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Nanogold supported on manganese oxide doped
alumina microspheres as a highly active and
selective catalyst for CO oxidation in a H2-rich
stream†

Yu-Xin Miao, Wen-Cui Li, Qiang Sun, Lei Shi, Lei He, Jing Wang, Gao-Ming Deng
and An-Hui Lu*

Manganese oxide-doped Al2O3 microspheres were synthesized via a

redox method, and were then deposited with Au nanoparticles

using a deposition–precipitation method. The obtained catalyst

is not only highly active and selective for the preferential oxidation

of CO in a H2-rich stream, but also shows excellent stability in the

co-presence of H2O and CO2 at 80 8C.

Proton exchange membrane fuel cells (PEMFCs) are widely
acknowledged as promising candidates to directly convert
chemical energy into electricity due to their high energy density
and low operating temperature.1 In fact, the Pt-based electrode
of PEMFCs is prone to be poisoned by trace levels of CO in a
H2-rich stream at low temperatures, even at the operating
temperatures of 80–120 1C.2 Hence, the preferential oxidation
of CO (CO-PROX) in a H2-rich stream is accepted as one of the
most efficient approaches, which can eliminate trace amounts
of CO that poisons the Pt electrode.3

Gold catalysts have been demonstrated to show excellent
catalytic performance in CO oxidation.4 However, there are few
supported Au catalysts that are able to give a 100% CO conversion,
particularly in the temperature range of 80–120 1C, due to the
competitive oxidation of H2.5 In addition, the catalytic activity and
selectivity decrease significantly in the presence of CO2 and H2O.6

Thus, the development of a catalyst system to further enhance the
catalytic performance of Au catalysts remains a challenge.

Manganese oxide (MnO2) is well known as a kind of high
oxygen storage capacity material and reducible oxide.7 It has
been shown that MnOx-based materials can enhance the catalytic
activity of a reaction, due to their unique reducibility, and their
ability of improving the dispersion of Au nanoparticles.8 Manganese-
modified Au/TiO2 and Au/CeO2 catalysts were found to be active for
the CO-PROX reaction, while the selectivity at 80–120 1C is rather low

(o50%).9 Recently, we have demonstrated a series of Au/Al2O3

catalysts using home-made g-Al2O3 with controlled morphology as
efficient supports, which were highly active for CO oxidation,10

even when CO2 or/and H2O were present at room tempera-
ture.11 Therefore, utilizing the advantages of both manganese
and alumina to enhance the catalytic activity and stability
appears to be very attractive.

Based on the abovementioned state-of-the-art consideration, in
this communication, we have developed a very active Au/MnO2–
Al2O3 catalyst of which the Al2O3 support was synthesized to have
organized microsphere structures. Their catalytic performances for
CO-PROX were evaluated, which are better than other results
reported at 80 1C. Herein, the MnO2–Al2O3 support was synthesized
by a redox method and denoted as MnAl. Au nanoparticles, about
1 wt% Au loading, were deposited on such a support by a deposition–
precipitation method.10 The obtained catalyst was denoted Au/MnAl.
For comparison, a series of Au/MnO2, Au/Al2O3 and 3 wt% Au/MnO2–
Al2O3 catalysts were also prepared and denoted Au/Mn, Au/Al, and
3Au/MnAl, respectively (for details see ESI†).

The morphology and structural information of the synthesized
MnAl support and Au/MnAl catalysts were investigated by SEM,
TEM, HAADF-STEM and EDX elemental mapping. As shown in
Fig. 1a, the Al2O3 support shows hollow microsphere structures (the
diameter is about 5 to 6 mm) assembled from closely packed
nanoflakes. After obtaining doped Mn, the spherical structure of
the MnAl supports is retained (Fig. 1b). As seen in the STEM images
in Fig. 1c and e, the relative higher contrast of the nanogold in the
Z-contrast image indicates that the gold nanoparticles with a narrow
size distribution ranging from 2.5 to 7.5 nm are highly dispersed
without aggregation. The HRTEM image (Fig. 1d) clearly shows the
lattice fringes and well crystallized hexagonal single nanogold. The
interplanar distance of the lattice fringes is 0.23 nm corresponding
to the Au(111) facets. Furthermore, elemental mapping analysis
(Fig. 1f and Fig. S2, ESI†) of the corresponding STEM-EDX data
confirms the homogeneous distribution of both Mn and Au atoms
in the 3Au/MnAl catalyst.

The XRD patterns reveal (Fig. S1a, ESI†) that all the diffrac-
tion peaks of Au/Al and Au/Mn samples are characteristic of the
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typical g crystalline phase of alumina (JCPDS, No. 10-0425) and the
pure tetragonal phase of MnO2 (JCPDS, No. 53-0633). In addition,
the diffraction peaks of the MnAl supports become broader and
less intense, suggesting the existence of mixed phases. It is
calculated by using the Bragg’s equation that the lattice parameter
of MnO2 in Au/MnAl (0.236 nm) is smaller than that of pure MnO2

(0.243 nm), indicating that the presence of Mn resulted in the
incorporation of Au+ or Al3+ to form a solid solution. Moreover, the
characteristic diffraction peaks of Au were not detected, suggesting
that the gold nanoparticles were highly dispersed. As observed in
Fig. S1b (ESI†), all the catalysts show an IV-type isotherm with type
H3 hysteresis loops indicating the presence of mesopores. Table S1
(ESI†) also indicated that the BET surface area and pore structure
of Au/Al and Au/MnAl catalysts were only slightly affected by
doping with manganese. The compositions of these catalysts
were quantitatively analyzed by ICP-AES, and the results indi-
cated that the metallic contents are very close to the theoretical
values. Thus, based on the above results, one can conclude that
the highly dispersed Au nanoparticles on the MnAl support have
been synthesized.

Fig. 2a and b shows the catalytic activity and selectivity for
CO-PROX of the different Au catalysts. It can be clearly seen that
the Au/Al catalyst shows the maximum CO conversion of 100%
at 30–50 1C and has the highest activity, but it dramatically

decreased due to the occurrence of H2 oxidation when the CO-PROX
reaction temperature was increased. However, the Au/Mn catalyst
was almost inactive at 30 1C but the CO conversion gradually
increased with temperature and reached 100% at a higher tempera-
ture of 150 1C. Compared to the Au/Al catalyst, Au/Mn and Au/MnAl
catalysts are found to be less active for CO-PROX, however more
selective at the operation temperature after doping with manganese.
Upon increasing the theoretical loading of the Au content from 1%
to 3%, the 3Au/MnAl catalyst exhibited a wide temperature window
of 100% CO conversion at 80–120 1C, and the selectivity of CO2 was
nearly 80% at 80 1C. It should be noted that in the operating
temperature range of 80–120 1C 3Au/MnAl is more active than
3Au/Al and 3Au/Mn (Fig. S3, ESI†). These improved catalytic
performances provide clear evidence of a strong interaction between
gold and manganese. Furthermore, in comparison with those Au
catalysts published recently (Table S2, ESI†), our catalyst is the most
active one for CO-PROX.12

The stability test of the 3Au/MnAl catalyst was conducted in
the absence or presence of H2O and CO2. From Fig. S4a (ESI†),
it is observed that the catalyst can be very stable without the
addition of H2O and CO2. After adding 10 vol% H2O and
20 vol% CO2, the conversion of CO still remained 95% after
consecutive runs for 40 h at 80 1C and the catalytic selectivity
was decreased from 80% to 55% and then reached the steady
state. In order to understand the effect of H2O and CO2, the
catalytic activities of sample 3Au/MnAl with temperature in
the presence of H2O and/or CO2 were separately investigated
(Fig. S4b and c, ESI†). A negative effect on the activity for
CO-PROX caused by CO2 was observed. The XRD pattern of
the spent 3Au/MnAl catalyst is presented in Fig. S1a (ESI†).
Comparing to the fresh catalyst, the intensities of MnO2 diffractions

Fig. 1 SEM images of Al2O3 (a) and MnAl (b) supports, the inset is the TEM
image of Al2O3; STEM (c and e) and HRTEM (d) images of the 3Au/MnAl
catalyst, the inset is the selected area FFT image; typical EDX maps (f) based
on the selected area shown in (e).

Fig. 2 (a) Conversion and (b) selectivity as a function of the reaction
temperature for CO-PROX over different catalysts. Reaction conditions:
1 vol% CO + 1 vol% O2 + 40 vol% H2 and balance N2. Weight hourly space
velocity (WHSV) = 40 000 mL h�1 gcat

�1.
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at 38.11 (211) and 44.31 (321) slightly decreased and the mean
Mn crystallite size increased from 26 nm (fresh 3Au/MnAl) to
34 nm (used 3Au/MnAl) as calculated by the Scherrer’s equation.
In addition, diffraction peaks assigned to manganese carbonate
(JCPDS, No. 44-1472) were observed. This may suggest that the
carbonate species formed on the spent catalyst surface caused
the catalyst deactivation.

To understand the exceptionally high catalytic activity and
selectivity of the Au catalysts, DRIFTS characterization of CO
adsorption was chosen to study the surface adsorption behavior. As
shown in Fig. S5 (ESI†), similar vibration bands at 2056, 2114, and
2171 cm�1 were observed for Au/Al, Au/Mn and Au/MnAl catalysts,
which can be accordingly ascribed to the CO adsorption on Aud�,
Au0 and Aud+.11,13 The intensity of peaks at 2056 cm�1 on various
Au catalysts follows the order of Au/Al 4 3Au/MnAl 4 Au/MnAl 4
Au/Mn. The results indicate that the increase of the Au content on
MnAl support can enhance CO adsorption, thus promoting the
catalytic performance for CO-PROX at higher reaction temperatures.

The H2-TPR was tested to further understand the relative
reducibility corresponding to its catalytic performance (Fig. 3a).
For the Au/Al sample, only one weak reduction peak at 227 1C
can be ascribed to the reduction of the AuxOy species to metal
Au (Au0). For the Au/Mn catalyst, two reduction peaks were
found at low temperatures, i.e. 267 and 321 1C, which can be
attributed to the reduction of MnO2 to Mn3O4 and Mn3O4 to
MnO, respectively.7a,14 In the case of the Au/MnAl catalyst, the
two reduction peaks shifted toward higher temperatures (275
and 377 1C). This might correspond to the less dispersed Mn in
the mixed oxides or weaker interaction on the support surface.
Similar results were also reported for the Ni/CeO2–ZrO2 and Au/
CeO2–Fe2O3 catalysts.15 Furthermore, the presence of Au nano-
particles can improve the reducibility of the 3Au/MnAl catalyst

by shifting the reduction peaks toward lower temperature (200 and
339 1C) as compared to the MnAl support and Au/Mn catalysts. It
indicates the presence of strong interaction between Au and MnAl
support.

To further obtain more information on the structure of the
Au/MnAl catalyst, Raman spectra excited by a 532 nm laser were
recorded. The Raman spectra (Fig. 3b) show that the bands at
around 500, 566 and 638 cm�1 were attributed to the characteristic
spectral features of the typical a-MnO2 phase.16 The strong bands at
ca. 580–632 cm�1 have been associated with the symmetrical Mn–O
vibrations and indicated the well-developed tetragonal and
octahedral structure.17 For the 3Au/MnAl catalyst, the 6Ag band
(ca. 562 cm�1) is always broader than that of the Au/MnAl and
MnAl samples. In addition, the band shifts towards lower
frequencies (from 638 to 619 cm�1), especially in the case of
the Au/MnAl catalysts with a higher Au content. Meanwhile, the
intensity of the strong bands at 566 cm�1 assigned to the
symmetrical Mn–O vibrations was increased. This suggests that
strong Au–O–Mn bonds may be generated on the interface of
MnAl support. In our case, we can infer that the strong inter-
action of gold with manganese could be the reason for the strong
Raman shift and higher width of the 6Ag band in the 3Au/MnAl
sample compared with those in Au/MnAl. Furthermore, the XPS
results (Fig. S6, ESI†) prove that there exists electron transfer
between Au0 and Mn4+ for the 3Au/MnAl catalyst with the
formation of Aud+ and Mn3+. This indicated a strong interaction
between the gold and the support. The result is in good agree-
ment with the H2-TPR studies discussed above. Combining the
catalytic activity results (Fig. 2a), we speculate that the highly
catalytic activity for CO-PROX reaction is due to the enhanced
Au–O–Mn interaction and high reducibility of the 3Au/MnAl
catalyst. For clarity, the ‘‘structure–activity’’ relationship model
of the Au/MnAl catalysts is shown in Scheme S1 (ESI†). Similarly,
the high activity for the CO-PROX has also been observed in the
3Au/MnCe and 3Au/MnAl (without hollow structure) catalysts,
indicating the positive effect of Mn modification on the gold
catalysts (Fig. S7, ESI†).

In summary, we have synthesized an Au/MnO2–Al2O3

catalyst with organized microsphere structures. By means of
various catalytic characterization techniques, fine nanogold
was highly dispersed on the MnAl support. Benefiting from
the strong Au–support interaction and reducibility, the resulting
3Au/MnAl exhibits rather high activity (100% CO conversion)
and selectivity (80%, 80 1C) for CO-PROX, compared to the
reported catalysts. In addition, it also shows one wide tempera-
ture range (80–120 1C) for full CO conversion under the PEMFC
operation conditions and displays excellent catalytic stability
even under the co-presence of H2O and CO2 at 80 1C (95% CO
conversion). We believe that the proposed manganese oxide-doped
Al2O3 supported nanogold here may open up new opportunities for
the development of active gold catalysts for CO-PROX and other
reactions.

The authors would like to acknowledge the financial support
from the National Program on Key Basic Research Project (No.
2013CB934104) and the National Natural Science Foundation
of China (No. U1462120 and 21225312).Fig. 3 (a) H2-TPR profiles and (b) Raman scattering spectra of Au catalysts.
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