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a-MnO; nanorods (NRs) were synthesized by microwave irradiation and used as supports for platinum nano-
particles by wet impregnation with Pt(acac), as precursor. XRD analysis revealed that the samples without
platinum (sample MPO) and with 1 % platinum (sample MP1) contained tetragonal a-MnO,. Samples with 3 %
(sample MP3) and 5 % (sample MP5) of platinum contained monoclinic MnsOg in addition to a-MnO,, with
MnsOg dominating in sample MP5. Rietveld analysis showed that the lattice parameters of a-MnO; increased
slightly with Pt loading. SEM and STEM showed that higher Pt loadings resulted in shorter nanorods and
different sizes and dispersions of PtNPs on their surface. XPS results showed a decrease in Pt(IV) and Pt(II)
concentration with Pt loading, while Pt(0) increased. NEXAFS results showed the presence of Mn(II) in MP3 and
MPS5, which is consistent with XRD results detecting MnsOg. The catalytic activity of the Pt/a-MnO5 nanorods
was tested in the catalytic reduction of 4-nitrophenol to 4-aminophenol. MP1, with the lowest platinum content,
exhibited the highest mass normalized rate constant kapp/mp; of 1.8 x 10* s7! g1, The study suggests that the

presence of Pt(IV) is not a limiting factor for the catalytic reduction of 4-NP to 4-AP.

1. Introduction

The development of highly efficient and selective catalysts for
organic reactions, especially for the production of high value-added
products, is of paramount importance in various research areas of ma-
terials science and catalysis [1]. Heterogeneous catalysts are preferred
over homogeneous catalysts because they are recyclable and can be
easily separated from the reaction medium [2]. Among the numerous
catalytic materials, transition metal oxides have attracted considerable
attention due to their exceptional physical and chemical properties and
the potential for tailored modifications leading to decorated nano-
particles, nanoarrays, core-shell nanostructures, Janus nanostructures
and many more [3-5]. In particular, manganese dioxide (MnO5) is a
compelling candidate due to its large surface area, robust stability, and

easy accessibility. Moreover, MnO; can be conveniently synthesized in
various morphologies, and the precursor materials are abundant and
inexpensive. For example, Xiao et al. synthesized MnO» in various forms,
including microspheres, nanorods, and nanotubes, by simply varying the
temperature of the hydrothermal reaction [6]. Similarly, Yu et al. syn-
thesized cocoon-like, urchin-like and nest-like MnO2 nanostructures by
wet chemical methods [7]. In general, the catalytic performance of
MnO; nanostructures depends on their morphology, as shown by Wang
et al. who found that rod-shaped MnO; nanoparticles performed better
than MnO, tubes, flowers, and wires in catalysing various reactions [8].

MnO; and its composites are widely used as catalysts for various
chemical reactions, such as the degradation of dyes, pesticides, and
antibiotics, and the redox reaction of phenolic compounds, including the
conversion of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) [9,10].
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This reaction is used as a model reaction for catalytic reduction for
several reasons. 4-NP is a ubiquitous pollutant and the most abundant
phenolic compound used extensively in the production of synthetic dyes,
herbicides, and active pharmaceutical ingredients [11]. In addition, the
final product, 4-AP, is a value-added chemical used as a precursor in the
manufacture of analgesics and antipyretics. Finally, this reaction does
not produce any by-products, and its kinetics can be easily monitored by
UV-Vis spectroscopy [12].

However, the catalytic potential of MnOy alone is limited by its
modest catalytic activity and selectivity. In an effort to overcome these
limitations associated with metal oxide materials, various strategies
have been developed, including the decoration of metal oxide supports
with noble metals that can significantly improve the catalytic perfor-
mance of the material, such as palladium [13], silver [14], gold [15],
and platinum [16]. Platinum (Pt) is a promising candidate due to its
excellent catalytic activity, large surface area, and good stability, as
shown by several studies on the Pt-catalyzed reduction of 4-NP [17,18].
Zhou et al. synthesized a magnetic Fe304/SiO5 hybrid support coated
with hyperbranched polyglycerol and decorated with Pt/Au/Pd nano-
particles and demonstrated its effectiveness for the catalytic reduction of
4-NP [19]. In our previous work, we investigated the catalytic efficiency
of Pt-decorated SnO; and Fe;O3 metal oxide supports, highlighting the
central role of the strong interaction between these reducible metal
oxides and well-dispersed Pt nanoparticles for catalytic activity. Similar
observations were made in previous work by other authors, e.g., Wang et
al. who studied the interaction of Pt nanoparticles with SiO3, Co304,
MnOs, Fep03, NiO, and CeOs supports [20]. Although Pt/MnO, nano-
structures have been explored for various reactions, e.g., water—gas shift
[10], as electrocatalysts for Li-O, batteries [21], the oxidation of form-
aldehyde [7,22], and for the determination of pyrocatechol and hy-
droquinone [23], Pt/MnO; has apparently not yet been investigated for
the catalytic reduction of 4-NP to 4-AP.

Therefore, the focus of this research is on the synthesis, character-
ization, and catalytic properties of Pt-decorated MnO, nanorods (Pt/
MnO; NRs). This comprehensive study investigates both the effects of Pt
loading and the specific MnO; morphology, which has been clearly
shown to be excellent for catalytic reactions. MnO, was chosen as a
support due to its facile synthesis in 1D morphology [24] and its prop-
erties as a reducible metal oxide with a rich redox chemistry [25]. Our
results clearly confirm that the dispersion, nanoparticle size, and redox
state of the Pt species depend on the initial platinum loading. Surpris-
ingly, platinum almost completely converted the tetragonal a-MnOs
nanorods into monoclinic MnsOg, and while pure MnO, nanorods show
no catalytic activity in the reduction of 4-NP to 4-AP, the Pt/MnO,
nanorods exhibit exceptional catalytic activity and selectivity for this
conversion. Moreover, the Pt/MnO5 NRs exhibit commendable stability
and reusability, making them promising candidates for use as catalysts
in various organic reactions, especially in the conversion of aromatic
compounds.

2. Materials and methods
2.1. Chemicals

Potassium permanganate (reagent grade, ACS, ISO, Reag. Ph Eur,
Cat. No. PO03311000) produced by Sharlab, hydrochloric acid (for trace
analysis, fuming, >37 %, Cat. No. 101759167) and platinum(II) acety-
lacetonate (97 %, Cat. No. 282782) produced by Sigma-Aldrich, ethanol
absolute (99.98 % p.a., Cat. No. p1473) produced by Gram-Mol and
toluene (p.a., Cat. No. 1914401) produced by Kemika were used. All
chemicals were of analytical purity and used as received.

2.2. Synthesis procedure

The synthesis of MnO, was performed according to a modified pro-
cedure by Li et al. [24,26]. In a typical experiment, 1.5 mmol of KMnO4
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was dissolved in 20 mL of Milli-Q water. To this solution, 0.5 mL of
concentrated HCI (37 %) was added dropwise for 20 min under vigorous
stirring using a magnetic stirrer. The solution was then transferred to
quartz tubes and placed in the Anton Paar Multiwave 5000 microwave
reaction system. The reaction temperature was programmed to reach
140 °C as quickly as possible and held for 25 min. After completion of
the procedure, the sample was cooled to room temperature and collected
through several cycles of centrifugation and washing with deionized
water and ethanol. The sample was dried overnight in a vacuum dryer.

For the synthesis of Pt/MnO5 nanostructures with different molar
ratios of Pt on MnOy, the following procedure was used: 0.2 g MnO, was
suspended in 30 mL ethanol in an ultrasonic bath. 0.0452 g of Pt(acac)a,
0.0272 g of Pt(acac), or 0.009 g of Pt(acac), were dissolved in 5 mL of
toluene to give Pt/MnO2 molar ratio percentages of 5 %, 3 %, and 1 %,
respectively. The completely dissolved Pt(acac)2 was mixed with MnO,
suspended in ethanol and stirred to dryness for 3 h using a magnetic
stirrer. After mixing, the sample was allowed to dry further overnight in
a vacuum. The dried powder was then placed in an oven at 200 °Cfor 1 h
and at 400 °C for 2 h.

The samples are designated as MPO, MP1, MP3, and MP5, where the
numbers 0, 1, 3 and 5 represent the molar ratio percentages of Pt on the
MnO; support.

2.3. Catalysis experiments

The catalytic reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-
AP) was studied by UV-Vis spectrophotometry in the presence of the
synthesized samples and NaBH,4 [27]. 4-nitrophenol and NaBH, solu-
tions were not purged with Ny prior to catalytic measurements. The
aqueous NaBH4 solution was freshly prepared before each experiment.
In a typical experiment, 0.3 pmol of 4-NP (20 pL of a 0.015 M solution)
was added to 3 mL of ultrapure water in a quartz cuvette, then 60 pmol
of NaBH,4 (20 pL of a 3 M solution) was added to the cuvette. Into the
above solution, 20 pL of catalyst (3 mg ml~! in water) was dropped into
the quartz cuvette and mixed rapidly with a micropipette, after which
the UV-Vis spectra were recorded as a function of time.

Reusability tests were performed using the setup described above.
After the first cycle, 20 pL of a 0.015 M 4-NP solution (0.3 pmol) was
added to the suspension and mixed rapidly, after which the UV-Vis
spectra were recorded in the same manner. This was performed for a
total of 5 cycles. Before the third cycle, 20 pL of a 3 M NaBH4 solution
(60 pmol) was added in addition to the 4-NP solution to ensure that
NaBH,4 was present in a large excess.

2.4. Instrumental analysis

X-ray diffraction (XRD) measurements were performed at room
temperature using APD 2000 diffractometer (CuKa radiation, graphite
monochromator, Nal-Tl detector) manufactured by ITALSTRUCTURES,
Riva Del Garda, Italy.

The morphology and elemental analysis of the samples were inves-
tigated using the atomic resolution scanning transmission electron mi-
croscope (AR STEM), model Jeol ARM 200 CF, with voltage emission of
200 kV coupled with Gatan Quantum ER system and with electron en-
ergy loss spectroscopy and energy dispersive x-ray spectrometry (Jeol
Centurio 100), as well as the thermal field emission scanning electron
microscope (FE-SEM), model JSM-7000F, manufactured by JEOL Ltd.
connected to the EDS/INCA 350 (energy dispersive X-ray analyzer)
manufactured by Oxford Instruments.

Nitrogen adsorption measurements at 77 K for Brunauer-Emmett-
Teller (BET) analysis and necessary degassing pre-treatment were
done on Quantachrome Autosorb iQ3 system. Prior to the measurement,
the material was kept at 250 °C under vacuum to remove any residual
gas and moisture from the sample. This was performed until the rate of
rise of pressure with closed vacuum valves was less than 50 millitorr per
minute. The adsorption—desorption isotherms were measured at 77 K in
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a relative pressure range of ~ 10 to ~ 0.99.

X-ray photoelectron spectroscopy (XPS) data were collected using a
Thermo NEXSA system equipped with a monochromatic Al-K, source.
Samples were pressed into carbon tape stuck on Al foil clamped to a
stainless-steel sample plate. Per sample, one spot of 0.4 mm was ana-
lysed by recording the Pt4f, Mn2p, O1s, and Cl1s regions (the set of single
iterations was repeated 10 times), after which a survey was recorded.
The survey was measured with a pass energy of 200 eV and 10 ms dwell
time per data point, the others with 50 eV and 50 ms. The base pressure
of the analysis chamber was 2 x 10°° mbar, increasing to (4-5) x 1077
mbar during data collection. The spectra were collected with normal
emission and the angle between X-ray source and analyser equal to the
magic angle. A flood gun was used to minimize the effect of charging. No
effort has been made to “calibrate” or reference the binding energy.
Details on the fitting of the XPS spectra are given in the Supplementary
Information document [28-31].

X-ray absorption spectroscopy was performed on beamline BO7C of
the Diamond Light Source [32]. The samples were mounted in a similar
fashion as for the XPS measurements and loaded in the “TPOT” end-
station. The samples were measured at room temperature in 1 mbar of
He to mitigate the effect of charging on the spectra. The signals were
collected on the cone of the differentially pumped hemispherical ana-
lyser. The sample-cone distance was around 0.2-0.3 mm, and the cone
was biased at + 5V, connected to an SRS 570 preamplifier (5 nA/V, low-
noise mode, 12-dB low-pass filter set tot 30 Hz). The beamline was
operated using a plane-grating monochromator with spacing of 600
lines/mm (cgr of 2) and the exit slits set to 25 pm (energy-dispersive
direction) by 0.5 mm, leading to an approximate resolution of 0.16 eV
and a beam size of 60 pm x 90 um (vertical x horizontal) of horizon-
tally, linearly polarized light. The incidence angle was 30'with respect to
the surface and the surface was normal to the axis of the analyser.

The X-ray absorption spectra were divided by the I, current to
account for fluctuations in photon flux. This Ie, signal, the drain cur-
rent to an Au mesh in the beam path upstream from the endstation, was
measured simultaneously with the spectra. A line fitted to the pre-edge
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background was subtracted from the data, after which the spectra were
normalized to a point above the edge (660 eV).

Raman spectra were recorded with Renishaw InVia Raman spec-
trometer using 532 nm laser excitation of 2mW laser power focused with
50x microscope objective.

A Cary Varian 50 Bio UV-Vis spectrophotometer in a wavelength
range from 600 to 200 nm and quartz cuvettes with optical path of 1 cm
were used in catalytic measurements.

3. Results

Fig. 1 shows the XRD patterns of the synthesized samples. The XRD
patterns of samples MPO and MP1 perfectly match the patterns of
tetragonal a-MnO; (ICDD card 44-141, space group I4/m). Sample MP3
also matches well with a-MnO,, along with the pattern of monoclinic
MnsOg (ICDD card 39-1218, space group C2/m), while the diffracto-
gram of sample MP5 can be assigned to a-MnO,, MnsOg and cubic
platinum (ICDD card 4-802, space group Fm 3 m). The volume fractions
of a-MnO5 and MnsOg in samples MP3 and MP5 were determined by
Rietveld refinement using the program MAUD [33-35] (Fig. S1 in the
Supplementary Information). The results of the Rietveld refinement
showed that the volume fraction of MnsOg in samples MP3 and MP5 was
0.39 and 0.64, respectively (Table 1). The values of the unit cell pa-
rameters of the a-MnOa-type solid solutions obtained from the results of
the Rietveld refinements are shown in Table 2. The effect of platinum

Table 1
The results of phase analysis as determined from Rietveld refinement of the
samples MPO, MP1, MP3, and MP5 (performed with MAUD software).

Sample n(Pt) Phase composition (volume fraction)
MPO 0 MnO,
MP1 0.01 MnO,
MP3 0.03 o-MnO; (0.61) + MnsOg (0.39)
MP5 0.05 MnsOg (0.64) + a-MnO,, (0.35) + Pt (0.01)
| — MnO, Card No. 44-141
5000
4000 -
3000 4
2000 -
1000 -
0 —L
20
260/ ° (CuKa)
1MP5
1500 — MnO, Card No. 44-141
12504 — Mn_O, Card No. 39-1218
1 — Pt Card No. 4-802
1000
750
500 —U b
2501
oLl L 111
20

26/ ° (CuKa)

Fig. 1. XRD patterns and corresponding assignments of phases for samples MPO, MP1, MP3, and MP5.
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Table 2

Refined values of unit-cell parameters a and c, as well as volume V, of the
a-MnO2-type solid solutions as determined from the results of Rietveld re-

finements (program MAUD).

Sample Lattice parameters of a-MnO,

a/nm ¢/ nm V/nm®
MPO 0.98249(11) 0.28575(3) 0.27583(9)
MP1 0.98352(8) 0.28610(2) 0.27674(6)
MP3 0.98579(6) 0.28657(3) 0.27848(6)

loading on the lattice parameters a and ¢ and the unit-cell volume of the
a-MnO, is shown in Fig. S2 in the Supplementary Information. The
lattice parameters of a-MnO; increase slightly with Pt loading. The
lattice parameters of a-MnO- as a minor phase in sample MP5 could not
be determined because of the very broad maxima.

The results of individual profile fitting indicate the presence of size
anisotropy with significantly narrower diffraction lines along the c-axis
(diffraction line 002) compared to the other directions (Fig. 2). The
volume-averaged domain size (Dy) and the upper limits of the micro-
strains (e) were estimated in the direction parallel to the a-axis
(diffraction lines 200, 400, and 600) from the results of the Williamson-
Hall analysis [36] (Fig. 2b) using the equation:

desi
(ﬂc;)s@) :D£+ ( esﬂm@) o

where 1 is the wavelength, 6is the Bragg angle, j§ represents the physical
broadening of the diffraction line, and K is a constant close to 0.9. The
p-values were obtained by a convolution fitting approach (program
SHADOW [37]), in which the instrumental profile (diffraction lines of
highly crystalline zincite powder [38]) is convoluted with a refinable
Voigt function to fit the observed profile.

Fig. 3 shows SEM images of the samples. Long, well-formed nanorods
are clearly visible. With increasing Pt content, the length of the rods
decreases significantly, from ~ 3-4 ym for MPO to ~ 1 um for the MP5
sample. Very small dots characteristic of PtNPs are only visible on the
microscopic image of the MP5 sample.

Fig. 4 shows the STEM dark-field micrographs of samples MP1 to
MP5 at various magnifications and the corresponding size distributions
of the Pt nanoparticles. The Pt nanoparticles are homogeneously
dispersed on the surface of the nanorods. The mean size of Pt nano-
particles was the smallest in sample MP1 (1.3 nm =+ 0.4 nm). In sample
MP3 the mean size was 2.6 nm =+ 1.2 nm, while in sample MP5 there are
two separate distributions of ultrasmall and larger PtNPs. Their mean
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sizes were 2.0 nm + 0.6 nm and 14.5 nm + 1.3 nm, respectively.

Fig. 5 shows STEM images of samples MP1, MP3, and MP5 and the
corresponding EDXS elemental mapping images of the Mn K edge (a, e,
i), OKedge (b, f, j), Pt M edge (c, g, k), and the superposition of the three
(d, h, 1). The green colour represents the Pt M edge, and the small dots on
the surface of the nanorods correspond to platinum nanoparticles.

Fig. 6 shows Raman spectra of the synthesized samples. Sample MPQ
is characterized by Raman bands at 183, 383, 509, 574, and 631 em L
These Raman bands belong to the Mn-O lattice vibrations within the
octahedral MnOg double chains in a tetragonal hollandite-like frame-
work and fit very well with the observed Raman bands of a-MnOgy
nanorods reported by Gao et al. [25]. Sample MP1 has a very similar
Raman spectrum to sample MPO, which is consistent with the XRD re-
sults showing that these two samples are single-phase, i.e., consist only
of a-MnO,. The Raman spectra of samples MP3 and MP5 show new
bands at 171, 264, 475 and 644 cm’l, while other bands shift their
positions slightly. The weak band at 264 (v2) and 475 (¢6) and the very
strong band at 644 (v10) em~! are characteristic of MnsOg nanorods
[39]. The most intense Raman band at about 647 cm™"! was assigned by
Gao et al. [25] to an Ay mode originating from the Mn-O vibrations, and
this band provides clear evidence that the samples contain MnsOg.

The Pt4f XPS region recorded for samples MP1, MP3, and MP5 shows
the presence of Pt(II) and Pt(IV) for all samples and metallic Pt for
samples MP3 and MP5 (Fig. 7). The spectrum for sample MP1 showed
two major peaks at 74.5 eV and 77.9 eV assigned to the Pt4f; -Pt4fs o
doublet of Pt(IV). Additionally, there is a smaller peak at 72.5 eV and a
shoulder at 75.9 eV assigned to the doublet of Pt(Il). As such, the
spectrum could be accurately fitted with a model containing these two
species, and the presence of a significant amount of metallic Pt was
excluded. To fit the other two spectra, a third component had to be
added accounting for the (increasing) presence of metallic Pt (71.2 eV).
The fitting improved after allowing the Pt(0) positions with respect to
the oxidized Pt species to change between samples MP3 and MPS5. This
resulted in a + 0.08-eV shift of the Pt(0) in sample MP5 (as referenced to
the corresponding oxidized Pt peaks), which could stem from a negative
core level shift of smaller Pt nanoparticles observed in sample MP3
(Fig. 4).

The amount of Pt(0) increased linearly with Pt loading (Fig. 8a).
Correspondingly, the concentration of oxidized Pt species decreases
with increasing the Pt loading, however not monotonously. Increasing
the Pt loading from 1 % to 3 % led to a strong reduction in Pt(II) species,
while staying roughly similar between 3 % and 5 %. For Pt(IV), on the
other hand, the biggest decrease was between Pt loadings of 3 % and 5
%. These general trends were rather independent of the asymmetry
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Fig. 2. The results of the diffraction line broadening analysis of the a-MnO, phase in the X-ray diffraction patterns of samples MPO, MP1, and MP3. Fig. 2a shows the
Williamson-Hall plot of the most prominent well separated diffraction lines of a-MnO, in samples MPO, MP1 and MP3, while Fig. 2b shows the Williamson-Hall
analysis of the diffraction lines of a-MnO, in samples MPO, MP1 and MP3 along the direction < h00> (lines 200, 400 and 600) used to estimate the volume-
averaged domain size (D,) and the upper limits of microstrains (e) in the direction parallel to the a-axis.
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Fig. 3. SEM micrographs of samples MPO, MP1, MP3 and MP5.

parameter used to fit the Pt(0) species.

Importantly, the ratio of the Pt4f/Mn2p peak areas did not show a
direct correlation with the nominal Pt loading (black, Fig. 8b), which is
most obvious when comparing samples MP3 and MP5. Clearly, the Pt4f/
Mn2p ratio decreased even though ICP and EDX showed the Pt loading
to increase.

Focusing on the Mn2p region (Fig. 9 and Fig. S9, the Mn2ps,2 peak of
sample MPO was fit with 6 fits to account for the multiplet splitting of
Mn(IV) and one peak at a position of — 1.1 eV with respect to the first Mn
(IV) peak (cf. 641.9 and 640.8 eV) [10,31] . This peak is in the work by
Biesinger et al assigned to Mn(III) [31]. A significant amount (15 %) of
Mn(III) was found on the surface of MPO, which is in line with the results
reported by Biesinger et al. [31]. It should be noted that this fitting
model disregards any possible multiplet splitting of the Mn(IIl) peak.
Therefore, the real Mn(III)/Mn(IV) may well deviate from this value.
Also, unambiguous assignment of this peak to Mn(IIl) is difficult given
the complicated nature of the Mn2p peaks and the possibility of having a
mixture of (hydro)oxides. The same fitting model can be used to fit the
Mn2ps,o spectra of samples MP1 and MP5 well. The Mn(III) concen-
tration increases only slightly with Pt loading: 18 % and 19 %, respec-
tively, resulting in a higher full width at half maximum (FWHM) for the
measured Mn2p3 2 peak, increasing from 2.6 eV for MPO to 2.8 eV for
MP1 and MP5 (Fig. 8b).

However, for sample MP3, a new component had to be added at
640.0 eV (—1.9 eV shifted from the main Mn(IV) peak). The new feature
can be attributed to Mn(II). In fact, as the spectra of MnO show a strong
peak at 641 eV [31], the peak assigned to Mn(III) likely corresponds to a
significant fraction of Mn(II), hence explaining the small shift in this

peak position by + 0.2 eV to 641.0 eV (—0.9 eV with respect to the main
Mn(IV) peak). The appearance of Mn(II) lowers the Mn(IV) fraction to
67 %. As a result, the FWHM of sample MP3 is the highest at 3.2 eV
(Fig. 8b).

As the Mn2p region is notoriously difficult to fit reliably because of
multiplet and charge transfer splitting, the Mn Ly 3 X-ray absorption
edge was measured in conjunction to study the near surface region of the
MnO, rods (Fig. 10). The Mn Ly 3 edge of a-MnO; (sample MPO) has two
peaks: a narrow one at 640.6 eV and a much broader one at 643.1 eV,
while the Ly edge appears as a single broad peak, centred at 653.3 eV.
This is consistent with previously reported spectra for MnO, [40]. A 1
%-Pt loading hardly affects the Mn Ly 3 spectrum, although it did have a
small effect on the FWHM of the Mn 2p3,» XPS peak (Fig. 8b). This can
be explained by XPS being more surface sensitive compared to XAS. The
former depends on the inelastic mean free path of the photoelectrons,
while for the latter, measured in electron yield, elastically and inelas-
tically scattered electrons contribute to the signal.

For the samples with higher Pt loadings, there is a progressive change
in the spectra with a small peak appearing at 639.8 eV and some spectral
intensity between the a-MnO peaks. These spectra resemble the pre-
viously published spectrum of MnsOg [41]. To highlight the changes,
difference spectra have been calculated by subtracting the spectrum for
a-MnOy from the spectra of sample MP3 and MP5 after scaling the
a-MnOy spectrum, such that the spectra do not decrease below the
baseline (Fig. 10b). The difference spectrum is larger for MP5 than for
MP3, indicating a larger reduction of the a-MnO; in the MP5 sample.
Moreover, the difference spectrum resemble those of Mn(II) in MnO
[40,41].
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Fig. 4. STEM dark-field micrographs of samples MP1, MP3, and MP5 and their corresponding size distributions, means and standard deviations of Pt nanoparticles.

For the purposes of testing the catalytic efficiency of the samples,
0.06 mg of catalyst was added to the reaction mixture (20 pL of an
aqueous catalyst suspension of 3 mg mL™!). Thus, the amount of Pt in
the catalysts was 1.4, 4.0, and 6.7 pg for samples MP1, MP3, and MP5,
respectively (Table S7, also see Supplementary Information for detailed
information on the calculations). For all samples containing Pt, the re-
action was complete within 3.5 min, while for the reaction with sample
MPO (without Pt), the absorbance maximum at 400 nm did not decrease
significantly (Fig. 11). Moreover, as can be seen from the UV-Vis
spectra, there was no induction time for the onset of the reaction. The
apparent rate constant of reduction from 4-NP to 4-AP was calculated
assuming pseudo-first order kinetics (Fig. 11 inset). Table 3 contains the
calculated apparent rate constants, mass-normalized rate constants, and
mass- and reaction volume-normalized rate constants.

The recyclability of the catalysts was also tested. All catalysts showed
excellent performance during 5 catalytic cycles and completed the re-
action in each cycle (Figs. S11, S12, and S13). Although the catalysts
performed well in 5 catalytic cycles, there was a visible decrease in the
apparent rate constant (Fig. 12). The kap, values decreased from 2.5 x
102571 to 5.0 x 10 s7! for sample MP1, from 3.4 x 102 s} to 4.3 x
10" s7! for sample MP3 and from 4.9 x 102 s ! to 7.4 x 10° s7! for
sample MP5.

4. Discussion

In this work, a-MnO; nanorods (NR) were synthesized by microwave
irradiation starting from a KMnOj4 precursor. Microwave synthesis has
several advantages over conventional synthesis methods, such as se-
lective heating of the reactants without heating the entire reaction
vessel, which increases the reaction rate and greatly improves energy
efficiency. In the present case, using microwave irradiation shortened
the synthesis from 14 h in an autoclave from our previous publication
[24] to 25 min. The microwave-synthesized a-MnO2 NRs (sample MPO)
were used as supports to disperse the platinum catalyst. For this purpose,
a Pt(acac), precursor was used, which was completely dissolved in

toluene and further diluted in ethyl alcohol. The prepared solution was
used for wet impregnation of Pt on powdered a-MnOs.

Although the platinum was impregnated on the surface of a-MnO,
NRs, XRD results showed a new phase, MnsOg, in samples MP3 and MP5.
The formation of this phase was also confirmed by electron diffraction
(Fig. S6). Rietveld analysis showed that the volume fraction of MnsOg in
sample MP3 is 0.39, while in sample MP5, MnsOg is the dominant phase
with a volume fraction of 0.64. Gao et al. [25] prepared MnsOg by
topotactic conversion of a y-MnOOH nanorod precursor in nitrogen at
400 °C. In this work, the tetragonal a-MnO2 NRs were converted to
monoclinic MnsOg by Pt loading, i.e., by adding Pt(acac), and heating in
air at 400 °C. Therefore, in this work, the transition from a-MnO; to
MnsOg involves the rearrangement of the crystal structure from tetrag-
onal a-MnO; to monoclinic MnsOg. In addition to the presence of
MnsOg, sample MP5 contains sufficiently large Pt crystals that can be
seen in the XRD pattern (Fig. 1). The unit-cell parameters of the a-MnO,
NRs increased slightly and linearly with Pt loading (Fig. S2 and Table 2).
Although the exact reason for the increase in unit-cell parameters is not
known, the reason could be a reduction of Mn(IV) to Mn(III) and Mn(II).
The formation of Mn(III) and Mn(II) with a much larger ionic radius than
Mn(IV) could increase the unit cell parameters.

SEM results show that with higher Pt loading, the nanorods become
shorter, from 3 to 4 pm in sample MPO to ~ 1 pm in sample MP5. STEM
results showed that the distribution and size of PtNPs on the surface of
a-MnOs NRs also depend on Pt loading. In samples MP1 and MP3, the
PtNPs are homogeneously dispersed on the surface of the MnO, support
with sizes of 1.3 and 2.6 nm, respectively. In sample MP5, both small
PtNPs with a size of 2.0 nm and large PtNPs with a size of about 14 nm
are present. The results of STEM are in agreement with the XRD analysis,
as the PtNPs up to a size of 3 nm are not visible in XRD, while large PtNPs
(large Pt crystals) show Pt maxima in the XRD patterns (sample MP5,
Fig. 1). The EDXS images of samples MP1, MP3 and MP5 also show that
the small PtNPs (represented with green colour in Fig. 5) are homoge-
neously dispersed on the surface of MnOs.

The XPS results (Fig. 7) show that the relative concentration of Pt(IV)
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and Pt(II) in the samples decreases with Pt loading and vice versa for Pt
(0), whose relative concentration increases with Pt loading. The sample
MP1 does not contain Pt(0). The higher relative concentration of Pt(0)
with platinum loading is consistent with the higher relative

concentration of Mn(III) and Mn(II) in samples MP3 and MP5 and can be
explained by the higher concentration of acetylacetonates derived from
the Pt(acac), precursor. Mn Lj 3 edge NEXAFS results (Fig. 10) showed
the presence of Mn(II) in samples MP3 and MP5, which is consistent
with the XRD results that find MnsOg (Mng Mn$0g.) in these samples.

Furthermore, a clear increase in Mn2p3,, FWHM was observed with
Pt loading (red, Fig. 9). Without Pt, the Mn2p3 /5 exhibited a FWHM of
2.60 eV, increasing with 0.23 eV and 0.56 eV for samples MP1 and MP3.
So, even the smallest loading of Pt has an effect on the MnO,. This is due
to reduction of MnO; by the products of the Pt(acac), decomposition.
Given that for sample MP1, no reduced Mn species were present in the
XRD pattern, the reduction is more pronounced at the surface of the
MnO; rods, as XPS shows an increase in Mn with lower oxidation states
between samples MPO and MP1. Sample MP3 exhibited a significant
fraction of Mn(Il), indicating that the MnsOg was also present at the
surface.

Importantly, the Mn(II) fraction disappeared for sample MP5 in XPS,
even though NEXAFS and XRD indicate a higher degree in reduction.
This can be related to the dewetting observed by SEM and TEM (Figs. 4
and 5) for sample MP5. This may expose some of the reduced Mn to Og
during the annealing step. Therefore, the Mn reduction degree at the
surface, as measured by XPS, seems a balance between the reduction by
the acetylacetonate decomposition products and by sintering of the Pt
nanoparticles and reoxidation of the exposed Mn.

Although the exact mechanism of the formation of Pt(0) and Mn(II) is
not known, it can be assumed that the decomposition of acetylacetonate
in the presence of two catalysts such as MnO, and Pt can promote the
formation of various carbon compounds including CO gas and small
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carbon nanoparticles, which are intermediate reducing agents and can
reduce Mn(IV) and Pt(Il) to their lower oxidation state. For example,
Kulbakov et al. [42] studied the synthesis of PtNPs using Pt(II) acety-
lacetonate by thermal decomposition. It was found that controlling the
heating rate during thermal decomposition can produce Pt nanoparticles
with specific sizes, such as coarse Pt particles with sizes of ~60-160 nm
consisting of PtNPs with dimensions of 1.9 and 4.1 nm.

The intensity of the Pt4f XPS signal does not directly scale with the
nominal Pt loading, as the Pt4f signal from sample MP3 is relatively
stronger than that of the other samples (Fig. 8), even of sample MP5.
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This can be explained by the surface sensitivity of XPS of only a few
nanometres. Although sample MP5 has a higher platinum concentration
than sample MP3, the surface coverage of the PtNPs in sample MP3 is
more uniform. As observed with SEM and TEM, the samples with lower
Pt loadings have nanorods coated with a more uniform layer of oxidized
Pt and small Pt(0) nanoparticles. For sample MP5, most of Pt has
agglomerated in larger particles of 10-20 nm at the expense of the
smaller particles that were uniformly coating the rods at lower Pt
loading. This could leave parts of the surface of the MnO; rods bare of Pt,
hence lowering the Pt surface coverage, thereby reducing the attenua-
tion of the Mn2p signal. Also, this decreases the Pt4f signal when the Pt
accumulates in larger 10-20 nm particles, of which only the top few
nanometres are detected by XPS.

The investigation of the catalytic properties of the synthesized
samples MPO, MP1, MP3, and MP5 was performed using the catalytic
reduction of 4-nitrophenol to 4-aminophenol with NaBH4. As previously
mentioned, this reaction is generally used for testing the efficiency of
various noble metal nanoparticles such as Pt, Pd, and Ag [13,18,43],
therefore, the results of this study can be easily compared to the results
obtained by other authors. However, it appears that the catalytic per-
formance of Pt/MnO, for the reduction of 4-NP to 4-AP has never been
studied. The reduction of 4-NP to 4-AP is an oxidation-reduction (redox)
reaction in which the nitro group (-NO3) of 4-NP is reduced to an amine
group (-NHy) of 4-AP.

The platinum-containing samples MP1, MP3, and MP5 completely
catalytically reduced 4-NP to 4-AP after 3.5, 2.5, and 1.5 min, respec-
tively. This can be seen from the disappearance of the maximum at 400
nm due to 4-NP and the appearance of a new maximum at 300 nm due to
the formation of 4-AP. The more highly loaded sample showed higher
catalytic activity (MP5 > MP3 > MP1). The catalytic activity of Pt on
metal oxide supports depends on several factors, such as platinum
loading, dispersion of platinum, availability of platinum on the surface,
and interaction of platinum with reducible metal oxide supports. The
best catalytic activity of the most highly loaded sample with 5 mol% Pt
(sample MP5) can be explained simply by the high Pt loading.

However, this increase in k,p, was not linear with Pt loading. The
activity parameter, k, or Kapp/mpy (st g’l) better expresses the true
catalytic efficiency of a sample as it normalizes the apparent rate con-
stant with respect to catalyst mass. Some authors argue that the «.
parameter, which takes both the mass of the catalyst and the reaction
volume into account, is the most suitable value when comparing be-
tween studies. Considering this, we have calculated all three kinetic
parameters of interest. The manganese oxide support was shown to be
catalytically inactive; therefore, we have normalized the apparent rate
constant with respect to Pt mass only (Table 3). It is evident that the
sample with the smallest Pt loading, MP1, is the most efficient catalyst
with the highest activity parameter of 1.8 x 10* s7! g~1. The highest
mass-normalized rate constant of sample MP1, which as synthesized
contains no Pt(0) but only Pt(II) and Pt(IV), strongly suggests that the
presence of Pt(IV) is not a limiting factor for the catalytic reduction of 4-
NP to 4-AP [44-47]. It should be noted that NaBHy4 present in the re-
action mixture can reduce Pt(II) and Pt(IV) to Pt(0), but this does not
seem to be so important considering that the catalytic reaction starts
immediately, i.e., there is no induction time for the reduction of the
oxidised Pt species. Another important factor is the smallest average size
of the PtOx nanoparticles in sample MP1, which is reflected in the largest
exposed surface area of the catalytically active sites, which is also
confirmed by the BET analysis (see Supplementary Information,
Fig. S14).

Recyclability is one of the most important properties of a catalyst.
After five cycles, all three samples still completely catalytically reduced
4-NP to 4-AP, but as can be seen in Fig. 12, the catalytic reaction slowed
down and the time to complete the reaction increased from about 3 min
to 15 min for samples MP1 and MP3 and to about 10 min for sample
MP5. For sample MP5, the k,p, value decreased from 4.9 x 102s7lin
the first cycle to 7.4 x 10 s7! in the fifth cycle, which can still be
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considered as efficient catalysts for the reduction of 4-NP to 4-AP. It is
also important to note that the reduction in the kp, values was ~ 5 %
lower for MP1 sample in comparison to MP3 and MP5 samples. It must
be considered that NaBH4 is in a 200-fold excess of 4-NP at the start of
the reaction, but it is spent during catalytic cycles, as well as in reaction
with atmospheric oxygen and oxidized Pt species. Therefore, we have
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Fig. 10. (a) Mn Ly 3 X-ray absorption spectra of samples MPO, MP1, MP3, and
MP5 recorded in total electron yield. (b) Difference spectra of samples MP3 and
MP5 with respect to the spectrum of sample MPO.

added another 200-fold excess of NaBH4 prior to the third catalytic cycle
in order to ensure its excess. However, it cannot be excluded that the
variation in NaBH4 could have retarded the kapp, values of later catalytic
cycles.

Compared to other literature sources, the synthesized Pt/MnO, NRs
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Table 3

Calculated Pt mass in the catalyst samples (mass of all samples used in catalytic
experiments was 0.06 mg), apparent rate constants k,pp,, and normalized con-
stants, kapp/m(Pt) and kpp/yp: for samples MP1, MP3 and MP5. m represents the
mass of Pt, while yp, represents the mass concentration of Pt in the total volume
of the catalytic reaction vessel.

Sample  mp (g) kapp (571 Kapp/mpe 57 87 Kapp/ree (LsH g7
MP1 1.4 x10° 25 x 102 1.8 x 10* 53.8
MP3 4.0 x10°  3.4x10% 85x10° 25.5
MP5 6.7 x10°%  49x10% 7.3 x10° 21.9

have very high values of rate constants. Kharlamova et al. prepared CeOy
with monometallic Pt and bimetallic Pt-Ag. In their work, the kapp/mp;
values ranged from 0.73 to 46.78 46.78 s~* g1 [48]. In the work of Yang
et al. in which they used anchored single atom Pt on carbon fibers, the
highest kupp/mp; was 222.2 s~ g1 [49]. High activity Pt nanoparticles
assembled on porous silica as shown in the work of Bogireddy et al. [50]
exhibited k,p, values on the same order of magnitude as the samples
synthesized in our work. Pt/MnOy NRs synthesized in this work are
highly active even compared to other noble metal catalysts, such as
Pd@AuCuyy, core shell nanocrystals [51], or Au nanoparticles synthe-
sized by a “green” method [52], which exhibit k,;, values in the order of
107! to 102 min~'. Noh et al. [11] summarized various rate constants of
a large number of supported Pt catalysts, and the comparison of our Pt/
MnO; NRs with other Pt catalysts shows that our Pt/MnO, NRs are one
of the most efficient Pt catalysts for the reduction of 4-nitrophenol
(Table 3).

In many examples of Pt-based catalysts for the reduction of 4-NP
[53], the particle size, morphology, and dispersion of Pt on the sup-
port are quite similar to the materials presented in this work, making the
properties of Pt a crucial parameter, but not the only important one. It
has been shown that the use of a suitable support is very important, and
that the activity of metal nanoparticles can be increased up to 6-fold by
using a favourable support [54]. MnOs alone catalyses the reaction very
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Fig. 12. Comparison of the apparent rate constants (k,pp) and the recyclability
of MP1, MP3 and MP5 samples during 5 catalytic cycles for the reduction of 4-
NP to 4-AP.

poorly (Fig. 11), but its main advantage lies in its electron conductivity
properties. These properties allow MnO; to serve as an electron relay
from BHj to the substrate in addition to the electrons transferred from
the nanoparticles, as argued by Bingwa et al. [54]. Moreover, the same
authors suggested that hydrogen generated during the hydrolysis of BHy
could spill over onto the metal oxide support and thus increase the rate
of BHs hydrolysis, i.e., electron generation. In addition, there is evi-
dence of the interaction of the manganese oxide support with Pt species
on its surface, especially for the sample with the lowest Pt loading.
Finally, the XPS spectra also show that there is no Pt(0) in MP1 sample,
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but only Pt(II) and Pt(IV), shortened as PtOy. It is plausible that these
PtOy species act as catalysts for the reduction of 4-NP to 4-AP similar to
the metallic PtNPs.

5. Conclusions

In this study, homogeneous dispersion of platinum nanoparticles
(PtNPs) on synthesized a-MnOy nanorods using Pt(II) acetylacetonate
precursor was demonstrated. Platinum loading had a significant effect
on the morphology and phase composition of the a-MnO nanorods. The
XRD, Raman and Mn Ly 3 edge NEXAFS results showed that Pt(acac),
played a crucial role in promoting the phase transition from a-MnO5 to
MnsOg (Mn3 " Mn$*0g). The SEM analysis showed that the PtNPs caused
a decrease in the length of the a-MnO nanorods. These results confirm
the strong interaction of platinum with reducible a-MnO;, support.
Moreover, this study showed that the synthesized Pt/a-MnO, nanorods
exhibited remarkable catalytic activity for the reduction of 4-NP to 4-AP.
In particular, the sample with the lowest platinum content (sample MP1)
exhibited the highest mass normalized rate constant ka,p/m of 1.8 x 10*
st g_l. Containing no Pt(0) but only Pt(II) and Pt(IV), as determined by
XPS, this strongly suggests that the presence of Pt(IV) is not a limiting
factor for the catalytic reduction of 4-NP to 4-AP. Overall, the results of
this study indicate a strong interaction of homogeneously dispersed
platinum on the a-MnO3 nanorods, which could serve as highly efficient
catalysts for the reduction of 4-NP to 4-AP and very likely for a variety of
other catalytic applications.
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