrOCl2⋅8H2O (chem. purity, Lenreactiv, Russia); NH3⋅H2O 25 wt.% 
(analytical grade, Lenreactiv, Russia); Ni(NO3)2⋅6H2O (chem. purity, 
Neva-Reactiv, Russia); Y(NO3)3⋅6H2O (chem. purity, Reachim, Russia). 

2.2. Support preparation 

ZrOCl2 was used as a source for zirconium and ZrO2⋅nH2O was used 
as a precursor for ZrO2. Precipitation of hydrous zirconia was done by 
rapid infusion of an aqueous solution of ammonia (25 wt.%) to 10 wt.% 
ZrOCl2 solution. The synthesis conditions of ZrO2⋅nH2O are described in 
detail in [44]. 

Various ZrO2 modifications were used as supports including:  

- initial ZrO2⋅nH2O, when the support is referred amZr;  
- t-ZrO2 и m-ZrO2 obtained by heat treatment of 5− 7 g of ZrO2⋅nH2O 

with the final temperatures of 703 and 873 K, respectively, giving the 
materials denoted as Zr703 and Zr873. The thermal treatment was 
carried out in a muffle furnace with a stepwise exposure to several 
temperature: 443 K and 523 K with the holding time of 0.5 h in both 
cases and at either 703 or 873 K for 2 h;  

- yttria-stabilized zirconia denoted as 9YSZ, for which synthesis 1.632 
g of Y(NO3)3⋅6H2O was added to 5 g of ZrO2⋅nH2O and 5 mL of H2O 
for the synthesis of a support with 9 wt.% Y2O3. The resulting sus
pension was evaporated at 333− 343 K and periodic stirring until 
complete drying (2 h). The powder was thermally treated in a muffle 
furnace in a stepwise mode using the following program: 443 K – 0.5 
h; 523 K – 0.5 h; 623 K – 0.5 h; 723 K – 0.5 h; 923 K – 2 h. 

2.3. Catalyst preparation 

NiO/ZrO2 with 10 wt.% of NiO in the final composition of the 
thermal-treated catalyst was synthesized by the impregnation method. A 
solution of Ni(NO3)2 was first prepared using a required amount of NiO 
and distilled water based on a twofold excess relative to the total pore 
volume determined from N2 physisorption. The amount of the support 
was taken to produce 3.33 g of NiO/support material. The resulting 
suspension was evaporated for 2 h at 333− 343 K under periodic stirring 
until complete dryness. The powder was thermally treated in a muffle 
furnace in a stepwise mode according to the program: 443 K – 0.5 h; 523 
K – 0.5 h; 623 K – 0.5 h; 723 K – 0.5 h; 873 K – 2 h. The samples prior and 
after reduction are denoted respectively as NiO/X or Ni/X, where X is 
the support name. The data on the NiO content in the synthesized 
samples are given in Table 1. 

2.4. Characterization methods 

2.4.1. Simultaneous TG-DTA 
Thermogravimetry and DTA analysis were done with DTG-60A 

(Shimadzu). A sample of ca. 20− 30 mg was heated in air to 1073 K 
with a temperature ramp of 10 K/min. The error of weight measure
ments was 1% and 1 μV for DTA. 

2.4.2. X-ray diffraction (XRD) 
XRD analysis was done using diff ;ractometer XRD-6100 (Shimadzu) 

for 2θ values 20− 70◦ at 0.02◦/step and 3 s/step exposition, Divergence 
slit : Scatter slit : Receiving slit = 0.5◦ : 0.5◦ : 0.15 mm, using CuKα as a 

Table 1 
NiO content according to EDX data.  

Sample NiO/amZr NiO/Zr703 NiO/Zr873 NiO/9YSZ 

NiO, wt.% 9.9 10.8 10.6 11.9  
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source and Ni-filter. The processing of XRD patterns included the 
following stages: correction of the base line, smoothing over 15–21 
points, subtracting the Kα2-component (Kα2/Kα1 = 0.5). For analysis of 
XRD patterns the PDF-2 2016 software was applied. The ratio of integral 
intensities was calculated based on reflexes of the tetragonal t-ZrO2 – 
It(101) and monoclinic m-ZrO2 – Im(111), Im(-111) phases [46]: 

Xm =
Im(111) + Im(111)

Im(111) + Im(111) + It(101)
(1) 

After transformation the volume based fraction (Vm) of m-ZrO2 was 
calculated according to 

Vm =
P∙Xm

1 + (1 − P)∙Xm
(2)  

where 

P =
Ht(101)

Hm

(
111

)
+ Hm(111)

(3)  

and H is the reflex intensity. 
The size of t-ZrO2, NiO and Ni crystallites (dXRD, nm) was calculated 

based on the Scherrer equation, reflecting an inverse dependence of the 
crystal size on the width of the peak at half maximum (K = 0.9, λ(CuKα1) 
=0.15406 nm). 

2.4.3. N2-physisorption 
Nitrogen physisorption was carried out with Autosorb 6iSA (Quan

tachrome) at 77 K. The samples were degassed at 523 K under vacuum 
up to residual pressure 12 Pa for 1 h. The surface area (SSA, m2/g) was 
calculated using the multi-point Brunauer-Emmett-Teller (BET) method, 
while the average pore sizes (dp, nm) and pore size distribution were 
assessed applying the DFT method, and the total pore volume (Vp, cm3/ 
g) was calculated at p/p0 ≈ 0.99. 

2.4.4. Scanning electron microscopy (SEM-EDX) 
SEM micrographs were obtained in BSE mode using a VEGA 3 SBH 

microscope (Tescan, Czech Republic). Energy dispersive X-ray spec
troscopy (EDX) was performed in the same microscope using Oxford 
instruments INCAx–act. 

2.4.5. Transmission electron microscopy (TEM) 
The Ni/ZrO2 samples were analyzed by transmission electron mi

croscopy using a JEM-1400 PLUS microscope (JOEL ltd., Japan) at an 
accelerating voltage of 120 kV. For analysis, a sample was suspended in 
ethanol. A suspension drop was mounted on a copper grid coated with a 
holey carbon film. The size distribution, nickel particle diameter, the 
morphology of metal and support particles were retrieved from TEM 
images. The number average diameter (dn, nm) and the surface- 
weighted nickel particle diameter (ds, nm) were calculated from the 
size distribution in the following way: 

dn =

∑
(ni∙di)

∑
(ni)

; (4)  

ds =

∑(
ni∙d3

i

)

∑(
ni∙d2

i
). (5)  

The dispersion for Ni0 particles was calculated in the following way: 

D(Ni) =
6∙Vm

Am∙ds∙10
, (6)  

where VM is the atomic volume (10.95 Å3), and AM is the area occupied 
by a surface nickel atom (6.51 Å2). 

2.4.6. Thermal-programmed reduction (H2-TPR) and desorption (NH3- 
TPD) 

H2-TPR and NH3-TPD was performed on Chemosorb (SOLO, Russia) 
with a thermal conductivity detector. For H2-TPR the sample (ca. 
98− 102 mg) was pretreated in Ar (99.998 vol.% purity) at 573 K for 30 
min, then heated to 1173 K at a ramp rate of 10 K/min under the 10 vol. 
% H2/Ar mixture (18 mL/min Ar and 2 mL/min H2). Isopropanol frozen 
in the liquid nitrogen (ca. 183− 203 K) was used as a water trap. CuO 
was used as a reference for calibration of hydrogen consumption. 

For NH3-TPD a sample (ca. 111− 114 mg) was pretreated in He 
(99.9999 vol.% purity) at 873 K for 30 min, then cooled to 386 K. The 
maximum temperature was limited by the sample reduction tempera
ture (873 K) to avoid the effect of H2O on the signal due to dehydration 
of the ZrO2 surface [45]. The sample saturated with ammonia from a 
flow of 5 vol.% NH3/He mixture (20 mL/min) at 386 K for 40 min was 
then purged with He flow (20 mL/min) for 30 min to remove the 
physisorbed ammonia. Ammonia desorption was carried out by heating 
the sample to 873 K at a rate of 10K/min in He flow (20 mL/min). 

2.5. Catalytic experiments 

Steam reforming of glycerol was carried out in a stainless steel 
reactor (dinner = 10 mm, L ≈ 50 cm) with a fixed catalyst bed at atmo
spheric pressure and 873 K. The set-up is shown in Fig. 1. The reactor 
furnace was designed to have three heating zones, which made it 
possible to expand the isothermal zone. Thermocouples to control the 
temperature in the reactor were installed on top of the quartz layer and 
below the catalyst layer, respectively. A pipe coil and a condenser were 
installed at the outlet of the reactor to condense the reaction products, 
followed by a separator for collecting the liquid products. 

A sample powder was compressed on a press with a force of 2 tons 
into tablets (ø 13 mm), followed thereafter by their crushing to get the 
fraction of 0.14− 0.5 mm, which was loaded into the reactor. The reactor 
was first exposed to a flow of N2 (99.999 %, 30 mL/min), heated to 873 
K and reduced at this temperature by neat H2 (30 mL/min) for 0.5 h or 1 
h for 0.13 g and 0.56 g of catalyst, respectively. After reduction, the 
reactor was purged in N2 flow (100 mL/min) for 5 min. 

Nitrogen and the water-glycerol solution were fed to the reactor. A 
mixture of 20 wt.% of glycerol and 80 wt.% of double distilled water was 
used as a feedstock giving WGFR of 20:1. The mixture was supplied by a 
LOIP LS-301 peristaltic pump through a silicone tube with a cross sec
tion of dintxdout = 0.5 × 2 mm. Additional details of the catalytic ex
periments (catalyst volume, total liquid flow, N2 flow rate) are given in 
the Figure captions in section 3.6 and Supporting Information. 

The resulting gas mixture was accumulated in the gas holder for 5− 7 
min for sampling. The liquid products were drained from the separator 
immediately after the gas sample was taken. A probe of the gas phase 
products (50 mL) was taken into a GC glass syringe and analyzed on a 
Shimadzu GC-2010 Plus chromatograph with a thermal conductivity 
detector (capillary column RT-Msieve 5A, 30 m, dinner = 0.53 mm and 
capillary column Rt-Q-BOND, 30 m, dinner = 0.53 mm; temperature 
program: 303 K – 5 min; 303− 333 K heating at rate 4 K/min; 333− 373 K 
heating at rate 15◦/min; 373–423 K heating at rate 30◦/min; 423 K – 3 
min; 423− 453 K heating at rate 5◦/min; 453 K – 23.9 min). 

Catalytic behavior was evaluated in terms of glycerol conversion to 
gaseous products (XGgas, mol.%), hydrogen yield (YH2, mol H2/mol 
glycerol), selectivity for H2, CO2, CO, CH4, C2H4, C2H6, and C3H8 (Si, 
mol.%) and turnover frequency of glycerol transformations (TOFGly, 
s− 1). The following equations were used to calculate the specified pro
cess indicators: 

XGgas =
Molar flow C from (CO2 + CO+ CH4+C2H4+C2H6+C3H8)

Total C in the feedstock
∙100%,

(7)  
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Y(H2) =
molar flow H2

moles glycerol in the feedstock
, (8)  

S(H2) =
Molar flow H2

Total molar flow C in gas products
∙3

7
100%, (9)  

Si =
k⋅ Molar flow C from i

Total molar flow C in gas products
∙100%, (10)  

where i – CO2, CO, CH4, C2H4, C2H6, C3H8; 
k – number C atoms in the i; 
total molar flow C = n(CO2) + n(CO) + n(CH4) + 2⋅n(C2H4) + 2⋅n 

(C2H6)+3⋅n(C3H8), mol/h. 

TOFGly =
Nin

Gly∙XGgas∙M(Ni)
mcat∙ω(Ni)∙D(Ni)∙3600

, (11)  

where NGly – initial molar flow of glycerol, mol/h; M(Ni) – molar mass of 
Ni 58.71 g/mol; mcat – catalysts mass, g; w(Ni) – Ni loading in a catalyst, 
wt.%; D(Ni) – nickel dispersion. 

The composition of the reaction mixture was analyzed by high per
formance liquid chromatography (HPLC) on a Hewlett Packard 1100 
series with a refractive index detector (RI). The column used for the 
separation of the compounds was an Animex HPX-87H applying 5 mM 
sulfuric acid as the eluent. The temperature of the column was 318 K and 
the flow of H2SO4 was 0.6 mL/ min. The response factors and retention 
times for several different compounds were determined prior to catalytic 
experiments and used for calculations of the concentrations. 

The calculation of the liquid products distribution in the probe 
accumulated over the entire period of the stability test of the catalysts 
(TOS = 12 h) was carried out using the following formula, excluding 

unconverted glycerol: 

Si =
k∙ Molar amount C from i

Total molar amount C in liquid products
∙100%, (12)  

where i – mannitol, glyceraldehyde, erythritol, pyruvaldehyde, 1,3- 
dihydrohyacetone, acetic acid, ethylene glycol, hydroxyacetone, 2,3- 
dutandiole, 1,4-butandiole, ethanol + allylic alcohol, 2-propanol. 

The calculation of the Mears and Weisz-Prater criteria was carried 
out to assess the effect of external and internal diffusion respectively 
[47]. An example of calculations is provided in the Supporting 
Information. 

3. Results and discussion 

3.1. Phase composition and texture of the supports 

The results for the initial support (Simultaneous thermal analysis, 
XRD, pore distribution) are presented in the Supporting Information and 
Table 2. 

During the thermal treatment of the starting X-ray amorphous amZr 
(ZrO2⋅nH2O) three main stages can be identified (Fig. S1): dehydration 
with the formation of amorphous ZrO2; crystallization of am-ZrO2 in the 
temperature range 673− 738 K; a polymorph transformation of t-ZrO2 to 
m-ZrO2. A mixture of crystalline phases t-ZrO2 and m-ZrO2 (Fig. S2, 
curve 2) with predominantly t-ZrO2 (74 vol.%, Table 2) presence is 
formed at the end of crystallization (Zr703 support). The phase transi
tion t-ZrO2 → m-ZrO2 proceeds with a further rise in the temperature to 
873 K (Zr873 support) giving as a result mainly m-ZrO2 (86 vol.%). It 
should be noted that small amounts of the residual amorphous compo
nent might remain in the Zr703 sample due to thermal treatment in the 

Fig. 1. Reactor set-up.  
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crystallization region of am-ZrO2 [48]. 
This behavior of ZrO2 corresponds to generally accepted concepts of 

the genesis of ZrO2⋅nH2O obtained by precipitation from zirconyl salts 
[49]. An increased pH of precipitation favors formation of predomi
nantly t-ZrO2 after crystallization of a-ZrO2 [50]. The tetragonal form is 
transformed into the monoclinic form of ZrO2 with an increase in the 
processing temperature because some of t-ZrO2 crystallites reach their 
critical size of 30 nm [51]. 

Addition of Y2O3 (support 9YSZ) from Y(NO3)3 leads to appearance 
of a new endo peak on the DTA curve, a strong peak of the weight loss on 
the DTG curve in the range of 573− 703 K, and a shift of the crystalli
zation peak of a-ZrO2 by 24◦. The phase composition of 9YSZ support is 
represented by tetragonal or cubic ZrO2 after thermal treatment at 923 K 
(Fig. S2, curve 3). The presence of a weak reflection at 2θ of 43.14◦

indicates that the phase composition of 9YSZ is represented by a 
tetragonal ZrO2. On the other hand, in the phase diagram of Y2O3-ZrO2 
[53–55], at Y2O3 content of 9 wt.% (or 5 mol.% Y2O3) the phase 
composition is represented by a mixture of m- and c-ZrO2. However, the 
synthesis conditions for 9YSZ in the current work are close to [52] not 
corresponding at the same time to the equilibrium ones. Calculation of 
the unit cell parameters for 9YSZ sample in the tetragonal syngony 
approximation (P42nm(c)) gives the values a = b = 0.361(5) nm and c =
0.515(2) nm, which are in agreement with the results [52] for yttria 
content of 9 wt.%. Thus, 9YSZ is a well-crystallized thermostable sup
port of the tetragonal modification. 

A change in the porous structure occurs during the described phase 
transitions of zirconia (Table 2, Fig. S3). The initial ZrO2⋅nH2O has a 
micro-mesoporous structure, which corresponds to the pore size distri
bution mainly in the region of 1− 4 nm. This is also evidenced by the 
presence of a region of strong nitrogen sorption at low p/p0, charac
teristic of type I isotherms, and also of H4 hysteresis loop type [56]. 
Thermal treatment at 703 K leads to a decrease in SSA to 84 m2/g. At the 
same time, there is also a strong change in the pore size distribution (Fig. 
S3) and the average pore size towards larger sizes (from 3.0 for Zr703 to 
16.7 nm for Zr873, Table 2). Addition of Y2O3 promotes some 
improvement of the porous structure, which can be seen from an in
crease in SSA (by 20 m2/g compared to Zr873) and a shift in the pore 
distribution downward (11.2 nm for 9YSZ compared to 16.7 nm for 
Zr873). This improvement of the porous structure is associated with 
stabilization of t-ZrO2, which has a lower density and a particle size 
compared to m-ZrO2. 

Thus, thermal treatment of ZrO2⋅nH2O at temperatures of the main 
transformations of ZrO2⋅nH2O makes it possible to obtain supports of 
various phase composition, thermal stability, and porous structure. 
Addition of Y2O3 as a promoter helps to stabilize t-ZrO2 and reduce 
sintering of the support structure. 

3.2. Thermal transformations and phase composition for NiO/ZrO2 

The DT-curves of the synthesized non-heat-treated nickel-zirconia 
samples are shown in Fig. 2, while diffractograms of NiO/ZrO2 after 
thermal treatment of the impregnated compositions are shown in Fig. 3. 

The exopeak of am-ZrO2 crystallization (NiO/amZr sample, Fig. 2, 
curve 1) is shifted towards higher temperatures when NiO is deposited 
from Ni(NO3)2 on the initial ZrO2‧nH2O and crystallization proceeds in a 
broader temperature range (673− 923 K) in comparison with the initial 
ZrO2‧nH2O (Fig. S1). A set of several endopeaks with distorted shapes 
and positions relative to the decomposition peaks of Ni(NO3)2‧6H2O is 
observed when NiO was deposited on crystalline supports (Fig. 2, curves 
2–4). It is clearly seen in the temperature range 293− 523 K where 
physically and chemically adsorbed H2O is removed. The peak at ca. 573 
K apparently corresponds to the decomposition of the nitrate-containing 
intermediate compound with the formation of NiO, however, this peak is 
shifted by +50K compared to the initial Ni(NO3)2 [57]. The shift of the 
peaks can be due to several reasons: different interactions with the 
support surface functional groups, influence of the porous structure on 
the rate of decomposition products removal, etc. The NiO precursor 
decomposition process is significantly different from others supports 
when NiO was deposited on the amZr support. The presence of only two 
weak endopeaks in the range of 573− 723 K indicates a stronger change 
in the decomposition of Ni(NO3)2. 

The current data show that addition of Y2O3 or NiO had a different 
effect on the thermal transformations of the corresponding binary sys
tems. Decomposition of Y(NO3)3 and Ni(NO3)2 deposited on amZr did 
not display the corresponding individual peaks of nitrate decomposition 
in the region of thermograms before the onset of am-ZrO2 crystalliza
tion. At the same time, crystallization of am-ZrO2 changes more 
noticeably with the introduction of NiO than Y2O3. Duchet et al. [58] 
also observed similar differences in the behavior of these systems 
without, however, a detailed discussion. The obtained data indicate 
occurrence of a reaction between Ni(NO3)2/Y(NO3)3 with ZrO2⋅nH2O 
during impregnation, which was reported in [52,58–60] for Y2O3/ZrO2. 
For example, it was indicated [52] that [(Zr4 

(1-x)Y4x(OH)8(OH)2)16](8− 4x)+ ion is formed in a solution of zirconium 
and yttrium nitrates, subsequently determining formation of a solid 
solution and stabilization of t(c)-ZrO2. This was shown by thermal 
analysis and XRD for Y2O3/ZrO2 and MgO/ZrO2 in [59,60]. A similar 
effect appeared in this work, namely a partial re-dissolution of ZrO2‧ 
nH2O in acidic solutions of Y(NO3)3 and Ni(NO3)2 occurs during 
impregnation, generating mixed compounds. 

In addition, results of the thermal analysis determine a choice of a 

Table 2 
Phase composition and pore structure for the support and NiO/ZrO2.  

Sample 

Phase composition Texture 

Phases Vm, 
vol.% 

dXRD for 
NiO, nm 

SSA, 
m2/g 

Vp, 
cm3/g 

dp, 
nm 

Supports 
amZr a – – 252 0.192 3.0 
Zr703 t + m 26 – 84 0.184 8.8 
Zr873 m + t 85 – 44 0.183 16.7 
9YSZ t 0 – 64 0.180 11.2 
NiO/ZrO2 

NiO/ 
amZr 

t + NiO 0 10.6 57 0.194 24.2 

NiO/ 
Zr703 

m + t +
NiO 

77 15.1 39 0.145 15.0 

NiO/ 
Zr873 

m + t +
NiO 

92 18.7 31 0.139 17.7 

NiO/ 
9YSZ 

t + NiO 0 18.2 43 0.148 13.8  

Fig. 2. DTA-curves for non-thermally treated composites: 1 – NiO/amZr; 2 – 
NiO/Zr703; 3 – NiO/Zr873; 4 – NiO/9YSZ (— – zero line). 
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stepwise thermal treatment procedure able to avoid sharp changes in the 
samples temperature during decomposition and crystallization. 

XRD confirmed that NiO/ZrO2 exhibits a mixture of different phases. 
Reflexes at 2θ values of 37.24◦ and 43.27◦ (Fig. 3) indicate presence of 
NiO in the cubic modification (Fm3m, PDF N◦00-047-1049) in all 
samples. The size of the coherent scattering region dNiO strongly depends 
on the support type (Table 2) increasing in the order NiO/amZr < NiO/ 
Zr703 < NiO/Zr873 ≈ NiO/9YSZ. At the same time, NiO affects the 
phase formation of ZrO2. The m-ZrO2 phase is absent in NiO/amZr and 
NiO/9YSZ (Fig. 3, Table 2), which indicates strong stabilization of the t- 
ZrO2 phase by nickel oxide. However, the t-ZrO2 reflections in NiO/ 
amZr are shifted relative to the corresponding t-ZrO2 reflections in NiO/ 
9YSZ and the reference diffractogram. Various works indicate that NiO 
stabilizes either c-ZrO2 [61] or t-ZrO2 [62,63]. However, the region of 
solid solutions is absent in the phase diagram of NiO-ZrO2. A detailed 
analysis of diffractograms by the Rietveld refinement confirmed [62] 
stabilization of especially t-ZrO2 by NiO with, however, lower unit cell 
parameters than for unmodified t-ZrO2. Calculations of the t-ZrO2 lattice 
parameters with the P42/nmc structure type for NiO/amZr gave a =
3.595 Å and c = 5.081 Å in good agreement with [62]. The presence of 
free NiO reflections in this sample indicates a limited solubility of NiO in 
ZrO2, which according to [62] is 5 mol.%. Nickel oxide remains on the 
surface of NiO/amZr rather than forming a solid solution with zirconia. 
It should be noted that the size of NiO particles in NiO/amZr is signifi
cantly smaller (dNiO = 10.6 nm) than in other materials. A more detailed 
study of am-ZrO2 crystallization in NiO/amZr by ex-situ XRD partially 
explains a decreased value of dXRD. To this end NiO/amZr was thermally 
treated at different temperatures: 713, 773 and 823 K not showing any 
NiO reflections up to 823 K. These results are in line with the thermal 
analysis indicating strong interactions between Ni(NO3)2 and 
ZrO2⋅nH2O. 

NiO/Zr703 and NiO/Zr873 samples exhibit t-ZrO2 and m-ZrO2 in 
different ratios. A decrease of the transition from t-ZrO2 to m-ZrO2 is 
observed in NiO/Zr703, however, to a lesser extent than in NiO/amZr. 
Apparently, this is due to a slower growth of t-ZrO2 crystallites to the 
critical size hindering a further transition to m-ZrO2. It should be noted 
that an insignificant fraction of am-ZrO2 may remain in Zr703 support 
[48] which interacts with Ni(NO3)2. This leads to partial stabilization of 

t-ZrO2 during a further thermal treatment. At the same time, NiO re
flections on the crystallized supports (Zr703, Zr873, 9YSZ) were detec
ted already after thermal treatment at 703 K, i.e. after completion of Ni 
(NO3)2 decomposition. The phase composition of the 9YSZ support in 
NiO/9YSZ did not change after deposition of Ni(NO3)2 and subsequent 
thermal treatment. According to Table 2, there are no significant dif
ferences in the size of NiO particles depending on the phase composition 
of the thermostable support (m-ZrO2 in Zr873 and t-ZrO2 in 9YSZ). 

Thus, the mutual influence NiO and ZrO2 is determined by the initial 
form of zirconia. The pretreatment temperature of ZrO2 and the intro
duction of NiO make it possible to regulate the phase composition of the 
synthesized samples, which can affect catalytic activity. The content of t- 
ZrO2 increases in the order NiO/Zr873 < Ni/Zr703 < Ni/amZr for the 
samples obtained using non-promoted ZrO2. The size of NiO particles is 
reciprocal to the fraction of m-ZrO2, being almost independent of the 
phase composition for the thermostable supports (m-ZrO2 in Zr873 and 
t-ZrO2 in 9YSZ). 

3.3. NiO/ZrO2 porous structure 

The porous structure of NiO/ZrO2 is inextricably linked with the 
phase composition described above. The data for the porous structure of 
NiO/ZrO2 are shown in Fig. 4 and Table 2. 

The obtained N2 sorption isotherms are close to the type IV according 
to the IUPAC classification [56] which is due to the presence of an in
flection point in the region p/p0 = 0.75− 0.95. The hysteresis loops 
correspond to the H3 type, indicating presence of a sufficient number of 
large pores. The results of scanning electron microscopy (Fig. 5) are 
consistent with the N2 sorption data, namely, that the particles of 
powdered Zr873 are mainly sintered aggregates of plate particles. A 
series of images shows that the most sintered samples (Zr873, 
NiO/Zr873) correspond to a more distinct manifestation of a lamellar 
morphology due to bulk sintering and appearance of wider micro-cracks 
(corresponding apparently to macropores). At the same time, there were 
no noticeable differences between the particles morphology of 
NiO-containing samples synthesized based on different supports. 

The increased specific surface area of NiO/amZr and NiO/YSZ ma
terials is mainly due to the phase composition formed by t-ZrO2 which 

Fig. 3. XRD patterns of as-prepared samples: 1 – Zr873; 2 – NiO/amZr; 3 – NiO/Zr703; 4 – NiO/Zr873; 5 – NiO/9YSZ (● – m-ZrO2; ◼ – t-ZrO2; □ – NiO).  
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has a lower density compared to m-ZrO2. Appearance of large amounts 
of m-ZrO2 (Table 2) leads to a significant decrease in SSA. The pre
dominant pore diameter is in the range 5− 20 nm as can be seen from 
Fig. 4. A shift of the distribution towards larger sizes is observed 
depending on the initial state of the support. A comparison of the pore 
volumes of the supports and NiO/ZrO2 indicates that the pores are filled 
with nickel oxide in the case of NiO/Zr873 and NiO/9YSZ. For NiO/ 
amZr an increased pore volume and SSA were observed compared to 
Zr873. This can be explained by absence of the transition from t-ZrO2 to 
m-ZrO2 after NiO deposition and subsequent heat treatment, indicating 
slower sintering of bulk ZrO2. Introduction of Y2O3 (i.e. 9YSZ and NiO/ 
9YSZ) has a similar effect. While somewhat similar results for NiO/ZrO2 
were reported in the literature [31,58,61,64], a positive effect of NiO on 
the porous structure of NiO/ZrO2 when the latter is prepared from 
amorphous ZrO2‧nH2O, was not mentioned. 

In summary synthesized NiO/ZrO2 materials have a meso- 
macroporous structure. The specific surface area of NiO/ZrO2 de
creases with an increase in the pretreatment temperature of ZrO2 in the 
order NiO/amZr – NiO/Zr703 – NiO/Zr873. Nickel oxide supported on 
ZrO2⋅nH2O similarly to Y2O3 prevents sintering of ZrO2 and improves 
the textural characteristics of NiO/ZrO2. The presence of relatively wide 
pores can be advantageous diminishing internal mass transfer 
limitations. 

3.4. NiO/ZrO2 reducibility and Ni0 particle size 

NiO/ZrO2 reduction profiles are shown in Fig. 6 The main part of 
hydrogen is consumed in the temperature range from 623 to 890 K. The 
split between different regions is shown in Table 3. 

In different temperature regions NiO is reduced with a varying de
gree of interactions with the support [25,29,61,65]. Bulk NiO weakly 
interacting with ZrO2 is reduced at temperatures below 773− 823 K 
(region α). Medium strength interactions of nickel oxide with ZrO2 allow 
reduction in the temperature range between 773–923 K (region β). 
There is a tendency for an increase in the amount of absorbed hydrogen 
in the temperature range 623− 893 K with an increase in the tempera
ture of the preliminary treatment of zirconia (NiO/amZr < NiO/Zr703 <
NiO/Zr873). This indicates an increase in the amount of NiO interacting 
weakly and moderately with ZrO2. NiO/9YSZ has the largest amount of 
hydrogen consumed for its reduction in this interval. An increase in the 
fraction of NiO, weakly interacting with ZrO2, correlates with an in
crease in dNiO (Table 2). A poorly visible reduction peak at 893− 1173 K 
(region γ) is observed in the TPR profile of NiO/amZr. Intensity of this 
peak significantly decreases with an increase in the ZrO2 pretreatment 
temperature to 703 K (NiO/Zr703). A comparison with XRD data (Fig. 3) 
shows that NiO is reduced from a solid solution with zirconia in the γ 
temperature range. 

Deconvolution of the main reduction peak by a set of Gaussian 
functions shows that two peaks characterize the α- and β-region similar 
to [25]. It was reported [66,67] that each of the peaks corresponds to a 
part of NiO interacting with a particular ZrO2 phase. However, based on 
XRD data (Fig. 3) and TPR (Fig. 6) the result for NiO/ZrO2 obtained 
under the conditions described above [67] cannot be confirmed. It is 
possible that such behavior is pronounced only at high thermal treat
ment temperatures. 

The XRD results of the samples reduced at 873 K in the catalytic 
reactor are shown in Fig. 7 and Table 3. Ni/ZrO2 differs substantially 
from NiO/ZrO2 in several respects. 

First, there is an increase in the particles of the deposited component. 
After reduction, the sample on the amZr support exhibits the largest 
increase in the coherent scattering region from 10.6 nm NiO to 21.1 nm 
Ni0. This observation is due to the surface mobility, intergrowth and/or 
coalescence of Ni0 particles formed during the reduction of fine NiO 
particles and Ni2+ from a solid solution in ZrO2. However, some unre
duced Ni2+ dissolved in ZrO2 remains in Ni/amZr, (Figs. 6 and 7). An 
increase in Ni0 particle size as compared with NiO after NiO/ZrO2 
reduction is noted in some studies [11,65–67]. However, the difference 
between dNi and dNiO decreases with an increase in the pretreatment 
temperature of the support and for the samples, being almost negligible 
on Zr873 and 9YSZ supports within the measurement error. 

Second, changes of the phase composition of ZrO2 were clearly 

Fig. 4. N2 adsorption-desorption isotherms and the pore size distribu
tion curves. 

Fig. 5. SEM images of Zr873 (A), NiO/Zr873 (B), NiO/9YSZ (C).  
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visible especially for amZr and Zr703 support. NiO/amZr contains m- 
ZrO2, because of a partial reduction of Ni2+ from the solid solution with 
ZrO2 and a loss of stability of large t-ZrO2 crystallites. A schematic 
representation of this process (excluding the particle morphology) is 
presented in Fig. 8. A change in the position of the t-ZrO2 reflections also 
confirms this assumption, which can be seen from the c lattice parameter 
of t-ZrO2 equal respectively to 5.081 Å for unreduced NiO/amZr and 
5.149 Å for Ni/ZrO2. NiO/Zr703 also undergoes a phase transition from 
t-ZrO2 to m-ZrO2 after reduction with an increase in Vm to 89 vol.%. No 
changes in the phase composition of the support were observed after 
reduction for Ni/9YSZ and Ni/Zr873 samples. 

The catalysts reduced at 873 K in the catalytic reactor were addi
tionally studied by TEM to determine the morphology and the particle 
size of Ni0 (Figs. 9 and S4). Zirconia supports are represented by elon
gated rounded particles sintered together. Particles of 9YSZ in Ni/9YSZ 
have a polycrystalline structure, while amZr in Ni/amZr is characterized 
by the least sintered structures compared to Zr873 in Ni/Zr873. It was 
noted [68,69] that Ni0 particles are indistinguishable from ZrO2 parti
cles due to a weak contrast. Particles darker than ZrO2, apparently 
corresponding to Ni0, are visible in Fig. 9. The hexagonal raft-like shape 
(Fig. 9C and D) is a feature of these particles. This is clearly seen for 
particles lying at an angle to the shooting plane and a relatively high 
transparency of even large particles located parallel to the same plane. A 
similar morphology of Ni0 particles characteristic of Ni/9YSZ, Ni/Zr873, 
and Ni/Zr703 was previously reported also for Ni/TiO2 [70]. In addition 
to the raft-like shape, a cuboctahedral particle shape on Ni/amZr was 
observed (Fig. S5), also characteristic of Ni0 [35,71]. 

The size distribution of Ni0 particles (Fig. 9) strongly depends on the 

Fig. 6. H2-TPR profiles for NiO/ZrO2.  

Table 3 
Hydrogen consumption and structural properties of Ni/ZrO2.  

Sample 
Hydrogen consumption, mol.% XRD results TEM results 

α-region 623− 773 K β-region 773− 893 K γ-region 893− 1173 K Vm, vol.% dXRD, nm dn, nm ds, nm DNi, % 

Ni/amZr 22 45 33 11 21.1 25 28 3,51 
Ni/Zr703 37 56 7 89 17.1 41 59 1,71 
Ni/Zr873 34 62 4 95 25.2 64 89 1,13 
Ni/9YSZ 36 64 0 0 21.4 48 80 1,26  

Fig. 7. XRD patterns of reduced samples: 1 – Ni/amZr; 2 – Ni/Zr703; 3 – Ni/Zr873; 4 – Ni/9YSZ (● – m-ZrO2; ◼ – t-ZrO2; ○ – Ni0).  
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initial form of ZrO2. The particle size distribution of Ni0 shifts towards 
larger values (dn and ds, Table 3) with an increase in the pretreatment 
temperature of ZrO2. The narrowest distribution with a maximum at 25 
nm is observed for Ni/amZr. The dXRD value is quite different from the dn 
value compared to XRD results. This is due to the raft-like morphology of 
Ni0 particles, which is characterized by an increased size of the (111) 
plane. It should also be noted, that large Ni0 particles could consist of 
several grains, which aggregates are not always distinguishable in the 
images. At the same time, the region of coherent scattering (the Scherrer 
equation) of the Ni0 phase is equal to the particle size in the first 
approximation. The dXRD, dn, and ds values for the Ni/amZr sample are 
the closest, which is due to the monomodal distribution. 

Thus, the initial state of the zirconia support affects reducibility and 
the particle size of Ni0 in Ni/ZrO2. Reduction leads to an increase of the 
size of the deposited phase. The stabilizing effect of Ni2+ is retained after 
reduction in the samples based on amZr. The content of t-ZrO2 content 

and the Ni0 particle size (dn и ds) in the reduced samples increased in the 
order Ni/amZr < Ni/Zr703 < Ni/Zr873. The phase composition of 
thermostable supports (m-ZrO2 for Zr873 and t-ZrO2 for 9YSZ) effects 
the Ni0 particles size, namely, an increased content of large Ni0 particles 
is observed for a sample based on Zr873. It should be noted that further 
coarsening of Ni0 particles could be expected with an increase in the 
zirconia pretreatment temperature and/or reduction of NiO/ZrO2 due to 
more prominent bulk sintering of the support and surface mobility of 
Ni0. 

3.5. Ni/ZrO2 surface acidity 

Ammonia desorption profiles for Ni/ZrO2 are shown in Fig. 10 while 
the calculation results (total acidity, acid sites density) are presented in 
Table 4. 

All samples have three types of acid sites clearly distinguishable by 
the strength of ammonia adsorption: 386− 563 K – weak, 563− 803 K – 
medium, above 803 K – strong acid sites. The latter differ from the re
sults of other studies by 70–100 K [11,24,25] which may be due to 
differences in the arrangement of thermocouples in the devices and 
surface properties of the samples. Ni/amZr, Ni/Zr703 and Ni/9YSZ have 
close values of total acidity (Table 4), and the sample based on m-ZrO2 
(Ni/Zr873) has the lowest total acidity. A larger difference is observed in 
the values of the surface density of acid sites. The latter was the highest 
for materials obtained from amZr and YSZ which phase composition 
after reduction is represented by t-ZtO2 (Ni/amZr, Ni/9YSZ Fig. 7). The 
samples based on unstabilized t-ZrO2/m-ZrO2 and containing after 
reduction m-ZrO2 (Ni/Zr703, Ni/Zr873) have the maximum and mini
mum values, respectively. An increase in the pretreatment temperature 
of the support (amZr < Zr703 < Zr873) leads to a decrease in the frac
tion of sites of the medium strength and an increase in the fraction of 
strong acid sites (Table 4). Introduction of Y3+ gives an increase in the 
fraction of medium strength centra, which agrees with the data of [25]. 
The Ni/amZr sample has, nevertheless, the highest content of these 
centers. 

The obtained results show that the initial state of ZrO2 influences 
acidity of Ni/ZrO2 surface after introducing NiO and subsequently 
reducing it to Ni0. According to the literature data [44,72–74], t-ZrO2 
has mainly Lewis acid sites (LAS), while m-ZrO2 contains Lewis and 
Brønsted acid sites (BAS). LAS are the coordination unsaturated 
Zr3+/Zr4+ (cus) atoms located either on vacancies or on crystal faces 
emerging at the surface [73,74]. Introduction of Y3+ results in an in
crease in the LAS amount on the t-ZrO2 surface due to creation of 

Fig. 8. A scheme of NiO/amZr transformations upon reduction.  

Fig. 9. TEM-images for Ni/9YSZ (A, C) and Ni/Zr873 (B, D) and Ni0 particle size distributions for all samples.  
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additional vacancies that emerge on the surface [75], elevating the total 
acidity (Table 4). Apparently, Ni2+ has a similar effect (Ni/amZr sample) 
due to incomplete reduction of Ni2+ from a solid solution in ZrO2 and an 
ability of divalent cations to create anionic vacancies in t-ZrO2 [75]. An 
increased fraction of strong centers on the surface of Ni/Zr703 and 
Ni/Zr873, in which the phase composition is dominated by m-ZrO2, 
agrees with the results in [73,76] reporting predominance of strong BAS 
(OH groups one- and three-coordinated to the zirconium ion) [73] and 
LAS [76] on the surface of m-ZrO2. In the current work the surface 
density of the acid sites is significantly inferior to acidity of zirconia 
according to the literature (namely, 0.16− 0.31 nm− 2 in the this study 
and 1.7 nm− 2 for t-ZrO2 and 3.4 nm− 2 for m-ZrO2 [72]). Such differences 
may be due to differences in the synthesis methods for both ZrO2 itself 
(especially m-ZrO2) and introduction of NiO [38] as well as imple
mentation of reduction. The effect of the surface acidity on the catalytic 
properties is discussed below. 

3.6. Catalytic tests 

3.6.1. Activity 
High glycerol conversion and hydrogen yields were achieved at SRG 

temperatures above 823 K at WGFR exceeding 9:1 and atmospheric 
pressure in line with the thermodynamic data [77–79]. If similar con
ditions are used external or internal diffusion limitations can be antici
pated for a catalyst exhibiting the highest activity. Therefore, influence 
of the residence time τ on XGgas was elucidated for Ni/9YSZ catalyst as 
an example. The values of all flow rates and calculation details are given 
in the Supplementary material (Table S1). Dependence of the glycerol 
conversion to gas (XGgas) vs τ is shown in Fig. S5. A sharp rise in XGgas 

with increasing residence time is observed up to τ of ca. 0.040 s, which 
indicates absence of external mass transfer limitations below this value. 
This conclusion is confirmed by the calculation of the Mears criterion for 
which the values 0.02− 0.05 were obtained, being clearly lower than 
0.15/n where n is the reaction order with respect to glycerol. The values 
of the reaction order for SRG were reported to be 0.2− 0.5 [80]. At the 
same time based on the calculations of the Weisz-Prater criteria (Φ =
0.55–1.4 depending on the τ) the presence of internal mass transfer 
limitations cannot be completely ruled out. Subsequently, the following 
conditions were used to evaluate the initial activity of the catalysts from 
the TOFGly values: mcat = 0.13 g, Vliq = 7.0 mL/h, V(N2) = 8 mL/min 
corresponding to τ = 0.021 s (WHSV = 160,000-170,000 h− 1). 

The values of TOFGly for Ni/ZrO2 are displayed in Fig. 11. The 
catalyst synthesized based on m-ZrO2 (Ni/Zr873) has the highest initial 
activity among the samples based on unmodified ZrO2. Moreover, Ni/ 
Zr873 is more active than the catalyst based on thermostable t-ZrO2 (Ni/ 
9YSZ). A clear dependence of TOFGly on dS visible in Fig. 11 indicates 
structure sensitivity of SRG in accordance with the literature data [16]. 

While in the literature the majority of studies report structure 
sensitivity in the range of 2− 10 nm, there are also several publications 
where the changes in TOF were observed for much larger metal clusters. 
For example, in hydrogenation of acetone over copper catalysts the 
maximum in TOF was observed at ca. 110 nm [81]. Elevation of TOF up 
to the cluster size of Ru particles of 70 nm was seen for the 
Fischer-Tropsch synthesis [82]. In a series of silica and alumina sup
ported platinum catalysts the highest TOF in NO oxidation was dis
played by the material with the particle size of 27 nm [83]. For the latter 
reaction in another study the highest TOF was also noticed for platinum 
catalysts with a low metal dispersion, namely exhibiting the size of ca. 
40 nm [84]. 

It was noted [85] that a comparison of catalytic results generated in 
different studies is possible if the same experimental conditions are used, 

Fig. 10. NH3-TPD profiles for Ni/ZrO2.  

Table 4 
NH3-TPD calculation results.  

Sample 
Ammonia desorption, mol. % 

Total acidity, μmol/g Acid sites density*, nm− 2 

Region 1 386− 563 K Region 2 563− 803 K Region 3 above 803 K 

Ni/amZr 28 58 14 121 0.21 
Ni/Zr703 21 44 35 120 0.31 
Ni/Zr873 26 31 44 50 0.16 
Ni/9YSZ 26 45 29 120 0.28  

* Acid sites density = (Total acidity [μmol/g] ⋅ 6.022⋅1023 [mol− 1] ⋅ 10-24) / SSA [m2/g]. 

Fig. 11. Comparison TOFGly in glycerol steam reforming vs surface-weighted 
particle diameter over Ni/ZrO2 obtained in this work with the data from [16, 
25]. Conditions: mcat = 0.13 g, Vliq = 7.0 mL/h, V(N2) = 8 mL/min. 
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namely feed and reactor type, substrate concentration, temperature, the 
catalyst amount and loading, carrier gas flows and pressure. Most of the 
conditions used in this work are similar to those in [24,25,28] allowing a 
fair comparison. The TOFGly values calculated according to [25] for the 
catalysts supported on commercial ZrO2 (Ni/Zr) and yttria-stabilized 
ZrO2 (Ni/YZr) are also shown in Fig. 11. The size distributions of Ni0 

particles were used to calculate the values of dc for the samples from 
[25] (59 nm for Ni/Zr and 51 nm for Ni/YZr). Activity of both catalysts is 
the same for a similar phase composition of the reduced samples, where 
t-ZrO2 is dominating. Ni/9YSZ exhibited a two-fold higher initial ac
tivity compared to Ni/YZr catalyst reported in [25]. 

Thus, catalysts based on m-ZrO2 (Ni/Zr873) and yttria-stabilized t- 
ZrO2 (Ni/9YSZ) have the highest initial activity expressed by TOFGly. 

3.6.2. Stability 
Catalyst stability tests were carried out using either lower (τ = 0.021, 

meeting the conditions of intrinsic activity tests) or elevated residence 
time (τ = 0.066 s, mcat = 0.52 g, Vliq = 7.0 mL/h, V(N2) = 30 mL/min). 
The deactivation profiles of the samples are displayed in Fig. 12 for XGgas 
and Y(H2) values. The hydrogen yields are calculated using Eq. 8 
without taking into account the stoichiometric coefficient of hydrogen 
in the SRG reaction equation equal to 7. 

All tested catalysts showed the initial XGgas exceeding 85 mol.%. Ni/ 
9YSZ catalyst exhibits the lowest conversion among all the samples at τ 
= 0.066 s, however, conversion gradually increased up to TOS = 7 h 
(85.3–91.5 %). The induction period for Ni/9YSZ is also visible at τ =
0.021 s in the first 30 min of the experiment. Other catalysts display a 
similar conversion of glycerol to gas at the same contact time for 
essentially the same TOS and at τ = 0.066 s in the first 4 h. Subsequently 
their behavior diverged because of different deactivation rates. Time to 
get XGgas = 75 mol.% at τ = 0.066 s and XGgas = 50 mol.% at τ = 0.021 s 
increased in the order Ni/9YSZ < Ni/amZr < Ni/Zr703 < Ni/Zr873. 
Faster catalyst deactivation at shorter τ was also reported for SRM [86] 
and SRE [87]. 

The trends for Y(H2) vs TOS (Fig. 12B) are similar to those for XGgas at 
the corresponding contact time. A high hydrogen yield during the entire 
period of a stable operation at τ = 0.066 s is characteristic for Ni/amZr, 
Ni/Zr703, and Ni/Zr873 catalysts. Ni/9YSZ displayed the highest 
hydrogen yield despite a lower XGgas, which is discussed in a more detail 
below. 

Some indicators allowing a comparison of stability for various Ni/ 
ZrO2 materials are given in Table S2 and Fig. S6. The stable periods were 
observed at τ = 0.066 s. The materials obtained from am-ZrO2 and 9YSZ 
where t-ZrO2 is predominant after reduction (i.e. Ni/amZr and Ni/ 

9YSZ), exhibited the slowest deactivation similar to previous studies 
[20,24,25]. Both the conditions for obtaining ZrO2 and thermal treat
ment can explain differences in the absolute values. Since in this work 
the materials were obtained from the same batch of ZrO2 and thermally 
treated under the same conditions, the observed differences in the 
catalyst stability can be explained by the influence of the phase 
composition of the zirconia support. 

Thus, the catalysts based on amZr (Ni/amZr) and yttria-stabilized t- 
ZrO2 (Ni/9YSZ), where t-ZrO2 is dominating in the phase composition 
after reduction, displayed the highest stability. 

3.6.3. Selectivity for the major gas products 
Differences in the catalytic behavior for studied materials being also 

dependent on the contact time are also evidenced in selectivity to the 
main gas-phase products (H2, CO2, CO in Fig. 13). 

Hydrogen formed on Ni/amZr, Ni/Zr703 and Ni/9YSZ is further 
consumed in consecutive reactions. The different directions in the 
changes of selectivity for CO2 and CO with deactivation are partly due to 
a decrease in the WGS reaction rate, which is most noticeable at τ =
0.021 s. No apparent changes in S(CO2) and S(CO) with a drop in XGgas 
for Ni/Zr873 and Ni/Zr703 indicate participation of CO2 and CO in 
parallel reactions. Carbon oxide can be formed and consumed in the 
following reactions: SRM, glycerol decomposition, DRM, coke gasifica
tion; WGS, CO hydrogenation and the Boudouard reaction. There was no 
significant decrease in S(H2) with a decreasing residence time which 
also affects the H2/CO2 ratio (Fig. S7). The amount of converted water, 
which is not taken into account in the calculation of S(H2) according to 
Eq. (9), may be the reason for such a result, along with S (H2) > 100 % 
[88]. A decrease in the residence time has a negative effect on S(CO2) 
due to a decrease in CO conversion by the WGS reaction. A similar effect 
of τ was reported for SRE [33]. It should be noted that the samples, in 
which the phase composition after reduction is dominated by m-ZrO2 
(Ni/Zr703 and Ni/Zr873), are characterized by the largest difference in 
S(CO2) depending on τ at the same XGgas. Selectivity can be influenced 
by the internal diffusion of the reacting components, which impact is 
diminishing as the catalyst deactivates by coking. 

It is also possible to distinguish two groups of samples with increased 
(Ni/Zr873 and Ni/9YSZ) and decreased (Ni/amZr and Ni/Zr703) 
selectivity for H2 and, to a lesser extent, selectivity for CO2. The reason 
for this difference is involvement of H2 in hydrogenation reactions, 
which is discussed below. 

3.6.4. Selectivity for gaseous and liquid byproducts 
In addition to the main gas-phase products, formation of methane, 

Fig. 12. Time-on-stream behavior in steam reforming of glycerol at different residence times: τ = 0.021 s (- - -), mcat = 0.13 g, Vliq = 7.0 mL/h, V(N2) = 8 mL/min; τ 
= 0.066 s (—), mcat = 0.52 g, Vliq = 7.0 mL/h, V(N2) = 30 mL/min. A) Conversion of glycerol to the gas products and B) H2 yield. 
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ethane, ethylene, propane (Fig. 14), and liquid by-products (Fig. 15) was 
also observed. 

Two groups of samples can be distinguished in terms of selectivity to 
methane S(CH4) behavior vs a decrease in XGgas: Ni/9YSZ and Ni/Zr873 
displayed an increase in S(CH4), while for Ni/Zr703 and Ni/amZr an 
opposite dependence was observed. The methane selectivity for Ni/ 
amZr873 and Ni/Zr703 approaches the values for Ni/Zr873 and Ni/ 
9YSZ in the course of deactivation and a decrease in XGgas. The same 
pairs of samples demonstrate a decreased and an increased level of S 
(H2), respectively, which indicates formation of CH4 in the reactions 
requiring hydrogen. 

Ethane, propane and ethylene are also found in the gas products 
(Fig. 14B–D). Selectivity to all these components decreased with an in
crease in XGgas, which is typical for intermediates in consecutive re
actions. Such dependence along with a low selectivity to alkanes 
indicate steam reforming of ethane and propane at high glycerol con
version (XGgas > 70 mol.%). An increased selectivity to C2H4 and C2H6 
was observed at a lower residence time τ = 0.021 s, and after the 
beginning of a decrease in XGgas at τ = 0.066 s. Formation of propane 
was visible mainly at τ = 0.021 s, concomitant with accelerated deac
tivation. In this case, selectivity to C2H4, C2H6, and C3H8 was not 

affected. 
HPLC analysis of the liquid by-products accumulated over 12 h of 

testing at τ = 0.066 s (Fig. 15) shows a difference in the product 
composition and the amount of formed liquid by-products depending on 
the catalyst. The concentration of the liquid products increases in the 
same order as the catalyst stable operation time: Ni/9YSZ < Ni/amZr <
Ni/Zr873. Based on HPLC, the carbon balance closure for Ni/amZr, Ni/ 
Zr873 and Ni/9YSZ was 96.5, 93 and 90 % respectively. Interestingly 
several condensation products namely mannitol, erythritol, 2,3-butane
diol were obtained. Formation of such products is characteristic of 
glycerol APR [7] and was not previously mentioned as SRG products. 
The mannitol content decreased in the order Ni/9YSZ < Ni/amZr <
Ni/Zr873 samples. Apparently, mannitol is formed during hydrogena
tion of glucose which is a product of aldol condensation of 1,3-dihy
droxyacetone or glyceraldehyde. Erythritol is detected only in the 
liquid phase products for Ni/Zr873. Erythrose and glycoaldehyde can be 
formed by the retro-aldol condensation of glucose. In turn, each of these 
two components can undergo hydrogenation to form erythritol and 
ethylene glycol, respectively. Ni/Zr873 was also characterized by the 
highest amounts of pyruvaldehyde, hydroxyacetone, ethylene glycol, 
ethanol and/or allyl alcohol, while the contribution of 2,3-butanediol, 

Fig. 13. Selectivity to the major gas products vs conversion at different contact times: τ = 0.021 s (solid points), mcat = 0.13 g, Vliq = 7.0 mL/h, V(N2) = 8 mL/min; τ 
= 0.066 s (open points), mcat = 0.52 g, Vliq = 7.0 mL/h, V(N2) = 30 mL/min. 

Fig. 14. Selectivity to C1-C3 hydrocarbons vs conversion at different contact times τ = 0.021 s (solid points), mcat = 0.13 g, Vliq = 7.0 mL/h, V(N2) = 8 mL/min; τ =
0.066 s (open points), mcat = 0.52 g, Vliq = 7.0 mL/h, V(N2) = 30 mL/min. 
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Fig. 15. HPLC analysis results of the liquid products accumulated over 12 h of catalytic tests at τ = 0.066 s.  

Fig. 16. The reaction network in SRG with the products not detected by HPLC given square brackets.  
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acetone, and acetic acid was the lowest. The highest amounts of 1, 
3-dihydroxyacetone, which is the primary product of glycerol dehy
drogenation, were observed in the liquid products in the case of Ni/9YSZ 
catalyst. The same catalyst gave also 2,3-butanediol, acetic acid and 
acetone. It is also important to mention presence of 2-propanol among 
the liquid-phase products for Ni/amZr. 

It follows from the HPLC and GC results that formation of methane, 
ethane, propane, and ethylene can be associated with transformations of 
the glycerol decomposition products. It was stated in [85] that there are 
three routes of methane formation in the glycerol APR: methanation of 
CO, hydrogenation of methanol, or hydrogenation of a terminal C− CH3 
bond. The values of S(H2) and S(CO2) point out on occurrence of the 
Sabatier reaction. In addition, CO methanation cannot be excluded as 
this reaction happens at 623 K in the presence of a Ni catalyst. Formation 
of CH4 can also occur as a result of hydrogenation and/or steam 
reforming of methanol which is formed by disproportionation of form
aldehyde. The latter, in turn, is formed by the retro-aldol condensation 
of glyceraldehyde. Absence of formaldehyde, acetaldehyde, methanol, 
and at the same time presence of acetic acid, indicates participation of 
glycerol decomposition products in the formation of CH4. Dependencies 
of S(CH4) vs XGgas (Fig. 14) correspond to consecutive reactions, in 
which CH4 is an intermediate product, being consumed further during 
decomposition or SRM. Consequently, the rates of reactions consuming 
CH4 decrease during deactivation of Ni/Z873 and Ni/9YSZ. At the same 
time, for Ni/Zr703 and Ni/amZr, the rates of these reactions increased 
with a decrease in XGgas. Absence of the corresponding changes in S 
(CO2) and S(CO) with a decrease in S(CH4) by 4–5 % indicates occur
rence of the subsequent SRM on Ni/Zr703 and Ni/amZr. 

Analysis of the gas- and liquid-phase products indicates that ethane, 
ethylene, and propane originate from dehydration (followed by hydro
genation giving alkanes) of ethanol and 2-propanol, respectively. The 
scheme of the main reactions is shown in Fig. 16 based on the obtained 
results and literature data [10,13,89]. 

Comparison of the investigated catalysts at XGgas = 50− 60 mol.% 
and τ = 0.021 s (Table S3) shows that selectivity to hydrogen, methane 
and carbon dioxide, while selectivity to carbon monoxide increases in 
the following order: Ni/amZr < Ni/Zr703 < Ni/Zr873 in line with a 
decrease of the t-ZrO2 phase content in the reduced samples. The Ni- 
catalyst based on t-ZrO2 (Ni/amZr) demonstrated elevated values of S 
(CO2) and Y(H2), and lower S(CO) and S(CH4) in comparison with the 
catalyst based on m-ZrO2 (Ni/Zr873), in agreement with the data for 
unmodified ZrO2 [28]. Ni-catalyst based on yttria-stabilized t-ZrO2 
(Ni/9YSZ) shows higher S(H2), S(CO2), and also lower S(CH4) than 
Ni/amZr based on unstabilized t-ZrO2. A similar result was obtained in 
[25] for yttria-stabilized and unstabilized t-ZrO2. In [25,28] an opposite 
behavior of selectivity to methane during deactivation was observed. 
Changes in selectivity to methane S(CH4) depend on the initial form of 
the zirconia support, as shown in Fig. 14 and discussed below. At the 
same time, a low content of C2H4 in the gas-phase products was reported 
in [25]. Fig. 14 illustrates however, that S(C2H4) reaches 1.7 % and 
increases with deactivation. According to the current work, ethane and 
propane are also formed in SRG, which was not reported in [25,28]. 

The following conclusions can be drawn from the results of the cat
alytic tests. Catalysts based on thermally stable supports of tetragonal 
and monoclinic modification (i.e. Ni/9YSZ and Ni/Zr873) have the 
highest initial activity (TOFGly). Ni/amZr and Ni/9YSZ catalysts ob
tained from amorphous zirconia and yttria-stabilized zirconia, with the 
main contribution of t-ZrO2 in the phase composition, exhibited the best 
stability. A decrease in selectivity to hydrogen, methane and carbon 
dioxide, and an increase in the content of the glycerol decomposition 
products can be related to an increase in the fraction of m-ZrO2 (Ni/ 
amZr < Ni/Zr703 < Ni/Zr873) in the reduced samples. The amount of 
the liquid by-products and transformations of the latter to gaseous al
kanes correlate with catalyst deactivation. Formation of CH4 can occur 
both by methanation of CO2 and/or CO, as well as by transformations of 
glycerol decomposition products. Further discussion about the reasons 

for different catalytic behaviour requires evaluation of the properties of 
the spent catalysts. 

3.7. Spent catalysts 

There are various reasons and mechanisms for deactivation of the 
steam reforming catalysts [5,90–92] including fouling and thermal 
sintering of both the support and the active phase. The type of coke is 
determined by the feedstock, nature of the catalyst surface and the 
operation conditions, while resistance to sintering depends on the ZrO2 
support thermal stability. 

The DTA curves of the catalysts used at the residence time of 0.066 s 
are shown in Fig. 17. The deposits formed during the catalytic tests were 
burnt out in the temperature range of 713− 963 K. The coke amount 
(Table 5) increased in the order Ni/Zr873 < Ni/9YSZ < Ni/Zr703 < Ni/ 
amZr. The pore volume decreases in the same order when comparing 
spent samples with the reduced ones. The value of the residual con
version (XGgas (10 h), Table 5) does not correlate with the total amount 
of coke formed even if the amounts of deposits were significantly 
different. 

As noted in the Introduction, the type of coke deposits has a larger 
impact on the catalyst stability than the coke amount. Various options 
for discussing coke burnup curves are discussed in [38,93–96]. There are 
two areas of coke burnout, one is related to amorphous coke (up to 
823− 873 K), while the second corresponds to the graphite-like and 
filamentary coke (above 873 K). Analysis of the TG curves of the spent 
catalysts (Table 5) allows to rank the catalysts in terms of the fraction of 
graphite (Cc) and/or filamentous coke (Cν) increasing in the order 
Ni/amZr < Ni/Zr703 < Ni/Zr873 < Ni/9YSZ. 

During SRG sintering occurred as follows from the XRD results for 
the reduced (Table 3) and spent catalysts (Table 5, Fig. S8). The content 
of m-ZrO2 increased in the samples based on non-promoted ZrO2: up to 
49 vol.% for Ni/amZr and up to 99 vol.% m-ZrO2 for Ni/Zr703. The 
region of the coherent scattering Ni0 (dXRD) has increased mainly to 
26− 28 nm with the largest changes in dXRD observed for Ni/Zr703 and 
Ni/amZr. While in general a decrease in the pore volume can be ascribed 
to sintering and coking with different contribution, such decrease for Ni/ 
9YSZ and Ni/Zr873 is explained by coking as no sintering of the supports 
after SRG was recorded. In the diffraction patterns of the spent catalysts 
(Fig. S8) there is a weak reflection at 26.32◦ (2θ), corresponding to 
graphite. This further confirms thermal analysis results pointing out on 
the presence of graphite-like deposits. 

Division of samples into two groups (Ni/amZr, Ni/Zr703 and Ni/ 
Zr873, Ni/9YSZ) according to Figs. 13 and 14 holds also the spent 

Fig. 17. DTA-curves of the spent catalysts.  
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catalysts (Fig. 17). More CH4 and total coke were observed on Ni/amZr 
and Ni/Zr703 while there was less graphitic coke formed. The opposite 
results were displayed by Ni/Zr873 and Ni/9YSZ. Methane decompo
sition to C and H2 is one of the main reactions of coke formation, as well 
as one of the paths for methane consumption apart from SRM. It is 
known that catalyst coking occurs when the rate of coke deposition 
exceeds the rate of its gasification [91,92,96]. The primary forms of coke 
(Cα and Cβ) generated during decomposition of CH4 and CO are trans
formed into a graphite-like species at a high process temperature and a 
large amount of accumulated coke. Apparently, in the first hours of 
Ni/amZr and Ni/Zr703 testing, the rates of CH4 formation and its further 
conversion with steam exceeded the rate of coke formation, as evi
denced by an increased selectivity to methane S(CH4). Hydrogenation 
and gasification of the primary forms of coke could also take place, 
preventing their rapid accumulation and further transformations into a 
graphite-like form. The opposite was observed for Ni/Zr873 and 
Ni/9YSZ, exhibiting low S(CH4) from the very beginning of testing and a 
high fraction of graphite-like coke. 

Thus, with an increase in the fraction of m-ZrO2 in the initial reduced 
sample (Ni/amZr < Ni/Zr703 < Ni/Zr873) the total coke content de
creases, the fraction of graphite-like coke increases, and the pore volume 
decreases. The most stable Ni/amZr catalyst based on unpromoted ZrO2 
has the highest total coke content, the lowest Cc content, a residual 
amount of t-ZrO2 reaching 40 %, and the lowest decrease of the pore 
volume. An average amount of coke, an increased fraction of Cc, and a 
substantial decrease in the pore volume along with a stable support 
phase composition and the particle size of metallic nickel are charac
teristic for Ni/9YSZ, displaying the highest stability among all catalysts. 

3.8. Relationship between physicochemical and catalytic properties 

The obtained results show that the initial state of ZrO2 affects syn
thesis of the final catalysts. Furthermore, investigation of the effect of 
the initial treatment temperature of unpromoted ZrO2 (amZr – Zr703 – 
Zr873) and the phase composition of ZrO2 confirmed that there is no 
influence of Ni2+ on the formation of ZrO2 (Zr873 and 9YSZ). The most 
important catalyst characteristic, which is influenced by the initial state 
of the support, is the size of the Ni0 particles formed after NiO reduction. 
Since the same test conditions were used in this work, the observed 
differences in the catalytic properties can be ascribed to differences in 
the size of Ni0 particles [96]. 

An increase in the size of Ni0 particles elevating the zirconia pre
treatment temperature determines the initial catalytic activity in the 
order Ni/amZr < Ni/Zr703 < Ni/Zr873. The differences in selectivity for 
CH4 are apparently due to the presence of an increased fraction of small 
particles of Ni0 (dTEM < 40 nm) in Ni/amZr and Ni/Zr703 in comparison 
with Ni/Zr873, because such particles afforded higher S(CH4) during 
methanation of CO/CO2 [65,97]. A rapid decline in S(CH4) for Ni/amZr 
and Ni/Zr703 is due to agglomeration of Ni0 particles during deactiva
tion [98], which follows from XRD data (Tables 3 and 5). The character 
of the S(CH4) vs XGgas dependence for Ni/amZr and Ni/Zr703 shows 
more methane consumption at lower XGgas, apparently, in the 

decomposition reaction giving coke. Since the rate of coke accumulation 
directly depends on the particle size of Ni0 [41,99], coke is formed on 
Ni/amZr and Ni/Zr703 more slowly and with lower crystallinity than on 
Ni/Zr873 which possess a larger initial size of metallic nickel particles. 
Formation of the graphite-like coke on Ni/Zr873 from the beginning of 
the catalytic test, apparently, led to encapsulation of Ni0 particles and 
rapid deactivation. This is facilitated by the low degree of metal-support 
interactions (MSI) Ni0 with m-ZrO2 [41,99], which decreases in the 
order Ni/amZr > Ni/Zr703 > Ni/Zr873 (Fig. 6). 

The surface acidity can contribute to coking of the catalyst, namely 
with an increase in the fraction of medium acid sites and subsequently a 
decrease in the fraction of strong acid sites (Table 4), the total coke 
content increases (Table 5). However, as noted in [25], a larger number 
of strong centers promotes formation of a larger number of coke pre
cursor compounds. Such a difference can be explained by the influence 
of not only the strength, but also the type of acid sites, e.g. BAS promote 
the coke formation [44]. It is also worth noting a tendency for the total 
coke content to increase with an increase in total acidity. The lowest 
coke content is characteristic for the least acidic Ni/Zr873. The same 
catalyst exhibited the lowest selectivity to propane (Fig. 14C) indicating 
that the acid sites are required for efficient dehydration reactions, which 
are a part of the reaction route from glycerol to propane. 

Comparison of Ni/9YSZ and Ni/Zr873 based on thermostable sup
ports of various modifications (t-ZrO2 and m-ZrO2, respectively) shows 
that the size of Ni0 particles, initial activity, and coke graphitization are 
similar. The increased ds (Table 3) on the surface of both samples ap
pears to be due to the decreased MSI. However, the catalyst based on 
yttria-stabilized t-ZrO2 showed better stability in SRG, the Y(H2) yield, 
selectivity for the main gas-phase products and the total amount of coke. 
Moreover, the same catalyst displayed a smaller amount of liquid by- 
products and a degree of their conversion. Ni/9YSZ is characterized 
by deactivation through coking rather than sintering which was not seen 
for either the support or Ni0. High stability during formation of graphite- 
like coke is apparently associated with an increased oxygen storage 
capacity and the structure of yttria-modified ZrO2 containing defects in 
comparison with m-ZrO2 (Zr873), as is noted in several studies [25,65]. 
The presence of oxygen vacancies improved coke gasification, pre
venting encapsulation of nickel particles. A special feature of Ni/amZr is 
that Ni2+ acts as a stabilizer of t-ZrO2 (similar to Y3+) and a source of the 
active phase (Ni0). The residual Ni2+ dissolved in t-ZrO2 prevented the 
complete transition t-ZrO2 → m-ZrO2, and strong sintering of the support 
and Ni0. The escape of Ni2+ from the support during NiO/amZr reduc
tion can lead to formation of defects on the ZrO2 surface, facilitating 
coke gasification. 

Brønsted acid sites (surface OH-groups) and surface defects can 
contribute to the high initial activity of Ni/9YSZ and Ni/Zr873 (Section 
3.5 and 3.6.1). It was shown in [39] that Au/ZrO2 catalyst based on 
m-ZrO2 is more active than a catalyst based on unstabilized t-ZrO2 in 
low-temperature WGS. The authors of [39] explain the difference in 
activity by the influence of surface acidic OH-groups of m-ZrO2 on the 
strength of CO adsorption, as well as its increased surface defectiveness 
compared to unstabilized t-ZrO2. YSZ also has defective positions on the 

Table 5 
Characteristics of the spent catalysts.  

Sample XGgas (10 h), mol. 
% 

TG results XRD results 
Loss of the pore volume a, 
vol.% Coke amount, g coke/g 

cat. 
Amorphous coke, wt. 
% 

Filamentous and graphitic coke, 
wt.% 

Vm, vol. 
% 

dXRD, 
nm 

Ni/amZr 83 0.22 53 47 60 26.1 32 
Ni/ 

Zr703 
59 0.20 54 46 99 28.3 45 

Ni/ 
Zr873 

65 0.11 31 69 99 27.5 54 

Ni/9YSZ 87 0.17 26 74 0 20.1 50  

a (Vp(spent)/Vp(reduced))‧.100 %. 
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surface, which are the coordination unsaturated Zr3+/Zr4+. The pres
ence of surface defects leads to additional activation of H2O molecules 
and their involvement in the catalytic cycle. 

4. Conclusion 

For the first time the influence of the initial state of ZrO2 support 
(amorphous ZrO2‧nH2O, t-ZrO2, m-ZrO2, YSZ) obtained from a single 
precipitation product on the genesis of the nickel-zirconium catalysts, 
their activity, stability and selectivity in the steam reforming of glycerol 
was studied. Changes in the initial phase composition of the support due 
to variations in the treatment temperature of ZrO2‧nH2O significantly 
affect the main characteristics of the catalyst, i.e. the size and shape of 
Ni0 particles. The largest size of Ni0 is typical for thermally stabilized 
supports based on m-ZrO2 and YSZ. 

The catalyst based on m-ZrO2, along with YSZ, have higher initial 
values of the turnover frequency (1.3–1.6 s− 1) compared to the catalyst 
based on am-ZrO2 (0.5 s− 1) which indicates a possibility of obtaining 
promising reforming catalyst using monoclinic zirconia as the support. 
The smallest amount of CH4 during methanol or/and CO/CO2 hydro
genation is formed for catalysts based on m-ZrO2 and YSZ with an 
increased content of large Ni0 particles (> 60 nm). For the first time 
mannitol and erythritol were found in the liquid by-products formed 
during glyceraldehyde/dihydroxyacetone aldol condensation, which 
also explains formation of butanediols. The transformation rate of the 
condensed products directly depends on the level of catalyst deactiva
tion. It has been established, that the most stable catalysts are charac
terized by an increased residual content of t-ZrO2 and minor sintering of 
Ni0, which can be a result of a stabilizing effect of Ni2+ on t-ZrO2. 

The obtained results show the importance of choosing the initial 
form of the zirconia support to ensure high activity, stability and 
selectivity of Ni/ZrO2 catalysts in steam reforming of glycerol. 
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[62] G. Štefanić, M. Didović, S. Musić, J. Mol. Struct. 834-836 (2006) 435–444. 
[63] S.K. Mohanty, G. Purohit, R.D. Purohit, P.K. Sinha, A. Mondal, B.B. Nayak, Int. J. 

Nanosci. 10 (4-5) (2011) 727–731. 
[64] E.D. Silveira, R.C. Rabelo-Neto, F.B. Noronha, Catal. Today 289 (2017) 289–301. 
[65] J.K. Kesavan, I. Luisetto, S. Tuti, C. Meneghini, G. Iucci, C. Battocchio, S. Mobilio, 

S. Casciardi, R. Sisto, J. CO2 Util. 23 (2018) 200–211. 
[66] M.H. Youn, J.G. Seo, J.C. Jung, S. Park, D.R. Park, S.-B. Lee, I.K. Song, Catal. Today 

146 (1-2) (2009) 57–62. 
[67] M.H. Youn, J.G. Seo, S. Park, J.C. Jung, D.R. Park, I.K. Song, Int. J. Hydrogen 

Energy 33 (24) (2008) 7457–7463. 
[68] W.-T. Zheng, K.-Q. Sun, H.-M. Liu, Y. Liang, B.-Q. Xu, Int. J. Hydrogen Energy 37 

(16) (2012) 11735–11747. 
[69] B.-Q. Xu, J.-M. Wei, Y.-T. Yu, J.-L. Li, Q.-M. Zhu, Top. Catal. 22 (1-2) (2003) 77–85. 
[70] C.H. Bartholomew, R.B. Pannell, J.L. Butler, D.G. Mustard, Ind. Eng. Chem. Prod. 

RD 20 (2) (1981) 296–300. 
[71] J.M. Montejano-Carrizales, J.L. Morán-López, Nanostruct. Mater. 1 (5) (1992) 

397–409. 
[72] Y. Zhao, W. Li, M. Zhang, K. Tao, Catal. Commun. 3 (2002) 239–245. 
[73] Z.-Y. Ma, C. Yang, W. Wei, W.-H. Li, Y.-H. Sun, J. Mol. Catal. A-Chem. 227 (2005) 

119–124. 
[74] V. Bolis, C. Morterra, M. Volante, L. Orio, B. Fubin, Langmuir 6 (1990) 695–701. 
[75] N.B. Jackson, J.G. Ekerdt, J. Catal. 126 (1990) 31–45. 
[76] K. Pokrovski, K.T. Jung, A.T. Bell, Langmuir 17 (2001) 4297–4303. 
[77] H. Chen, Y. Ding, N.T. Cong, B. Dou, V. Dupont, M. Ghadiri, P.T. Williams, Renew. 

Energy 36 (2) (2011) 779–788. 
[78] X. Wang, S. Li, H. Wang, B. Liu, X. Ma, Energ. Fuel 22 (6) (2008) 4285–4291. 
[79] B. Lee, J. Heo, S. Kim, C.-H. Kim, S.-K. Ryi, H. Lim, Energy Convers. Manage. 180 

(2019) 250–257. 
[80] R. Sundari, P.D. Vaidya, Energ. Fuel 26 (7) (2012) 4195–4204. 

[81] R.S. Rao, A.B. Walters, M.A. Vannice, J. Phys. Chem. B 109 (2005) 2086–2092. 
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