
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
5:

53
:2

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Hydrothermal sy
aDepartment of Materials and Mineral R

University of Technology, 1, Section 3, Zhon

tewei@ntut.edu.tw
bCorrosion and Protection Center, Key Labor

University of Science and Technology, Beijin

† Electronic supplementary informa
10.1039/d1ra01332g

Cite this: RSC Adv., 2021, 11, 12607

Received 18th February 2021
Accepted 22nd March 2021

DOI: 10.1039/d1ra01332g

rsc.li/rsc-advances

© 2021 The Author(s). Published by
nthesis of high surface area
CuCrO2 for H2 production by methanol steam
reforming†
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and Chaofang Dong *b

Hydrogen (H2) is viewed as an alternative source of renewable energy in response to the worldwide energy

crisis and climate change. In industry, hydrogen production is mainly achieved through steam reforming of

fossil fuels. In this research, hydrothermally-synthesized delafossite CuCrO2 nanopowder were applied in

methanol steam reforming. Reducing the size of the CuCrO2 nanopowder significantly improved the

efficiency of hydrogen production. The prepared CuCrO2 nanopowder were characterized by X-ray

diffraction, Brunauer–Emmett–Teller (BET) analysis, field emission scanning electron microscopy, and

transmission electron microscopy. The calculated BET surface area of the hydrothermally synthesized

CuCrO2 nanopowder was 148.44 m2 g�1. The CuCrO2 nanopowder displayed high catalytic activity, and

the production rate was 2525 mL STP per min per g-cat at 400 �C and a flow rate of 30 sccm. The high

specific area and steam reforming mechanism of the CuCrO2 nanopowder catalyst could have vital

industrial and economic effects.
1. Introduction

To address climate change and the limited supply of fossil fuels,
alternative sources of energy have been considered.1 Hydrogen
fuel cell applications are a promising technology, for unlike
fossil fuels, hydrogen (H2) burns cleanly and emits no envi-
ronmental pollutants.2 Furthermore, as compared with other
fuels, H2 also has the highest energy density per unit weight
(i.e., 120.7 kJ g�1).3 Today, industrial hydrogen is mainly
produced by steam reforming. One source of liquid hydrogen is
methanol, which is superior to fuels such as ethanol, gasoline,
and diesel.4 Methanol has a higher H2/C ratio than that of
ethanol, which allows it to be reformed at a relatively lower
temperature. It also lacks a carbon–carbon bond, is low in
sulfur compounds (<5 ppm), and yields a smaller quantity of
carbonaceous products.5 Generally, hydrogen is produced from
methanol by reactions such as decomposition,6 methanol steam
reforming (MSR), and partial oxidation, which are described in
the following chemical reactions.7

CH3OH(l) / 2H2 + CO DH� ¼ 92.0 kJ mol�1 (1)
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CH3OH(l) + H2O(l) / CO2 + 3H2 DH� ¼ 49.5 kJ mol�1 (2)

CH3OH(l) + 1
2
O2 / 2H2 + CO2 DH� ¼ �155 kJ mol�1 (3)

The decomposition reaction produces a high amount of CO,
which can damage the electrode and decrease the power density
of fuel cells, so it is not an ideal process for fuel cells.8 The steam
reforming reaction is endothermic, making it ideal for fuel cell
applications, but it produces a large amount of carbon dioxide as
a byproduct. Partial oxidation is a strongly exothermic reaction
that can provide rapid reaction requirements for vehicles, but its
hydrogen production rate is only 66%, which is less efficient than
that of steam reforming, and the reaction temperature is difficult
to control.9 In contrast, steam reforming is an efficient and
advantageous method of producing hydrogen. The design of the
fuel cell processor will require a catalytic reformer that is fast,
highly active, compact, and light in weight.10

Traditionally, hydrogen has been converted by SRM with the
following reactions: (4) water gas shi (WGS), (5) methanol
decomposition, and (6) steam reforming of methanol (SRM).

CO + H2O / CO2 + H2 (4)

CH3OH / CO + 2H2 (5)

CH3OH + H2O / CO2 + 3H2 (6)

The SRM process has received great interest as a method of
producing hydrogen due to its low reaction temperature,
acceptable water miscibility, high ratio of hydrogen
RSC Adv., 2021, 11, 12607–12613 | 12607
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Fig. 1 The XRD pattern of CuCrO2 nanopowder prepared by hydro-
thermal method.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
5:

53
:2

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
concentration, and low CO level. Also, SRM is a simple, efficient
endothermic reaction, which makes it suitable for fuel cell
applications.11,12

Generally, catalysts comprising Cu, Pd, Ru, Zn, Ni, or
combinations of these metals are used in the SRM reaction.
The reaction conditions and the catalyst synthesis processes
greatly inuence the effectiveness of methanol steam reform-
ing in a reactor.13 In particular, metal oxide and copper-based
catalysts, such as Al2O3,14 ZnO/Al2O3, ZrO2/Al2O,15 CuO/ZnO/
Al2O,16 Cr2O3/Al2O3,17 and Cu/ZnO/Al2O3/CeO2/ZrO2,5 are used
for SRM. These aforementioned catalysts have received a lot of
attention in hydrogen production due to their high activity
Fig. 2 Morphology of CuCrO2 nanopowder prepared by hydrothermal

12608 | RSC Adv., 2021, 11, 12607–12613
and selectivity.18 However, the main problem with the SRM
process is the accumulation of carbon particles on the surface
of the Cu-related catalyst, as they reduce the performance of
the catalyst.19 To improve the catalytic efficiency, the scattering
of copper particles on the surface must be homogeneous, so to
improve the catalytic performance, numerous researchers
have combined copper-based catalysts with metal oxides, such
as ZnO,20 Fe2O3,21 Cr2O3,22 and CoO.23 The Cu-related catalyst
prepared from delafossite (CuCrO2) has good dispersion of
copper nanoparticles and high thermal stability.24 In addition,
one of the most widely used techniques for the preparation of
delafossite CuCrO2 is hydrothermal synthesis. The hydro-
thermal method has several advantages, such as the use of
water as a solvent and the synthesis of well-crystallized mate-
rials, the crystal size and morphology can be controlled.25,26

Hence, in this study, CuCrO2 nanopowder was synthesized by
hydrothermal method. The prepared CuCrO2 nanopowder was
expected to have a high response for use in SRM because of its
high surface area. The CuCrO2 nanopowder was employed in
an adiabatic xed-bed reactor for the steam reforming of
methanol, and the reduction activity was investigated. Also, at
various operating temperatures, the hydrogen output rate of
the CuCrO2 nanopowder was compared with those of
commercial and previously-reported catalysts.
2. Experimental procedure
2.1 Formation of CuCrO2 nanopowder by hydrothermal
method

For the preparation of the CuCrO2 nanopowder by hydro-
thermal method, the starting reagents of chromium nitrate
method.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Cr(NO3)3$9H2O), copper(II) nitrate (Cu(NO3)2$3H2O), and
NaOH were acquired from Sigma-Aldrich, Taiwan. In this
experiment, all reagents were analytical grade and used without
further purication. Generally, 2.6 mmol Cr(NO3)3$9H2O and
2.6 mmol Cu(NO3)2$3H2O were dissolved in 35 mL DI water
with homogeneous stirring, and 0.8625 g NaOH was added as
a mineralizer. Then the obtained solution was transferred to
a Teon-lined autoclave (50 mL), which was sealed before being
held at 240 �C for 60 h. The resulting dark green precipitate was
washed several times with DI water. Finally, the obtained
CuCrO2 nanopowder was dried and stored in a sample bottle for
further use.
2.2 Characterization

The following methods were used to identify the prepared Cu-
based catalyst. The crystalline phases of the nanopowders were
identied by X-ray diffraction (XRD) (D2 Phaser, Bruker) with Cu
Ka radiation (l ¼ 0.15418 nm), a working voltage of 30 kV, and
working current of 10 mA. Aer the diffraction studies, the ob-
tained data were analyzed in MDI JADE 5.0 soware and
compared with the JCPDS card database. Scanning electron
microscopy (FE-SEM, JEOL, JSM-7610F) was used to observe the
surface morphology of the nanopowder. The working voltage was
30 kV and the working power was 10 mA. The particle size and
morphology were identied by transmission electronmicroscopy
Fig. 3 (a–c) TEM images of the CuCrO2 nanopowder prepared by hydr

© 2021 The Author(s). Published by the Royal Society of Chemistry
(TEM) (Japan Electron Optic Co. Ltd., JEOLTM, JEM-2100F,
Tokyo, Japan) at an operating voltage of 200 kV and pressure of
10�8 Pa. The surface area of the CuCrO2 nanopowder (SBET) was
investigated by Brunauer–Emmett–Teller (BET) analysis.

2.3 Catalyst test

At atmospheric pressure, the prepared catalyst was placed in
a reactor and used for the SRM process. In each experiment,
0.04 g of catalyst was loaded into a tubular reactor. The SRM
experiment was conducted in a ow reactor connected with
a 25 cm quartz pipe having an inner diameter of 1.2 cm. The
rate of hydrogen production was analyzed by gas chromatog-
raphy (GC 1000 China Chromatography TCD) with one column
(60/80 Carboxen® 1000) for H2 (7  � 1/8 in, stainless steel).
The gas chromatograph was equipped with a thermal conduc-
tivity detector (TCD) with a current of 50 mA. Nitrogen was used
as the dilutant and carrier gas at a ow rate of 30 sccm. The gas
from the outlet tube was analyzed with a gas chromatograph
several times at each temperature to analyze the hydrogen
production rate (mL STP per min per g-cat) and the catalytic
efficiency of the CuCrO2.

Methanol conversion ð%Þ ¼ ðmethanolÞin � ðmethanolÞout
ðmethanolÞin

� 100 (7)
othermal method; (d) crystalline structure of CuCrO2 nanopowder.

RSC Adv., 2021, 11, 12607–12613 | 12609
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Hydrogen production rate ¼ H2% mL 30 mL=min

cm3 g
(8)

The subscript “out” indicates the total outlet ow rate of each
species, while “in” refers to the feed source in the above equa-
tions for measuring methanol conversion.27,28
Table 1 The surface areas of CuCrO2 nanopowders synthesized by
3. Results and analysis
3.1 XRD analysis

The crystal structures of the CuCrO2 nanopowder catalysts were
studied by XRD and analyzed with powder X-ray diffractometric
tools. Fig. 1 presents the XRD pattern of CuCrO2 nanopowder
prepared by the hydrothermal method. The XRD pattern of the
CuCrO2 nanopowder (JCPDF card no. 39-0247) shows three
main reections for the (006), (012), and (110) planes. It is
apparent that the CuCrO2 delafossite structure was obtained.
hydrothermal method, GNP method, and solid-state method

Method
Surface area
(m2 g�1)

Hydrothermal 148
GNP (ref. 10) 28.5
Solid-state (ref. 13) 0.47
3.2 SEM and TEM analysis

The morphology of the hydrothermally-synthesized CuCrO2

nanopowder was identied by SEM studies and is presented in
Fig. 2. The nanopowder consisted of small nanocrystals of
similar morphology, and the size of the CuCrO2 nanoparticles
was further veried by TEM.
Fig. 4 (a–d) TEM-EDS elemental distributions of the CuCrO2 nanopowd

12610 | RSC Adv., 2021, 11, 12607–12613
The structure of the CuCrO2 nanopowder was further
conrmed by TEM. The TEM images of the CuCrO2 nanopowder
are shown in Fig. 3(a–c). Fig. 3(c) shows CuCrO2 interplates with
a cross-section plane spacing of 5.69�A. The distance along the c-
axis (the h001i direction) of the delafossite structure is illus-
trated in Fig. 3(d). The particle size of the CuCrO2 nanopowder
was 5–10 nm, which resulted in a high surface area.
3.3 TEM-EDS analysis

The elemental composition and arrangement of the CuCrO2

nanopowder were analyzed by TEM-EDS mapping, and the
results are shown in Fig. 4. As can be seen in Fig. 4(a), the
elements Cu, Cr, and O were all present. The elemental
er synthesized by hydrothermal method.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic diagram of the CuCrO2 nanopowder catalytic test in the methanol steam reforming process.
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arrangement mapping signals of (Fig. 4(b)) Cu, (Fig. 4(c)) Cr,
and (Fig. 4(d)) O showed uniform distribution within the small
nanoparticles of the CuCrO2 nanopowder. Moreover, the effec-
tive formation of the CuCrO2 nanopowder was conrmed by the
TEM-EDS analysis.
3.4 BET analysis

The surface area of the hydrothermally-synthesized CuCrO2

nanopowder was studied by BET methods. Aer the nano-
powder was degassed at 150 �C for 6 hours, high purity nitrogen
gas was passed through the CuCrO2 nanopowder to eliminate
any adsorbed water. For measurement, the sample tube was
lled with high purity nitrogen gas, and then the dried CuCrO2

nanopowder adsorbed nitrogen at �196 �C. A relative pressure
variable P/P0 ¼ 0–0.3 was used to determine the volume of
nitrogen adsorption. The BET measurement showed that the
surface area of the hydrothermally-synthesized CuCrO2 nano-
powder was 148 m2 g�1. The specic surface area of the nano-
powder was compared with those of CuCrO2 prepared by GNP29

and solid-state30 methods. The comparison studies showed that
the hydrothermally-prepared CuCrO2 nanopowder exhibited
a higher surface area than those of the other two materials, and
the results are listed in Table 1.
Fig. 6 The H2 production rate versus reaction temperatures in the
SRM process.
3.5 Production of hydrogen from methanol by steam
reforming process

The rate of H2 production was measured with a gas chromato-
graph equipped with a thermal conductivity detector, and 0.04 g
of catalyst was used for this study (Fig. 5). The hydrogen effi-
ciency and productivity at a ow rate of 30 sccm were measured
at 250–400 �C (ESI Fig. 1–4†) and converted to milliliters per
minute (mL STP per min per g-cat). The temperature of the
methanol and water was 80 �C, and the ratio of methanol to
water was 1 : 4 due to the vapor pressure difference. For
© 2021 The Author(s). Published by the Royal Society of Chemistry
maximum yield, the CuCrO2 nanoparticle catalyst powder was
activated at each temperature for 10 min without contact with
the methanol steam. Then the carrier gas was turned on to ll
the system with methanol steam and detection was performed
at the gas outlet pipe.

Fig. 6 presents the relationship between the production rate
of H2 and the reaction temperature in the methanol steam
reforming process performed with the CuCrO2 nanopowder
RSC Adv., 2021, 11, 12607–12613 | 12611
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catalyst. The maximum hydrogen production rate was 2525 mL
STP per min per g-cat at 400 �C. The H2 production perfor-
mances of the hydrothermally-synthesized CuCrO2 nanopowder
catalyst, commercial Cu/Al/Zn catalyst and CuCrO2 bulk cata-
lyst31 are compared in Fig. 6. The comparison showed that the
hydrogen production efficiency of the hydrothermally-
synthesized CuCrO2 nanopowder was much higher than those
of the CuCrO2 nanopowder catalysts prepared by GNP method,6

commercial Cu/Al/Zn catalyst,23 and CuCrO2 bulk power cata-
lyst.29 Commonly, a H2-activated catalyst is dangerous when
exposed to air due to its high activity and potential for ignition
and explosion, but CuCrO2 nanopowder is very stable in air.
There was thus no need for high-temperature activation treat-
ment of the CuCrO2 nanopowder catalyst for the SRM process.
This nding suggests that, if CuCrO2 nanopowder is installed in
a fuel cell vehicle, higher efficiency can be achieved than with
conventional catalysts.6 In future work, the stability of the
catalyst, SRM conditions, and optimization of reactor condi-
tions will be tested.

4. Conclusion

CuCrO2 nanopowder was prepared by hydrothermal method
and applied to SRM. The CuCrO2 nanopowder was veried by
XRD, BET analysis, FE-SEM, and TEM studies. Furthermore, the
high surface area of the CuCrO2 catalyst (148.44 m2 g�1) was
suitable, and the catalyst was applied for SRM catalysis. The
specic surface area of the CuCrO2 nanopowder was inuenced
by the SRM process. This catalyst was used to produce hydrogen
by steam reforming of methanol in a bed reactor at tempera-
tures of 230 to 400 �C. The maximum hydrogen generation rate
was 2525 mL STP per min per g-cat at 400 �C, and the catalyst
could be activated without a high temperature, making it suit-
able for installation in fuel cell vehicles. Furthermore, the
stability of the catalyst and the reactor conditions for SRM were
studied. The hydrogen generation rate of the CuCrO2 nano-
powder was compared with those of commercial and previously-
reported catalysts under the same operating conditions. The
results indicated that this hydrothermally-synthesized CuCrO2

nanopowder is suitable for H2 production and fuel cell
application.
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