One-pot mechanochemical synthesis of Cu and Pt-doped MnOx nanostructures as
efficient catalysts in CO2 hydrogenation reaction; Manganase-balance drives activity
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Abstract

Here we report a novel mechanochemical synthesis of manganese oxide nanoflakes and nanorods. As
synthesized pure oxides and metal (Pt and Cu) doped oxides all tested in the CO2 hydrogenation
reaction. Our study demonstrates a successful synthesis of the manganese oxide nanoparticles by
mechano-chemical synthesis. It is revealed that the milling speed can tune the crystal structure and
oxidation states of the manganese (+2, +3 and +4), which plays an important role for the CO2
hydrogenation. The pure MnOx milled at 600 rpm showed similarly high catalytic activity (~20.000
nmol*g-1*s-1) as Pt-loaded and Cu-loaded counterparts showing the important role of the structure
of the manganese-oxide under reaction conditions. However, the Pt-loading boosted the methane’s
selectivity showing the influence of the Pt/MnOx interface. It is compromised that milling method is a
useful method for the production of highly active pure and doped manganese nanoparticle by cost-
effective simple way.
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1. Introduction

All over the world, we have considerable problems mainly from the environmental pollutions,
global warming, extreme weather changes caused by the emission of CO, and more energy
consumption than producing energy from a conventional energy source such as fossil fuel burning.
Due to decreases of non-renewable energy source and global environmental problem of greenhouse
gas (including CQO), suitable energy production development is becoming one of the most crucial
tasks. For that reason, CO. hydrogenation is a promising candidate for the next-generation energy
production challenge on account of the environmental good impact and cost-effective property*?.

But CO; hydrogenation process is an endothermic slow process and efficient catalysts are
necessary for the reaction. Metal-based, heterogeneous catalysts such as Cu/ZnO, Cu/SiO,, Ni/CeO;
and homogeneous catalysts RhCI(PPh;)(Nets) are the most studied CO- hydrogenation catalysts®. But
manganese is would be a good candidate for the cost-efficient catalyst for CO. hydrogenation reaction
due to abundance in the earth crust and sea nodules as a minerals pyrolusite, braunite, birnessite and
cryptomelane distributed all over the world*®. Manganese compounds have a crucial role for the
living organism in soil, aqua-system and essential nutrient for human metabolism®. Except for this
biological importance, manganese oxide-based materials are a promising candidate for the
supercapacitor, the electrochemical cell for a rechargeable battery, degradation of organic dyes,
removal of the heavy metals from the polluted water, water oxidation catalysts and catalyst for soot
combustion” **, Moreover, manganese oxides are showing promising catalytic activity for the CO;
hydrogen process in the literatures™.

However, various type of manganese oxides synthesis is going on a laboratory scale perfectly, it
has a drawback for the industrial level in real life. Therefore, the mechanochemical synthesis method
is suitable for a larger amount of production in real life, not necessarily follow strict control for all
synthesis condition as like chemical synthesis and easy to control mean parameters of the milling
process. Mechanical milling and mechanochemical synthesis are producing a variety of
nanomaterials'® including various type of manganese oxides'®*°.

Here we report a simple and cost-effective, mechanochemical, one-pot synthesis method to
produce pure, Pt-loaded as well as Cu-loaded birnessite type manganese oxide nanoflakes for the first
time. Also, we show that these materials are promising candidates for using them in catalytic CO,
hydrogenation. In this study, the mechanical milling is improved with the crucial factor of synthesis
by the chemical redox reaction takes place between Mn™ and Mn?" resulted in colourful
Mn**/Mn**/Mn?* ion-containing mixed oxides playing an important role in effective catalytic CO;
hydrogenation.



2. Result and discussion

2.1. Structural determination and chemical characterization

X-ray diffraction patterns of the milled samples showed in Fig 1a. The main reflection peaks at
12.4°, 25.1°, 36.9° and 65.4° of the sample milled at 200 rpm (M200) is correlated with birnessite
type 6-MnO, (JCPDS 421317)?°?* and peak at 18.8° reveals amorphous Mn3O4 phase. The reflection
peaks at 12.4°, 25.3°, 36.5°, 44.6° and 65.4° of the sample milled 450 rpm (M450) is related to the
mixed-phase of the birnessite type c-MnO, (JCPDS 421317)?* and hausmannite type MnsO4 (JCPDS
011127)%. For the sample 600 rpm (M600) milled showed only 3 major reflection peaks at 36.2°,
44.6° and 64.6° those are matching with amorphous Mnz;O, (JCPDS 011127)?*%, Owing to increases
of milling speed, kinetic energy and temperature are increased inside of the milling chamber and
interlayer separating water molecule amount decreases causing to weakening the layered structure of
the birnessite. Additionally, manganese (IV) oxide could be reduced to manganese (I1l and 1) oxides
such as M450 and M600 samples in alkaline condition. Metal (Pt and Cu) doped sample results
prevailed in Supplementary Material Fig S1. and there are no more additional peaks from the dopant
which is illustrating that dopant amount is not distracting the original crystal structure of the
manganese oxides.

Raman spectra of the samples are revealed in Fig 1b and the characteristic Raman shifts at
641cm™ assigned to the Mn—O symmetric stretching vibration for all three manganese oxides. The
shift at 575 cm is representing Mn-O symmetric stretching vibration in the basal plane of [MnOg]
sheets of birnessite and is dependent on the presence of Mn** ions in sample M200 and M450,
respectively®. In the case of M600, Raman shift at 575 cm™ is disappeared due to oxidation state
changes Mn®*" and Mn?" ion increases in the structure which is caused to changes from layered
manganese (1V) structure to the amorphous hausmannite type manganese (111) oxide®. Raman shifts
of the metal-doped samples are presented in Supplementary Material Fig S2 and Raman shifts'
position is almost similar to pure samples and only intensities of the shift have declined.
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Figure 1. X-ray diffraction patterns of the milled samples (a) {* birnessite type o-MnO2, = Mn304 phase}and
Raman spectra of samples (b).

Energy-dispersive X-ray spectroscopic spectra showed in Fig S3 and quantitative analysis result
revealed in Table S1. The atomic ratio (molar) of the manganese and oxygen is around 1:2 and the
atomic ratio of the manganese and sodium are around 1:0.3. In the case of platinum and copper
doped samples, the atomic ratio of manganese and metal (Pt or Cu) is around 1:0.02%. If consider
weight percentage, Pt and Cu have less than 3% of the composition. However, oxygen, manganese,
potassium, sodium and doped metal elements are the main continents, there is a minor amount of
impurities would be existing such as iron from the milling bowl.



2.2.Morphological characterization

The specific surface area measurement result showed in Fig 2a. Depends on milling speed, the
surface area of the sample is increased from 11 m?/g to 150 m?/g for M200 and both M450, M600,
respectively presented in Table 1. Pore radius of the M200 sample is less than 2 nm microporous
nevertheless M450 and M600 samples have pores with radius more than 6 nm and presented
mesoporous property in Fig S4. Milled samples have a relatively high specific surface area than
average manganese oxides nanoparticles in the literature? .

Table 1. Specific surface area results of the samples

Samples | Specific surface area m?/g | Pore radius, nm Pore volume, cc/g
M200 11 <2 0.06

M450 159 >5.7 0.7

M600 159 >5.8 0.6

Thermogravimetric analysis results of the samples are shown in the Fig 2b. Thermal
decomposition steps are similar to typical synthetic birnessites for the sample M200 and M450. First
decomposition step illustrated for M200 and M450 weight losses about 6 percentages both that is
revealed a release of physically adsorbed water until 110°C*. Second weight change for M200 weight
losses about 2 percentages at 220 °C owing to releases of physically sorbed water from the interlayer
as like typical birnessite sample in the literature®”. The third weight loss occurred at 500 °C for M200
which corresponds reduction of Mn(+4) to Mn(+3) formation of Mn,O3*. The sample M450 shows
similar weight losses about 1.5 % at 570 °C corresponds to the reduction of Mn(+3) to Mn(+2, +3)
formation of Mn3O4. Fourth change around 1% of the weight is gained at 500 °C which corresponds
oxidation of manganese for the formation of a-MnQ, for M200*. Moreover, the fourth change of
M450 sample occurred at 570°C which is correlated oxidation of manganese for the formation of «a-
MnO:; also possible that formation of Mn,O3*** The fifth change is occurred for M200 samples due
to the rest of Mn,O; reduced to Mns;O. at 680°C*°. However, thermal decomposition occurs quite
differently for the M600 sample due to manganese oxidation state difference and there totally 3
changes revealed. The first decomposition occurs at 110 °C about 4% of weight which is physically
adsorbed water releases. The second change around 1% of weight gain at 200 °C that is owing to the
oxidation of manganese phase change Mns;O, to Mn,Os*. Third change about 2% of weight loss
appeared due to the reduction of Mn,Os to Mn3O4*°. Oxidation occurs easily at a lower temperature
for the M600 sample indicates that the amount of Mn(+3) is quite higher than the other two samples,
it also illustrates weak crystallization of the amorphous morphology®:. Thermogravimetric analysis
repeated in nitrogen flow and the disclosed in Fig S5 (a-d). In nitrogen flow measurement no weight
gain occurred at 300 °C - 550 °C for the M600 sample which is a compromise that oxidation occurs
when air is flowing into the system as shown in Fig 2b. X-ray diffraction patterns of the sample after
TG analysis is displayed in Fig S6 (a-b) and diffraction patterns matched up with a-MnO; and
Mn,Os; left after a thermal decomposition for M200. In the case of M450, a-MnO; and Mn3O,4 phase
formed. As a tribute to M600, only Mn3Os is formed. From the thermal gravimetric analysis, the
oxidation state ratio of manganese could be suspected such as M200 is mainly consisted of MnO;
(manganese oxidation state: +4), and M450 consists of MnO, and a minor amount of MnsO.
(manganese oxidation state: less than +4, higher than +2 and +3) and M600 consists of almost pure
phase Mn3O4 (manganese oxidation state: less than +3, higher than +2).

Differential scanning calorimetric results presented in Fig S5e. First strong endothermic
peaks observed for M200 and M450 related to the dehydration of interlayer water and formation of
Mn,Os. The second endothermic peak illustrates that reduction of manganese (IlI) and phase



transition to tunnel structured rod-like Mns;O4*’. In the case of M600, also 2 endothermic peaks
observed but peak intensity is weaker than two other samples. First weak corresponds to the
physically sorbed water releases and the second peak illustrates a crystallization of rod-like MnzOa.
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Figure 2. N, adsorption analysis full isotherm (a) and thermal decomposition of the samples a heating rate of 5
°C min—1 in the air (b).

Scanning electron microscopic (SEM) and high-resolution transmission electron
microscopic (HR-TEM) images showed in Fig 3 (a-c) and (d-f), respectively. Average particle size is
decreased as a consequence of increases in milling speed. M200 sample has larger flake like
aggregated sheets identical to the typical birnessite'’ and crystallization is higher than the other two
samples. According to milling speed increases, the temperature has increased inside of the milling
bowl which is affecting to the decreases of interlayer water which works as the function of the
separator of the interlayer in the crystal structure. Further, more reduction takes place and an average
oxidation state of manganese for the final product is decreased in case of M450 and M600 series
samples. M450 consisted of a mixture of sheet-like flakes and rod-like particles. M600 consists
mostly of 10-50 nm small rod-like particles®.

Figure 3. Scanning electron microscopic image of the samples in a-c (a-M200, b-M450 and ¢-M600) and
Transmission electron microscopic images of the samples displayed in d-f (d-M200, e-M450 and f-M600)
images.



3. The catalytic CO, hydrogenation reaction

Manganese-oxides prepared with different milling speed as well as several Pt and Cu-doped
manganese-oxide were tested in CO; hydrogenation to form carbon-monoxide and methane at 573-
823 K in a fixed bed flow catalytic reactor at ambient pressure. The summarized catalytic activity
results, demonstrated by consumption rates and selectivities are discussed in the following chapters.

3.1 Effect of milling speed

All the ball-milled manganese-oxide prepared with different milling speed (M200, M450, M600)
were active in CO, hydrogenation reaction at > 600 K and was producing mostly carbon-monoxide
and some methane (Fig 4a). In the case of the reaction tested at 873 K, M600 catalysts showed the
highest CO, consumption rate (~20.000 nmol*g**s?) followed by M450 (17.500 nmol*g**s). Both
M600 and M450 were almost 2 times more active compared to the catalyst milled at 200 rpm
(~10.000 nmol*g™**s?). The high activity of manganese-oxide milled at higher speeds can be
attributed to the high specific surface area and special porosity as well as the morphological
differences. Furthermore, the samples milled with different speed after the pretreatment in hydrogen
showed diversity in the ratio of Mn*": Mn*": Mn?* (Fig S7 a), which can affect the catalytic activity.
After the pretreatment, the birnessite type o-MnO; ratio was decreased and mostly amorphous or
nanoscaled Mn(ll, 111):04 and Mn(I1)O was presented in the catalyst before the reaction.

It is interesting to note, that these kinds of noble metal-free oxides have striking activity compared
to mesoporous MnO; samples and also is competitive with others (e.g. Ni, Co)-based oxides in CO;
activation. All M200, M450 and M600 was stable at 873 K under reaction condition for ~10 hrs (Fig
4b).
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Figure 4. The CO, consumption rate of the manganese oxides synthesized by different milling speed (200 rpm-
M200, 450 rpm-M450 and 600 rpm-M600) as a function of temperature (a) and function of time (b).

3.2 Effect of one-pot loading of Pt and Cu doped catalysts

To enhance the catalytic activity, a simple one-pot method was used to dope 3 wt% of Pt and Cu
into the manganese-oxide nanoflakes during the milling process. The catalytic activity was
significantly enhanced by adding Pt into the manganese-oxide structure at 673 K (Fig 5a.). In the case
of the Pt-doped manganese-oxide catalyst milled under different speed, ~12-13 times increment in
catalytic activity was observed, showing the presence of the significant role of the Pt where the effect
of the milling speed was insignificant. Cu-doping resulted in a 2-3 times increment in catalytic
activity compared to the pure manganese-oxide catalysts.



At higher temperature (873 K) displayed in Fig.5b, the catalytic boosting effect of Pt, as well as
Cu-doping, was negligible. All the metal-loaded catalysts showed similarly high activity (~20.000
nmol*g1*s™) as the pure manganese-oxide milled at 600rpm. This phenomenon shows that the
special mixed Mn(IV, 1l1, I1)-oxide role is crucial in the catalytic activity at a higher temperature.
These changes illustrate that temperature plays an important role in the manganese oxide-based
catalyst due to crystal structure changes and reducibility of the manganese oxides.
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Figure 5. Temperature effect for the CO, consumption rate of the samples at (a) 673 K and (b) 873 K.

3.3 Effect of Platinum incorporation (milling vs. impregnation)

3 different types of Pt-loaded M600 were prepared by using the one-pot synthesis, incipient
wetness impregnation as well as loading of pre-synthesized 5 nm Pt nanoparticles to the catalysts. All
Pt-doped catalysts displayed almost the same catalytic activity (Fig 6a-b.). Usually, wet impregnation
method or even designed surfaces by adding controlled sized nanoparticles resulted in specific loading
of the metal onto the surface as well as a catalytic activity increment®. These tests support the idea
that the main working surface of these kinds of catalysts is based on the manganese-oxide, regardless
of the quality and type of doped metal onto the surface.
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Figure 6. The CO, consumption rate of the Pt-doped M600 manganese-oxide prepared by the one-pot method,
incipient wetness impregnation method as well as designed incorporation of controlled-sized 5 nm Pt
nanoparticles as a function of temperature (a) and function of time (b).

3.4 Selectivity towards methane

In the case of the selectivity, these catalysts mostly produced carbon-monoxide (> 95 %) and a
smaller amount of methane. Most catalysts started to produce methane with a small ratio at elevated
temperature (~623 K) and after a short increment shifting of the products into the formation of
carbon-monoxide was observed (Fig 7a) as expected from the thermodynamics of the CO;
hydrogenation reaction in the gas phase!4. In the case of the Pt/M600 catalysts produced by the one-



pot milling process, methane formation was significant compared to pure and Cu-loaded catalysts
prepared by using different milling speed. This shows that, however, the catalytic activity is not
highly influenced by the metal-loading, the Pt/MnOy interphase is crucial in the methane selectivity.
The Pt-loaded manganese-oxide prepared by the one-pot synthesis has 1.5-2 times higher selectivity
towards methane compared to the Pt-loaded MnOx catalyst synthesized by the wet impregnation or
the designing process showing the influence of the formed Pt/MnOx during the reaction (Fig 7b).

£ -8 M600 (Pr-milled) 20T eIt
[ —@- M450 (Pt-milled) = =M600 (Pt |mprcgna@d)
2000_ —A—M200 (Pt-milled) 2000_. «f=M600 (5 nm Pt- sonicated)
) -~ M600 (Cu-milled)
~0—-M450 (Cu-milled)
1500 —€— M200(Cu-milled) 15001

~ -~ M600
-@-M450

formation rate (nmol/gs)
formation rate (nmol/gs)

10001 —e— M200 10001
5004 500
:v 01 T T T 11 j T I.’ O+—=— T T T
Q 500 600 700 800 2 500 600 700 800 900
(a) Temperature (K) (b) Temperature (K)

Figure 7. The formation rate of methane during CO, hydrogenation reaction in the case of (a) pure, Pt-loaded
and Cu-loaded catalysts prepared by using different milling speed and (b) M600 doped with Pt by a different
method.

4 Conclusion

A novel, mechanochemical synthesis, which can be easily used in scaled-up synthetic industries
were successfully used to prepare manganese oxide nanoflakes and nanorods. The shape, porosity,
specific surface area, as well as the ratio of the different oxidation states of the Mn-ion in the
structure, can be tuned by the milling speed. Pt-loaded and Cu-loaded MnOx structures were prepared
with the same one-pot technique and all the samples were tested in CO; hydrogenation reaction in the
gas phase.

Pure MnOx milled at 600 rpm speed showed the highest catalytic activity where Pt-loading, as
well as Cu-loading, was insignificant at higher temperatures. The presence of the different oxidation
states of the manganese in the structure plays an important role in the CO; activation process.
However, Pt-loading can improve methane selectivity. The one-pot synthesized Pt-loaded MnOXx
nanostructure showed the highest methane selectivity compared to the Pt-loaded MnOx catalyst
synthesized by the wet impregnation or the designing process using controlled sized Pt nanoparticles
showing the high impact of the formed Pt/MnOx interface on the selectivity of the catalytic CO;
hydrogenation reaction.
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Materials and methods



Chemicals

Manganese (Il) chloride tetrahydrate (MnCl;*4H,0), potassium permanganate (KMnO,),
platinum(IV) chloride (H.PtClsxH-0), copper (II) chloride (CuCl,), sodium hydroxide (NaOH),
platinum (I1) acetylacetonate (C10H1604Pt), polyvinylpyrrolidone (PVP, MW= 40,000) and ethylene-
glycol (CH,OH), were purchased from Sigma Aldrich. All chemicals and reagents used in this study
were at least in analytical grade and used without further purification. Ultrapure water was used for all
synthesis and washing.

Synthesis of manganese oxides (milling)

Mixed the manganese (Il) chloride dihydrate and potassium permanganate with 0.5 molar
ratio and added 0.09 M sodium hydroxide and 5 ml of water into the milling system. In further,
precursor materials milled at 200 rpm, 450 rpm and 600 rpm speed, respectively for 4 hours in milling
machine the Planetary Mono Mill Pulverisette 6 (Fritsch GmbH, Germany). The final product
was obtained after the filtration, washing with water and freeze-drying overnight. The
final products named M200, M450 and M600, respectively.

Synthesis of Pt and Cu-doped manganese oxides (used milling)

In case of platinum and copper doping, 0.0005 M platinum (IV) chloride and
0.0005 M copper (1) chloride added to the milling chamber with at the beginning with
precursors as the amount used for pure samples and used corresponding 3 different milling
speeds 200rpm, 450rpm and 600rpm for 4 hours, respectively. The final product was
obtained after the filtration, washing with water and freeze-drying overnight.

Synthesis of platinum nanoparticles doped manganese oxides

Firstly, 5 nm Pt nanoparticles with controlled size were produced”’. Here, 0.04 g Platinum (I1)
acetylacetonate and 0.035 g polyvinylpyrrolidone (PVP, MW = 40,000) was dissolved in 5 ml
ethylene-glycol and ultrasonicated for 30 minutes to get a homogenous solution. The reactor is a
three-necked round bottom flask, which is evacuated and purged with atmospheric pressure argon gas
for several cycles to get rid of additional oxygen and water. After three purging cycles, the flask was
immersed in an oil bath heated to 473 K under vigorous stirring of the reaction mixture as well as the
oil bath. After 10 minutes of reaction, the flask was cooled down to room temperature. The
suspension is precipitated with adding acetone and centrifuging. The nanoparticles are washed by
centrifuging with hexane and redispersing in ethanol for at least 2-3 cycles and finally redispersed in
ethanol.

To fabricate supported catalysts, the ethanol suspension of 5 nm Pt nanoparticles to reach a
loading of 3 wt % and the manganese oxide support ball-milled at 600 rpm were mixed together in
ethanol and sonicated in an ultrasonic bath (40 kHz, 80 W) for 3 hours'*. The supported nanoparticles
were collected by centrifugation. The products were washed with ethanol three times before they were
dried at 353 K overnight. The required amount of Pt nanoparticle suspension was calculated based on
ICP measurements.

Synthesis of platinum nanoparticles doped manganese oxides (with wet incipient wetness
impregnation method)

In this case, the required amount of H,PtCls.xH2O (to reach 3 wt% of metallic Pt)
was dissolved into a determined amount of ethanol. The ethanolic solution than was
filtrated into the pores of the manganese oxide support ball-milled at 600rpm. The supported



catalyst was dried and calcined before the catalytic reaction to decompose the Pt-salt and to reach
metallic Pt form.

Catalytic CO; activation reaction over manganese-oxide catalysts
Pretreatment:

Before the catalytic experiments, the as-received catalysts were oxidized in O, atmosphere at
300 °C for 30 min to remove the surface contaminants, as well as the PVP capping agent and
thereafter, were reduced in H; at 300 °C for 60 min.

Hydrogenation of carbon dioxide in a continuous flow reactor:

Catalytic reactions were carried out at atmospheric pressure in a fixed-bed continuous-flow
reactor (200 mm long with 8 mm i.d.) which was heated externally*'. The dead volume of the reactor
was filled with quartz beads. The operating temperature was controlled by a thermocouple placed
inside the oven close to the reactor wall, to assure precise temperature measurement. For catalytic
studies, small fragments (about 1 mm) of slightly compressed pellets were used. Typically, the reactor
filling contained 150 mg of catalyst. In the reacting gas mixture, the CO,: H, molar ratio was 1:4, if
not denoted otherwise. The CO2: H, mixture was fed with the help of mass flow controllers (Aalborg),
the total flow rate was 50 ml/min. The reacting gas mixture flow entered and left the reactor through
an externally heated tube in order to avoid condensation. The analysis of the products and reactants
was performed with an Agilent 6890 N gas chromatography using HP-PLOTQ column. The gases
were detected simultaneously by thermal conductivity (TC) and flame ionization (FI) detectors. The
CO, was transformed by a methanizer to methane and it was also analyzed by FID.

Characterization of the samples

All the samples were characterized with a Rigaku Miniflex Il powder X-ray diffractometer using
a Cu Ka radiation source (A = 0.15418 nm) operating at 30 kV and 15 mA at room temperature and a
scanning rate of 0.5 degrees min? in the 10-65° 20 range was used. High-resolution transmission
electron microscopy HR-TEM (FEI TECNAI G2 20 X-TWIN) operated at 200 kV accelerating
voltage used to study the morphology of particles and crystal structure determination. The
morphological image and the chemical composition of the samples measured by the scanning electron
microscopy and the samples were mounted on a sample holder with carbon glue. Energy-dispersive
X-ray spectroscopy (EDS) and high-resolution secondary electron (SE) images were taken by a
Hitachi S-4700 Type Il instrument (30 kV accelerating voltage). The thermal behaviour of samples
was investigated using a Thermogravimetry (TA Instruments Q500 TGA). The instrument worked at
750 °C under a constant flow of air and nitrogen, and the heating rate was 5 °C/min. The samples,
between 10-20 mg, were placed into high-purity alpha platinum crucibles. Differential scanning
calorimetric analysis prevailed by Q20 (TA Instruments) at 600 °C under constant airflow and the
heating-cooling rate was 5 °C/min. The Raman spectra were collected using a SENTERRA Raman
microscope (Bruker Optics, Inc.) at 532 nm with a 1s integration (with 3 reputations) at a resolution of
4 cm® and interferometer resolution 0.5 cm™. The Brunauer-Emmett-Teller (BET) surface area and
pore radius were measured with 3H-2000 BET-A surface area analyzer.
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