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1. INTRODUCTION 
 

 Although hydrogen (H2) has the potential to 

become an environmentally friendly energy carrier 

because of its high energy density and lack of 

carbonaceous combustion products, its use is currently 

problematic in that 95% of hydrogen is produced from 

fossil fuels [1]. Therefore, considerable research has 

focused on producing H2 from renewable sources [2]. 

Dumesic and co-workers pioneered the catalytic aqueous 

phase reforming (APR) of polyols (which can be derived 

from biomass) under relatively mild reaction conditions 

(200–250 C, 20–50 bar) to produce a hydrogen-rich gas 

[3, 4] that contains less CO (300 ppm) than the product 

stream from conventional steam reforming does [5]. 

Studies examining kinetics [6] and catalyst design [3, 7, 

8] have demonstrated that APR (shown in Eq. 1 for the 

case of glycerol) involves the cleavage of C–C and CH 

bonds to form metal-bound surface species, especially 

CO, which can then react with H2O to form H2 and CO2 

via the water–gas shift (WGS) reaction (Eq. 2). So, the 

overall reaction (Eq. 3) for APR of glycerol shows that 

each mole of glycerol can produces maximum seven 

mole of hydrogen (four mole from reforming reaction 

and three mole from WGS reaction). Thus, a good APR 

catalyst must catalyze both C–C bond cleavage and the 

WGS reaction [9] without promoting competing 

reactions such as C–O cleavage or methanation (Eq. 4), 

which can greatly deteriorate the yield of H2. Group VIII 

metals, particularly Pt, Pd and Ni, are especially effective 

for APR process [10]. 
 

 

C3H8O3  3 CO + 4 H2 (1) 

 

3 CO + 3 H2O  3 CO2 + 3 H2 (2) 

 

C3H8O3 + 3 H2O  3 CO2 + 7 H2 (3) 

 

4 H2 + CO2  CH4 + 2 H2O (4) 
 

 

We recently reported that Pt supported on 

alumina doped with 3 wt% ceria, gave significantly 

higher H2 yield and selectivity from the APR of glycerol 

than Pt on alumina [11]. The improved catalytic 

performance was attributed to their higher coking 

resistance and oxygen storage capacity, as well as 

enhanced catalysis of the WGS reaction and lower 

methanation activity under APR conditions. Although Pt 

catalysts are highly active for APR [9], the high cost of Pt 

makes catalysts based on non-precious metals desirable. 

Ni has shown initial APR activity comparable to that of 

Pt, but was subject to significant deactivation [10]. Thus, 

efforts have been made to improve the catalytic activities 

of the Ni catalysts by impregnating them with other 

metallic elements [12]. Therefore, we synthesized Pt-Ni 

bimetallic catalysts supported on 3 wt% ceria-doped 

alumina. The ratio of Pt-Ni on the support was optimized 

and catalyst characterization was performed to better 
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understand the system. 

 

2. EXPERIMENTAL   
 

 

2.1 Catalyst preparation 
 

The 3 wt% CeO2Al2O3 supports were prepared 

by impregnating 2.0 g of dried (120 C overnight) 

-Al2O3 (Sigma) with a solution prepared by dissolving 

197 mg of (NH4)2[Ce(NO3)6] (99%, Aldrich) in 10 mL 

deionized water in a 100-mL glass vial. The mixture was 

then stirred overnight at room temperature, and the water 

was allowed to evaporate. The sample was then dried in 

air at 120 C for 12 h and calcined under flowing air at 

600 C for 3 h (heating rate 1.5 C/min). 

[Pt(NH3)4](NO3)2 (Strem Chemical) and Ni(NO3)2
.
6H2O 

(Sigma–Aldrich) were dissolved, individually or together, 

into a minimum amount of deionized water to make 

monometallic or bimetallic catalysts, respectively. These 

were deposited on 3-wt% CeO2–Al2O3 supports (3CeAl) 

using a conventional impregnation technique. The 

mixture was then stirred overnight at room temperature, 

and the water was allowed to evaporate. The sample was 

then dried in air at 120 C for 12 h and calcined under 

flowing air at 600 C for 6 h (heating rate 1.5 C/min). 

Catalysts were reduced ex situ in flowing hydrogen (50 

mL/min) at 800 C for 60 min (heating rate 1.5 C/min) 

at atmospheric pressure and stored under vacuum prior to 

use. 

 

2.2 Catalytic test 
 

 The APR of glycerol was studied in a 

continuous-flow fixed-bed reactor system (Fig. 1). The 

catalyst (250 mg) was loaded into a 5-mm i.d. stainless 

steel tubular reactor and held in position with quartz 

wool plugs. Reaction temperature was measured by a 

K-type thermocouple that was placed inside the reactor, 

very close to the catalyst bed. The reactor was mounted 

in a tube furnace (MTI GSL-1100X). A backpressure 

regulator (0 to 68 bar, Swagelok) attached to a pressure 

gauge was used to pressurize the system with N2, 

typically at 40 bar. A 1-wt% glycerol solution was 

introduced using a digital hplc pump (Waters 510) at a 

rate of 0.05 mL/min, and heating of the catalyst bed was 

initiated. When the reactor reached 240 C, N2 flow was 

set at 50 sccm using a Bronkhorst mass flow controller. 

The system was allowed to stabilize for about 2 h before 

analysis of the reaction products began. Gas products 

were analyzed at 25-min intervals using an online gas 

chromatograph (Varian CP-3800). The liquid products of 

the APR reaction were collected in a condenser 

downstream of the reactor bed, and aliquots of the 

condensed liquid were analyzed with a Shimadzu HPLC. 

Ultrapure DI water (flow rate 0.5 mL/min) was used as 

the eluent. The catalysts were evaluated on the bases of 

H2, CO2 and CH4 yield, as well as carbon conversion to 

gas, H2 selectivity and glycerol conversion efficiency. 

These were calculated according to: 

Yield of species x =
moles of x produced experimentally

moles of x produced theoretically
x 100%

C conversion to gas =
moles of C in the gas products

moles of C fed into the reactor
x 100%

H2 selectivity =
2 x moles of H2 produced experimentally

Total H atoms in the gas products
x 100%

Glycerol
conversion

1 -
Moles of glycerol in liquid products

Moles of glycerol in feed
x 100%=

 
 

 

 

 
 

Fig. 1: Schematic of apparatus used for APR studies. 

 

 

3. RESULTS AND DISCUSSION  
 

3.1 Catalyst characterization   
 

Table 1: Textural properties of catalysts
a
 

  

Sup ports/Catalysts SBET 

(m
2
/g)

b 
VP 

(cm
3
/g)

c 
DP 

(nm)
d 

3CeO2Al2O3 (3CeAl) 162 0.28 4.9 

3Pt/3CeAl 

1Pt/3CeAl 

6Ni/3CeAl 

150 

149 

125 

0.25 

0.25 

0.22 

4.9 

4.8 

4.9 

   1Pt-3Ni/3CeAl 139 0.23 4.9 

1Pt-6Ni/3CeAl 120 0.20 4.9 

0.5Pt-6Ni/3CeAl 122 0.22 4.9 

1Pt-12Ni/3CeAl 116 0.19 4.3 

1Pt-18Ni/3CeAl 109 0.18 4.3 
 

a Measured by N2 adsorption/desorption at 196C. Prior to 

measurement, samples were calcined in air at 600 C for 6 h. 

bSpecific surface area (SBET) was determined from the linear portion of 

the isotherm (P/P0 = 0.05–0.30) [13]. 
c Pore volume (Vpore) was calculated at P/P0 = 0.995. 
d Predominant pore size (volume basis) (Dpore) was calculated from the 
adsorption isotherm using the Barrett–Joyner–Halenda (BJH) formula 

[14].  

 

The textural properties of the catalysts and 

supports were evaluated from nitrogen 

adsorption-desorption isotherms at 196 C, and the 

results are summarized in Table 1. The support, 

composed of 3 wt% CeO2 in Al2O3, had SBET = 162 m
2
/g 
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[11]. Adding 6 wt% Ni lowered the surface area to 125 

m
2
/g, whereas adding Pt (1 or 3 wt%) caused a smaller 

loss of surface area, to ~150 m
2
/g. As Ni was added to 

1Pt/3CeAl, SBET and Vp gradually decreased. Dp 

decreased significantly when 12 or 18 wt% Ni was 

present. 

 

 

 

 
 

 

Fig. 2: X-ray diffraction patterns of catalysts that had 

been reduced in flowing H2 (50 vol.% in N2) at 800 C 

for 60 min (heating rate 1.5 C/min). 3Pt/3CeAl and 

1Pt/3CeAl were reduced at 500 C. 

 

 

Fig. 2 shows the XRD patterns of the catalysts 

following reduction at 800 C. These demonstrated that 

NiO was completely reduced to Ni
0
, with diffraction 

peaks at 2θ = 44.5 and 51.8° corresponding to the (111) 

and (200) planes, respectively of Ni[15]. The amount of 

detectable crystalline Ni
0
 and the particle size of metallic 

Ni increased with increasing Ni content. The catalyst 

with 1 wt% Pt and 6 wt% Ni showed the lowest Pt
0
 peak 

intensity and greatest peak width at half height, which 

could indicate that dispersion was highest at this Pt-Ni 

mixing ratio. A shift in the diffraction peak representing 

the Pt (111) reflection ((2) = +0.15) was noted in the 

1Pt-18Ni/3CeAl sample compared to the 3Pt/3CeAl (Fig. 

2). This could indicate the formation of solid solution of 

Pt and Ni [16]; though the breadth of the peak in the 

XRD pattern of the former sample prohibits quantitative 

analysis. Also EDS analysis of 1Pt-18Ni/3CeAl catalyst 

confirmed that Ni and Pt coexisted on some areas of the 

support[17], as shown in Fig. 3. Even though no alloying 

effect was observed form temperature programmed 

reduction (TPR) but X-ray photoelectron spectra (XPS) 

analysis showed a significant peak shift of Pt, indicating 

an electronic interaction between Pt and Ni. 

 

 

 
 

Fig. 3: EDS spectra of 1Pt-18Ni/3CeAl catalysts that 

were reduced in flowing H2 (50 vol% in N2) at 800 C for 

60 min (heating rate 1.5 C/min). 
 

3.2 Activity tests 
 

 
 

Fig. 4: Effect of Ni addition to Pt/3CeAl catalysts on the 

yields, gas phase conversions and feed conversions in the 

aqueous phase reforming of glycerol (240 C, 40 bar, 1 

wt% glycerol, 0.05 mL/min, 250 mg catalyst; data are 

mean values over t = 5–20 h). Error bars indicate one 

standard deviation; each bar is the average of ≥2 

experiments.  
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An aqueous solution with 1 wt% glycerol was 

used to evaluate the performance of the catalysts. All 

reactions were performed at 240 C, 40 bar, and with a 

feed flow rate of 0.05 mL/min, irrespective of the 

catalyst used. The reaction data presented in Figure 4 

shows that the aqueous-phase reforming of glycerol over 

any of the studied catalysts indeed leads to a 

hydrogen-rich gas phase. Alkanes larger than methane 

(i.e ethane) were only detected in trace amounts and were 

not further quantified. No CO was detected, indicating 

that CO concentration in the product gas was below the 

GC detection limit (i.e. [CO] ≤100 ppm) in all reactions. 

The H2 yield from the APR of glycerol was calculated as 

the ratio of the amount of H2 produced divided by the 

amount of H2 that could have been produced if all of the 

glycerol was completely reformed to H2 and CO2 

(according to the stoichiometric reaction for APR of 

glycerol, 1 mol of glycerol produces 7 mol of H2 (Eq. 

3)[9]). The H2 yields (Fig. 4) and H2 concentrations in the 

products from glycerol reforming over three of the 

nickel-containing catalysts, 1Pt-6Ni/3CeAl, 

1Pt-12Ni/3CeAl and 1Pt-18Ni/3CeAl, were similar to 

those obtained over 3Pt/3CeAl (78 and 69%, 

respectively), despite that these catalysts contained one 

third as much Pt. Among these three nickel-containing 

catalysts, the H2 yield decreased with increasing Ni 

loading. Thus the highest H2 yield (86%) and selectivity 

(83%) were observed for APR over 1Pt-6Ni/3CeAl; 

whereas the lowest H2 yield (13%) and H2 selectivity 

(57%) was observed over Pt-free 6Ni/3CeAl. Notably, 

the APR of glycerol over 1Pt-6Ni/3CeAl, 

1Pt-12Ni/3CeAl and 1Pt-18Ni/3CeAl produced more 

CO2 than that over 3Pt/3CeAl (Fig. 4), and the bimetallic 

catalysts gave gas products richer in CO2. This is 

consistent with the higher activity of Ni as a WGS 

catalyst (Eq. 2) [18], and may help to explain why similar 

H2 yields were generated by these catalysts and by 

3Pt/3CeAl, despite their much lower Pt content. Using 

less than 1 wt% Pt or less than 6 wt% Ni (as in 

1Pt-3Ni/3CeAl, 0.5Pt-6Ni/3CeAl and 6Ni/3CeAl) 

significantly lowered catalytic activity for the APR of 

glycerol. Despite that Ni favors methanation [19], the 

APR of glycerol over 1Pt-6Ni/3CeAl, 1Pt-12Ni/3CeAl 

and 1Pt-18Ni/3CeAl showed similar CH4 yields to the 

reaction over 3Pt/3CeAl (19%). This could be due to an 

interaction between Pt and Ni; a bimetallic interaction 

between Pt and Cu has been credited for lowering 

methane production in the APR of glycerol over 

magnesium/aluminium oxides[20] Nevertheless, the 

highest fraction of CH4 in the gas product (32%) was 

obtained using 6Ni/CeAl as the catalyst. 

 

The liquid phase was also analyzed after the 

reaction over each of the catalysts. Apart from unreacted 

glycerol, traces of some other compounds, particularly 

ethanol and propylene glycol, were identified, but were 

not further quantified. The conversions of glycerol, gas 

phase C yields, and rates of each reaction are shown in 

Table 2. The APR of 1 wt% glycerol over catalysts 

1Pt-6Ni/3CeAl, 1Pt-12Ni/3CeAl and 1Pt-18Ni/3CeAl 

produced similar glycerol conversion efficiencies and 

gas phase carbon yields as that over 3Pt/3CeAl, with both 

quantities decreasing as the Ni content increased from 6 

to 18 wt%. Without Pt, i.e. when the catalyst was 

6Ni/3CeAl, catalytic performance was poor, likely due to 

the oxidation of Ni particles after 15 h on-stream under 

the hydrothermal conditions used for APR. For the 

catalysts 1Pt-3Ni/3CeAl, 0.5Pt-6Ni/3CeAl, and 

6Ni/3CeAl, the main liquid phase product was unreacted 

glycerol; these produced less ethanol and acetic acid than 

the 3Pt/3CeAl catalyst.  

 

 

Table 2: Conversion and reaction rate in the APR of 

glycerol over ceria/alumina-supported catalysts.
a
 

 

Catalysts Gly. 

Conv. 
(%)

 

Gas phase  

C yield 

(%) 

Reaction rate 

(mol gPt
-1 

h
-1

)
b 

3Pt/3CeAl 

1Pt/3CeAl 

95 

87 

82 

80 

0.14 

0.37 

1Pt-3Ni/3CeAl 59 44 0.25 

1Pt-6Ni/3CeAl 96 94 0.41 

0.5Pt-6Ni/3CeAl 47 34 0.20 

1Pt-12Ni/3CeAl 93 88 0.39 

1Pt-18Ni/3CeAl 

6Ni/3CeAl 

87 

26 

86 

24 

0.38 

- 
a  Aqueous-phase reforming of glycerol at 240 C  under 40 bar N2. 
Values are calculated based on data collected over  t = 5–20 h . 
b Reaction rate refers to the rate of glycerol consumption at 240 C , 40 

bar.  
 

Compared to the monometallic 1Pt/3CeAl and 

6Ni/3CeAl catalysts, the bimetallic 1Pt-6Ni/3CeAl, 

1Pt-12Ni/3CeAl and 1Pt-18Ni/3CeAl catalysts showed 

much higher glycerol conversion and gas phase C yield. 

To evaluate catalytic activity, reaction rate has been 

calculated based on moles of glycerol per hour per gram 

of Pt metal. Though the alloying effect of Pt and Ni can 

greatly increase the conversion of the APR reaction, also 

the co-existence of individual Pt and Ni nanoparticles 

can greatly increase the conversion of the APR reaction, 

in good accordance with the literature[21]. Amongst all 

catalysts tested, 3Pt/3CeAl showed the lowest (0.14 mol 

gPt
-1 

h
-1

 ) and 1Pt-6Ni/3CeAl the highest ( 0.41 mol gPt
-1 

h
-1

) activity. As the Ni loading increased from 6 to 18 

wt%, the reaction rate decreased gradually. 

 

Two main causes of catalyst deactivation in APR are 

carbon deposition and the sintering of the active metal 

[12].  Figure 8 presents the XRD patterns of the fresh and 

spent xPt-yNi/3CeAl catalysts. No carbon formation [22], 

expected at 2 = 25.5, was observed on the spent 

catalysts after 30 h on-stream. None of the spent 

1Pt-18Ni/3CeAl, 1Pt-12Ni/3CeAl, or 1Pt-6Ni/3CeAl 

catalysts showed XRD peaks for NiO; rather, they 

showed two clear Ni0 peaks at 44.5 and 51.8. This was 

expected, as Pt prevents the oxidation of Ni [17]. 

However, no Ni peak was observed in the XRD patterns 

of spent 6Ni/3CeAl, which instead showed clear 

diffraction lines for NiO at 2 = 37.2 and 62.9 [15]. Thus 

the Ni particle was oxidized to NiO, consistent with the 

complete loss of activity observed. In addition, the peak 

for -Al2O3 at 2 = 66.7 was sharper in the XRD 

patterns of the fresh than the spent catalysts; this peak 
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broadening may have been caused by the reduction of the 

support and deposition of carbon and coke-like materials. 

The other new peak identified in the patterns of the spent 

high-Ni catalysts (2 = 28.18, SP. 1Pt-18Ni/3CeAl, SP. 

1Pt-12Ni/3CeAl, Figure 8), may indicate the presence of 

NiOOH (JCPDS 27-0956; 2 = 28.16). This could have 

formed upon the reaction of Ni, or even NiO produced in 

situ, with H2O.  

 

 

 
 

Fig. 5: Thermogravimetric analysis of fresh (reduced: 50 

vol% H2 in N2, 800 C, 60 min) and spent (after reaction: 

240 ºC, 40 bar, 1 wt% glycerol, 0.05 mL/min, 30 h) 

1Pt-6Ni/3CeAl catalyst.  

 

Thermogravimetric analysis of the spent 

catalysts under flowing instrument air showed several 

mass-loss events. Most catalysts did not lose mass upon 

heating to 1000 C, indicating that no coke (which would 

have been burned to CO2) was deposited on the catalyst 

surfaces. The exception was the catalyst mixture, which 

showed significant weight loss due to the burning of coke 

at 550 C. However, on the least-active catalysts, 

6Ni/3CeAl, 0.5Pt-6Ni/3CeAl and 1Pt-3Ni/3CeAl, some 

weight loss occurred at ~290 ºC; this could have been 

due to the oxidation of amorphous carbon or the 

condensation of surface hydroxyl groups to release water. 

Catalyst deactivation (6Ni/3CeAl) is consistent with the 

build up of amorphous C, small amounts of which would 

be difficult to observe by XRD. As no such combustion 

events were observed when the catalysts with at least 1 

and 6 wt% Pt and Ni, respectively, were analyzed after 

use, we conclude that the TGA peak at 290 C was due to 

amorphous carbon, but that 1 wt% Pt, when 

co-precipitated on 3CeAl, was sufficient to stabilize 6 

wt% Ni (Fig. 5). 

 

 

4. CONCLUSIONS 
 

In the APR of glycerol, 3Pt/3CeAl catalyst showed good 

activity and selectivity towards H2 plroduction compared 

to 3Pt/Al [11]. Although Pt catalysts are highly active for 

APR, the high cost of Pt makes catalysts based on 

non-precious metals desirable. A bimetallic Pt-Ni 

catalyst showing good activity for the APR of glycerol to 

produce H2 was developed in this work. Bimetallic 

1Pt-6Ni/3CeAl showed the highest H2 yield and gas 

phase C yield, even though it contained one third as 

much Pt as the monometallic catalyst, 3Pt/3CeAl. 

Though 3Pt/3CeAl and 1Pt-6Ni/3CeAl produced almost 

same amount of H2 per gram of catalyst per hour, 

1Pt-6Ni/3CeAl produced five times as much H2 per gram 

of Pt. XRD and TGA analysis of spent catalysts showed 

no serious deactivation by carbon deposition after 30 

hour on-stream, except in the case of 6Ni/3CeAl, which 

had ceased to produce detectable H2 after 15 hours.  
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