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A series of CuZnAl oxide-composite catalysts were prepared via decomposition of
CuZnAl hydrotalcite-like compounds (HTLcs). The catalysts derived from CuZnAl
HTLcs (Cu: 37%, Zn: 15%, Al: 48% mol; using metal nitrate or acetate precursors) at
600°C provided excellent activity and stability for the methanol steam reforming. CuZ-
nAl HTLcs were almost decomposed completely at 600°C to form highly dispersed
CuO with large specific surface area while forming CuAl,O, spinel that played a key
role in separating and stabilizing the nano-sized Cu and ZnO during the reaction. The
CuZnAl catalyst prepared from metal acetates could highly convert H;O/MeOH (1.3/1,
mollmol) mixture into hydrogen with only ~0.05% CO at 250°C or ~0.005% at
210°C. It is evidenced that the former afforded stronger Cu-ZnO interaction, which
might be the intrinsic reason for the significant promotion of catalyst selectivity.
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Introduction

The depletion of fossil fuel reserves along with the
increasingly stringent new air-quality standards make H,-fed
polymeric electrolyte membrane fuel cell (PEMFC) an
attractive alternative to internal combustion engines in
expandable applications, such as passenger propulsion, dis-
tributed and auxiliary power systems. Until widespread
hydrogen refueling infrastructure exists, however, on-board
hydrogen production technology starting from a suitable lig-
uid source appears to be a practical option in a medium-
short perspective. One of the most prominent liquid fuels for
the use with on-board fuel processor to produce hydrogen is
methanol. This is due to the following superior advantages
including: low reaction temperature (~250°C), simple mole-
cule with high H/C molar ratio, one-step reaction to Hj-rich
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reformates with low-level CO concentration, lack of sulfur/
nitrogen compounds, minor effort on changing the fueling
station (from gasoline or diesel), and attractive possibility to
be produced from biomass.'” Among the reformation tech-
nologies of methanol, methanol steam reforming (MSR) is
considered to be the most favorable process of hydrogen
production process because of the ability to produce gas
with high hydrogen concentration (~75%). Nevertheless, a
heating source such as catalytic burner is needed for the
reaction energy supply.

Extensively studied MSR catalysts are mostly based on
copper nano-particles deposited or incorporated into various
supports such as ZnO,” ZnO-Al05,%" Cr,05-AL0;,* CeO,-
(ZnO)-A1203,9 and ZrOz-A1203.10 Eventually, Cu-ZnO
(AL,O3) catalysts are promising and provide quite good ac-
tivity/selectivity, but suffer from poor long-term stability that
stems from the sintering of surface-active copper particles
during the reaction. Recently, hydrotalcite-like compounds
(HTLcs), important lamellar solids, are attracting growing
interest in catalysis because of a homogeneous distribution
of cation in the structure and therefore the formation of
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homogeneous stable oxide composites by thermal decompo-
sition.'" CuZnAl catalysts derived from HTLcs, which are
obtained by coprecipitating metal chlorates with a modified
urea method, have been reported to be active and selective
for oxidative steam reforming of methanol (OSRM) and
characterized deeply in items of acid—base and redox proper-
ties of the catalysts.'>!?

Despite these advances, studies on the structure-perform-
ance (activity, selectivity and stability) relationships of the
HTLcs-derived CuZnAl catalysts for the reforming of metha-
nol are not sufficient, because we should always bear in mind
that the microstructure of the active copper phase of the
CuO/ZnO catalysts are strongly dependent on the preparation
parameters of coprecipitation'*'? that was found to be supe-
rior to the other methods such as impregnation, high-energy
milling and hydrothermal synthesis.20 For example, regarding
the hydrogen production from methanol reforming, CuO/ZnO
(Al,O3) catalysts that are prepared by either industrial precip-
itation method or thermal decomposition of HTLcs are all
reported to be calcined or decomposed mostly at a single
temperature point around 400°C."* 192122 However, the cal-
cination temperature is indeed a key catalyst preparation
parameter that strongly affects the catalytically relevant prop-
erties such as metal dispersion, phase structure and metal-
support interaction.”>** It is thus conceivable to develop
high-performance MSR CuZnAl catalysts from HTLcs com-
pounds by carefully tuning the decomposition temperature
and selecting the metal precursors for HTLcs synthesis.

In this work, a series of CuZnAl HTLcs were synthesized
via Na,CO3/NaOH coprecipitation/crystallization method
using nitrate, acetate, sulfate and chloride of copper and zinc
as precursors. CuZnAl oxide-composite catalysts were then
prepared by thermal decomposition of as-synthesized CuZ-
nAl HTLcs and were examined for their use in the MSR for
hydrogen production. Effects of decomposition temperature
and metal salt precursor were investigated on the catalyst
performance. We show that a mixture of H,O/MeOH (1.3/1,
mol/mol) can be highly converted into hydrogen just with a
CO concentration as low as ~ 0.05% (500 ppm) at 250°C or
~0.005% (50 ppm) at 210°C over a HTLc-derived CuZnAl
catalyst. To reveal the real reason for the significant
improvement of catalyst performance (especially on selectiv-
ity to CO and stability), the catalytically relevant physio-
chemical properties of the HTLcs-derived CuZnAl oxides in
items of copper dispersion/surface area of copper, specific
surface area, bulk structures, Cu-ZnO interaction and basicity
were studied by N,O-titration, N,-BET, X-ray diffraction
(XRD), hydrogen temperature programmed reduction (H,-
TPR) combined with CO, constant temperature oxidation,
and CO, temperature programmed desorption (CO,-TPD).

Experimental
Catalyst preparation

A series of CuZnAl HTLcs were synthesized via tradi-
tional Na,CO;/NaOH coprecipitation method extensively
described in detail elsewhere,25 using A.R. grade nitrates,
acetates, sulfates and chlorides of copper and zinc as precur-
sors. Note that aluminum nitrate was always used as alumi-
num source.
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CuZnAl oxide-composite catalysts were then obtained by
thermal decomposition of the corresponding HTLcs in air.
The decomposition procedure was programmed from room
temperature to set point at a heating ramp of 1°C/min with a
hold time of 3 h at the final temperature. Catalyst products
were designated CuZnAl, -A, -Cl, or -S followed by a num-
ber that represented the decomposition temperature, wherein
the characters of N, A, Cl and S indicated that the corre-
sponding HTLcs were synthesized using nitrates, acetates,
chlorides and sulfates, respectively. Catalyst particles of
100-250 um were collected for the reaction use.

Characterizations

Decomposition behavior analyses of the HTLcs were per-
formed on a Mettler TG-SDTA-851 analyzer with sample
loading of approximately 20 mg. The temperature was raised
from 25 to 800°C at heating rate of 5°C/min in a flow of
air (30 mL/min). Determination of phase structure and spe-
cific surface area of samples was performed via XRD
and N,-BET method extensively described in detail
elsewhere.?

Catalyst basicity determination by the CO,-TPD and CuO
reducibility measurement by H,-TPR were carried out on a
Quantachrome ChemBET 3000 chemisorption apparatus fit-
ted with a TCD. For H,-TPR experiments, the temperature
of sample was ramped at 10°C/min in 5% Hy/Ar flow of
40 mL/min. For CO,-TPD experiments, adsorption was con-
ducted by using 5% CO,/He flow of 30 mL/min to pass
through the sample bed at room temperature for 1 h, and the
desorption was carried out in He flow.

Surface area of copper per gram catalyst and copper dis-
persion were estimated by the N,O titration method®’ on a
Quantachrome ChemBET 3000 chemisorption instrument, in
according to 2Cu(gyrracey + N2O — CuyOeurfacey + Noo
Firstly, the sample of ~10 mg (fresh and used) underwent a
H,-TPR process in 5% H,/Ar mixture from 25 to 450°C for
prereduction. Then, N,O oxidation was carried out by feed-
ing 5% N,O/Ar to the sample bed at a flow rate of 80 mL/
min at 60°C for 1 h, followed by Ar purging and cooling the
sample bed down to room temperature. Finally, H,-TPR was
performed again with a gas mixture of 5% Hj/Ar to 450°C.
Therefore, the surface area of copper per gram -catalyst
could be obtained according to the H, consumption (H, +
CuxOsurface)y — CU(surtacey + H20) and the copper atom area
of 6.8 x 1072° m>. Moreover, copper dispersion (D¢,) was
defined as below.

D Cu
2 x (H; consumption for Cu,O reduction in 2nd H,—TPR)
o H, consumption for CuO reduction in 1st H,—TPR

x 100%

Redox properties of the HTLcs-derived CuZnAl catalysts
were investigated by reduction-oxidation-reduction cycle
technique. This cycle consisted of three consecutive steps:
(i) a standard H,-TPR run of a fresh catalyst as described
above; (ii) an oxidation step by CO, at 300°C for 1 h using
5 vol % CO,/He (40 mL/min); (iii) a second H,-TPR run.
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After the CO, oxidation [step (ii)], the residual CO, was rapidly
removed from the reactor by Ar purging (80 mL/min) and the
sample was quickly cooled down to room temperature in
Ar flow before starting the second TPR run.

FTIR spectra of both HTLcs and HTLcs-derived catalysts
were recorded on a Nicolet Nuxes 670 spectrometer. Dosage
of the powder mixture for disk preparation and the weight
ratio of sample to KBr in the mixture were always kept con-
stant.

Morphology and elemental mapping measurements for
HTLcs-derived catalysts were performed on a field emission
scanning electronic microscopy (FE-SEM, Hitachi S-4800)
equipped with an energy despersive X-ray analyses (EDX)
unit (Oxford, UK).

Reactivity test

Catalytic performance was conducted at atmospheric pres-
sure in a continuous flow fixed-bed reactor consisting of a
stainless-steel tube (12 mm i.d. by 700 mm long) placed in
an electric furnace with a constant temperature region as
long as 50 mm. Here catalyst of 1.5 g was loaded and
directly exposed to reactant stream without any pretreatment.
A H,0/CH5;0H (1.3/1, mol/mol) mixture was fed continu-
ously at a rate of 29 uL/min using a high-performance liquid
chromatography (HPLC) pump, in parallel with pure N,
(15 mL/min, as internal standard gas) feeding using a cali-
brated mass flow controller, into the reactor heated to the
desired reaction temperature. Effluent from the reactor was
cooled using ice-water bath to liquefy the condensable
vapors. A HP 6850 gas chromatograph (GC) equipped with
a TCD and a 30-m AT-plot capillary column was employed
to analyze H,, N,, CO, CO,, and C1-C3 hydrocarbons in
the effluent, using He carrier and the column temperature
programmed from 40 to 160°C at a ramp of 30°C/min with
a hold time of 3 min at each of the initial and final tempera-
tures. When CO product was lower than 500 ppm, another
GC equipped with TCD and a 5A molecular sieve packed
column was used for CO detection, which permitted big
sample injection. Conversion and product composition were
calculated by the N, internal standard method that is out-
lined as below,

_ tlet tlet __ prinlet inlet
Fa = 30 YUt = et yine
where Yt and YUl denote concentration of the internal
standard gas in the effluent gas (dry). Whereas the total flow
rate changed significantly between the reactor inlet (F™°!) and

total
the outlet (Ffout‘;le‘), the flow rate of the inert internal standard
gas (F) is kept constant.
Therefore, formation rate of i product (F;) can be calcu-

lated as

outlet
Fyx Y™

__ proutlet outlet __
Fi=F X Yi - youtlet
st

total

Methanol conversion (Cyeon) and concentration of i
product in dry reformate (X;, not including the internal
standard gas) can be calculated as
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outlet outlet outlet
Y F;, Fegt +Feg, + Fey,
Cmeon = =

x 100%
FMeOHA,gas

F MeOH, gas

outlet
Yi

= outlet  youtlet outlet outlet outlet
RS Yoo +Yeo, + Yoy + Y

outlet
Yi

X; x 100%

Furthermore, catalyst activity was defined as the amount
of methanol converted over per gram catalyst within per unit
reaction time. Herein methanol conversion (Cyeon) Was able
to be directly used to indicate the catalyst activity as the
tests were all performed over 1.5 g catalysts with WHSV of
2.5 h™'. Concentration of i product in dry reformate (X,) di-
vided by XX; (i = CO, CO,, CH,) was defined as the car-
bon-containing product selectivity; clearly, the lower is the
X;, the lower is the selectivity to i product. The stability of
the catalyst was defined as the ability of the catalyst for
methanol conversion maintenance with prolonged time on
stream. Note that turnover frequency (TOF), normalized
methanol conversion by the number of surface Cu atoms per
gram catalyst, were calculated and used to denote the intrin-
sic activity of the catalysts.

Results
XRD and TG/DTG analyses of HTLcs

Figure 1 shows the XRD patterns of the HTLcs with a
Cu/Zn/Al molar ratio of 37/15/48 synthesized using nitrate,
acetate, sulfate and chloride of copper and zinc as precur-
sors. Clearly, the hydroxyl carbonates containing hydrotal-
cite-like layered double hydroxide could be obtained as pri-
mary phase in all cases but the crystallinity was decreased in
following order: sulfate < chloride < nitrate ~ acetate. Pre-
vious literature® reported that partial substitute of CI~ or
SO%~ for CO3~ of interlayer causes deformation of the

HT

Intensity (a.u.)

10 20 30 40 50 60
26 (degree)
Figure 1. XRD patterns of CuZnAl HTLcs synthesized
using aluminum nitrate and various copper/

zinc sources of (a) chlorides, (b) sulfates, (c)
acetates, and (d) nitrates.
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Figure 2. TG-DTG curves of CuZnAl HTLcs synthesized
using metal nitrate precursors.

double-layer structure and octahedral metal
thereby lowering the crystallinity of HTLcs.

Figure 2 shows the thermogravimetric (TG) and corre-
sponding derivative TG (DTG) curves of the HTLcs synthe-
sized from nitrates as a function of temperature. It is clear
that the TG/DTG curves showed typical features of the ther-
mal decomposition of CuZnAl HTLcs,>*° which experi-
enced decomposition through four steps upon heating in a
flow of air. The weight loss below 100°C is ascribed to
physically adsorbed water, and the sharply weight loss
around 170°C is associated with the removal of condensation
(interlayer) water in the HTLcs structure.'®?*3% The third
process, which is displayed as a broad peak in the range
200-400°C on the DTG curve, is ascribed to dehydroxyla-
tion and simultaneous decarbonation. These three weight-
loss processes commonly involve in the thermal decomposi-
tion of hydrotalcite-like materials. However, unlike the
HTLcs built up by Mg and Al, the thermal evolution process
of Cu-containing HTLcs underwent the formation of transi-
tional (Cu,Zn)AL,Oy(CO3), compound,* which would be
decomposed to form oxide composites at above 550°C as
indicated by the broad peak in the range 450-600°C on the
DTG curve. Similar thermal evolution process was obtained
for the HTLcs synthesized using acetates (not shown), while
the TG/DTG analyses did not proceed on the HTLcs synthe-
sized using chlorides and sulfates because of their poor crys-
talinity.

hydroxide

Effect of decomposition temperature of HTLcs
on catalytic reactivity

A series of catalysts were derived from CuZnAl HTLcs
with Cu/Zn/Al (nitrate precursors) molar ratio of 37/15/48
through thermal decomposition at various decomposition
temperatures, and were examined in the MSR process with
the results as shown in Table 1. As we can see, all HTLcs-
derived catalysts afforded good initial activity with methanol
conversions of ca. 97-98% (i.e., conversions after 1 h run).
With reaction running to 10 h, the catalysts except the one
decomposed at 600°C experienced obvious reduction of
methanol conversions, and then the conversions almost
remained without obvious change in the other 15 h test.
Unlike the methanol conversion, the dry gas product com-
posite almost remained constant with the increase in decom-
position temperature of the HTLcs-derived catalysts: H,:
75%, CO,: 24.8%, CO: 0.2% mol; trace CH,.

Actually, when the catalysts of CuZnAl-N-600, -700 and -
800 (decomposed at 600, 700 and 800°C, respectively) were
pre-reduced with H, at 300°C for 3 h and examined their
use with the MSR under compatible reaction conditions as in
Table 1, it was found that these three catalysts afforded
methanol conversion values quite close to the numbers after
10 h test as listed in Table 1. Similar phenomena were also
observed for CuZnAI-N-300, -400 and -500 catalysts. Thus,
we think here that the conversions just after 10 h run can
represent the true activity of these catalysts. In this initial
reaction period, usually 5 h or longer for our catalysts, in
situ reduction of CuO particles of the catalysts occurred
likely to form Cu’-Cu* twin sites, because Cu’-Cu™ twin is
generally accepted to be the dominant structure in the real
processes of the MSR and its reverse reaction.”'”? In addi-
tion, our HTLcs-derived catalysts can be used directly with
omitting the prereduction treatment. This is an important re-
former consideration for application in portable or mobile
fuel cell power systems, because the reformer can operate
frequently between startup and shutoff (exposure of catalyst
to air is possible).

Additionally, reaction test of the CuZnAl-N-600 catalyst
was expanded to 100 h and the methanol conversion always
remained >96% in entire test. This indicated that this cata-
lyst showed excellent activity and stability, possibly because
of its special structure that is one main objective in our pres-
ent work.

From the foregoing reaction test, it can be postulated that
close relationship between the catalyst performance (activity

Table 1. Effect of Decomposition Temperature for the HTLcs-Derived CuZnAl-N Catalysts on their Reactivity
in the MSR Reaction*

Methanol Conversion in Different Time Period (mol %)

Decomposition Temperature (°C) 1h 5h 10 h 15h 20 h 25 h
300 97.3 83.7 77.8 78.2 79.1 81.2
400 96.8 79.6 83.9 84.7 78.7 80.0
500 98.0 90.9 82.9 83.4 84.2 83.3
600 98.5 100 96.9 100 98.9 99.0
700 96.9 94.0 88.3 85.6 85.0 84.9
800 97.3 81.1 77.9 75.2 73.2 75.9

Reaction conditions: H,O/CH;OH molar ratio = 1.3:1, total WHSV = 2.5 h™', P = 0.1 MPa, T = 250°C.
*Same gaseous product composition (dry base) was obtained if ignored the random errors: H,, 75.0 mol %; CO,, 24.8 mol %; CO, 0.2 mol % (2000 ppm);

CHy, trace.
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Table 2. Effect of Decomposition Temperature for the
HTLcs-Derived CuZnAl-N Catalysts on their
Physicochemical Properties

Decomposition SBET Scu D¢, TOF*
Temperature (°C) (mz/g) (mz/g) (%) th™hH
300 100 10.4 8.7 140.6

400 104 17.6 9.2 82.7

500 97 20.9 12.6 74.5

600 102 39.6 23.7 46.6

700 59 21.0 11.2 74.8

800 37 18.8 10.8 72.0

*TOF: Turnover frequency to methanol, deduced from the methanol conver-
sion at 25 h as in Table 1.

and stability) and catalyst structure was strongly influenced
by the decomposition temperature. It is believed that care-
fully characterizing these HTLcs-derived catalysts would
give us clear answer to this speculation.

Effect of decomposition temperature of HTLcs on
copper dispersion and specific surface area

Actually, dramatic effects of decomposition temperature
on the catalytically relevant properties can be observed, first,
from the surface area of copper, copper dispersion and spe-
cific surface area as listed in Table 2. It is clear from Table
2 that the specific surface areas remained almost constant
(~100 m?%/g) with the increase in decomposition temperature
up to 600°C and then decreased greatly with the further
increase in the temperature to and above 700°C due to
severe sintering. The decomposition of the HTLcs at 600°C
endued the resulting catalyst with the largest surface area of
copper and the highest copper dispersion. This is correlated
well with the trend of methanol conversion against the cata-
lyst decomposition temperature as shown in Table 1.

By combining the above information with the decomposi-
tion evolution of CuZnAl HTLcs as shown in Figure 2, it
was believed that the small surface area of copper and
copper dispersion could be ascribed to the incomplete
decomposition of HTLcs with formation of (Cu,Zn)AlO,
(CO3), compounds at or below 500°C. The (Cu,Zn)AlLO,
(CO3), compounds just could be decomposed completely at
600°C thereby maximizing the surface area of copper and
copper dispersion. The use of too higher decomposition tem-
peratures (e.g., 700°C or higher), however, would cause
severe copper sintering and meanwhile facilitate CuAl,O4
spinel formation as suggested by the posterior characteriza-
tion results. This undoubtedly resulted in significant reduc-
tion of the surface area of copper and in turn degraded the
catalyst activity.

The turnover frequencies (TOFs) to methanol were also
listed in Table 2. Clearly, TOFs showed a reverse trend
against the surface area of copper. It should be noted, how-
ever, that the change of TOFs was not proportional to the
change of the surface area of copper. For example, increase
in the decomposition temperature from 300 to 600°C almost
quadrupled the surface area of copper but made TOF value
deceased to 46.1 (a third of that for decomposition at 300°C)
(Table 1), indicating that cu’ likely cannot represent the real
active site on the working catalyst surface. As generally
accepted, Cu’-Cu™ twin is the dominant structure in the real
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processes of the MSR and its reverse reaction.’'**> However,
measurement of the concentration of Cu®-Cu™ twin and in
turn TOFs estimation based on Cu’-Cu™ twin concentration
is difficult.***

Effect of decomposition temperature of HTLcs
on catalyst phase structure

Phase structure of the HTLcs-derived CuZnAl catalysts
(using nitrate precursors) as determined by the XRD versus
decomposition temperature is depicted in Figure 3. The cata-
lysts almost afforded quite faint CuO XRD peaks until the
decomposition temperature was increased to 500°C. With
further increasing the decomposition temperature to 600°C
or higher, the CuO XRD peaks became sharper and stronger,
and meanwhile, a new phase of CuAl,O, spinel started to be
formed, which was identified by new peaks situated at (20)
31.3, 36.9, 44.9, 55.7, and 59.4°. It should be noticeable that
the starting appearance of CuAl,O, spinel phase at 600°C is
corresponding to the complete decomposition of (Cu,Zn)AlO,
(CO3), compound as illustrated in Figure 2. Additionally,
no any ZnO phase could be observed by XRD for all cata-
lysts, suggesting that ZnO highly dispersed in the sample.

FTIR analyses for these HTLcs-derived CuZnAl catalysts
were also performed with the results as depicted in Figure 4.
The band at 830 cm ™' has been assigned to out-of-plane de-
formation vibration of CO2?~; the band at 1530 cm™' has
been assigned to CO vibration in interaction with OH group
of the brucite-like layers, whereas the other band at
1380 cm ™' is assigned to the carbonate C=O vibration.*
The bands at 725 and 795 cm™ ' have been assigned to
CuAl,O4 spinel vibration and the characteristic stretching
vibrations of CuO appear around 494 and 600 cm '>® As
we can see from Figure 4, a remarkable and surprising effect
occurred at 600°C: clear characteristic stretching vibrations
of CuO appeared at around 494 and 600 cm™'; the carbonate

-y
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Figure 3. XRD patterns of the CuZnAI-N catalysts pre-
pared by thermal decomposition of HTLcs
synthesized using metal nitrate precursors at
(a) 300°C, (b) 400°C, (c) 500°C, (d) 600°C, (e)
700°C, and (f) 800°C.
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Figure 4. FTIR spectra of the CuZnAIl-N catalysts pre-
pared by thermal decomposition of HTLcs
synthesized using metal nitrate precursors at
(@) 300°C, (b) 400°C, (c) 500°C, (d) 600°C, (e)
700°C, and (f) 800°C.

band at 830 cm ™' decreased sharply while the other bands
related to carbonate at 1530 and 1380 cm™' became very
weak. It should be noting that CuAl,O4 spinel phase vibra-
tions®® (at 725 and 795 cm ™) started to appear at 600°C. A
marked increase in the intensity of the bands related to CuO
and CuAl,O, spinel occurred upon increasing the tempera-
ture to 700-800°C. The above results showed excellent
agreement with the results of XRD (Figure 3) and TG/DTG
measurements (Figure 2).

Effect of decomposition temperature of HT Lcs
on catalyst reducibility by H,-TPR

H,-TPR profiles for the HTLcs-derived CuZnAl catalysts
(using nitrate precursors) versus the decomposition tempera-
ture were summarized in Figure 5. For comparison, the H,-
TPR profile of pure CuO was also collected in the Figure 5,
which showed a single peak with maximum at 340°C. It is
clear that reduction behavior of the HTLcs-derived CuZnAl
catalysts was strongly dependent on their decomposition
temperatures.

The catalysts decomposed in temperature range 300—
500°C all gave similar profiles consisting of an intense peak
with a maximum at 370-380°C and a shoulder in the same
temperature range as pure CuO. The main reduction peak
was assigned to the reduction of Cu®" ions incorporated in
octahedral sites of the (Cu,Zn)Al,O,(CO3), compounds,24
whereas the shoulder peak was contributed to the reduction
of CuO products. This is in good agreement with the facts
that (Cu,Zn)Al,Oy(CO3), compounds would be produced
when decomposing HTLcs at or below 500°C (Figure 2) and
that the CuO phases just could be formed dominantly when
decomposing HTLcs at or above 600°C (Figures 3 and 4).

Interesting H,-TPR evolution was observed on the cata-
lysts prepared by thermal decomposition of the HTLcs at
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600, 700, and 800°C. A symmetric reduction peak appeared
on the HTLcs-derived catalyst decomposed at 600°C, with
the maximum at much lower temperature of 315°C com-
pared with the other twos prepared by decomposing the
HTLcs at 700 and 800°C. This agreed very well with the
fact that the highest copper dispersion was obtained when
decomposing at 600°C as listed in Table 2, because highly
dispersed oxide particles (i.e., small size) can reduce their
reduction temperature. Moreover, the symmetric feature of
this reduction peak might suggest that CuO was released
uniformly with the narrow particle size distribution and the
more homogeneous phase composition®” might be obtained
during the decomposition of HTLcs at 600°C.

The H,-TPR profile consisting of a main peak at 330°C
and a small shoulder at ~290°C was observed on the cata-
lyst decomposed at 700°C. A symmetric reduction peak
appeared again on the catalyst decomposed at 800°C, with
the maximum peak temperature (340°C) equivalent to that of
bulk CuO as illustrated in Figure 5a. The above results sug-
gested that CuO phase was the primary product from HTLcs
decomposition at or above 600°C, through the formation and
subsequent decomposition of (Cu,Zn)Al,O,(CO3), com-
pounds. Nevertheless, the primary CuO particles would ag-
gregate to form larger CuO particles thereby leading to the
increase of the reduction temperature as the decomposition
temperature was increased at or above 700°C. Accordingly,
the observation of the split reduction peaks for the sample
decomposed at 700°C was ascribable to the incompletion of
such aggregation process. By combining the above results
with the information provided by XRD, FT-IR and TG/DTG,
it is proposed additionally that, CuAl,O, spinel was also the
primary product from (Cu,Zn)Al,O,(CO3), decomposition at
600°C rather than the secondary product of solid reaction of
CuO with ALOs.

Intensity (a.u.)
=

L)
100 200 300 400 200 600

Temperature (°C)

Figure 5. H,-TPR profiles of (a) pure CuO and CuZnAl-
N catalysts prepared by thermal decomposi-
tion of HTLcs synthesized using metal nitrate
precursors at (b) 300°C, (c) 400°C, (d) 500°C,
(e) 600°C, (f) 700°C, and (g) 800°C.
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Table 3. Effect of Copper/Zinc Metal Salts for HTLcs Synthesis on the MSR Performance of their Derived CuZnAl Catalysts

Dry Product Gas Composition (mol %)

Cu & Zn MeOH Conversion
Catalyst Precursor* (mol %) H, CO, CO CH,
CuZnAI-N-600 Nitrates 99.0 (25 h) 75.0 24.8 0.20 trace
97.5 (100 h) 75.3 24.6 0.16 trace
CuZnAl-A-600 Acetates 99.1 (25 h) 74.9 25.0 0.06 trace
98.4 (100 h) 74.7 25.3 0.04 trace
CuZnAl-S-600 Sulfates <5 (Initial) 74.3 25.7 0 trace
3.2 (25h) 714 28.6 0 trace
CuZnAl-C-600 Chlorides 7.9 (Initial) 76.1 23.5 0.36 trace
7.8 (25 h) 75.0 24.6 0.43 trace

Reaction conditions: H,O/CH3OH molar ratio = 1.3:1, Total WHSV = 2.5 h™!, P = 0.1 MPa, T = 250°C.

*Al(NO3);-6H,0 was used as Al sources in all cases of HTLcs synthesis.

Effect of starting material for HT Lcs synthesis
on catalytic performance

Table 3 shows the catalytic performance of the CuZnAl
catalysts derived from HTLcs synthesized from different
metal precursors for the MSR process. Clearly, CuZnAl-A-
600 that was prepared using metal acetates as precursors
provided selectivity superior to the ones from nitrates, chlo-
ride and sulfates. For example, CuZnAl-A-600 afforded
much lower CO concentration in the dry product gas com-
pared with the CuZnAl-N-600 prepared from nitrates: 0.04—
0.05% (400-500 ppm) vs. ~0.2% (2000 ppm) with >95%
methanol conversion under compatible reaction conditions.
Figure 6 shows the methanol conversion and the product
composition over CuZnAl-A-600 in a long-term test. Like-
wise, this catalyst maintained its activity (>98%) with CO
concentration of 0.03-0.05% (300-500 ppm) in the dry prod-
uct gas for the entire 100 h test at 250°C (Figure 6A).

It should be noting that over CuZnAl-A-600 the CO con-
centration could be reduced further to ~0.005% (50 ppm)
with near complete methanol conversion when decreasing
the reaction temperature from 250 to 210°C along with
WHSV from 2.5 to 0.5 h™!, and these results remained over
another 100-h test (Figure 6B). It is safe to say that one-step
preparation of H,, with the CO concentration as low as the
requirement in PEMFC application, is possible via MSR pro-
cess over the rationally designed CuZnAl catalysts.

In contrast, CuZnAl-S-600 and CuZnAl-C-600 that were
derived from HTLcs synthesized using sulfates and chlorides
of copper and zinc were inactive for the MSR reaction,
affording methanol conversion less than 10%. Barton and
Pour’® reported that the presence of trace S and Cl (e.g., 5
ug/g) in the feed stream can fast deactivate the MSR CuZ-
nAl catalysts. They also suggested that the observation of
the deactivation is due to the formation of volatile copper
chloride compound or 7ZnS.?® In our cases, the residual con-
tents of S and Cl for CuZnAl-S-600 and CuZnAl-C-600 cat-
alysts were determined to be 3.1 by ICP and 0.45 mg/g by
ion chromatography, probably far beyond the endurable level
for CuZnAl catalysts for the MSR reaction.

Effect of starting material for HT Lcs synthesis
on catalyst phase structure and reducibility

Phase composition of CuZnAl catalysts derived from
HTLcs synthesized using various metal salts as determined
by the XRD is depicted in Figure 7. The HTLcs synthesized
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using metal acetates offered a TG/DTG curve (not shown)
same as that of the HTLcs synthesized using metal nitrates
as indicated in Figure 2. Not surprisingly, the CuZnAl-A-
600 catalyst provided a XRD pattern quite similar with the
CuZnAI-N-600, consisting of CuO and CuAl,O, spinel
phases with comparable peak intensity (Figure 7). Likewise,
the CuAl,O, spinel can isolate and stabilize the Cu particles
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Figure 6. Longer-term test of MSR over the CuZnAl-A-
600 catalyst under (A) 250°C and WHSV of
2.5 h™' and (B) 210°C and WHSV of 0.5 h™'
after test A.
(Solid square) methanol conversion, (Open triangle) H,

fraction, (Open circle) CO, fraction, (Open reverse triangle)
CO fraction.
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Figure 7. XRD patterns of the HTLcs-derived CuZnAl

catalysts using a decomposition temperature
of 600°C.
The HTLcs were synthesized using aluminum nitrate as alu-

minum source and various copper/zinc sources of (a) chlor-
ides, (b) sulfates, (c) acetates, and (d) nitrates.

20

on the working catalyst surface thereby showing pleasing
reaction stability (Figure 6).

Both CuO and CuAl,Oy, spinel phases were also observed
for CuZnAl-Cl-600 and CuZnAl-S-600 (Figure 7). Their
CuO XRD peak became narrow and strong compared with
CuZnAl-A-600 and CuZnAI-N-600. The above observations
were ascribable to the poor crystallinity of as-synthesized
HTLcs when using sulfates and chlorides of copper and zinc
(Figure 1). As a result, the consequent agglomeration of
CuO during the decomposition process was unavoidable,
making copper dispersion quite low (Table 4). Larger size of
the CuO particles except S and Cl poisoning might be
another reason for their poor activity (Table 3). Nevertheless,
the observations of the sharper and stronger CuO XRD peak
for CuZnAl-C-600 and CuZnAI-S-600 seemed not propor-
tional to the dramatic decrease in copper dispersion as listed
in Table 4, compared with CuZnAl-N-600 and CuZnAl-A-
600. The reason was not clear yet, probably due to the poi-
soning effect of S and CI residues®® that also strongly sup-
pressed the oxidation of Cu with N,O. In addition, Table 4
shows again that TOFs offered a reverse trend against the

Table 4. Effect of Copper/Zinc Metal Salts for HTLcs
Synthesis on the Physicochemical Properties of their Derived
CuZnAl Catalysts

SBET Scu Dcy TOF*

Catalyst (m*/g) (m*/g) (%) h™H
CuZnAl-N-600 102 39.6 27.4 46.6
CuZnAl-A-600 103 42.0 28.2 45.8
CuZnAl-S-600 70 3.1 5.5 4.1
CuZnAl-C-600 71 4.9 9.0 10.5

*Turnover frequency to methanol, deduced from the methanol conversion at
25 h as in Table 3.
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Figure 8. H,-TPR profiles of the HTLcs-derived CuZnAl
catalysts same as in Figure 7.

surface area of copper, which is consistent with the observa-
tion as indicated in the Table 2.

Figure 8 shows the H,-TPR profiles of the CuZnAl cata-
lysts derived from HTLcs synthesized using various metal
salts. Single symmetric peaks were observed for both CuZn
Al-A-600 and CuZnAI-N-600 catalysts but multi-peak pro-
files for CuZnAl-S-600 and CuZnAl-CI-600 catalysts. As
explained clearly in the foregoing section, the symmetric
feature of the H,-TPR peak implied uniform CuO particle
size and the more homogeneous phase composition (Figure 5).
By contraries, according to the multi-peak features of H,-
TPR profiles for CuZnAl-S-600 and CuZnAI-Cl-600 cata-
lysts, the particle size distribution and chemical properties
of the CuO seemed not uniform. Interestingly, CuZnAl-A-
600 catalyst offered a 35°C reduction of peak temperature
compared with CuZnAl-N-600 catalyst. As indicated in the
posterior section, this was ascribable to the difference in
the interaction between CuO and ZnO, which was the
essential reason for significant reduction of the CO concen-
tration in the dry product gas.

Discussion
Role of CuAl,O, spinel phase

To gain insight into the suppressive effect of the CuAl,O4
spinel phase on the aggregation of copper particles during
reaction, which is significant risk factor affecting the catalyst
durability, the CuZnAl-N-500, -600, and -700 catalysts after
used for different time periods were analyzed by N,O-titra-
tion. Their copper surface areas against the reaction time
were summarized in Table 5. As we can see, the copper sur-
face area decreased by >30% for CuZnAI-N-500 and ~5%
for CuZnAIl-N-600 along with increasing the reaction time
from 5 to 10 h, and then remained without obvious change
with further increasing the reaction time to 25 h for CuZ-
nAl-N-600. The copper surface area also remained
unchanged on CuZnAl-N-700 in this course, indicating that
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Table 5. Surface Areas of Copper for the CuZnAl-N
Catalysts after used in the MSR for Different Time Periods

2 -1

Time on Scu* (m” g )
Stream (h)  CuZnAl-N-500°  CuZnAI-N-600"  CuZnAI-N-700"
0 (fresh) 20.9 39.6 21.0

15 14.0 375 20.9

25 13.9 37.2 20.5

*Determined by N,O chemisorption.
Used catalysts are same as those listed in Table 1.

the low conversion in Table 1 is assignable to small copper
surface area (Table 5) rather than the copper sintering.

It is clear from Figure 3 that fresh CuZnAIl-N-400 and
—500 catalysts afforded faint XRD peaks of CuO compared
with the fresh CuZnAl-N-600. However, after 25-h reaction
both of CuZnAl-N-400 and -500 catalysts provided stronger
XRD peaks of Cu than the CuZnAl-N-600 did (Figure 9),
being consistent with the significant reduction of copper sur-
face area (Table 5). This indicates that severe copper sinter-
ing occurred within 25-h run, which is the main cause of the
low conversion of CuZnAI-N-300, -400, and -500 catalysts
after 10 h on stream as shown in Table 1. Moreover, no visi-
ble increase of the XRD peak intensity of Cu occurred on
the CuZnAl-N-600 catalyst even after 100-h reaction (Figure
9), being consistent with the observations of a little reduc-
tion of copper surface area within 25-h reaction (Table 5)
and of its good activity maintenance within 100-h test (Table
3).

The above results were in good agreement with their reac-
tivity behavior against the reaction time (Table 1). By com-
bining the above results with the fact that the CuAl,O,4 spi-
nel phase was produced at or above 600°C, it is believed
that, the CuAl,O, spinel phase played a key role in isolating
and stabilizing the copper particles on catalyst surface during
the MSR reaction.

Cu-ZnO0 interaction and its correlation with the CO
formation

Until now many investigations have been carried out with
respect to the interaction between Cu and ZnO and the sur-
face active sites of Cu-based catalysts for methanol synthe-
sis.>?° However, the nature of the interaction is still contro-
versial. For example, Klier*” have ascribed the interaction to
the Cu® in ZnO matrix, whereas Frost*' contributes the
interaction to the Schottky junction between the metal and
the semiconducting oxide support. Regardless the type of the
interaction, significant effect of this interaction on the cata-
Iytic intermediate, such as formate species, has been dis-
cussed by Neophytides et al.** and Yang et al.*® in methanol
synthesis. The same intermediates have also proven to be
present in the MSR. #3344 Likewise, the Cu-ZnO interaction
likely plays a key role in tuning the catalytic intermediate
formation in MSR, which in turn decisively promotes the
catalyst selectivity. This point was emphatically discussed in
the present work.

The present results demonstrated that Cu and Zn salts
used for HTLcs synthesis have great influence on CO selec-
tivity for the HTLcs-derived catalysts. As shown in Table 4,
at equivalent methanol conversion (95-98%) the CO concen-
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tration in the dry product was 0.04—0.05% (400-500 ppm) at
250°C for the CuZnAl-A-600 catalyst prepared from ace-
tates, just a fourth of that for the CuZnAl-N-600 catalyst
prepared from nitrates. According to the definition of the
product selectivity in Experimental section, for example, CO
selectivity at 250°C was: ~0.2% for the CuZnAl-A-600 vs.
~0.8% for the CuZnAI-N-600. It is clear that the CO selec-
tivity is well parallel to the CO concentration in the dry
reformate, i.e., the lower CO concentration in the dry refor-
mate, the lower the CO selectivity. It is noticeable that there
has no correlation between the CO selectivity and the copper
dispersion due to their close values as shown in Table 4.

Therefore, the scope of key factors that might affect the
CO selectivity was firstly focused by briefly taking insight
into the mechanism on the MSR. It seems widely accepted
that methanol/H,O was converted into CO, and H, through
one-step pathway rather than methanol first decomposed to
CO/H, and then the CO reacted with H,O to form CO, and
more H,.***7 Among the studies of mechanistic aspect of
the formation of CO as by-product in that one-step pathway,
methyl formate has been regarded as a main intermediate
confirmed by some researchers.*>**

The methyl formate would decompose to form carbon
monoxide plus methanol and this process would be promoted
if the catalyst basicity was enhanced.*® Ts it possible that the
basicity of these two catalysts was different thereby leading
to the difference in CO selectivity? To answer this question,
the surface basic properties for both CuZnAI-N-600 and
CuZnAI-A-600 catalysts were analyzed using CO,-TPD. As
shown in Figure 10, both catalysts provided similar CO,-
TPD profiles consisting of a main peak centered at 350°C
and a shoulder peak at the low-temperature side, indicating
that their basic strength and distribution was quite equiva-
lent. Moreover, their surface basic sites per surface copper
atom (i.e., basic density) were also very close: 1.14 x 107°
for CuZnAI-N-600 catalyst and 1.18 x 10~ for CuZnAl-A-
600 catalyst, respectively. Likewise, the difference in the CO
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Figure 9. XRD patterns of (a) CuZnAI-N-400, (b) CuZ-
nAl-N-500 and (c) CuZnAl-N-600 after reac-
tion at 250°C for 25 h and (d) CuZnAl-N-600
after reaction at 250°C for 100 h.
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Figure 10. CO,-TPD of (a) CuZnAI-N-600 and (b) CuZn-
Al-A-600 catalysts.

selectivity is not ascribable to the basic properties for these
two catalysts.

However, H,-TPR results showed that the reduction
behavior was clearly different for these two catalysts (Figure
8). The reduction peak temperature was consistent with the
CO concentration in the dry gas product for CuZnAl-A-600
and CuZnAl-N-600 catalysts: CO of 400-500 vs. 2000 ppm
at reaction temperature of 250°C; reduction peak temperature
of 280 vs. 315°C. Study of the reducibility of CuO-ZnO cat-
alysts by Fierro et al.* using H,-TPR demonstrated that the
synergistic effect presented at the interface between CuO
and ZnO minicrystals in the Cu/ZnO catalysts and would be
improved with enhanced surface contact between CuO and
ZnO minicrystals. This practically promoting the reducibility
of CuO in the catalysts (i.e., reduction peak temperature is
significantly decreased). Accordingly, it is believed that the
CuZnAl-A-600 catalyst derived from HTLcs synthesized
using Cu/Zn acetates provided stronger interaction between
CuO and ZnO minicrystal (thereby leading to enhanced syn-
ergistic effect) than the CuZnAl-N-600 catalyst derived from
HTLcs synthesized using Cu/Zn nitrates.

Fierro et al.*’ also pointed out that the initial dispersion of
CuO and its interaction with ZnO certainly affect the ability
of re-oxidation of metallic copper in the reduced CuO-ZnO
catalysts with CO,. The copper strongly interacted with ZnO
that showed promoted reducibility is reactive to be re-oxi-
dized by CO,. Accordingly, the fraction of CO,-oxidizable
copper for CuZnAl-A-600 and CuZnAI-N-600 catalysts was
measured using H,-CO,-H, red/ox cycle, wherein the CO,
oxidation was performed at 300°C for 1 h prior to the sec-
ond regular H,-TPR test. Not surprisingly, the former cata-
lyst afforded a CO,-reoxidized copper fraction of 9.2%,
being higher than the value of 7.8% for the latter one. This
further confirms the conclusion that interaction between CuO
and ZnO minicrystal in the CuZnAl-A-600 catalyst is stron-
ger than that in the CuZnAI-N-600 catalyst.

SEM photographes and EDX elemental mapping images
of Cu and Zn for the CuZnAl-A-600 and CuZnAl-N-600 cat-
alysts after reduction with H, at 300°C for 2 h are displayed
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in Supporting Information Figures 1 and 2. As we can see,
the low-resolution morphology for both of them looks simi-
lar in Supporting Information Figure 1Al and B1, but their
high-resolution morphology is different in Supporting Infor-
mation Figure 1A2 and B2. Flake-like morphology was
observed for the CnZnAl-N-600 catalyst but amorphous-
powder-like morphology for the CuZnAl-A-600 catalyst in
their high-resolution images (Supporting Information Figure
1A2 and B2). The EDX elemental images show that copper
and zinc dispersed more homogeneously for the CuZnAl-A-
600 catalyst compared with the CuZnAl-N-600 catalyst
(Supporting Information Figure 2). As a result, larger contact
area between Cu and ZnO can be obtained thereby leading
to obvious promotion on both the reducibility of CuO and
the re-oxidation of Cu with CO,.*

Furthermore, according to the previous study by Frost,*!
such copper placed in contact with the zinc oxide facilitates
the formation of oxygen vacancies over catalyst surface due
to the reduction of ionization energy, which made the activa-
tion of H,O molecules significantly promoted to produce
more surface active oxygen species. As a result, such
enhanced concentration of surface active oxygen species
improved the decomposition of the methyl formate inter-
mediates to form formic acid>®' that would directly decom-
pose to form CO, and H,.*** Therefore, direct decomposi-
tion of methyl formate intermediates would be significantly
suppressed to form methanol and CO.*®

At this point, it is reasonable to infer that the Cu-ZnO
interaction in the catalysts governed selectivity to CO for the
MSR process. The excellent selectivity to CO (i.e., low CO
concentration in reformate) for the CuZnAl-A-600 catalyst
derived from HTLcs synthesized using acetates could be rea-
sonably correlated to the stronger interaction between CuO
and ZnO minicrystal (Supporting Information Figure 1) and
increased Cu-ZnO interface area (Supporting Information
Figure 2).

Conclusions

In summary, the optimized decomposition of CuZnAl
HTLcs at 600°C, involving complete decomposition of the
transitional (Cu,Zn)Al,O,(CO3), compounds provided an ef-
ficient way to produce highly active and stable CuZnAl
MSR catalysts with enhanced copper dispersion and
improved copper reducibility compared with those decom-
posed at or over 700°C and at or below 500°C. The most
special advantage of this decomposition behavior is to pro-
duce highly dispersed CuO particles accompanied by the for-
mation of CuAl,O, spinel phase that played a key role in
separating and stabilizing the nanosized Cu and ZnO during
the reaction. Moreover, the prereduction treatment between
startup and shutoff can be omitted, which is an important re-
former consideration for application in portable or mobile
fuel cell power system.

Most interestingly, the change of Cu/Zn starting metal
materials made remarkable difference in performance of the
resulting MSR catalysts. The MSR performance of the
HTLcs-derived CuZnAl catalysts ranked as following orders:
acetates ~ nitrates > chlorides ~ sulfates for the reactivity;
acetates < nitrates < chlorides ~ sulfates for the selec-
tivity to CO. CuZnAl-A-600 afforded much lower CO
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concentration in the dry product gas compared with the CuZ-
nAI-N-600 prepared from nitrates: 0.04-0.05% (400-500
ppm) vs. ~0.2% (2000 ppm) with >95% methanol conver-
sion under compatible reaction conditions (250°C and a
WHSV of 25 h™'). Over the CuZnAl-A-600, CO of
~0.005% (~50 ppm) in the dry product gas could be
obtained with near complete methanol conversion at 210°C
with a small WHSV of 0.5 h™' and remained in entire 100-h
test. It is safe to say that one-step generation of H,, with the
CO concentration as low as the requirement (<100 ppm or
0.01%) in PEMFC application, is possible via MSR process
over the rationally designed CuZnAl catalysts.

By combining the reaction results with the information
provided by various characterizations such as H,-TPR, H»-
CO,-H, red/ox cycle, CO,-TPD and SEM/EDX analyses, it
is believed that the CuZnAl-A-600 catalyst derived from
HTLcs synthesized using Cu/Zn acetates permitted stronger
interaction between CuO and ZnO minicrystal and larger
Cu-ZnO contact interface thereby leading to significant
reduction of CO formation during the MSR process. This is
probably due to the significant improvement of hydrolysis of
the methyl formate intermediates to form formic acid and
the extreme suppression of their direct decomposition form
methanol and CO.
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