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a  b  s  t  r  a  c  t

Copper  manganese  oxides  (CMOs)  were  synthesized  using  a  co-precipitation  method  with  different  pre-
cursors  and  precipitants  for carbon  monoxide  oxidation.  The  as-synthesized  catalysts  were  characterized
by powder  X-ray  diffraction  (XRD),  low  temperature  N2 sorption,  Fourier  transform-infrared  spectroscopy
(FT-IR),  H2-temperature  programmed  reduction  (H2-TPR),  and  thermal  gravimetric  analysis  (TGA).  Their
catalytic activities  for CO oxidation  were  tested  by  temperature  programmed  reaction.  The  results  showed
that  the  activity  of CO  oxidation  strongly  depended  on  the combination  of  precipitant  and  precursor
anions,  ranking  in  the  order (Ac− +  CO3

2−)  > (NO3
− + CO3

2−) >  (Ac− +  OH−) > (NO3
− +  OH−). The crystalline

−

o-precipitation
recursor
recipitant
O oxidation

phase  of  copper  manganese  oxides  obtained  using  strong  electrolyte  (OH ) as the  precipitant  were  mainly
spinel  Cu1.5Mn1.5O4, while  the  catalysts  prepared  with  weak  electrolyte  (CO3

2−) as the precipitant  mostly
comprised  of MnCO3, Mn2O3 and  CuO,  and  showed  a much  higher  CO  oxidation  activity than  that  of the
Cu1.5Mn1.5O4. Keeping  the  same  precipitant  while  changing  the precursor  caused  a change  in  the  H2 con-
sumption  which  influenced  the  CO  oxidation  activity.  A suitable  combination  of  precipitant  and  precursor

ient  C
resulted  in  the  most  effic

. Introduction

Catalytic oxidation of carbon monoxide receives considerable
ttention due to its many applications in industry and environmen-
al fields, such as CO2 laser gas generation, personal respiratory
rotective devices, proton exchange membrane fuel cells and
utomobile emission controls [1–8]. Since Haruta’s report on the
nexpectedly high catalytic activity of supported gold nanoparti-
les with a size below 5 nm [9],  various catalysts based on noble
etal nanoparticles have been developed to oxidize carbon monox-

de [10–16].  However, the high cost of noble metal catalysts inhibits
heir practical applications for the catalytic oxidation of carbon

onoxide. Compared to noble metal catalysts, copper manganese
xide, one of the oldest known catalysts used in respiratory pro-
ection, also shows a relatively high CO oxidation activity [17,18]
nd is considered to be a potential candidate for substituting noble
etal catalysts for CO oxidation for certain applications [19–27].
To date, numerous methods have been established to synthe-

ize copper manganese oxide catalysts, including co-precipitation

ol–gel, ultrasonic aerosol pyrolysis, supercritical antisolvent
recipitation and reduction methods [1,28–31]. Among these
ethods, conventional co-precipitation can be used to produce

∗ Corresponding author. Fax: +86 411 84986140.
E-mail address: wencuili@dlut.edu.cn (W.-C. Li).
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catalysts with improved activity. Hutchings and co-workers have
investigated the effect of the preparation conditions in the co-
precipitation process and subsequent calcination step on the
catalytic performance of copper manganese oxide catalysts for CO
oxidation [32–34].  It was found that ageing time and calcination
temperatures have an important influence on the crystalline phase
of the copper manganese oxide catalysts. Without the ageing step,
the precipitate is composed of crystalline copper hydroxy nitrate
together with manganese carbonate. With an increasing ageing
time, the copper hydroxy nitrate re-dissolves and poorly crystalline
manganese carbonate is identified. Thus, the state of the precipitate
varies depending on the ageing time, which results in the formation
of calcined catalysts with different crystalline phases and different
catalytic performance. In the calcination process, the crystallinity
is lost with increasing calcination temperature, with gradual trans-
formation to amorphous copper manganese oxide. However, when
the calcination temperature reaches 400 ◦C, the microcrystalline
CuMn2O4 hopcalite phase is formed.

The exact phase responsible for the high catalytic activity in
copper manganese oxide is still disputed. One hypothesis is that
the high activity is due to the formation of the copper-manganese
spinel CuMn2O4 formed during co-precipitation. The redox reac-

Open access under CC BY-NC-ND license.
tion Cu2+ + Mn3+ = Cu1+ + Mn4+ has been proposed to explain the
activity, i.e. an electronic transfer between copper and man-
ganese cations within the spinel lattice [28,35]. Another hypothesis
attributes the high oxidation activity at room temperature to the so

dx.doi.org/10.1016/j.molcata.2012.04.003
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alled ‘amorphous’ copper manganese oxide instead of the spinel
uMn2O4 [36–39].

It seems reasonable to conclude that the phase structure of cop-
er manganese oxide catalysts has a significant influence on the
ctivity of CO oxidation. In the present study, different types of
recipitants and precursors have been used in order to change the
rystalline phase of the catalysts. Catalysts before and after CO oxi-
ation have been characterized. The aim of the current study was
o find the optimum combination of precipitant and precursor to
ive the catalyst with highest CO oxidation activity.

. Experimental

.1. Catalyst preparation

All the chemicals used in this study were of analytical grade
nd used without any further purification. The copper manganese
xide catalysts were prepared by co-precipitation of sodium car-
onate (Na2CO3) or sodium hydroxide (NaOH) as the precipitant,
nd acetate or nitrate as the precursor. The typical procedure to
ynthesize the catalysts was as follows: a precipitant (9 mmol) was
issolved in deionized water (15 mL)  with an initial pH value of
a. 13. Precursors (4.5 mmol) were mixed with deionized water
15 mL)  with a 1/2 molar ratio of copper to manganese species. The

ixed precursor solution was then added to the precipitant solu-
ion at 298 K under vigorous stirring. After 5 min, the final pH of the

ixed solutions was adjusted to 11 using 4 mol/L NaOH solutions.
he resultant suspensions were aged for 30 min  under vigorous stir-
ing at 298 K. Finally the precipitate was filtered, washed several
imes with deionized water and finally once with anhydrous alco-
ol, followed by drying in air at 50 ◦C for 24 h (denoted as CuMOx-X,

 = 1, 2, 3, 4) and calcination at 300 ◦C for 2 h (denoted as CuMOx-
-C) to obtain the final catalysts. Detailed sample information is
hown in Table 1. For comparison, the pure copper oxide and man-
anese oxide catalysts were synthesized separately by using the
cetate as precursor and sodium carbonate (Na2CO3) or sodium
ydroxide (NaOH) as the precipitant by keeping the other synthesis
nd after-treatment conditions the same as the copper manganese
xide. The corresponding samples were named as CuO-1-C (Na2CO3
s the precipitant), CuO-2-C (NaOH as the precipitant), MnOx-1-C
Na2CO3 as the precipitant), MnOx-2-C (NaOH as the precipitant),
espectively. Detailed information of the comparison samples are
lso listed in Table 1.

.2. Catalyst characterization

X-ray diffraction patterns (XRD) were obtained with a D/MAX-
400 diffractometer using Cu K� radiation (40 kV, 100 mA,

 = 1.54056 Å). The textural characterizations of the samples were
erformed by nitrogen sorption at 77 K using a Micromeritics

nstrument Corporation Tristar 3000 device. Approximately 200 mg
amples were heated to 200 ◦C under vacuum for 4 h to remove
ll adsorbed species. The surface area (SBET) and pore size distri-
ution were calculated using the Brunauer–Emmett–Teller (BET)
heory and Barrett–Joyner–Halendar (BJH) theory, respectively.
he total pore volume (Vtotal) was estimated from the amount
dsorbed at a relative pressure of 0.992. The micropore volume
as determined using the t-plot method. The morphologies of

he catalysts were characterized with a FEI Quanta 450 instru-
ent microscope equipped and a cooled energy-dispersive X-ray

EDX) spectrometer from Oxford Instruments for point resolved

lemental analysis. Fourier transform-infrared (FT-IR) spectra were
ecorded on a Nicolet 6700 FT-IR spectrometer with the samples
ressed into KBr discs. Thermogravimetric analysis (TGA) was  con-
ucted on a thermogravimetric analyzer STA 449 F3 (NETZSCH),
ysis A: Chemical 360 (2012) 35– 41

under an air atmosphere with a heating rate of 10 K/min. Tempera-
ture programmed reduction of hydrogen (H2-TPR) was  performed
on a Micromeritics Auto Chem II 2920 apparatus with a thermal
conductive detector by passing 8% H2/Ar (flow rate of 50 mL/min)
over a 20 mg  sample (40–60 mesh size) at a heating rate of 10 K/min
to 1173 K. Before H2-TPR, the samples were pretreated with He at
473 K for 1 h to clear the surface of catalysts. The system was then
cooled to ambient temperature under He. The amount of hydrogen
consumed (H2 cons.) by each catalyst was  calculated from the peak
area of the H2-TPR profile.

2.3. Catalytic test

The activities of the copper manganese oxide catalysts for CO
oxidation were measured in a quartz tubular fixed bed flow reactor
at atmospheric pressure using 200 mg  of catalyst (40–60 mesh). The
standard composition of the feed gas was 1% CO,  20% O2 and 79% N2
with a space velocity of 20,000 mL  h−1 gcat

−1. The temperature was
ramped at a rate of 1 ◦C min−1 from 0 ◦C to the final temperature.
The concentrations of CO were analyzed at the outlet of the reactor
by a GC 7890T gas chromatograph (Techcomp Limited Company,
China) equipped with a thermal conductivity detector (TCD). Tem-
peratures for 100% conversion of CO (T100%) and 50% conversion of
CO (T50%) were used to evaluate the activity of the catalysts.

3. Results and discussion

3.1. Catalyst characterization

Table 1 summarized details of the catalysts synthesized. XRD
analysis of the catalysts (Fig. 1) was used to determine the final
phases after heat treatment at 300 ◦C in static air for 2 h. Clearly,
the reflections of the both samples CuO-1-C and CuO-2-C can be
assigned to CuO phases (JCPDS 45-0937). Nevertheless, the samples
MnOx-1-C and MnOx-2-C show mixed diffraction lines of Mn2O3
(JCPDS No. 33-0900) and Mn3O4 (JCPDS No. 65-2776). In addi-
tion, the diffraction peaks of MnCO3 (JCPDS No. 44-1472) also was
observed in the sample MnOx-1-C, which synthesized using sodium
carbonate as a precipitant.

Samples CuMnOx-1-C and CuMnOx-3-C prepared with Na2CO3
as a precipitant present a low crystallinity but reflections of Mn2O3,
CuO and MnCO3 were detected. The CuMnOx-2-C and CuMnOx-4-
C materials prepared with NaOH as a precipitant however mainly
have a spinel Cu1.5Mn1.5O4 (JCPDS No. 35-1171) structure follow-
ing calcination at 300 ◦C. The crystallinity of the catalysts increased
using by sodium hydroxide as the precipitant. In other words,
different types of precipitants can influence the final crystalline
phases of the catalysts.

Nitrogen sorption at 77 K was used to evaluate the pore struc-
ture of the catalysts. Fig. 2 shows the nitrogen sorption isotherms
and the pore size distribution of the catalysts. According to the
IUPAC classification, the N2 sorption isotherms of all samples
exhibit type IV characteristics as shown in Fig. 2(a). The existence
of a hystersis loop at relative pressure (P/P0) of 0.8–1.0 indi-
cates the porosity arising from the non-crystalline intra-aggregate
voids and spaces formed by interparticle contacts [40]. Fig. 2(b)
shows the pore size distributions (PSDs) as calculated by the
Barrett–Joyner–Halendar (BJH) method from the desorption branch
of the nitrogen isotherms. Samples CuMnOx-1-C and CuMnOx-3-
C exhibited a smaller pore size than samples CuMnOx-2-C and
CuMnOx-4-C, as a result of the different precipitants. The porous

textural parameters, such as specific surface area (SBET) and pore
volume (Vtotal) are also listed in Table 1. It can be seen that
using sodium carbonate instead of sodium hydroxide as a pre-
cipitant resulted in a higher specific surface area and total pore



L.-N. Cai et al. / Journal of Molecular Catalysis A: Chemical 360 (2012) 35– 41 37

Table 1
Information and characterization data for catalysts prepared with different precipitants and precursors.

Sample Precursor Precipitant Crystalline phase SBET (m2 g−1) Vtotal (cm3 g−1) T100%
a (◦C) T50%

b (◦C) H2 cons.c (mL/g)

CuMnOx-1-C
Cu(Ac)2 Na2CO3 Mn2O3, CuO, MnCO3 121 0.53 50 25 198.7Mn(Ac)2

CuMnOx-2-C
Cu(Ac)2 NaOH Cu1.5Mn1.5O4 70 0.36 110 72 209.4Mn(Ac)2

CuMnOx-3-C
Cu(NO3)2 Na2CO3

Mn2O3,
CuO,
MnCO3

109 0.46 70 35 192.6Mn(NO3)2

CuMnOx-4-C
Cu(NO3)2 NaOH Cu1.5Mn1.5O4 46 0.23 120 80 183.2Mn(NO3)2

CuO-1-C Cu(Ac)2 Na2CO3 CuO – – 130 115 300.2
CuO-2-C Cu(Ac)2 NaOH CuO – – 140 120 266.7
MnOx-1-C Mn(Ac)2 Na2CO3 Mn2O3, Mn3O4, MnCO3 – – 170 128 103.5
MnOx-2-C Mn(Ac)2 NaOH Mn2O3, Mn3O4 – – 170 132 167.1

a Temperature of complete conversion of CO to CO2.
b Temperature of 50% conversion of CO to CO2.
c H2 consumption was calculated through the integral of the corresponding peak areas.
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Fig. 1. XRD patterns of the catalysts prepa

olume. Catalyst CuMnOx-1-C prepared using Na2CO3 as a precipi-
ant showed a specific surface area and pore volume of 121 m2 g−1

nd 0.53 cm3 g−1 respectively. Specific surface area and total pore
olume are two significant factors which can affect the catalytic
erformance for CO oxidation [39]. When the catalytic activity was

ested (see later), it was found that the higher catalyst specific sur-
ace area and total volume resulted in the greatest catalytic activity.

ig. 2. Nitrogen sorption isotherms (a) and the corresponding pore size distributions
b) of the catalysts. The isotherms of CuMnOx-2-C, CuMnOx-3-C and CuMnOx-4-C
ere offset vertically by 200, 300 and 600 cm3 g−1, STP, respectively.
ing different precursors and precipitants.

Furthermore, the samples were characterized by SEM equipped
with EDX and the results are shown in Fig. 3. It can be seen that all
the powder catalysts have similar morphologies which composed
of irregular sized- and shaped-particles (Fig. 3(a)–(d)). The surface
of catalysts displays abundant macropores probably accumulated
with grains, which is confirmed by the nitrogen isotherm and pore
size distributions in Fig. 2. All the catalysts have similar morpholo-
gies, indicating that the types of precipitants and precursors have
weak influence on the catalyst morphologies.

In order to verify the atom ratio of copper to manganese of
the catalysts, EDX analysis based SEM was  performed in a large
scanning range (200–700 �m)  by random for the samples CuMnOx-
1-C, CuMnOx-2-C, CuMnOx-3-C, CuMnOx-4-C, respectively, and the
results are shown in Fig. 3(e)–(h). The presence of Cu, Mn  and
O on the surface of the samples can be clearly detected. The
surface atom ratio of the catalysts prepared with different precip-

itants and precursors are compiled in Table 2. The Cu/Mn molar
ratio of all the catalysts using co-precipitation method is approxi-
mately 0.5, which is very close to the actual dosage of copper and

Table 2
Surface atom ratios for catalysts prepared with different precipitants and precursors.

Sample Atom ratio (%) Cu/Mn molar ratio

Cu Mn O

CuMnOx-1-C 6.16 11.37 82.47 0.542
CuMnOx-2-C 12.17 24.60 63.23 0.495
CuMnOx-3-C 10.43 23.43 66.14 0.445
CuMnOx-4-C 12.42 25.12 62.46 0.494
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ig. 3. SEM images and EDX of catalysts prepared with different precursors and pr
)  CuMnOx-1-C.

anganese precursors. Notably, the relative atom ratio of O and
u/Mn molar ratio for sample CuMnOx-1-C are 82.47% and 0.542
shown in Table 2), respectively, which are much higher than that
f the other three catalysts. The abundant surface oxygen atoms of
he catalyst can react with the absorbed CO and thus lead to bet-
er activity in the Mars–van Krevelen type mechanism (MvK) [41]
hich is frequently suggested for metal-oxides. The choice of the
ifferent precursor and precipitant leads to the change of the sur-
ace distribution of Cu, Mn  and O elements, which might be related
o the CO oxidation catalytic performance of the catalysts.

.2. Catalytic performance of the copper manganese oxides for CO
xidation
The performance of the catalysts for CO oxidation is shown
n Fig. 4. The determined T50% (temperature for 50% CO conver-
ion) and T100% (temperature for 100% CO conversion) are listed in
able 1. As seen in Fig. 4, pure copper oxides CuO-1-C, CuO-2-C

ig. 4. Catalytic performance of catalysts, 200 mg  catalyst, and space velocity:
0,000 mL  h−1 gcat

−1, and feed gas: 1% CO, 20% O2 and 79% N2.
ants: (a and e) CuMnOx-1-C; (b and f) CuMnOx-2-C; (c and g) CuMnOx-3-C; (d and

and pure manganese oxides MnOx-1-C, MnOx-2-C prepared using
acetates as precursors show quite similar catalytic activities in the
low temperature range. Their corresponding conversion could not
achieve 10% until the temperature reaches 80 ◦C. At higher temper-
atures the conversions over pure copper oxides rise strongly and a
complete conversion can be reached at 120–140 ◦C.

The activity of the copper manganese oxides catalysts is signifi-
cantly improved, especially at low-temperature range. The catalyst
synthesized using acetate and Na2CO3 (CuMnOx-1-C) showed the
greatest CO oxidation activity, where 50% conversion of CO (T50%)
and complete conversion of CO (T100%) was achieved at 25 ◦C and
50 ◦C respectively. Using the same precursor, the catalysts pre-
pared with carbonate as the precipitant were considerably more
active than catalysts prepared with NaOH as the precipitant. In
other words the activities of the multiphase catalysts CuO and
Mn2O3 were several times higher than those of single phase oxides
(Cu1.5Mn1.5O4), especially in the lower temperature range. It has
been previously reported that the coordination between copper
and manganese oxides improves the catalyst CO oxidation activ-
ity [38]. It was found that, the precipitant could lead to different
crystalline phase formation of the catalysts. Copper manganese
mixed oxides show the higher catalytic activity than that of spinal
Cu1.5Mn1.5O4. The results obtained in this work show that precipi-
tants had a significant impact on the crystalline phases of catalysts
and CO oxidation activity. However, there are slight differences
between catalysts synthesized with the same precipitant.

The results showed that the activity of CO oxidation
strongly depended on the combination of precipitant and
precursor anions, ranking in the order (Ac− + CO3

2−) > (NO3
−

+ CO3
2−) > (Ac− + OH−) > (NO3

− + OH−). With the same precipitant,
the catalysts prepared with acetate as a precursor resulted in a
better catalytic activity than that of prepared with nitrates as a
precursor. As reflected in EDX analysis (Table 2), the combina-
tion of acetate and carbonate results in an oxygen-rich surface
for sample CuMnOx-1-C and accordingly a higher CO oxidation

activity. The XRD analysis of the used catalysts (CuMnOx-1-C and
CuMnOx-3-C samples) was  carried out (Fig. 5). It can be seen that
the used catalysts showed a very similar XRD curves as catalysts
before test, demonstrating that CuO and Mn2O3 underwent little
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Fig. 5. XRD patterns of the catalysts before and after using.

hase change during the catalytic test and should be the active
hase for CO oxidation. Combination with the following H2-TPR,
he coexistence of Mn2O3 and CuO phases is essential for the higher
ctivity.

H2-TPR measurements on freshly calcined samples were car-
ied out (Fig. 6) to investigate the reduction properties of different
amples. The reduction of pure copper oxides CuO-1-C and CuO-
-C occurs in one step that probably corresponds to the reduction
f CuO to Cu0 at the temperature peak of 205 and 196 ◦C, respec-
ively. The TPR profiles of pure manganese oxides MnOx-1-C and

nOx-2-C exhibit two peaks. The first one at 234 and 247 ◦C can
e assigned to the reduction of Mn2O3 to Mn3O4, and the second
eduction peak at 402 and 383 ◦C should be the transformation of
n3O4 to MnO, respectively [38]. For pure copper or manganese

xides, the choice of precipitants either carbonate or hydroxide do
ot exert big influence on the reduction ability, which is coincident
ith the catalytic activity results.

The reduction peaks of sample CuMnOx-1-C and CuMnOx-3-C
re quite wide and overlapped, which is hard to precisely identify
ach peak. The curves of samples CuMnOx-1-C and CuMnOx-3-
, which mainly consist of Mn2O3 and CuO, show four peaks. In
his work, the first two peaks at low temperatures (100–110 ◦C

◦
nd 155–176 C) are assigned to the reduction of the highly dis-
ersed and bulky CuO, respectively [42]. The other two  peaks can
e assigned to the reduction of manganese oxide (Mn2O3 to Mn3O4
nd Mn3O4 to MnO) [43]. The temperature of the first peak is ca.

Fig. 6. TPR profiles of catalysts prepared with
ysis A: Chemical 360 (2012) 35– 41 39

100 ◦C, which is considerably lower than that of pure copper oxide.
The presence of manganese oxide is likely to facilitate the reduction
of copper oxide, involving coordination between CuO and Mn2O3
with manganese oxide acting as oxygen donor and copper oxide as
oxygen acceptor [38]. Previous work demonstrated that the pres-
ence of Cu2+ and Mn3+ is essential for the high activity of the catalyst
[44]. Catalysts CuMnOx-2-C and CuMnOx-4-C however have only
one peak due to the reduction of the spinel phase Cu1.5Mn1.5O4.
This result is consistent with a previous study where the higher
temperature reduction peaks disappear when the copper man-
ganese oxide has the formula Cu1+xMn2-xO4 (x = 0.54 ± 0.04) [33].
It should be noted that only Cu1.5Mn1.5O4 can be observed in the
XRD patterns and the surface Cu/Mn ratio is ∼2 as determined from
EDX results. This indicates the existence of amorphous manganese
oxides, which can be reduced at the same temperature range as that
of Cu1.5Mn1.5O4. The asymmetric reduction peaks in TPR curves of
CuMnOx-2-C and CuMnOx-4-C were observed, attributing to the
peaks overlapping resulting from the mixed oxides [45]. Although
synthesized with the same acetate precursor, the temperature of
the first peak of sample CuMnOx-1-C is considerably lower than
that of the sample CuMnOx-2-C, which suggests that the coexis-
tence of Mn2O3 and CuO phases is essential for the higher activity.
The results are similar with samples prepared with nitrate as a
precursor. It can be concluded that samples synthesized with car-
bonate as a precipitant possess a higher reducibility which shows
a greater CO oxidation activity than that synthesized with NaOH as
the precipitant.

H2 consumption was  calculated through the integral of the cor-
responding peak areas (Table 1). Although sample CuMnOx-1-C and
CuMnOx-3-C (copper manganese mixed oxide) showed a less H2
consumption compared to the sample CuMnOx-2-C (Cu1.5Mn1.5O4
spinel), H2-TPR profiles showed that the reduction temperature of
sample CuMnOx-1-C and CuMnOx-3-C is much lower than the sam-
ple CuMnOx-2-C. The TPR peaks at lower temperature usually can
be related with the catalytic activity [46]. For the sample CuMnOx-
1-C and CuMnOx-3-C, the temperature of their first peak is similar;
however CuMnOx-1-C shows greater hydrogen consumption than
that of CuMnOx-3-C, corresponding to a relatively high activity.
Similarly, CuMnOx-2-C shows greater hydrogen consumption than
that of CuMnOx-4-C. Therefore, for catalysts with different phase
structure, the reduction temperature is mainly related to activity,

for catalysts with same phase structure, the H2 consumption can
be used to evaluate the activity difference. Based on H2 consump-
tion result, it can be more or less concluded, when using the same
precipitant, samples prepared with acetate as a precursor show a

 different precursors and precipitants.
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ig. 7. XRD patterns of the dried precipitates prepared by different precursors and
recipitants.

igher reduction activity than samples prepared with nitrate as the
recursor.

.3. Insight into the interactions between precursor and
recipitant

To demonstrate how the significantly different crystalline
hases of the as-synthesized catalysts prepared with dissimilar
ypes of alkali influence the CO oxidation activity, FT-IR, XRD and
GA of the dried samples were performed.

An XRD analysis was used to further ascertain the compositions
f the dried samples prior to calcination. The corresponding wide-
ngle XRD patterns of the precipitation prepared using different
recursors and precipitants after drying at 50 ◦C are shown in Fig. 7.
s can be seen, all the dried samples have distinct diffraction peaks,
hich is consistent with the fact that they all exist in the crys-

alline phase. CuMnOx-1 and CuMnOx-3 predominantly consist of
u2(OH)2CO3, MnCO3 and Mn2O3 derived from the MnCO3 (which

s susceptible to oxidation in wet environments). Cu2+1O (JCPDS
5-0667) and Mn3O4 (JCPDS 80-0382) phases mainly present in
uMnOx-2 and CuMnOx-4 are converted to Cu1.5Mn1.5O4 after cal-
ination at 300 ◦C. This process is likely to be the isomorphism
ubstitution of the Mn3+ and Mn4+ in the Mn3O4 with Cu+ or Cu2+
rom Cu2+1O [47].
FT-IR was performed to identify the functional groups of the

ried samples. Fig. 8 shows the FT-IR spectra of the dried sam-
les prior to calcination. All samples show a well-defined band

ig. 8. FT-IR curves of catalysts prepared with different precursors and precipitants.
Fig. 9. TGA curves of the precipitates prepared with different precursors and pre-
cipitants.

at 3500 cm−1 which can be attributed to the hydroxyl stretch-
ing vibration, indicating that hydroxide precipitation exists in the
various dried samples. The bands shown by the CuMnOx-1 and
CuMnOx-3 samples synthesized with Na2CO3 as a precipitant are
similar. Likewise, bands shown by the CuMnOx-2 and CuMnOx-4
samples prepared with NaOH as a precipitant are similar. Some part
bands (centered at ca.  3500 cm−1 and 1060 cm−1) in CuMnOx-1 and
CuMnOx-3 are consistent with those of CuMnOx-2 and CuMnOx-
4, however the formation of the carbonate species is observed
from the two  additional bands at 1460 and 862 cm−1. These results
suggest that the crystalline phase of CuMnOx-1 and CuMnOx-3 pre-
pared using Na2CO3 as a precipitant consist of carbonate species,
which are distinct to that of CuMnOx-2 and CuMnOx-4.

TGA curves of the as-prepared dried precipitates (Fig. 9) show
that there is a large mass-loss difference between the CuMnOx-1
and CuMnOx-2 samples. The dried CuMnOx-1 shows an additional
17% weight loss over the CuMnOx-2. During the thermal analy-
sis, CuMnOx-1 in air shows three main thermal effects and loses
approximately 19% of its mass. The first weight loss stage is assigned
to the loss of physically adsorbed water and the decomposition of
Cu2(OH)2CO3 (from room temperature to 350 ◦C, 9% weight loss).
The second weight loss is considered to be due to the decompo-
sition of MnCO3 (350–490 ◦C, 6.6% weight loss). Decomposition of
carbonates produces water and carbon dioxide, which may play
a role in pore forming and thus improve the specific surface area
(121 m2 g−1). The third weight loss is attributed to the loss of lattice
oxygen (490–800 ◦C, 3% weight loss).

With the same crystalline phases, CuMnOx-1 and CuMnOx-3
prepared using the same precipitant (Na2CO3) have analogous TGA
curves with the exception that CuMnOx-1 has a greater weight loss.
The TGA trace for dried CuMnOx-2 is very similar to CuMnOx-4
except for a distinction in weight loss, with two weight loss stages
and one weight increase stage from room temperature to 800 ◦C,
with only a ca.  2% weight loss overall. The two weight loss stages
for CuMnOx-2 could be due to the loss of physically adsorbed water
(room temperature to 310 ◦C, 2.8% weight loss) and the loss of lat-
tice oxygen (620–800 ◦C, 0.4% weight loss). In addition, the weight
increase stage is attributed to the oxidation of Cu2+1O and Mn3O4
(310–620 ◦C, 1.1% weight increases).

Taking the TGA information of dried samples into account, it
can be concluded that the combination of precipitant and precur-

sor in the precipitation process influences the compositions dried
precipitation and has an effect on the crystalline phases of the
catalysts which in turn influences the CO oxidation activity as con-
firmed by the catalytic testing. The results from TGA, XRD and FT-IR
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easurements suggest strongly that the crystalline phase of dried
amples prepared with various types of precipitants are all distinct
espite being synthesized with the same precursors. These result in

 different catalytic performance of the catalysts calcined from the
recipitates. The combination of precipitant and precursor in the
recipitation process plays a significant role in producing higher
ctivity catalysts.

. Conclusions

Copper manganese oxides have been synthesized using differ-
nt precipitants and precursors by a co-precipitation method and
heir catalytic activity for CO oxidation has been evaluated. The
ombination of precipitant and precursor in the reaction has been
tudied. NaOH as a precipitant resulted in the formation of Cu2+1O
nd Mn3O4 crystals during drying which were converted to a
u1.5Mn1.5O4 catalyst after calcination at 300 ◦C. However, Na2CO3
s a precipitant resulted in the synthesis of a catalyst mainly con-
isting of Mn2O3 and CuO with higher surface area and catalytic
ctivity for CO oxidation. Using acetate as the precursor in combi-
ation with the sodium carbonate precipitant gave the CO oxidation
atalyst with the greatest activity. Maintaining the same precipitant
hile changing the precursor causes a change in the quantity of

ctive sites which influences the CO oxidation activity. The precip-
tant shows the greatest influence on the crystalline phases of the
atalyst while the precursor shows a greater effect on the amount of
atalytic active sites which are directly related to the CO oxidation
ctivity. The choice of precipitant and the precursor is important in
esigning the most efficient CO oxidation catalyst.
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