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Abstract Hydrogen production was carried out via

ethanol steam reforming over supported cobalt catalysts.

Wet incipient impregnation method was used to support

cobalt on ZrO2, CeO2 and CeZrO4 followed by pre-

reduction with H2 up to 677 �C to attain supported cobalt

catalysts. It was found that the non-noble metal based

10 wt.% Co/CeZrO4 is an efficient catalyst to achieve

ethanol conversion of 100% and hydrogen yield of 82%

(4.9 mol H2/mol ethanol) at 450 �C, which is superior to

0.5 wt.% Rh/Al2O3. The pre-reduction process is required

to activate supported cobalt catalysts for high H2 yield of

ethanol steam reforming. In addition, support effect is

found significant for cobalt during ethanol steam reform-

ing. 10% Co/CeO2 gave high H2 selectivity while suffered

low conversion due to the poor thermal stability. In con-

trast to CeO2, 10 wt.% Co/ZrO2 achieved high conversion

while suffered lower H2 yield due to the production of

methane. The synergistic effect of ZrO2 and CeO2 to

promote high ethanol conversion while suppress metha-

nation was observed when CeZrO4 was used as a support

for cobalt. This synergistic effect of CeZrO4 support leads

to a high hydrogen yield at low temperature for 10 wt.%

Co/CeZrO4 catalyst. Under the high weight hourly space

velocity (WHSV) of ethanol (2.5 h-1), the hydrogen yield

over 10 wt.% Co/CeZrO4 was found to gradually decrease

to 70% of its initial value in 6 h possibly due to the coke

formation on the catalyst.

Keywords Hydrogen production � Ethanol steam

reforming � Cobalt � Cerium-zirconium oxide

1 Introduction

Economic and environmental concerns make hydrogen the

most favorable fuel for proton-exchange membrane fuel

cells (PEMFCs) because hydrogen fuel cells provide

high efficiency without greenhouse gas emission as water is

its only byproduct [1, 2]. Liquid hydrocarbon fuels are

promising hydrogen carriers because they have a high

specific energy density and can be easily stored in a small

fuel tank at ambient temperature and pressure. Further-

more, by shifting the hydrogen source from limited fossil

fuels to biomass fuels such as bioethanol, renewable

hydrogen can be produced in a CO2 neutral environment,

therefore reduce the impact to the global warming [3, 4].

Hydrogen production via catalytic steam reforming is a

cost effective and an efficient process [5, 6]. Steam

reforming of bioethanol is particularly interesting because

the fermentation broth typically contains diluted ethanol of

12% by volume and can be directly subjected to the

reformer without additional steam to produce hydrogen.

Since the steam reforming can be activated at mid-tem-

perature range (350–500 �C), the steam reformer can be

directly connected to down stream high-temperature water-

gas shift reactor (which typically operates in the close

temperature range) without additional heat exchanger [7,

8]. When using stoichiometric feedstocks, the overall

reaction for ethanol steam reforming is shown in Eq. 1.
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C2H5OHþ 3H2O! 6H2 þ 2CO2; DH0
298

¼ þ347:4 kJ=mol ð1Þ

Depending on the type of catalysts and reaction condi-

tions used, hydrogen selectivity is found significantly

governed by complicated reaction mechanisms including

decomposition, dehydration, dehydrogenation, methana-

tion, water-gas shift reaction, Boudart reaction, and coke

formation [9, 10].

The catalyst development for ethanol steam reforming is

on its early stage since no commercial catalyst available to

date to extract hydrogen from ethanol. Yet much attention

has been paid in recent years to progress this field by using

various supported catalyst systems [11]. Supported rho-

dium catalysts have been extensively studied for ethanol

steam reforming [12–17]. Rhodium is known as an efficient

catalytic metal to break carbon–carbon bond of possible

intermediates such as acetaldehyde and oxametallacycle

during ethanol steam reforming [18–21]. However, the

extremely high cost of rhodium, even compared with other

noble metals such as platinum, limits large scale applica-

tions. Alternatively, inexpensive base metals such as

nickel, copper, and cobalt have shown to possess similar

activity toward ethanol steam reforming if the supporting

system being carefully chosen [22–24]. Cobalt-based cat-

alysts have been reported to possess noble-metal like

activity for the cleavage of carbon–carbon bond at tem-

perature around 400 �C to produce hydrogen from ethanol

steam reforming. Several support materials have been used

for cobalt including Al2O3, MgO, ZnO, SiO2, and ZrO2

[25–29]. The effect of preparation method and pretreatment

conditions over supported cobalt catalysts are the major

issues being concerned for ethanol steam reforming. The

nature of active species in cobalt-based catalysts is cur-

rently under investigations and is highly associated with

the dispersion of cobalt precursor and the reducibility of

calcined cobalt oxides on the surface of the chosen support.

Moreover, catalyst-support interactions might also play an

important role in modifying the catalytic activity and

altering the reaction mechanisms.

Cerium oxide (CeO2) has been used as a major additive

to fuel cell electrolyte because it has high oxygen ion

conductivity at operating temperatures (500–800 �C) for

solid oxide fuel cells (SOFCs) [30]. In catalysis, however,

CeO2 is known to be an effective promoter used in appli-

cations such as three-way catalysis (TWC) due to its high

oxygen storage capacity (OSC). During the reaction, highly

mobile lattice oxygen of CeO2 rapidly changes the state of

oxygen vacancies that allows CeO2 to act as a catalytic

oxygen buffer to enhance the reducibility of the supported

metals [31]. Moreover, the oxygen mobility that gives

redox characteristic of CeO2 could promote reaction in a

specific pathway under the oxygen-rich environment such

as ethanol steam reforming. The insertion of ZrO2 into

CeO2 structure has been reported to enhance the redox

properties as well as the thermal stability of CeO2 [30, 32].

Consequently, CeO2–ZrO2, or CeZrO4 has shown great

potential as a catalyst support for reforming catalysis due to

its thermal stability and redox properties. There are few

reports using CeZrO4 support for catalytic ethanol steam

reforming. Roh et al. [13, 14] used CeZrO4 to support

rhodium for ethanol steam reforming and obtained a high

H2 yield at 450 �C. This high catalytic activity was pos-

sibly attributed to the mobile oxygen provided by support,

which suppress methane formation. They also reported that

the addition of potassium has a beneficial effect on catalyst

activity and stability. Biswas et al. used 30 wt.% Ni/

Ce0.74Zr0.26O2 for ethanol steam reforming and suggested

that the high oxygen storage capacity of cubic

Ce0.74Zr0.26O2 helps to improve the catalytic activity [33].

Vargas et al. prepared a fluorite type Ce–Zr–Co mixed

oxide by a pseudo sol–gel method for bioethanol steam

reforming [34]. They have found that cobalt was either

inserted in the fluorite lattice or well dispersed since only

one cubic structure of CeZrO4 detected by XRD. They also

observed that partially reduced Co0/Ce–Zr–Co mixed oxide

showed high hydrogen yield but deactivated at higher

reaction temperature, in which the cobalt has undergone

further reduction and weakened the metal-support interac-

tions. There is no published work using CeZrO4 to support

cobalt for ethanol steam reforming. In addition, very few

comparative studies were conducted using CeZrO4 support

and have shown little understanding of support effect in

reforming catalysis. Therefore, in this study, three sup-

ported cobalt catalysts based on CeO2, ZrO2, and CeZrO4

were prepared and characterized for ethanol steam

reforming. Catalyst performance tests were conducted

under various conditions to investigate the effect of support

on H2 production rate.

2 Experimental

2.1 Catalyst Preparation and Testing

Three commercial supports, zirconium oxide (ZrO2, Alfa

Aesar), cerium oxide (CeO2, Alfa Aesar), and cerium-

zirconium oxide (CeZrO4, Sigma-Aldrich,) were used for

preparing supported cobalt oxides by the incipient wetness

method. This was done by impregnating an cobalt nitrate

precursor (Co(NO3)2 � 6H2O, Alfa Aesar) on the supports,

followed by calcination in air at 500 �C for 4 h. All sup-

ported cobalt catalysts were prepared to have a cobalt

loading of 10 wt.%, which are denoted as 10% Co/CeO2,

10% Co/ZrO2, and 10% Co/CeZrO4. The supported rho-

dium catalyst (0.5% wt. on alumina) used in this study was
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purchased from Alfa Aesar. All the reforming experiments

were carried out in an 8 mm ID quartz plug-flow reactor

inside a WATLOW temperature-controlled furnace at

atmospheric pressure. The total amount of the catalyst

charged (cobalt plus supports) was approximately 500 mg.

Gas flows were controlled by Brooks Mass Flow Control-

lers (Model 5850E).

In situ H2 reduction was carried out for all supported

catalysts and CeZrO4 support before their activity tests were

performed. Typically, supported cobalt catalysts and Ce-

ZrO4 support were reduced from 25 �C to 677 �C

(10.87 �C/min) under 50 sccm H2 and held for 1 h at

677 �C. Supported rhodium catalyst was reduced at 350 �C

under 50 sccm H2 for 30 min. Ethanol and water were

injected into the reactor by two syringe pumps and vapor-

ized in a pre-heater containing a silicone carbide bed with a

10 sccm helium carrier gas. Ethanol was fed with weight

hourly space velocity (WHSV) of 0.63 h-1 and a steam-to-

carbon ratio (S/C) of 4 was used, unless specified otherwise.

Prior to the analysis of the gas compositions, the product

stream was passed through a condenser to remove uncon-

verted liquid hydrocarbons and water. The effluent

composition was analyzed by an SRI gas chromatograph

equipped with a thermal conductivity detector (TCD),

molecular sieve 13X, and hayesep D columns capable of

separating and measuring H2, CH4, CO, CO2, C2H6, and

C2H4 of the exit gas.

The performance of the catalysts was analyzed in terms

of ethanol conversion and hydrogen yield. The ethanol

conversion was defined as the mole ratio of the gaseous

carbon compounds (CH4, C2H6, C2H4, CO, and CO2) in the

product stream to the feed ethanol. The hydrogen yield was

defined as the mole ratio of the produced hydrogen to the

theoretical amount of hydrogen that could be produced

from the feed ethanol (6 mol H2/ mol ethanol). The mole

fraction of the product stream was used to describe the

gaseous product composition in this study. This mole

fraction of the product stream was defined as the mole ratio

of the specific product to the total gaseous products; e.g.

H2 (mole fraction) = H2/(H2 + CH4 + C2H6

+ C2H4 + CO + CO2):

2.2 Catalyst Characterization

Catalyst characterization consisted of Brunauer-Emmett-

Teller (BET) surface area measurements (Coulter SA-3100

automated characterization machine), thermogravimetric

analysis (TGA) and X-ray diffractometry. The X-ray dif-

fraction data was collected on a Philips X’Pert MPD (Model

PW3040/00) instrument with a Xe-filled proportional

counter detector. The X-ray source was a long fine-focus and

sealed ceramic X-ray tube (Cu anode) operated at 40 kV and

50 mA (2000 W). TGA experiments and derivative ther-

mogravimetric curves (DTG) were carried out using a

NETZSCH STA 409 PC instrument. The mass change of the

sample was studied under the same temperature-pro-

grammed procedure of the in situ H2 reduction.

Approximately 20 mg of sample was thermally treated from

25 �C to 677 �C under 20 sccm carrier gas (50% H2/He)

with a heating rate of 10.87 �C/min and held for 1 hour at

677 �C.

3 Results and Discussion

3.1 Characterization of Supported Cobalt Catalysts

The BET surface areas of the supports and the supported

catalysts were summarized in Table 1. Among the supports

used, CeZrO4 support gives the highest surface areas for

supporting cobalt oxide after calcination at 500 �C, as well

as for supporting metallic cobalt after H2 reduction at

677 �C. In Fig. 1 XRD spectra shows the evolution of the

crystalline structure of 10% Co/CeZrO4 sample as it

underwent the calcinations and reduction/reforming pro-

cesses. The XRD spectra for 10% Co/CeZrO4 sample after

H2 reduction process followed by reforming operation for

1 h is denoted as a spent sample in Fig. 1. As expected, the

peaks of cubic cobalt oxides (Co3O4) indicate that cobalt

precursor impregnated on cubic CeZrO4 support and it is

oxidized during the calcination process. The formation of

Co3O4 was also found on cubic CeO2 and monoclinic ZrO2

supports as can be seen from the calcined samples of 10%

Co/CeO2 and 10% Co/ZrO2. In addition, XRD spectra

shows that Co3O4 was further transformed to metallic

cobalt on CeZrO4 (spent sample) as the supported cobalt

catalyst reduced in H2 and used for ethanol steam

reforming in the condition with no catalyst deactivation.

No peaks corresponding to cobalt oxide found in the spent

10% Co/CeZrO4 indicating that supported cobalt oxide was

fully transformed to metallic cobalt in H2 reduction

Table 1 Brunauer–Emmett–Teller surface area of the supports and

the supported catalysts

Catalyst/Support BET surface area (m2/g)

Support Calcined Reduced

ZrO2 106 – –

10% Co/ZrO2 – 57 34

CeO2 80 – –

10% Co/CeO2 32 14

CeZrO4 158 – –

10% Co/CeZrO4 – 77 38
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process, and maintained its metallic state in the ethanol

steam reforming condition.

Figure 2 shows four DTG curves of support and the

supported cobalt catalysts during the temperature-pro-

grammed H2 reduction. The peaks shown in the temperature

region below 100 �C for all samples are due to the removal

of physisorbed water from the catalyst surfaces. As tem-

perature increased, two major weight loss peaks occurred at

temperature ranges of 280–310 �C and 360–440 �C for each

supported cobalt catalyst. These two major weight loss

peaks indicate the composition changes of cobalt oxide

(Co3O4). Under H2 environment, Co3O4 is known to be

readily reduced to CoO and metallic cobalt in these tem-

perature regions (Co3O4 ? CoO ? Co) [35]. Moreover, the

degree of reduction is found influenced by the reducing

environment such as composition of carrier gas and

supporting material for cobalt. We speculate that the first

peaks for three supported cobalt catalysts in the temperature

range between 280 and 310 �C account for the first reduction

process of cobalt (Co3+ ? Co2+), while the second peaks in

the temperature range between 360 and 440 �C accounts for

the second reduction process of cobalt (Co2+ ? Co0).

According to Fig. 2, it seems that the second reduction peaks

for both 10% Co/CeZrO4 and 10% Co/ZrO4 are splitted into

two peaks, while 10% Co/CeO2 shows a single second

reduction peak at 370 �C. In addition, Fig. 2 indicates that

there are peak shifts of both the first and second reduction

processes for three supported cobalt catalysts. These peak

splits and shifts suggest that the reduction behavior of

metallic cobalt might have strong interaction with the sup-

port surfaces. Furthermore, the peak around 500 �C for

CeZrO4 suggests that the support was reduced under H2. The

same peak is observed for 10% Co/CeZrO4 with a little down

shift and it suggests a complicated reduction reaction

occurred between surfaces of metallic cobalt, cobalt oxide

and CeZrO4 support. This reduction behavior might signif-

icantly modify the catalytic properties of 10% Co/CeZrO4

and result in a high H2 selectivity as pre-reduction pro-

ceeded. The detailed investigation for the correlation

between the catalyst reduction process and the catalytic

properties is needed. In situ XRD measurement which can

dynamically measure the crystalline structure of cobalt and

CeZrO4 during the various reduction processes is currently

being carried out in our lab, and it is expected to provide

insightful information of catalyst-support interactions

toward catalytic properties.

3.2 Activity Test of Supported Cobalt Catalysts

The activity tests were conducted under various operating

conditions to examine the catalytic activity of the sup-

ported cobalt catalysts toward ethanol steam reforming.

Figure 3 shows the effect of reaction temperature on

hydrogen yield for the cobalt supported on CeZrO4 with

two different loadings (1% and 10% Co/CeZrO4) and the

rhodium supported on Al2O3 (0.5% Rh/Al2O3). Under a

weight hourly space velocity of 0.63 h-1 and a steam-to-

carbon ratio of four, 1% Co/CeZrO4 gave comparable H2

yield comparing to 0.5% Rh/Al2O3. The H2 yield over both

supported catalysts was close to the equilibrium value in

the course of reaction temperature. However, when loading

of cobalt increased from 1% to 10% on CeZrO4, the H2

yield exceeded equilibrium and reached at a maximum

value at 450 �C (4.9 mol H2/mol ethanol). The result

demonstrated that the exceptional high activity for ethanol

steam reforming can be obtained by increasing the loading

of inexpensive cobalt on CeZrO4 support at lower tem-

perature as compared with equilibrium. This was further
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verified in Fig. 4 in which 10% Co/CeZrO4 shown the

highest hydrogen production rate at 450 �C as the ethanol

feeding rate increased. Figure 5 shows the H2 yield over

CeZrO4 support and cobalt supported on CeO2, ZrO2, and

CeZrO4. As can be seen the effect of support on H2 yield is

significant. 10% Co/CeZrO4 gave the highest H2 yield

suggests that CeO2–ZrO2 combination exhibited interesting

supporting effect for cobalt during ethanol steam reform-

ing. The enhancement toward H2 production must arise

from the interactions between CeZrO4 and cobalt since

nearly no hydrogen produced over the CeZrO4 support. In

addition to the high H2 yield, the ethanol conversion over

10% Co/CeZrO4 has shown to reach the equilibrium value

at 450 �C as it is shown in Fig. 6. In comparison with Co/

CeZrO4 catalyst, higher operation temperature was

required to reach the equilibrium conversion when using

either CeO2 or ZrO2 to support cobalt. It is noticed that

although CeZrO4 attained fairly high conversion without

supporting cobalt, no hydrogen was produced until tem-

perature reached 550 �C as mentioned in Fig. 5. The

product composition of ethanol steam reforming over Ce-

ZrO4 and supported cobalt catalysts at 450 �C are

presented in Fig. 7. As can be seen, without supporting

cobalt, CeZrO4 converted 60% of ethanol while showed

low activity to the cleavage of carbon-carbon bonds and

produced hydrogen-contained byproducts such as ethylene.

The high selectivity toward ethylene (60%) suggests that

dehydration of ethanol was promoted under the reaction

conditions over CeZrO4. Moreover, the small portion of

ethane in the product stream suggests that there might be a

hydrogenation followed by the formation of ethylene.

However, the reaction pathway can be diverted when

cobalt was supported on CeZrO4. With 100% of ethanol
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being converted, very low hydrogen-contained byproduct

(0.85% methane) was produced over 10% Co/CeZrO4 that

lead to a high selectivity toward H2 (71%). The effect of

support on product distribution is also shown as ethanol

conversion and H2 selectivity were compared over three

supported cobalt catalysts in Fig. 7. As compared with 10%

Co/CeZrO4, lower conversion was observed for other two

supported catalyst systems and might be partially attributed

to the effect of lower surface area for 10% Co/CeO2. 10%

Co/ZrO2 on the other hand, possessed similar surface area

to that of 10% Co/CeZrO4, but required higher reaction

temperature to achieve the equilibrium conversion. Meth-

ane was the only hydrogen-contained byproduct in all

supported cobalt catalysts, which demonstrated cobalt’s

role in the cleavage of carbon–carbon bond of ethanol.

Nevertheless, the effect of support could be prominent in

the subsequent reactions such as methanation and water-

gas shift reaction. The result shows that less H2 selectivity

by 10% Co/ZrO2 is due to the higher methane production

(12%).

The results of the long-term catalytic activity test for

10% Co/CeZrO4 are shown in Fig. 8. Under the high

weight hourly space velocity of ethanol (2.5 h-1) and a

steam-to-carbon ratio of ten, the hydrogen yield that was

found to gradually decrease to 70% of its initial value in

6 h indicates catalyst deactivation. Although XRD spec-

trum taken from spent sample showed no further oxidation

of cobalt occurred during ethanol steam reforming, there

are other possibilities such as sintering and coking that can

lead to the observed catalyst deactivation. The deactivation

is likely due to the coke build up on the surface of catalyst

during the carbon–carbon cleavage and possibly from

Boudart reaction (2CO $ CO2 + C). Our preliminary

results have shown that the activity of deactivated 10%

Co/CeZrO4 can be largely recovered under H2 treatment at

500 �C. The regeneration with H2 produced methane which

detected by GC indicating the surface carboneous residue

due to the coking converted by H2 and gave rise to CH4.

4 Conclusions

Cobalt supported on CeZrO4 has shown superior activity to

produce H2 via ethanol steam reforming. At 450 �C,

equilibrium conversion of ethanol (100%) and hydrogen

yield of 82% (4.9 mol H2/mol ethanol converted) were

achieved by 10 wt.% Co/CeZrO4, which is superior to

0.5 wt % Rh/Al2O3. The support effect on both activity and

H2 selectivity was observed when cobalt supported on

CeO2, ZrO2, and CeZrO4. Based on the results, we used
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CeZrO4 to support cobalt which gives the synergistic effect

of CeO2 and ZrO2 supports to promote a high ethanol

conversion while suppress methanation. Thus, 10 wt.%

Co/CeZrO4 provides a high hydrogen yield at low tem-

perature. The activity of 10 wt.% Co/CeZrO4 catalyst was

found gradually decreased in the time-on-stream test,

which is possibly due to the coke formation on the catalyst

because the regeneration was achievable under the H2

thermal treatment. In order to improve the current catalyst

system with an even greater hydrogen yield and higher

stability, further investigation including in situ XRD and

in situ FTIR will be needed to attain a better understanding

of catalyst-support interactions toward the related catalytic

properties.
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