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Abstract

This study focused on the preparation of 10wt% CuO/MnO, catalysts using three
different MnO, supports synthesized via hydrothermal, mechanochemical, and solu-
tion combustion methods. The catalysts were evaluated for preferential oxidation
of CO for hydrogen purification within a temperature range of 40-250 °C at a gas
hourly space velocity of 30000 (ml/(h.g.,,)). Characterization of the synthesized cat-
alysts was carried out using X-ray diffraction, Brunauer-Emmett-Teller, H, temper-
ature-programmed reduction (H,-TPR), and scanning electron microscopy analyses.
Results showed that the employed method for the preparation of the catalyst support
significantly affects the reduction temperature and the oxidation state of the final
catalysts. The 10 wt% Cu/Mn-CMB catalyst exhibited better reducibility, higher CO
conversion at 100 °C (94%), and appropriate catalytic stability in the presence of
H,0 and CO, compared to the other samples.

Keywords Hydrogen - Hydrothermal - Mechano-chemical - Solution combustion -
CO-PROX

Introduction

Proton exchange membrane fuel cells (PEMFCs) are recognized as sustainable

energy sources capable of addressing energy demands and providing an alterna-
tive to fossil fuels [1]. Currently, CO preferential oxidation (CO-PROX) is widely
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employed as an economical and practical method for purifying hydrogen before it
is supplied to PEMFCs [2, 3]. Steam reforming or autothermal reforming of hydro-
carbons and alcohols are the most conventional methods for hydrogen production.
However, the hydrogen produced by these processes often contains a high percent-
age of carbon monoxide, which must be reduced to less than 10 ppm; otherwise,
the Pt anode of the fuel cell may be poisoned by CO [4, 5]. Conventional methods
for eliminating CO from hydrogen-rich streams include the water gas shift reaction
(WGS) followed by methanation or CO preferential oxidation [3]. The output stream
of the water gas shift reactor contains at least 0.5-1% of CO, which can poison the
Pt electrode of PEMFCs [6]. Various effective solutions exist for removing CO from
an H2 stream. However, preferential oxidation of CO and selective CO methanation
are the most conventional and efficient methods for PEMFC applications. The CO-
PROX process has garnered significant attention because it successfully reduces the
CO percentage to 10 ppm [2-7].

The catalysts employed in CO-PROX include precious metal catalysts, such as
Pt, Au, Ru, and base metal-based catalysts, such as Cu and Co [7]. While precious
metal-based catalysts exhibit high activity in the PROX reaction, their application is
restricted by their high cost and limited accessibility [7, 8].

Among base metal catalysts, CuO-CeO, catalysts have been investigated as prom-
ising alternatives to noble metal catalysts due to their superior catalytic performance
in CO-PROX, potentially attributed to the high oxygen storage capacity of ceria [4,
8-13]. Additionally, manganese oxide, as a transition metal oxide with an accept-
able price, high electron storage capacity, superior activity in supplying oxygen, and
a perfect redox cycle (Mn?*Mn** — Mn>**Mn*"), has garnered increased attention
for application in CO-PROX catalysts [14, 15]. The incorporation of copper into
manganese oxide has been shown to improve catalytic activity by enhancing active
oxygen mobility [16-19]. In our previous work [20], we prepared CuO/a-MnO,
catalysts with various copper weight percentages, and the results indicated that the
10 wt% CuO/a-MnO, catalyst achieved nearly complete CO conversion at 130 °C.
In our recent work, we aimed to shift the CO conversion temperature zone to lower
temperatures and enhance catalyst resistance in the presence of water and carbon
dioxide. It has been demonstrated that CO-PROX is a structure-sensitive reaction
[4, 21], underscoring the importance of creating an effective catalytic structure for a
highly active and stable catalyst.

Several methods have been employed to prepare CO-PROX catalysts, includ-
ing sol-gel [22], deposition—precipitation (DP) [23], co-precipitation [24],
solvent-free combustion [4], reflux [16], incipient wetness impregnation [25],
mechanical mixing [26], and hydrothermal [20] methods. While sol-gel, DP, co-
precipitation, reflux, incipient wetness impregnation, and hydrothermal methods
are conventional routes, solvent-free combustion and mechanochemical methods
are considered unconventional for CO-PROX catalyst preparation. Despite their
unconventional status for CO-PROX, other researchers have successfully utilized
these methods for the synthesis of manganese oxide catalysts in various oxidation
processes, deeming them suitable routes. For instance, Akbari et al. [27] achieved
success in preparing BaO-MnOx mixed oxide catalysts for low-temperature meth-
ane catalytic combustion using the eco-friendly mechanochemical method. Their
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study demonstrated that the catalysts exhibited high catalytic activity. In a similar
vein, Piumetti et al. [28] synthesized three different types of mesoporous manga-
nese oxide catalysts for the total oxidation of volatile organic compounds (VOCs)
through the solution combustion synthesis.

Mechanochemical synthesis, recognized as a green method, can be executed at
room temperature [29, 30]. Renowned for its high speed and efficiency, this method
requires fewer processing steps. Nanomaterials produced through mechanochemi-
cal synthesis exhibit unique characteristics, including a small crystallite size, uni-
form shape, and morphology with minimal agglomeration [31, 32]. Consequently,
the mechanochemical approach has garnered significant attention due to its simple
experimental equipment, the use of readily available precursors, and rapid, straight-
forward preparation steps [33, 34]. Another synthesis method, solution combustion
synthesis (SCS), stands out in comparison to traditional preparation techniques. Cat-
alysts prepared using SCS can be categorized as either bulk or supported catalysts
[35]. Major SCS precursors include metal nitrates and an organic fuel (such as urea
or glycine). The dissolved metal salt precursors and organic fuel in water undergo
drying and heating, leading to a highly exothermic reaction and the formation of
a porous powder [36]. Notably, this method offers the advantage of modifying the
structure and morphology of the catalyst by adjusting preparation factors like cal-
cination temperature and precursors’ molar ratio [28, 36]. In this study, manganese
oxide supports were prepared through hydrothermal, mechanochemical, and solu-
tion combustion routes. Subsequently, these supports were utilized in the prepara-
tion of 10 wt% CuO/MnOx catalysts for the CO-PROX process.

Experimental section
Catalysts preparation

The prepared catalysts were designated according to their respective preparation
methods: 10Cu/Mn-HYD for hydrothermal, 10Cu/Mn-MCH for mechanochemi-
cal, and 10Cu/Mn-CMB for solution combustion methods. The synthesis proce-
dures for 10Cu/Mn-HYD [20] and 10Cu/Mn-MCH [27, 37] supports were based
on the methods described in our previous work. The MnO,-CMB [38], prepara-
tion procedure is outlined as follows:

Manganese (II) nitrate tetrahydrate (Mn (NO5),.4H,0) and glycine (C,HsNO,)
with a glycine/metal nitrate molar ratio of 2 were dissolved in 50 ml of deionized
water and stirred for 30 min. The solution was then heated at 100 °C until com-
plete water evaporation. The resulting dried gel was transferred into an aluminum
bowl and heated at 600 °C for 20 min. Subsequently, all three prepared supports
underwent calcination at 500 °C for 3 h. Catalysts containing 10 wt% CuO sup-
ported on MnO,-HYD, MnO,-MCH, and MnO,-CMB were prepared using the
incipient wetness impregnation method. They were then calcined at 300 °C for
3 h before being employed in the CO-PROX reaction.
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Catalyst characterizations

To determine the specific surface area (SBET) and pore characteristics of the catalysts,
N, adsorption/desorption analysis was conducted at 77 K using a BELSORP-mini II
analyzer. Prior to analysis, the samples underwent degassing at 250 °C for 2 h to elimi-
nate moisture and other impurities. X-ray diffraction (XRD) analysis was performed
using a PANalytical X pert-Pro apparatus with a Cu-Ka radiation source (A=1.5486 A)
in the range of 10 to 80 degrees to identify the crystal phases of the calcined catalysts.
Additionally, the average crystallite sizes of the calcined catalysts were calculated using
the Scherrer equation (Eq. 1).

_ 09\
" Pcosh @

To investigate the reduction characteristics of the calcined catalysts, temperature-
programmed reduction (TPR) analysis was conducted using a gas chromatograph
device equipped with a thermal conductivity detector (TCD). For the TPR analysis,
25 mg of the calcined catalysts underwent pre-treatment at 250 °C for 2 h and were
then cooled down to room temperature. Subsequently, the samples were exposed to a
gas flow containing 5% H, in Ar (20 ml/min), with the temperature gradually increas-
ing from room temperature to 600 °C at a ramp rate of 10 °C/min. Morphological stud-
ies of both the fresh and spent catalysts were carried out using a MIRA3 TESCAN
instrument through scanning electron microscopy (SEM) analysis.

Activity tests

To assess the catalytic activity of CuO/MnO,, a fixed-bed tubular quartz reactor was
employed under atmospheric pressure within a temperature range of 40-250 °C. Before
the reaction, 200 mg of the fresh sample was placed in the middle of the reactor and
reduced with a pure H, gas stream (30 ml/min) at 180 °C for 2 h. Following this reduc-
tion step, the reactant gas stream, composed of 4% O,, 4% CO, and 60% H, balanced
with Ar, was introduced into the reactor. To mimic the conditions of a real CO-PROX
process, 10% H,O and 10% CO, were added to the feed stream. Product gases were
monitored using an online gas chromatograph (Younglin, YL 6100) equipped with
a micro thermal conductivity detector and a Carboxen 1010 column. CO conversion
(XCO) and CO, selectivity (SCO,) were determined using the following equations:

[Co]in B [Co]out

CO conversion =
[Co]in - [Co]out

CO, selectivity = [O ] [O ]
2lin T 2Jout

x0.5( x 100 3)
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Results and discussion
Structural properties and morphology of the calcined MnO, catalysts

The N, adsorption—desorption isotherms and pore size distribution curves of cal-
cined MnO, samples are illustrated in Fig. 1a, b, respectively. According to Fig. 1a,
the samples exhibited a type IV isotherm with an H3-type hysteresis loop [20].
Based on the IUPAC classification nonporous or macroporous inkbottle-shaped pore
structure exists in the synthesized catalysts. The H3 type hysteresis formed when
the neck size distribution is wide compared with the pore cavity size distribution
[39]. The MnO,-MCH hysteresis loop was in higher relative pressure (P/P0=0.8-1)
range than the other ones, indicating the formation of larger pores in this sample.
Figure 1b displays the pore size distribution of the MnO,-HYD, MnO,-MCH, and
MnO,-CMB samples. MnOx-HYD exhibited a pore size distribution spanning
2-45 nm, featuring mesopores within its structure. In contrast, both MnOx-MCH
and MnOx-CMB displayed a combination of meso- and macropores. Specifically,
MnOx-MCH revealed two peaks primarily at 15 nm and 30 nm. Conversely, MnOx-
HYD revealed distribution peaks at a lower 10 nm and a main peak at 20 nm,

(b) - (a) -B— Adsorption
04rF MnO_-HYD / r = Desorption
—E—MnO-MCH g MnO,-HYD o %
~ T i = ;
03 —=—Mno.cvB/ ~. E /
= & m
& " E A
& z i
3 02} 2 0
=
z \ E MnO, -MCH EE/.
0.1t / LN Z .-_.._._D.E—-GID-ED—DM
8- >
: /l l‘l\.§.\. -
e g MnO,-CBM B e
0.0 ._.__._._._7__,__.,-,~_|—— s
. . A . . 1 ' ' L
0 10 20 30 40 50 0.0 0.2 0.4 0.6 0.8 1.0
rp(nm) Relative Pressure (P/P0)
© *Mn,0; ¢ MnO, (@)
R MnO_-HYD
.
¥ ¥ P . . * . .
MnO_-HYD

MnO_-MCH

MnO,-MCH
MnO,-CMB
. O MnO_-CMB

2 U3

Intensity (a.u.)
b o {
. ‘:‘
3
>e
F—
3
Intensity (a.u.)

L,
| S
-
re
e
L

20 40 60 80

L L L L L
26/(°) 100 200 300 400 500 600 700

Temperature (°C)
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indicating a smaller pore distribution [40]. Referring to Table 1, it is evident that the
MnOx-MCH sample, among the prepared samples, possessed the lowest BET area.
The observed increase in specific surface areas can be attributed to the emergence of
new and smaller pores, as elucidated by the pore size distribution [41].

The XRD patterns of the MnO, samples with different preparation methods
are mentioned in Fig. lc. As noticed, all the diffraction peaks in MnO,-HYD,
MnO,-MCH, and MnO,-CMB samples are related to the MnO, [PDF-ICCD
44-0141] and Mn,0; [PDF-ICCD41-1442] crystalline phases [42]. For the
MnO,-HYD, the MnO, crystalline phase formed while the other samples showed
the Mn,O; pattern as their main crystalline phase. The crystal sizes of the prepared
catalysts are detailed in Table 1. As can see, the crystal size of the manganese oxide
prepared by the hydrothermal method is smaller than the other samples, which con-
firms that the synthesis method affects the crystalline structure of the sample. Draw-
ing from the literature [36, 43], the catalysts synthesized at elevated temperatures
exhibited more pronounced crystalline structures compared to those synthesized at
lower temperatures. The presence of glycine in the solution combustion synthesis
method intensified the exothermic reaction, resulting in materials characterized by
an increased average crystalline size. Notably, samples comprising the Mn,O5 phase
displayed higher crystallinity than those containing the MnO, phase. This observa-
tion indicates varying enthalpies of formation, reflecting the presence of different
phases in this case [36].

The redox features of the fresh supports were investigated by H,-TPR analy-
sis, and the outcomes are revealed in Fig. 1d. The reduction of the manganese
oxides can be presented as follows: MnO, —Mn,0; — Mn;0,— MnO [20, 44]. As
noticed in Fig. 1d each TPR curves of as-prepared support displays two or three
main reduction peaks that can be related to the reduction of menagnese species in
various valence conditions. Overall, the reduction peaks in the temperature ranges
from 270 to 370 °C can be allocated to the reduction of MnO, to Mn,0; and Mn,0,
to Mn;0,. Also, the peak appeared at 370 to 460 °C can be determined as a reduc-
tion of Mn;O, to MnO [36]. The TPR results showed that the MnOx-CMB pos-
sessed the lowest reduction temperature and no reduction peak was distinguished at
temperature higher than 400 °C. A small shoulder was discovered in the TPR profile
of MnOx-HYD below 400 °C along with a main reduction peak centered around
450 °C. For the MnOx-MCH sample two main reduction peaks were observed at
350 and 470 °C, which are related to the reduction of MnO, —Mn,0; — Mn;0,
and Mn;0,— MnO, respectively [36, 45]. According to the findings [46, 47], a low
reduction temperature indicates a catalyst with sufficient oxygen vacancies, enabling

Table 1 Textural features of the MnO,-HYD, MnO,-MCH, and MnO,-CMB supports calcined at 500 °C

Catalyst SgeT (m? g") Pore volume Pore size (nm) Crystal size (nm)
(cm® g™

Mn-HYD 27.04 0.07 10.45 32.1

Mn-MCH 23.86 0.19 32.96 36.8

Mn-CMB 26.98 0.05 8.86 38.2

@ Springer



Influence of preparation effects on 10 wt. %CuO/MnO, catalytic... 631

it to effectively reduce oxygen even under conditions of low thermal energy. This
characteristic enhances the catalyst’s usability, allowing for more efficient oxygen
utilization compared to alternative catalysts. Consequently, this promotes the crea-
tion of active species, contributing to an outstanding catalytic performance.

Structural properties of the copper doped MnO, catalyst

Figure 2a, b showed the N, adsorption—desorption isotherms and BJH pore size
distribution curves of the three different 10 wt% Cu/Mn catalysts. The results
revealed that the incorporation of copper into the catalyst support, coupled with
the calcination step, induced changes in the structural features and morphology
of the catalysts. As shown in Fig. 2a, all samples exhibited a type IV isotherm
with an H3-type hysteresis loop [20], consistent with the meso/macro-porous
structure present in the synthesized catalysts [44]. Compared to the supports,
the 10Cu/Mn-HYD and 10Cu/Mn-MCH catalysts exhibited a smaller pore size
distribution while the 10Cu/Mn-CMB catalyst possesset the broadest pore size
distribution (Fig. 2b). Textural properties of the 10Cu/Mn-HYD, 10Cu/Mn-
MCH, and 10Cu/Mn-CMB illustrated in Table 2. As can be seen, the addition of
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Table 2 Textural features of the 10Cu/Mn-HYD, 10Cu/Mn-MCH, and 10Cu/Mn-CMB catalysts calcined
at 300 °C

Catalyst SgeT (m? g"l) Pore volume Pore size (nm) Crystal size (nm)
(em’g™)
fresh spent fresh spent fresh spent
10Cu/Mn-HYD 25.18 20.3 0.06 0.05 10.63 9.5 31.7
10Cu/Mn-MCH 11.99 11.2 0.03 0.03 13.06 13.85 44.5

10Cu/Mn-CMB 22.45 21.97 0.07 0.07 13.57 14.43 36.8

copper to the as-prepared supports diminished the surface area of the catalysts
due to the occupation of some pores during the impregnation of copper [48]. The
10Cu/Mn-HYD displayed the highest BET area while the 10Cu/Mn-MCH sam-
ple demonstrated considerable surface decrement. The 10Cu/Mn-CMB showed
the greatest pore volume and pore size compared to other samples.

To investigate crystalline phase behavior of as-prepared samples, XRD
analysis reported in Fig. 2c. The impregnation of 10 wt% copper oxides to the
MnO,-HYD, MnO,-MCH, and MnO,-CMB supports caused the formation
of CuO phases. The copper oxide crystalline phases were assigned based on
[JCPDS 80-0076 or JCPDS05-0661] [20, 49].

The H,-TPR profiles of the catalysts are illustrated in Fig. 2d. As expected,
the addition of copper oxide to the catalyst supprt affected the reduction charac-
trestics of the catalyst support.

The copper oxide reduction peak was observed at about 200 °C, which is
related to the single-step reduction of the copper oxide (Cu?* — Cu®) [10]. The
manganese oxide was reduced in a wide temperature range. For the 10Cu/Mn-
HYD, and 10Cu/Mn-CMB samples the reduction peak of the manganese oxide
was observed at temperature lower than 450 °C. However, in 10Cu/Mn-MCH
reduction peak was shifted to higher temperature. It means that the reduction of
Cu**/Mn** — Cu*/Mn>* and then Cu™/Mn** — Cu’Mn?* must be more difficult
in 10Cu/Mn-MCH than 10Cu/Mn-HYD and 10Cu/Mn-CMB samples. Moreover,
Dang et al. [41], indicated that the presence of copper contributes to improving
the reducibility of manganese oxide through the hydrogen effect, with a signifi-
cant reliance on the well-dispersed CuO. As a result, the choice of various syn-
thesis methods for support significantly impacts the redox characteristics of the
catalyst [9].

Figure 3 illustrates the SEM images of the 10Cu/Mn-HYD, 10Cu/Mn-MCH,
and 10Cu/Mn-CMB samples. The 10Cu/Mn-HYD catalyst exhibited a nanow-
ire structure, while the 10Cu/Mn-MCH catalyst displayed agglomerate spherical
particles (Fig. 3b). Conversely, the 10Cu/Mn-CMB catalyst exhibited a sponge-
like structure characterized by high porosity and aggregated particles.
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Fig.3 SEM analysis of a 10Cu/Mn-HYD, b 10Cu/Mn-MCH, and ¢ 10Cu/Mn-CMB catalysts

Activity of 10 wt. %CuO/MnO, catalysts

According to Fig. 4, the catalysts’ performance was assessed based on two cri-
teria: conversion and selectivity. Across all samples, the elevation of the reac-
tion temperature induced the formation of Cu* species, identified as the primary
active species in the CO-PROX reaction [11]. Notably, the 10Cu/Mn-CMB cata-
lyst exhibited the highest CO conversion rate (94%) at 100 °C, attributed to its
low reduction temperature. The occurrence of Cu* species at lower temperatures
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is a recognized outcome of reduced reduction temperatures [50]. Interestingly,
increasing the reaction temperature to 130 °C resulted in altered CO conversion
patterns among the catalysts, with the sequence being 10Cu/Mn-HYD > 10Cu/
Mn-MCH > 10Cu/Mn-CMB.

CO, selectivity of all catalysts consistently maintains an average value of 50%,
a level deemed acceptable for ensuring effective CO-PROX catalytic performance
in the presence of excess oxygen [41]. However, as the temperature increases, a
discernible downward trend is observed in the CO, selectivity of Cu/Mn cata-
lysts. This phenomenon can be attributed to the enhanced oxidation rate of H, at
elevated temperatures. The resulting production of water as a byproduct poses an
impediment to reactant adsorption on the catalyst surface, thereby influencing the
occurrence of the CO oxidation reaction [41, 48].

To evaluate the performance of the as-prepared catalysts in a realistic PROX
reaction scenario, we introduced 10% CO, and 10% H,O into the feed compo-
sition, presenting the findings in Fig. 5. Consistent with prior research [11, 16,
45, 50], the actual PROX feed stream introduces an inhibitory influence on CO
conversion and CO, selectivity. The introduction of H,O and CO, in the feed-
stream is observed to shift the conversion temperatures of all catalysts to higher
values, significantly narrowing the acceptable temperature window for CO con-
version [51]. The presence of CO, induces the formation of stable carbonates
due to reduced manganese species, strongly inhibiting CO conversion. However,
at higher temperatures, these carbonates may transform into less stable species,
mitigating deactivation by unblocking copper sites and thereby positively influ-
encing catalytic performance, as suggested by Cruz. Additionally, the introduc-
tion of H,O leads to the chemisorption of water molecules on the catalyst’s active
sites [52]. Notably, the 10Cu/Mn-CMB catalyst exhibits outstanding performance
under actual PROX conditions, a merit attributed to a larger quantity of easily
reducible copper oxide species that strongly interact with manganese. Neverthe-
less, it is noteworthy that the other two samples, characterized by closely aligned
pore size distribution patterns and similar reduction behaviors, exhibited similar
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catalytic performances. Therefore, unique morphology and porosity of the 10Cu/
Mn-CMB, including the presence of macropores, contribute significantly by min-
imizing active site blockage caused by H,O [11].

Catalytic stability test and SEM

Catalyst stability is a critical factor in determining catalyst efficiency. Figures 6 and
7 present the catalytic stability and SEM images of the spent samples after 12 h of
the PROX reaction at 100 °C, respectively. As observed in Fig. 6a, b, the CO con-
version and CO, selectivity of each sample exhibit fluctuations of about 10%, with
none of them showing a significant drop during the test. This observation is further
confirmed by Fig. 7a—c, where the morphologies of the samples remain unchanged
after the stability test.

Conclusion

The 10Cu/Mn-HYD, 10Cu/Mn-MCH, and 10Cu/Mn-CMB catalysts were synthe-
sized using hydrothermal, mechanochemical, and solution combustion methods,
respectively, and the calcined samples were evaluated for the CO-PROX reaction.
While the 10Cu/Mn-CMB exhibited the best performance at 100 °C with 94% CO
conversion, the 10Cu/Mn-HYD demonstrated superior activity at higher tempera-
tures, achieving nearly 100% CO conversion at 130 °C. Under real feed conditions
for all samples, the CO, selectivity remained stable at around 50%. Notably, the
10Cu/Mn-CMB outperformed the others with 85% CO conversion at 100 °C, attrib-
uted to its lower temperature reducibility and macroporous structure.
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Fig.7 SEM analysis of 10Cu/Mn-HYD, 10Cu/Mn-MCH, and 10Cu/Mn-CMB catalysts after long-term
stability test
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