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" The effect of manganese on the dispersion, reduction behavior
and active states of surface of supported copper oxide catalysts
have been investigated by XRD, temperature-programmed re-
duction and XPS. The activity of methanol synthesis from
CO,/H, was also investigated. The catalytic activity over
CuO-MnO, /v-ALO; catalyst for CO, hydrogenation is higher
than that of CuO/y-ALQO;. The adding of manganese is bene-
ficial in enhancing the dispersion of the supported copper oxide
and make the TPR peak of the CuO-MnQO,./Y-ALO; catalyst
different from the individual supported copper and manganese
oxide catalysts, which indicates that there exists strong inter-
action between the copper and manganese oxide. For the
CuO/Y-ALO; catalyst there are two reducible copper oxide
species; o and P peaks are attributed to the reduction of high-
ly dispersed copper oxide species and bulk CuO species, re-
spectively. For the CuO-MnQO, /¥-AL Oy catalyst, four reduc-
tion peaks are observed, o peak is attributed to the dispersed
copper oxide species; P peak is ascribed to the bulk CuQ; vy
peak is attributed to the reduction of high dispersed CuQ in-
teracting with manganese; & peak may be the reduction of the
manganese oxide interacting with copper oxide. XPS results
show that Cu* mostly existed on the working surface of the
Cu-Mn/Y-ALO; catalysts. The activity was promoted by Cu
with positive charge which was formed by means of long path
exchange function between Cu—O—Mn. These results indi-
cate that there is synergistic interaction between the copper
and manganese oxide, which is responsible for the high activi-
ty of CO, hydrogenation.

Keywords Cu-Mn, CO, hydrogenation, XRD, H,-TPR,

XPS.

Introduction

The green house effect of carbon dioxide has been

*  E-mail: cuihua@dial. zju. edu. cn

recognized to be one of the serious problems in the world
and a number of counter measures have been proposed so
far. Catalytic hydrogenation of carbon dioxide into valu-
able chemical and fuels such as methanol, methane and
gasoline has been recently recognized as one of the
promising recycling technologies for emitted carbon diox-
ide. Generally metallic and oxide catalysts have been
studied for hydrogenation of carbon dioxide. For exam-
ple, supported transition metal catalysts such as Ni,!s?
Rh,? Ru® are effective for methane formation. Fe* and
Co’ catalysts are effective for C2* hydrocarbon forma-

6-10

tion. Promoted copper -catalysts™" are effective for

methanol formation (reaction 1).

C02 + 3H2 = CH30H + H20
AH298= -49.5 KJ/mol (1)

Methanol is an important basic chemical material
produced from mixture of carbon monoxide and hydrogen
containing small amounts of carbon dioxide.'' The grow-
ing concern on the green house effect caused by carbon
dioxide has motivated laboratory-scale studies of
methanol synthesis by the hydrogenation of pure carbon
dioxide. >3 For methanol synthesis from both carbon
monoxide and carbon dioxide, copper-based catalysts,
such as Cu-ZnO/Al, O3 and Cu-ZnO/Cr,0; have been
most widely used. However, under this condition, the
utilization of industrial Cu/Zn0/Al,O; catalyst, which

exhibited a high activity for methanol synthesis from syn-
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gas, was not successful.' Deng et al.'® reported that
the yield of methanol is 7% over the Cu/Zn0/Al,05 ul-
trafine particle catalysts prepared by a novel oxalate gel
coprecipitation method under 2.0 MPa, GHSV = 3600
h!'. Few researchers devote themselves to develop a new
catalyst or different preparation methods. In the present
paper, we reported a study of Y-alumina supported cata-
lysts in an attempt to use these materials for hydrogena-
tion of carbon dioxide to methanol. A system of metallic
oxides with copper and manganese was chosen, because
these mixed oxides are well known as excellent catalysts
in oxidation of carbon monoxide since 1920. The cop-
per/manganese oxide system has mainly been studied as
unsupported catalyst. Kotowski, Huang'®"® reported that
Cu0/ZnO or Cu/Si0, promoted by Mn?* enhanced the
turnover of CO. So it is interesting to investigate the ac-
tivity over the hydrogenation of carbon dioxide. In this
paper, the effect of manganese on dispersion, reduction
behavior and active state of surface of alumina supported
CuO catalysts was investigated by means of the tempera-
ture-programmed reduction (TPR), XRD and XPS tech-
niques.

Experimental
Catalyst preparation

The catalysts were prepared by the conventional im-
pregnation method using aqueous solutions of Cu-
(NO3),, Mn(NO;),. The support was Y-ALO;, 20-40
mesh. The catalysts were dried at 393 K followed by cal-
cination in an air stream at certain temperature for 4 h.
The individual catalyst is denoted as xCu/y-ALO; or
yMn/v-ALO;, x, y presented the copper or manganese
metal loading in wt% ,  which is calculated with respect
to the weight of ¥-Al,O; support.

Measurement of activity for hydrogenation of carbon diox-

ide

Catalytic activity measurements were carried out by
using high pressure micro reactor after introducing pre-
treatment gas (H,) at 300°C for 3 h, the reactant gas
was passed through the catalyst bed (2 mL, 20—40
mesh) under a total pressure of 3.0 MPa and a space
velocity of 3600 h!, at certain temperature. The tubing
from the catalyst bed to the gas chromatograph was heat-

ed at 393 K so as to avoid any condensation of the prod-
ucts. All experimental data were obtained under steady-
state conditions that were usually maintained for several
hours before changing the reaction temperature to obtain
another set of data. The products were analyzed by on-
line gas chromatograph with a thermal detector, in which
Porapak-Q) was used to separate reaction products.

H,-TPR

TPR measurements were made in a flow system. 10
mg catalyst was pretreated in air at 400°C and placed in
a TPR cell at room temperature, into which H,-N, (5:
95) mixed gas was introduced. The water produced by
the reduction was trapped on a 5A molecular sieve. The
temperature of the sample was programmed to rise at a
constant rate of 10°C/min and the amount of H, uptake
during the reduction was measured by a thermal conduc-
tivity detector (TCD) .

XBRD analysis of crystal phase

Measurement of X-ray powder diffraction ( XRD)
was conducted by using a Rigaku D/Max-B for analysis
of the crystal phase.

Measurement of photoelectron spectra

Measurement of photoelectron spectra was conduct-
ed by using a VG-ESCALAB MKIII surface analyzer, Al
K, reference to the C(1s) level at 284.6 V.

Results and discussion

Activity of CO, hydrogenation on Cu-Mn/7Y-AlL Q5 cata-
lyst

Effects of copper loading of Cu/y-ALOs catalysts

Table 1 shows CO, hydrogenation experiment results
on Cu/Y-ALOj; catalysts with various copper loading,
which was carried out at 3.0 MPa, T =493 K and
GHSV = 3600 h!, based on the gross catalyst volume.

From Table 1, it can be seen that the activity of
Cu/Y-ALO; catalyst increases with Cu loading from 3
wt% to 12 wt%, then decreases from a higher loading
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of Cu. The most active and highest selectivity for

methanol is the catalyst with the Cu loading of 12 wt% .

Table 1 Activity of CO, hydrogenation on Cuw/y-Al, 05 catalysts

Conv. of CO, Selectivity (%) Yield of CH;OH
Catalyst

(%) CH, CH;0H Cco (%)
3Cu/7-ALO; 2.78 2.45 19.57 77.98 0.50
6Cu/v-ALOs 7.03 1.12 19.63 79.26 1.37
9Cw/7-AL O, 7.62 1.0 20.32 78.68 1.54
12Cw/7-AL Oy 9.71 0.70 24.03 75.27 2.33
18Cuw/v-AL O, 7.80 0.90 23.83 75.27° 1.86

Reaction condition: T'=493 K, P=3.0 MPa, H,/CO, =3/1, GHSV = 3600 h!

Effect of manganese loading

Table 2 clearly illustrates the promoting effect of
manganese on Cu/Y-Al,O; catalyst for the CO, hydro-
genation. For instance, with the addition of 5 wt% Mn,
the conversion of CO, and selectivity for CH;OH in-

creased from 14.6% to 18.7% and from 18.22% to
42.98% , respectively. When the addition of Mn in-
creased to 10 wt% , the catalyst (12Cu-10Mn/Y-AL,05)
has the highest activity. This finding attest to Mn’s ca-
pability to increase the number of active sits for the hy-
drogenation of CO,.

Table 2 Effect of manganese loading on activity of CO, hydrogenation

Conv. of CO, Selectivity (% ) Yield of CH;0H
Catalyst
(%) CH, CH;0H Cco (%)
12Cu/y-AL Oy 14.6 1.50 18.22 80.28 2.66
12Cu-5Mn/y-AL, 04 18.7 1.82 42.98 55.20 8.03
12Cu-10Mn/y-AL O, 21.9 1.43 45.77 52.80 10.2
12Cu-20Mn/v-AL 05 19.0 2.0 39.0 59.0 7.4

Reaction condition: T =513 K, P=3.0 MPa, H,/CO, =3/1, GHSV = 3600 h'!

Table 3 shows the particle size of surface Cu, ac-
tive surface area and dispersion. From Table 3, it can
be seen that the dispersion increases with Mn loading
from zero to 10% , then decreases slowly. This is be-
cause of the addition of Mn which makes the Cu particles
smaller and accumulates on the surface, so that the ad-

dition of Mn enhances the dispersion of Cu. By compari-
son of Table 2 and Table 3, it can be seen that the ac-
tivity of CO, hydrogenation is related to the dispersion of
CuO. The 12Cu-10Mn/7Y-Al,0; is the most active cata-
lyst, which has the largest dispersion and the particle
size of metallic copper is the smallest.

Table 3 Active area and dispersion of catalysts

Catalysts Metallic copper particle size (nm)* Active area (m?/g. cat)"’ Dispersion'’ ( % )
12Cuw/7-AL Oy 52 0.28 0.12
12Cu-2. 5Mn/v-AL Oy 9.5 2.72 1.13
12Cu-5Mn/y-AlL 04 6.2 3.56 1.48
12Cu-10Mn/7-AL O, 5.4 4.10 1.70
12Cu-20Mn/y-AL O, 5.9 4.00 1.60

¢ Calculate from XRD.
XRD phase analyses of calcined catalysts

Fig. 1 shows the XRD profiles of CuQ/7-ALO;

catalysts with different Cu contents. From Fig. 1, at low
Cu loading ( < 6% ) no visible CuO crystal phases can
be observed; as the CuO loading increasing, the crystal
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phase of CuO becomes apparent.

20 30 40 7750 60 70 780
20/degree

Fig. 1 XRD patterns of CuQO/7y-ALO; catalysts with different Cu
loading. (a) 3Cu0/7-ALO,; (b) 6Cu0/7-ALOs; (c)
9Cu0/7-AL 055 (d) 12Cu0/7-ALO,; (&) 18Cu0/y-
ALO;; @ CuO.

Fig. 2 shows the XRD profiles of MnO,/y-Al,0;
catalysts with different Mn content. At low Mn loading
(<2.5%) no visible MnO, crystal phase can be ob-
served. As the Mn loading increased, the crystal phase
of MnO, becomes obvious. Fig. 3 shows the XRD pro-
files of CuO-MnO, /¥-Al,0; catalysts (12 wt% Cu load-
ing is consistent) with different Mn content. XRD (F 1g.
3) results show that the addition of Mn result in a weak-
er and broader XRD intensity of copper oxide. For sup-
ported crystalline oxide, particle size is proportional to
its signal intensity of XRD. Hence, doping manganese
into CuO/7-ALO; is beneficial in enhancing the disper-
sion of the supported copper oxide. The calculated Cu
crystallite sizes are listed in Table 3. These values are in
coincidence with the results of XRD (Fig. 3). Obvious-
ly, there is a decrease in the CuQ crystallite size with
the addition of manganese oxide. However, it must be
emphasized that, while X-ray line broadening measure-
ments are useful as a relative measure of the average
crystallite size, the Scherrer formula should not be used
for absolute determinations due to its failure in account-
ing for the effects of microstrain, the consequences of
particle size distribution, and the uncertainty in correct-
ing for instrumental broadening. Hence, the values list-
ed in Table 3 are used for comparison only. In a word,
the transformation between bulk crystallite CuO and non-
crystallite phase took place as the addition of manganese

oxide.

20 30 40 50 60 70 80
20/degree

Fig. 2 XRD patterns of MnO,/7-ALO; catalysts with different
Mn loading. (a) 1. 25Mn/v-ALOy; (b) 2. 5Mn/y-
ALOy; (e) SMn/v-ALO;; (d) 10Mn/7-ALO;; (e)
20Mn/7-ALOs; A Mn0O,.
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Fig. 3 XRD patterns of CuO-Mn0Q,/7-ALO; catalysts with dif-
ferent Mn loading. (a) 12Cw/y-ALOy; (b) 12Cu-
2.5Mn/v-ALOs; (c) 12Cu-5Mn/7-AL 055 (d) 12Cu-
10Mn/v-ALO;; (e) 12Cu-20Mn/y-ALO;; @ CuO.

XRD analyses of reduced catalysts

When the CuO/v-ALO;, CuO-MnOx/7v-ALO,
catalysts were reduced by H, at 300°C, it can be found
that XRD (Fig. 4) lines for CuO were absent for the re-
duced sample while diffraction lines for Cu® were pre-
sent. This indicates that CuO in the catalysts was com-
pletely reduced to metallic copper (Cu’). The mean
crystallite sizes were determined by the Scherrer equa-
tion, d = kA/cosf, and the results are listed in Table 3.
This shows that the mean crystallite size of metallic cop-
per in Cu-Mn/7-AlLO; is much smaller than that in
Cu0/Y-AlO; and decreases with the increasing man-
ganese content until the ratio of Mn/Cu is 1. The mean
particle sizes of metallic copper determined by X-ray
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diffraction are consistent with those calculated by specific
area of metallic copper (see Table 3). The diffraction
line of Cu is broadened, suggesting that Cu atoms were
highly dispersed and exhibited “X-ray amorphous” fea-
tures due to the formation of amorphous or microcrystal-
lite during reduction. Kalier et al.?*! have also ob-
served the broadening or the absence of X-ray diffraction
lines and suggested that Cu was highly dispersed and a
considerable amount of amorphous phase was found. It is

consistent with our observations.

[ J
b
[ ]
a
30 40 TS0 0 70
20/degree
Fig. 4 XRD patiterns of reduced 12Cu/y-ALO; and 12Cu-

10Mn/v-ALO;. (a) 12Cu/y-ALO;; (b) 12Cu-
10Mn/y-AL O;.

H,-TPR of CuO/7v-AL Oy catalysts

With increasing copper loading, two reduction
peaks, namely a and §3 as shown in Fig. 5, can be ob-
served in the TPR patterns. The area of 3 peak obviously
increases with increasing the copper loading, but the
area of o peak has a rhaximum value occurring at 12
wt% Cu, when the copper loading is lower than 12
wt% , the B-peak area is smaller than that of 3-peak,
and when the copper loading is higher than 12% the §-
peak area is larger than that of a-peak and the a-peak
becomes a shoulder. In addition, overlap of a and B
peaks becomes very serious when copper loading is high-
er than 18 wi% . It seems to have a saturated phe-
nomenon occurring at 12 wt% Cu for 3-peak. The seri-
ous overlap of o and (3 peaks implies that the reducibility
of these two types of copper oxide species gradually ap-

proaches to the same.

100 ' 200 ' 300 ' 200
Temperature / °C

Fig. 5 TPR patterns of CuO/y-Al,O; catalysts with various Cu
loading. (a) 3.0%; (b) 6.0%; (c) 9.0%; (d)
12%; (e) 18%.

Combining the results of TPR and XRD, it can be
found that the higher the copper loading is, the larger
the B-peak area of TPR and the larger the signal intensity
of XRD (Fig. 1). While there is a maximum area of
TPR appearing at 12 wt% Cu. These strongly suggest
that the a-peak copper oxide species belong to the bulk
CuO and the B-peak copper oxide species is contributed
to the dispersed CuQ.

Friedman et al.? reported that for CuQ/ v7-Al, 05
catalysts, saturation of the support surface occurs at a
copper loading approximately 4—35 wt% Cu per 100 m?/
g Al,O;. Above the threshold loading, formation of crys-
talline CuO is observed. According to Friedman’s satu-
ration value, ‘monolayer’ coverage of supported em-
ployed in this study ( BET area = 230 m?/g) should oc-
cur at a copper content of approximately 9.2—11.5
wt% . This value is compatible with the TPR results,
which have displayed the maximum area of the a peak
occurring at 12 wt% Cu, hence, the a and 3 peak can
be unambiguously attributed to the reduction of highly
dispersed copper oxide species and bulk-like CuO, re-
spectively .

H,-TPR of CuO-MnO, /v-Al, 05 catalyst

The reduction profile (Fig. 6) of MnO, /7-AL0; is
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characterized by two prominent peaks, at 320°C and
370°C respectively. The lower temperature peak at-
tributes to the reduction of MnO, to MnyOy; the high
temperature peak attributes to the reduction of Mn;Oy to
MnO.? For the thermodynamic reasons, further reduc-
tion of MnO does not occur under the applied experimen-
tal conditions. This result is consistent with the refer-

ence. B
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Fig. 6 TPR patterns of CuO-MnO,/v-ALQ; with various Mn
loading. (a) 12Cu/y-ALO;; (b) 12Cu-2.5 Mn/y-
ALOs; (¢) 12Cu-5Mn/v-ALOs; (d) 12Cu-10Mn/y-
ALO;; (e) 12Cu-20Mn/y-ALOy; (f) 10Mn/y-
ALO;.

The TPR profiles. of the mixed compounds were also
shown in Fig. 6. From the Fig. 6, it can be seen that
the reduction position' of CuO-MnO,/y-ALO; catalysts
lies in between the CuO/7Y-Al;0; and the MnO,/7Y-
AL O;. Apparently, manganese retards the reduction of
copper as indicated by the shift of the corresponding
peak to higher temperatures with increasing manganese
content, as the same time, copper enhances the re-
ducibility of manganese because of hydrogenation
spillover. The results indicate that there exists an inter-
action between the copper and manganese oxide, which
is consistent with the result of XRD.

From the Fig. 6, it can be seen that when the.

manganese loading is lower than 2.5% , three peaks are
observed and when the manganese loading is higher than
2.5% four peaks are observed. The four peaks are des-
ignated by a, B8, ¥ and & in Fig. 6. The position of a
and B peaks remain unchanged with increasing man-
ganese loading. The intensities of a and 3 peaks de-
crease rapidly with an increase in manganese loading
from2.5% to 20% . The XRD results (Fig. 1) show
that as the addition of manganese increasing, the CuO
peaks get lower and lower. Comparison to the TPR re-
sults of CuO/y-ALO; (Fig. 5) we propose that « and {3
species are contributed to the highly dispersed CuO and
larger particle bulk CuQ species respectively.

From the Fig. 6, it can be seen that the position of
Y peak remains unchanged with increasing manganese
loading, while, the intensity of ¥ peak increases with
the increasing manganese loading. We propose that the ¥
species is ascribed to the high dispersed CuQ interacting
with Mn oxide. The area of & peak monotonously in-
creases with increasing manganese loading and shifts to
higher temperature. On the basis of XRD results and
these findings, it is concluded that the peak & may be
ascribed to the reduction of manganese oxide interacting
with copper oxide.

The TPR results show that there exists strong inter-
action between the copper and manganese oxide which
causes the TPR peak of the CuO-MnO, /Y-Al, 05 catalyst
different from the individual supported copper and man-
ganese oxide catalysts.

Surface state of activity

The XPS of the Mn(2p) level for the calcined, re-
duced and used catalysts are shown in Fig. 7. From
Fig. 7, it can be seen that the binding energy (B.E.)
of the Mn(2p) level for the calcined catalyst was very
close to that for pure Mn,O; (B.E. = 642). On the
other hand, in the reduced catalyst, the B.E. value of
the Mn(2p) band was decreased, which is contributed
to the MnO. For the used catalyst, it is found that two
peaks appear, one shows a B.E. of 641.5 eV and an-
other a B.E. of 642 eV, the latier peak contributes to
MnO,. Based on the results mentioned above, it is con-
cluded that the valence of Mn is + 2 after reduction,
while it increases to + 3 and + 4 after reaction. The
XPS of the Cu(2p) level for the calcined, reduced and

used catalysts are shown in Fig. 8. From Fig. 8, it can
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Fig. 7 XPS Mn(2p) spectra of 12Cu-10Mn/y-ALO;. (a) Be-

fore reduction; (b) After reduction; (c) After reaction.

920 930 940 = 950 960 970
B.E./eV
Fig. 8 XPS Cu(2p) spectra of 12Cu-10Mn/y-ALO;. (a) Be-
fore reduction; (b) After reduction; (c) After reaction.

be seen that the binding energy (B.E.) of the Cu(2p)
level for the calcined catalyst was very close to that for
pure CuO (B.E. =933.3). In the reduced catalyst,
the B.E. value of the Cu(2p) band was decreased to
932.3 eV, which contributed to the metallic copper. For
the used catalyst, the XPS of Cu(2p) is 932.9, more-

over, a shoulder peak (B.E. =935) appears which is
ascribed to the Cu?* . The peak (B.E. =932.9 eV) is
contributed to Cu'* . From the Fig. 8, it is concluded
that the valence of Cu increases from zero in the reduced
catalysts to + 1 or + 2 in the used catalysts. The XPS of
Cu(2p) for the calcined, reduced and used 12Cu/7y-
Al O; catalyst are shown in Fig. 9. From Fig. 9, it can
be seen that the binding energy (B.E.) of the Cu(2p)
level for the calcined catalyst was very close to that for
pure CuO (B.E. =933.3). In the reduced catalyst,
the B.E. value of the Cu(2p) was decreased to 932.3
eV, which contributed to the metallic copper. For the
used catalyst, the XPS of Cu(2p) is 932.4 which is
very close to the B.E. of Cu’. From Fig. 7, 8 and 9,
it can be seen that Cu™ existed on the working surface of
the used Cu-Mn/7-AlLO; catalysts, while, Cu® existed
on the Cu/y-Al 05 catalyst. It can be concluded that the
catalytic activity was promoted by Cu with part of posi-
tive charge which was formed by means of long path ex-
change function between Cu—Q0—Mn.
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920 . 930 940 950 ' 960 970
B.E./eV

Fig. 9 XPS of Cu(2p) for 12Cu/v-ALO; catalyst. (a) Before
reduction; (b) After reduction; (c) After reaction.

Conclusion

In this paper, the effect of manganese on the dis-
persion, reduction behavior and active states of surface
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of supported copper oxide catalysts have been investigat-
ed by XRD, temperature-programmed reduction and XPS
techniques. The catalytic activity over CuO-MnQO,/7-
AL, O; catalyst for CO, hydrogenation is higher than that
of CuO/7-AL05. The activity of methanol synthesis from
C0O,/H, increases with the increasing the area of metallic
XRD result shows that the addition of man-
ganese is beneficial in enhancing the dispersion of the

copper.

supported copper oxide. The TPR results show that
strong interaction between the copper and manganese ox-
ide took place which causes the TPR peak of the CuO-
MnO,/v-AL O catalyst different from the individual sup-
ported copper and manganese oxide catalysts. For the
CuQ/7-Al, 05 catalyst there are two reducible copper ox-
ide species; a and {3 peaks are attributed to the reduction
of highly dispersed copper oxide species and bulk CuO
species respectively. For the CuO-MnO, /7y-Al, 05 cata-
lyst, four reduction peaks are observed. « peak is at-
tributed to the dispersed copper oxide species; 3 peak is
ascribed to the bulk CuO; ¥ peak is atiributed to the re-
duction of high dispersed CuO interacting with man-
ganese; O peak may be the reduction of the manganese
oxide interacting with copper oxide. XPS results show
that Cu® mostly existed on the working surface of the
Cu-Mn/7v-ALO; catalysts, while, for the Cu/Y-Al O,
catalyst, Cu’ mostly existed on the working surface. The
activity was promoted by Cu with positive charge which
was formed by means of long path exchange function be-
tween Cu—O0—Mn. These results indicate that there is
synergistic interaction between the copper and manganese
oxide, which is responsible for the high activity of CO,
hydrogenation.
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