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The use of hydrogen for energy generation has attracted
significant attention in recent years as a clean, sustainable,
and transportable alternative fuel, and this interest has
consequently sparked a rapid global development of hydro-
gen fuel cells for electric power generation.!! Catalytic
reformation of hydrocarbons, with careful attention to avoid
storage and safety issues,’! is currently the predominant
process for hydrogen generation. One of the leading and most
promising techniques for hydrogen generation is catalytic
reformation of methanol.™! Cu/ZnO-based catalysts are,
therefore, of great importance for industrial scale catalytic
production of reformate hydrogen.’! Owing to their wide
commercial relevance, Cu/ZnO-based catalysts, prepared by
several preparation routes, are being extensively investigated,
and substantial improvements in their efficiency of catalytic
activity brought about by addition of suitable promoter/
support, combination with effective component, and imple-
mentation of new preparation techniques, have been
reported.*>7l Unfortunately, use of Cu/ZnO-based hetero-
structures as reforming catalysts is still lacking to date. This
inspired us to design a core—shell nanostructured catalyst
consisting of a ZnO nanorod (NR) core and an outer shell of
copper nanoparticles (NPs), that is, NR@NPs, for achieving
high efficiency of catalytic conversion.

The idea of using microreformers is also highly attractive
for several applications, such as on-board hydrogen sources
for small vehicles and portable fuel cells.'>'¥) However, two
key issues have hindered the realization of microreformers
for catalysis, namely, poor adhesion between the catalyst layer
and the microchannels and poor utilization of catalyst layer
deposited in the form of thick film."> Notwithstanding,
several approaches investigated to overcome these issues,
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catalyst immobilization, and its efficient utilization inside the
microchannel remains a challenge.'*'! Most of these
approaches involve a two-step process, wherein active cata-
lysts are prepared in the first step, followed by its immobi-
lization on the surface of the microchannels in the second
step. Herein, we report a simple and reliable method for
integrating in-situ synthesis of catalyst and its immobilization
for microreformer applications.

The ZnO NR arrays were first grown on a microchannel
reactor using a simple template-free aqueous approach. A
simple mixture of copper salts, aqueous media, and ZnO NR
arrays at low temperature subsequently resulted in sponta-
neous formation of cable-like nanostructures. As the
ZnO NR@Cu NP nanocomposites were synthesized in-situ
directly on the microreactor, the arrayed ZnO@Cu nano-
composites were strongly anchored onto the microchannel.
The strong mechanical anchorage of nanostructured catalysts
on the surface of microchannel was shown by the observation
that no material loss occurred after sonication in the water for
several hours. The interaction between Cu NPs and ZnO NRs
was studied by several analytical techniques, including
electron microscopy (EM), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), X-ray absorption spec-
troscopy (XAS), and temperature-programmed reduction
(TPR). The structure of the microreformer design based on
the ZnO NR@Cu NP nanocomposite is illustrated in the
Supporting Information (Scheme S1), along with photographs
comparing the microchannels before and after the deposition
of the ZnO NR@Cu NP nanocomposite (Supporting Infor-
mation, Figure S1).

One of the most significant advantages of the core—shell
nanocomposites, which are clearly distinct from traditional
catalysts, is the large surface area they offer for effective
surface contact between the reactants and catalysts. Figure 1a
shows a cross-sectional SEM image of vertically aligned
ZnO NRs grown on the inner surface of the microchannel.
The size of the NRs range from 35 to 50 nm in diameter and
around 5 pm in height, as determined directly from the SEM
micrograph. The TEM image of a typical NR is shown in
Figure 1b, indicating an uneven surface with stacking faults
(marked with arrows), which is shown in greater detail in
Figure 1c. Figure 1d shows a typical TEM image of ZnO@Cu
hybrid nanocomposites at a copper decoration concentration
of 2 mm. Close attachment of Cu NPs on the ZnO NR cores
can be clearly observed. More detailed TEM images with
EDX elemental mapping of copper and zinc are shown in
Figure 2, which further confirms the attachment of Cu NPs on
the ZnO NR cores. Furthermore, a high-resolution TEM
image (Figure 1e) yielded the spacing of the {111} lattice
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Figure 1. a) Cross-sectional SEM image of vertically well-aligned

ZnO NRs. b) Typical TEM image of a single ZnO NR showing the
presence of stacking faults (marked with arrows). ) HRTEM image of
the ZnO NR. d) Typical TEM image of the ZnO NR@Cu NP nano-
composites. €) HRTEM image of Cu NPs on the surface of one single
ZnO NR. f) The size histogram of Cu NPs analyzed from the HRTEM
image.

Figure 2. a) TEM image and b,c) corresponding EDX elemental mapping of b) Cu and
c) Zn.

planes of the face-centered cubic copper crystal to be 0.21 nm.
A histogram of the diameter of Cu NPs determined from the
TEM measurement is shown in Figure 1f, and indicates a
diameter range of 3 to 8 nm, with an average of 5nm.
Moreover, a high-resolution TEM image of the Cu NP/
ZnO NR heterostructures reveals that the (111) plane of the
Cu NP is immobilized on the (002) plane of ZnO NR with
clear evidence of the lattice-mismatched region (Supporting
Information, Figure S2).

Figure 3a shows XRD patterns of copper deposited on
ZnO NRs prepared with different copper decoration concen-
trations of 1 to 3 mM (reference XRD patterns can be found in
the Supporting Information, Figure S3). No obvious copper
peak could be detected below 1 mm decoration concentration.
Figure 3a also shows that as the decoration concentration
gradually increases, the Cu(111) peak at 43.5° is more
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Figure 3. a) XRD patterns of Cu NPs on the surface of ZnO NRs
prepared with different decoration concentrations from 1 to 3 mm.

b) Cu 2p XPS core level spectra of arrayed ZnO NR@Cu NP nano-
composites prepared with different copper decoration concentrations
from 0.5 to 3 mm; | =normalized intensity. ¢) Cu K-edge XANES
spectra of arrayed ZnO NR@Cu NP nanocomposites and bulk refer-
ence sample copper foil; A=normalized absorbance. d) Comparative
TPR profiles of ZnO NR@Cu NP nanocomposites and commercial
catalysts (MDC-3: Sud-Chemie).

prominent. The greater full-width half maximum (FWHM)
of this peak for samples prepared with 2mmM and 3 mm
decoration concentrations compared to that of
metallic copper indicates a smaller copper
particle size in the nanocomposite samples.
Furthermore, the FWHM increases as the
decoration concentration decreases, indicating
formation of finer particles at lower decoration
concentration, which is also confirmed in the
results of larger copper surface area and higher
dispersion determined by the N,O decomposi-
tion method (Supporting Information,
Table S1). Furthermore, in Figure 3a, a shift
in the position of this peak to higher 26 values
compared to the peak for metallic copper is
also observed with decreasing decoration concentration. This
effect can be attributed to the existence of defects at the
interface between Cu NPs and ZnO NRs, or partial dissolu-
tion of copper into the ZnO lattice. The defects, either
microstrain or structural disorder, can originate at the inter-
face owing to lattice mismatch between copper and zinc
oxide, but can be quickly overwhelmed by the strong metallic
Cu(111) peak from larger particles deposited at higher
decoration concentrations (Figure 3a).

A detailed inspection of the electronic states of the
surface metal species was carried out by XPS analysis.
Figure 3b depicts the Cu2p core-level XPS of NR-Cu
composite nanostructures prepared at different decoration
concentrations. To differentiate between the oxidation states
of copper, the main peak of the Cu 2p;, core-level spectra was
fitted with two components at 932.8 and 933.7 eV corre-
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sponding to Cu’/Cu* and Cu** species, respectively."™ A large
fraction of copper is present as Cu”/Cu™ after deposition in the
nanocomposite samples. Additionally, an absence of any
shake-up satellite features in the spectra at binding energies
above 940 eV further indicates a lower copper oxidation
state.'”) When the decoration concentration was decreased,
the position of the copper main peak shifted slightly toward
higher binding energy, which is strongly related to the
modification of the electron density on smaller copper species
at lower decoration concentrations.™® Moreover, it appears
that the fraction of atomic copper on the surface, as estimated
from the ratio of Cu/(Cu+Zn+O) peaks tends to increase
with increasing decoration concentration. In contrast, the
fraction of atomic copper on the surface is lower than
8 atom % when the decoration concentration is decreased to
1 mMm, which is consistent with the XRD results in Figure 3 a.
Meanwhile, a similar trend can be obtained for the surface
ratios of Cu/Zn and ZnO/Cu by XPS measurements (Sup-
porting Information, Table S1). However, it is rather unfor-
tunate that the Cu’ state cannot be distinguished from the Cu*
state by XPS analysis owing to spectral overlap. X-ray
absorption spectroscopy (XAS) measurements were there-
fore used to resolve this issue. X-ray absorption near-edge
structure (XANES) spectra are associated with the excitation
of a core electron to bound and quasi-bound states. To
determine the valence of copper in the arrayed ZnO NR@-
Cu NP nanocomposites, the Cu K-edge XANES spectra were
compared with those of copper foil (Figure 3¢). The XANES
spectra of arrayed nanocomposites exhibit the edge absorp-
tion at 8979 eV together with a well-resolved doublet in the
post-edge region. This result is in good agreement with that of
copper foil, thus indicating a predominant presence of
metallic copper in these nanocomposites. A more detailed
understanding may be gained from the derivative of the
XANES spectra (Supporting Information, Figure S5). The
intensity of the edge absorption for arrayed nanocomposites
is relatively low compared to that of copper foil, which could
be related to the smaller (nano-sized) dimensions of the
copper particles.””) It may also be noted that the nano-
composite samples display lower intensity as well as a shift
towards higher energy of the peak at ca. 8990 eV, together
with the shoulder around 8984 eV, as compared to the
derivative of copper foil. These features suggest some changes
in the chemical environment around the copper species in
these nanocomposites. The reason may be attributed to a
further distortion of the copper lattice owing to the presence
of microstrain at the interface between CuNPs and
ZnO NRs. Thus, the XAS results seem to agree well with
the XRD results.

To investigate the reducibility of NR@Cu NP nanocom-
posites prepared at different decoration concentrations, TPR
measurements were carried out in the temperature range of
140 to 300°C (Figure 3d). It is known that the reduction of
bulk CuO is indicated by a single reduction peak at a
considerably higher temperature of 320°C.*Y Clearly, the
Cu NP-immobilized ZnO NR nanoarchitectures with 2 mm
decoration concentration exhibits a significant shift in the
position of the reduction peak to lower temperature in
addition to the reduction in FWHM of the main peak as
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compared to that with 3 mm decoration concentration,
indicating superior redox properties of the nanocomposites.
The advantage of the NR@Cu NP catalysts can be empha-
sized by the lower reduction temperature than the commer-
cial catalysts (Cu-ZnO-Al,O;; MDC-3: Siid-Chemie) as
shown in the same figure. The reason can be attributed to
the enhanced dispersion of fine Cu NPs and strong metal—
support interaction (SMSI) effects under NR@NP nanosys-
tems, which facilitates the reduction of the supported copper
species. However, at decoration concentrations of higher than
2 mM, the increase in the size of copper particles plays a
predominant role in the structural change of ZnO@Cu
nanocomposites, which also weakens the interaction between
copper and zinc oxide and consequently undermines the
catalytic activity.

The methanol conversion and hydrogen production rates
for the arrayed ZnO@Cu nanocomposites and the commer-
cial catalysts are shown in Figure 4a and b, respectively. Each
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Figure 4. Comparison of arrayed Cu NP/ZnO NR nanocomposites,
synthesized at 2 mm Cu(NO;), with H,0/0,/MeOH =1:0.125:1, W/
F=21kg,smMol™ ethanor (00), and commercial catalysts (@), on:

a) methanol reforming reaction profiles, b) hydrogen production rate
as a function of reaction temperature, c) kinetic constants as a
function of reaction temperature, and d) Arrhenius plots for the
methanol reforming reaction.

data point represents a twelve-hour experimental run, with
very little deviation observed with repeated runs, which is
indicated by the small error bars in the figures. The methanol
conversion rate over the arrayed ZnO@Cu nanocomposites is
as high as 93%, with a hydrogen production rate of
183 mmol g, 'h~' at 250°C. Both these rates are significantly
higher than those obtained with the commercial catalysts.
Small amounts of carbon monoxide were detected by a CO
detector in the outlet gas stream. Surprisingly, a CO concen-
tration of only 170-210 ppm was detected during these
experimental runs at 250°C, which is much lower than circa
1000 ppm formed by the commercial catalysts. The present
results thus provide a promising alternative to commercial
catalysts for the catalytic generation of high-purity hydrogen
without necessitating additional processes to remove CO
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down-stream. For a better comparison of the catalytic
activities of NR@NP nanoarchitectures and commercial
catalysts, kinetic parameters were evaluated from the con-
version data.””! The kinetic constant at a given temperature
can be calculated from Equation (1):

k=1/t[ex+ (1+ &)ln (1—x)] 1)

where «, 7, x, and ¢ are the kinetic constant, contact time,
fractional conversion, and fractional expansion of the system,
respectively. As shown in Figure 4c, the kinetic constant data
manifest higher activity of the nanostructured NR@NP arrays
than the commercial catalysts. This can be attributed to the
greater external surface area, the existence of SMSI effect,
the presence of microstrain at the interface, and the modifi-
cation of electronic structures in the nanocomposites. These
effects are consistent with the TEM, XRD, XPS, XANES, and
TPR data. Based on the reaction temperature dependence of
the kinetic constant, the apparent activation energy was
calculated from the slope of the Arrhenius plot (Figure 4d). It
is evident that the reaction activation energy for the nano-
structured NR@NP arrays is noticeably lower (about
27.5 kImol ™) than a value of 36.8 kImol ! of the commercial
catalyst, indicating that methanol reforming reaction would
proceed significantly faster on these nanostructured catalysts
than on the commercial catalysts. Finally, the advantage of the
nanostructured NR@NP arrays catalyst is further exemplified
by the higher stability (11.5 % reduction after 36 h operation)
in the methanol reforming reaction, which is significantly
superior to the 33.8 % reduction for the commercial catalysts
(Figure 5).

In summary, we have successfully demonstrated an easy-
to-fabricate route to prepare arrayed ZnO NR@Cu NP
heterostructures on the inner surface of microchannels by
direct in-situ synthesis for microreformer applications. The
superb catalytic performance and stability of the Cu NP-
decorated ZnO NR nanostructures can be attributed to the
larger surface area and enhanced dispersion of fine Cu NPs,
formation of microstrain, the modification of electronic
structure of copper species, and the existence of a strong
metal-support interaction effect. These results present new
opportunities in the development of highly active and
selective NR@NP nanoarchitectures for a wide range of
different catalytic reaction systems.
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Figure 5. Stability tests for the methanol reforming reaction over
arrayed Cu NP/ZnO NR nanocomposites at 2 mm () and commercial
catalysts (0). Reaction conditions: H,0/O,/MeOH =1:0.125:1,
T=250°C, W/F=21 kg ;s mol™ | cthanol-
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Experimental Section

ZnO array preparation: A thin film of ZnO was first deposited on the
inner surface of microchannels prior to the NR growth step by the
solution method, which acted as a seed layer. This was followed by
growth of aligned ZnO NRs on the pre-coated substrates by the
chemical bath deposition (CBD) method. CBD growth was per-
formed using equimolecular mixtures of zinc nitrate hexahydrate
(99.5%, Aldrich) and hexamethylenetetramine (99 %, Aldrich) as
source precursors and a reaction temperature of 90°C for 7 h. Other
details of the NR array growth process were same as those described
in the procedure proposed by Vayssieres.”?! A simplified attachment
route, namely the direct impregnation method, was used in this study,
which involved impregnation of the ZnO NR with copper nitrate
trihydrate as precursor (99.5%, Aldrich), which was subsequently
reduced by boiling under reflux to give to Cu/Cu’ colloids. The
synthesis of size-selected Cu NPs immobilized on ZnO NRs was
carried out in ethylene glycol (EG) solutions as reducing agent that
contained 0.5M NaOH, with pH values between 9 and 11.2* The
decoration concentrations were controlled between 0.5 and 3 mM.
The solutions were stirred for 30 min at room temperature, sub-
sequently heated under reflux to 190°C for 2 h, and then cooled in air.
Dark brown solutions containing Cu NPs were formed in this manner
and referred to as colloidal solutions in this work.

Material characterization: XRD analyses were performed on a
Bruker D8 Advance diffractometer with Cu (40 kV, 40 mA) radia-
tion. SEM measurements were made on a JEOL 6700 filed-emission
SEM. XPS spectra were obtained using a Microlab 350 system. To
obtain TEM images, the NR products on the microreactor were
scratched and dispersed on a carbon-coated copper grid, and analyzed
using a JEOL JEM-2100 TEM system. XAS analyses were performed
on a beamline BL17C1 at the National Synchrotron Radiation
Research Center (NSRRC), Taiwan. TPR and N,O titrations were
carried out with a Micromeritics AutoChem II 2920 instrument. The
catalytic performance tests were conducted using an integrated
microchannel reactor under atmospheric pressure. The aluminum
alloy (6061) chip of the microreactor was made by ourselves through a
laser machining method. Ten microchannels per aluminum alloy chip
were separated by 800 um fins. The width, depth, and length of the
microchannels were 500 um, 200 um, and 4.3 cm, respectively. For the
calculation of the catalyst weight for the steam reforming reactions,
we measured the total weight including Cu NP/ZnO NR nanocom-
posites without the ZnO seed layer with a precision electronic balance
(0.1 mg; Sartorius). The commercial CuO-ZnO-Al,O; catalysts
(Sud-Chemie; MDC-3) were used as reference sample and were
deposited on the inner surface of microchannels using the wash-
coating method."® After reduction of catalysts in a H,/N, (5/95) at a
flow rate of 50 mLmin~! at 200°C for 1 h, premixed water, oxygen,
and methanol with a H,0/0,/MeOH molar ratio of 1:0.125:1 were fed
into the preheater maintained at 200 °C by means of microfeeder. The
feed and product gas streams were analyzed online with a thermal
conductivity detector gas chromatograph (TCD-GC; China Chroma-
tography Co., Ltd) and CO detector (Gastech CO., Ltd.; GTF200).
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