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Abstract

The oxidation functionality of Mn(IV) sites has been assessed by density functional theory
(DFT) analysis of adsorption and activation energies of CO, H, and O, on a model Mn4Og
cluster. DFT calculations indicate that Mn(IV) atoms prompt an easy CO conversion to CO; via
a reaction path involving both catalyst and gas-phase oxygen species, while much greater
energy barriers hinder H, oxidation. Accordingly, a MnCeO, catalyst (Mn,/Cea, 5) with large
exposure of Mn(IV) sites shows a remarkable CO oxidation performance at T>293K and no H,
oxidation activity below 393K. Empiric kinetics disclose that the catalyst-oxygen abstraction
step determines both CO and H, oxidation rate, although different activation energies favor
the preferential oxidation (PROX) pattern of the studied catalyst (353-423K). Conversion-
selectivity of 100%, high stability during 72h reaction time and moderate inhibiting effects of
water and CO, feeding reveal the potential of MnO, materials as efficient, low-cost and robust

PROX catalysts.
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INTRODUCTION

Nowadays the hydrocarbons and alcohols reforming is the leading technology for
hydrogen production, although the cogeneration of large amount of CO hinders a straight
feeding of the reformate streams to polymeric-electrolyte-membrane fuel cells (PEMFC),
hydrogenation and ammonia synthesis plants, because of remarkable catalyst poisoning issues
[1]. Thus, water gas shift units reduce the CO content to ca. 1%, while a final cut (<50 ppm) is
ensured by methanation, membrane separation or preferential CO oxidation (PROX) units [1].
Despite the latter is a more suitable option for small-medium scale H, purification and
integration with PEMFC devices, however, the lack of efficient and robust catalysts remains
the main drawback of the PROX technology [1-3].
Catalysts currently under scrutiny include noble metals, gold-nanoparticles and transition
metals/oxides, but none of these still fulfils the requirements for commercial exploitation
[2,3]. In fact, nanoporous Au nanoparticles show excellent activity in the CO oxidation at
T<373K [4], while Au-clusters (<2 nm) supported on reducible oxide carriers prompt the H,
oxidation via the stepwise Mars-van Krevelen mechanism, depressing the CO, selectivity at
high temperature [5,6]. At variance, noble-metals (e.g., Pt, Rh, Ir, Ru) triggers the CO oxidation
via a Langmuir-Hinshelwood (L-H) reaction pathway that is poorly efficient at low temperature
since strong CO chemisorption hinders the dissociative adsorption of O,; on the other hand, a
high reactivity towards H, determines low selectivity standards at T>373K [2,3]. Thus,

staggering advances in the PROX performance of noble-metal catalysts are due to promoters



or carriers prompting dual-site reaction mechanisms [2,3,7-18]. On this account, the successful
strategies encompass: i) the alloying/decoration of metal particles with metal/oxide species to
improve the surface O,-activation functionality [2,3,7-14]; ii) the weakening of metal-CO bond
by alkali-promoters’ addition [2,3,15] or by chemical tuning of active sites [16]; and iii) the use
of carriers with high mobility of oxygen atoms or hydroxyl groups [17,18]. However, the
efficiency of such materials relies on accurate design and control of active sites, deserving
complex and time-consuming synthesis procedures [3-5,7-18].

Hence, great research efforts are currently devoted to catalyst formulations including
transition metals and metal oxides because of remarkable advantages with respect to noble
metals, like great availability, low-cost and peculiar catalytic properties due to the reactivity of
oxide, sub-oxide and metal phases [19-25]. Despite catalysts including copper [19-22,25] and
cobalt [23,24] show good PROX performance at T>373K, the reaction environment has a
decisive influence on the activity-selectivity pattern [19-25]. For instance, Cu-based catalysts
could show an improved activity in presence of water and CO, containing feedstocks [19-22],
while a recent study shows that the PROX functionality of the CuCeO, system depends on
metal Cu sites that are unstable under complete CO conversion conditions [25]. Likewise, the
surface oxidation state is decisive for Co catalysts, due to the “blocking-effect” of carbonate
species on the reactivity of the Cos;0, phase [23]. At variance, the PROX behavior of
manganese oxides remain still unknown, although their promoting effect on the activity-
selectivity pattern of both Cu and Co catalysts [20,22,24] and a relevant CO oxidation
performance at low temperatures (T<473K) [26-31]. This has been related to the crystal phase,
structure and morphology [27-29], while ceria promotes the catalyst surface area and the
MnOy dispersion, forming also quite reactive substitutional solid solution centres enhancing

the activity at high ceria loading (Ce./Mn,>0.4) [26,30-34]. In spite of this, however, we
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argued that a great availability of Mn(IV) sites renders the MnO, system more active than
composite MnCeOy catalysts in the CO oxidation [26,30,34] and the selective oxidation of
benzyl alcohol with O, [35].

Therefore, taking advantage of the support of first-principles models to the understanding
of the atomistic clues of catalytic reactions [36], a comparative DFT study of the reactivity of a
model Mn,40s cluster towards CO and H,, in presence and absence of O,, has been performed.
According to the predicted CO preferential oxidation pattern of Mn(IV) atoms, we show that a
MnCeO, catalyst with large availability of Mn(IV) sites exhibits a high CO oxidation activity and
no reactivity towards H, in the range of 293-393K. Consistent with the micro-kinetic analysis of
the elementary reaction steps, empiric kinetics show that different mechanisms and activation
energies enable the remarkable PROX behavior of the studied catalyst in the range of 353-

423K.

MATERIALS and METHODS

Computational analysis

All calculations were performed by using the Gaussian 09 package [37]. Density functional
theory was used by selecting the M06-L exchange-correlation functional of Thrular's group
[38]. The Stuttgart '97 Relativistic Small Core effective potential and corresponding valence
double zeta basis set for the Mn atoms [39], coupled with the cc-pvDZ basis set for lighter
elements, complete the model chemistry. The geometries of minima and transition states
have been fully optimized and characterized by inspection of the calculated harmonic
vibrational frequencies. In the following, all energies are intended to contain the vibrational
zero-point contribution. The M06-L functional was chosen because it is explicitly parametrized

to give good performance for transition metal chemistry, in particular when dispersion



interactions may have an important role (e.g. in the adsorption process). Just like all other
functionals by Minnesota groups, the reliability of M06-L was tested against an extensive
number of databases and, thanks to its performance, it represents the best choice for the
energetics of compounds containing transition metals [40]. By collecting the results of a
number of studies [41-43], an averaged mean unsigned error of ca. 10 ki-mol™ can be
estimated for barrier heights of reactions involving transition metals. The oxidation reactions
of CO and H, were simulated using a Mn4Og model cluster; the characteristics of its geometric
and electronic structures, as well as the motivation for this choice were outlined in a previous
work [36]. The variation of spin multiplicity along the investigated reaction paths, possibly due
to spin coupling/decoupling in the involved molecular species and transition states, was

checked in all cases and the most stable outcome was selected.

Materials

A MnCeO, catalyst at Mn/Ce atomic ratio of 5 (M5C1) was prepared by the redox-
precipitation synthesis technique [26,30]. In particular, a 10 g sample of the M5C1 catalyst was
obtained by titration in acidic solution (pH, 4.5) at 343K of the Mn(NOs),-4H,0 salt (0.2 L, 0.25
M) with an aqueous solution (0.2 L) of the KMnO,4 (0.165 M) and Ce(NHz),(NO3)s (0.085 M)
precursors. After titration the solid was digested, filtered, washed with hot distilled water,
dried and calcined at 673K (6h). The main physico-chemical properties of the M5C1 material

are listed in Tab. S1 of SI.

Characterization methods
X-Ray Fluorescence (XRF) analysis was performed to obtain the chemical composition of the
catalyst. The specific surface area, the pore volume and the average pore diameter data were

obtained by elaboration of the nitrogen adsorption isotherm (77K) according to the BET and



BJH methods. The X-Ray Diffraction (XRD) pattern in the range of 10-80° was obtained by a
Philips X-Pert diffractometer at a scan rate of 0.1°-min™, using the Ni B-filtered Cu K, radiation
(40 kV; 30 mA). The Raman Scattering spectroscopy analysis was performed using a He-Ne
laser (A, 632.8 nm) at a power beam of 30 uW, focused on the sample by a 50x objective at
long focal distance over a 1.5 um diameter spot, with a resolution of 3 cm™. X-ray
Photoelectron Spectroscopy (XPS) data were obtained using a Physical Electronics GMBH PHI
5800-01 spectrometer, operating with a mono-chromatized Al-K,, radiation (300 W). The BE
regions of Mn,, (635-680 eV), Cesq (870-935 eV) and Oz (525-535 eV) were calibrated with
reference to the C; line (284.8 eV) of adventitious carbon. Temperature Programmed
Reduction measurements in the range of 293-1073K were performed using a quartz
microreactor (i.d, 4 mm; |. 200, mm) containing 20 mg of catalyst, which was fed with 5% H,/Ar
(H2-TPR) or 5% CO/He (CO-TPR) carriers (F, 60 stp mL-min') and heated at the rate of 12 K-min’
! The oxygen Temperature Programmed Desorption (02-TPD) test was carried out under the
same conditions of TPR analyses, using He as carrier gas (60 stp mL-min) and a QMS (Hiden
Analytical, HPR 20) as analytical tool to detect O, (m/z, 32), He (m/z, 4), H,0 (m/z, 18) and CO,
(m/z, 44). SEM analysis was performed by a TESCAN S9000G microscope equipped with
Schottky source and energy-dispersive X-ray (EDX) detector (OXFORD Ultim Max, Software
AZTEC), operating at 15 kV. TEM analyses were performed by a PHILIPS CM12 microscope, with
high resolution camera and operated at 120 kV, using a catalyst sample ultrasonically dispersed

in isopropanol and deposited over a carbon-film supported on a standard Cu-grid.

Activity testing
The CO and H; oxidation activity of the M5C1 catalyst in the range of 293-533K was probed

by temperature programmed reaction tests at heating rate of 2 K-min™. The tests were carried



out at atmospheric pressure (P, 100 kPa) using the above quartz micro-reactor containing 20
mg of catalyst diluted with granular SiC (w/w, 1/5) and fed at the rate of 60 sto mL-min™
(GHSV, 180,000 h*). The reaction streams containing He as diluent were obtained varying the
CO, H, and O, concentration either in the range of 1.0-2.5%, keeping both CO/0O, and H,/0,
ratio equal to 1, or between 0.625 and 2.5% to vary both CO/0; and H,/0O; ratio in the range of
0.25-4.0.

Under such conditions, the ideal kinetic regime of measurements has been previously
confirmed by the lack of any mass transfer resistances in the whole conversion range
[26,31,33].

PROX tests under ideal kinetic conditions were carried out at the above conditions (GHSV,
180.000 h™), varying the CO and O, concentration between 1 and 2% (CO/O,, 1) and that of H,
between 60 (H,/CO, 60) and 20% (H,/CO, 10), respectively.

The reaction stream was analyzed on line by a QMS (Hiden Analytical, HPR 20), acquiring the
signals of H, (m/z, 2), He (m/z, 4), H,0 (m/z, 18), CO (m/z, 28), O, (m/z, 32) and CO, (m/z, 44)
in multiple ion detection (MID) mode. Conversion data (X), obtained by the internal standard

(1) and mass balance methods (2) respectively,

(preag /pHe) T

) | (pprod)T (2):
(preag/pHe)273K

(1), Xyp =
(preag + pprod)T

XIS:1

were in good agreement and reproducible (x5%) [36,31,33]. Further, since no CH4 formation

was detected, CO; selectivity data under PROX conditions were obtained by the formula (3)

(2 " Xo )
_ 2 3).
Sc0: = (x) e

PROX measurements under integral conversion conditions were also carried out using a

tubular reactor (i.d., 13 mm; ., 250 mm), jacketed with a stainless-steel rod (o.d., 30 mm) for



minimizing temperature gradients. The reactor was loaded with 1-5 g of catalyst (16-25 mesh),
diluted with same sized a-Al,03 (GHSV, 720-3,600 h'l) and fed with a reaction mixture (P, 100
kPa) containing CO (1%), O, (1%), H, (85%) and N, (13%) as internal standard. Moreover, the
effects of water (4%) and CO, (10%) in the feed (CO, 1%; O,, 1%; H,, 70%; N,, 14%) have been
also assessed. The reactor stream has been analyzed on-line by a GC (HP5890 Series Il Plus),
equipped with a dual-column system and connected to a TCD for detection of O,, N,, CO and
CO,. The stream was also scanned by a Modular Process Analysis System (ABB Instrument),
operated with a twin-beam no dispersive IR-photometer (URAS 14 module analyzer) for CO
and CO, quantification.

Before testing, catalyst samples were preliminarily treated in situ at 423K in 5% O,/He flow

(1h).

RESULTS and DISCUSSION
DFT analysis of adsorption and reaction of CO, H, and O, on the model Mn4Og cluster
The DFT analysis of the oxidation functionality of Mn(IV) sites towards CO and H, has been
carried out considering a model Mn,Og cluster, previously adopted for modelling the reactivity
pattern of MnO; catalysts in the selective aerobic oxidation of benzyl alcohol [36]. In the most
stable configuration this is characterised by high spin (2S+1=13) C_{2h} symmetry, including
two topologically different Mn(IV) sites, labelled Mn(A) and Mn(B) respectively (inset of Fig. 1).
The Mn(A) centres share two of four oxygen atoms having a distorted disphenoidal
arrangement, similar to SF4, with the equatorial plane tilted by ca. 20°. The geometry around
the Mn(B) atom is a strongly distorted tetrahedral, with O-connections to each of the Mn(A)
sites and one dangling oxygen atom. In order to consider spin coupling/decoupling processes

along the reaction paths, all the intermediates and transition states were investigated



considering 2S+1=11, 13, and 15 spin multiplicities and selecting, in any case, the lowest
energy state.

The CO molecule preferentially adsorbs on the Mn(A) site, with an interaction energy of 85.5
kJ mol™, since the adsorption on the Mn(B) site implies an energy release of only 25.2 kJ mol™.
In both cases the interaction occurs from the C-side with top adsorption geometry, leaving an
unchanged C-O bond length despite a C-Mn distance of 2.115 and 2.178 A is calculated for the
interaction of CO with Mn(A) and Mn(B) sites, respectively.

Also the O, molecule should preferentially adsorb on the Mn(A) centre of the cluster, being
the adsorption energy equal to -92.0 kJ mol™, a value which is 65 kJ mol™ lower than the
adsorption energy on Mn(B). In the first case, a |, bridged adsorption geometry produces a
sensible 0-O bond stretching (Mn-O distance is 1.992 A and the 0-O one is 1.277 A), while a
top adsorption mode (with Mn-O and 0-O equal to 2.266 and 1.214 A, respectively) occurs in
the other case.

Despite the stronger adsorption energies, further calculations show that none of the reaction
paths involving the Mn(A) atom is feasible. Indeed, the shift of an oxygen atom from the
cluster to CO adsorbed on Mn(A) implies an energy barrier of ca. 300 kJ mol™ (see Fig. S1 of
SI) because the neighbouring O-atoms are very strongly bonded to the cluster frame. The
adsorption of an O, molecule on a Mn(A) site where CO is already adsorbed occurs with an
energy release of 44.9 k) mol™ while, reversing the species (i.e. CO adsorbs on 0,/Mn4Os), an
energy release of 38.5 k) mol™ is calculated. Notably, these values are much smaller than the
corresponding ones in absence of co-adsorption. The formation of CO, starting from this
(CO+0,)/Mn4Os configuration (Fig. S2 of SI) shows an energy barrier of 102.8 kJ mol™. On the

other hand, the adsorption of O, on the Mn(A) site adjacent to the one where CO is adsorbed



releases 93.7 kJ] mol™; nevertheless, in this case the reaction between the two coadsorbed
species can safely be ruled out, since they are too far from each other.

Therefore, the favoured reaction paths involve only the Mn(B) site of the cluster. In fact, the
formation of the first CO, molecule (Fig. 1, left) occurs by the shift of the dangling oxygen of
the Mn(B) atom to the adsorbed CO, overcoming an energy barrier of 52.1 kJ mol™. This leaves
an O-vacancy on the Mn(B) atom that prompts the adsorption of O, (with 93.0 kJ mol™ of
energy release) and CO, forming the 2" cO, molecule and restoring the Mn4Og cluster (Fig. 1,
right).

An alternative reaction path (Fig. S3 of SI) involving the Mn(A) atom could imply the
adsorption and fragmentation of O, on the Mn40- cluster leaving adsorbed O-atoms on Mn(A)
and Mn(B) sites. However, even if the adsorption of CO on Mn(A) occurs by releasing a large
quantity of energy and CO, formation is now easier (being 104.2 kJ mol™ the barrier for the
shift of the O atom toward CO), an energy barrier of 152.6 kJ mol™ for the O, fragmentation
confirms that the oxidation of both CO molecules occurs on the Mn(B) site of the cluster.

The reaction mechanism occurring on the Mn(B) site was calculated also in presence of a
“spectator” CO molecule adsorbed on the Mn(A) centre of the Mn4Og cluster. An analysis of
the corresponding data (schematically reported in Fig. S4 of SI) reveals that CO co-adsorption
has very small effect on the energetics of the CO oxidation reaction and, in particular, on the
energy barriers. The most significant difference is a decrease by ca. 12 kI mol™® of the
interaction energy between CO and the Mn(B) site of 0,-Mn;05. On the other hand, when the
0O, molecule is considered as spectator on the Mn(A) site (Fig. S5 of Sl), a halving of CO
adsorption energy on the Mn(B) centre is calculated, along with a corresponding decreasing of

the first energy barrier.
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Therefore, Fig. 1 summarizes a reaction cycle similar to that predicted by DFT+U analysis for a
Mn(IV)-doped CeO, system, although in that case the formation of the first CO, molecule
implies the reduction of neighbouring Ce(lV) atoms [32]. In particular, a micro-kinetic model
specifically designed to manage kinetic analyses by quantum chemistry descriptors (SCM)
[44,45] indicates that the cycle should be characterised by an activation energy of ca. 60

kJ-mol™ in the range of 343-533K.
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Figure 1. DFT energy (kJ-mol™) diagrams for the oxidation of the first CO molecule on the Mn(B) site of
the Mn,Og cluster (A) and the second CO molecule on the 0,-Mn;0; intermediate (B). Mn (purple), O
(red), C (grey) atoms involved in the reaction steps are highlighted, while numbers in brackets refer to
the various intermediates. For reference, the model Mn,Os cluster, along with the labelling used for Mn
centres, is shown in the inset of panel (A).

At variance, the lack of interaction with the Mn(B) atom hinders the H, adsorption and the
formation of water by abstraction of the dangling oxygen atom. Although much smaller than
those found for CO and O,, an adsorption energy of -21.5 kJ mol™ suggests that H, would
preferentially interact with the Mn(A) atom. The calculated path for H, oxidation considering
the co-adsorption of H, and O, on the Mn(A) site of the Mn,4Og cluster is reported in Fig. S6 of
SI. In this case, the adsorption of H, on the 0,/Mn40g adduct occurs with an energy release of

12.4 k) mol™, implying negligible change in the H-H and O-O bond length in comparison to the
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isolated molecules. Hence, the Mn(A) site drives the H;, oxidation to very low extents because
of four energy barriers, two of which are in the order of 150 kJ mol™.

Alternative reaction paths elucidating potential reciprocal effects between H, and CO
oxidation start from the reduced (i.e., Mn4O5) and over-oxidized (i.e., 0,-Mn40;) forms of the
Mn40s cluster, since under co-feeding conditions these occur in the steps 3—4 and 4—5 of the
CO oxidation network (Fig. 1). This point will be discussed in more detail later since on the real
catalyst such intermediates could be also generated by oxygen spillover phenomena among
neighbouring Mn(lV) sites.

The DFT analysis shows that the surface reaction path on the 0,-Mn407 intermediate implies a
preliminary adsorption of H, (step 5—8) with an energy release of 20.8 kJ-mol™ (Fig. 2). This
does not produce any sensible stretching of the O-O bond and the weak interaction between
adsorbed species is probed by an energy barrier of 106.6 kJ mol™ for the formation of the first
(OOH)H-Mn407 intermediate (step 8—9). After rearranging its geometry (step 9—10), this
forms a (OHOH)Mn,0; intermediate overcoming an energy barrier of 100.2 kJ mol™ (step
10—11). In turn, this favours the H-shift leading to the formation of H,0 (step 11 —#12) and the
replenishment of the Mn4Og cluster (step 12 —1). Although this account for the H, oxidation
on the 0,-Mn40; intermediate, DFT calculations indicate that this route is not competitive
with the oxidation of the 2"* CO molecule owing to much weaker adsorption and higher
reaction barriers. Possible ramifications of the path from intermediate 9 to 12 are reported in
Fig. S7 of SI.

In fact, the SCM analysis indicates an activation energy in the range of 343-533K higher than
that of CO oxidation by ca. 35 kJ mol™, substantiating a typical CO PROX behaviour of O,-

Mn40- centres in presence of H,. Indeed, theoretical calculations indicate that the presence of
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spectator CO or O, molecules on the Mn(A) site of the 0,-Mn407 adduct (Fig. S7 of SI) lowers
the adsorption energy of H, on Mn(B) to few kJ mol?, but it has no beneficial effects on the
first energy barrier.

Finally, the DFT analysis indicates that also the adsorption on the Mn40; fragment occurs with
an energy release of 29.4 kJ mol™, leading to the conclusion that H, interacts with “activated”

forms (i.e., Mn4O7 and Mn40g) of the Mn4Og cluster.
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Figure 2. DFT energy (k)-mol™) diagram of the H, oxidation pathway on the Mn(B) atom of the O,-
Mn40; adduct. Mn (purple), O (red) and H (white) atoms involved in the reaction steps are highlighted,

while numbers in brackets refer to the various intermediates.

Structure and redox properties of the “fresh” catalyst

A Ce-doped MnOy catalyst (Mn,/Ces, 5) has been synthesised as experimental counterpart
of the model Mn4Og cluster to assess the real functionality of Mn(IV) centres towards CO and
H,. This catalyst formulation (M5C1) has been devised in the light of previous studies showing
that ceria exerts remarkable structural effects at low loading (Ce./Mn,<0.4), mostly

promoting the exposure of active Mn(IV) sites [26,30,34,35,46].
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SEM analysis shows that the M5C1 material consists of particles agglomerates with sponge-
like morphology (Fig. 3, top left), well accounting for large surface area (159 m®-g™) and pore
volume (0.55 cm>-g™) and a mesoporous texture characterized by an average pore diameter of
30 nm (Tab. S1 of SI). In turn, the low magnification TEM picture displays that catalyst particles
include a tangled array of ribbon-rod shaped structures, typical of MnO, polymorphs (Fig. 3,
top centre), while at high magnification a prevalently amorphous arrangement of the oxide
phases is evident (Fig. 3, top right) [27-30,46-48]. Herein the presence of ordered
nanodomains with d-spacing of 0.71 nm and 0.24 nm signals the incipient genesis of the <001>
and <100> crystal planes of the 8-MnQ, phase [46-48], while crystalline nuclei with d-spacing
of 0.31 nm reveal also the sparse presence of ceria clusters closely embedded into the MnOy
phase [30,46].

Overall an unresolved XRD pattern confirms the lack of significant long-range crystalline order
in the M5C1 material (Fig. 3, bottom left) and, in turn, a high dispersion of the oxide phases
that is evident from the uniform, Mn-enriched, atom distribution probed by SEM-EDX analysis
(Tab. S1 and Tab. S2 of SI). Considering the high sensitivity of the LR spectroscopy to the short-
range structure of surface species, the absence of any characteristic F,4 signal of cerianite
(~460 cm™) in the spectrum of the M5C1 catalyst unveils, in fact, that ceria is mostly
incorporated into the MnOy phase [30,46]. This hinders the layer-to-tunnel transition from o to
the a-MnO, phase, favouring the stabilization of birnessite nanodomains responsible of the
broad Raman peaks at 502, 573 and 651 cm™ (Fig. 3, bottom left) [26,27,30,46-48].

The XPS analysis definitively substantiates the structural pattern of the M5C1 catalyst,
showing a surface Mn/Ce atomic ratio larger than bulk composition (Fig. 3, bottom centre) and

Mn peaks characterized by energy-split values (Fig. S9 of SlI) typical of MnO, polymorphs (Tab.
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S4 of SlI) [27-29,46-49]. In fact, the deconvolution analysis of the Mn,, peak indicates a
prevalent fraction of Mn(IV) atoms (Fig. S10 of Sl) that, coupled to minor amounts of Mn(lll)-

Mn(ll) atoms (Fig. 3, bottom centre), overall accounts for a Mn average oxidation number of

+3.67 [26,30,46,47,49].
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Figure 3. Characterization data of the “as received” M5C1 catalyst: SEM (top left) and TEM pictures at
different magnification (top centre and right); XRD pattern and Laser Raman spectrum (bottom left);
bulk (XRF) and surface (XPS) chemical composition data (bottom centre); CO-TPR and H2-TPR patterns
(bottom right).

In turn the surface Mn(lV) atoms control the redox functionality of the M5C1 catalyst,
although a crucial influence of the reducing species is evident from the CO-TPR and H2-TPR
patterns (Fig. 3 bottom, right). Despite both profiles include a main peak partly convoluted

with a small component at higher temperature, a gap of ca. 100K in the onset reduction and
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1*-maximum temperature proves a much stronger reactivity of the M5C1 catalyst towards CO.
The first peak monitors the reduction of surface Mn(lV) atoms, while the second is due to
reduction of bulk MnO, species (1<x<1.5), resulting insensitive to the reductant [26,30,34].
Considering that such a reduction pattern is analogous to that of the bulk MnO, system (see
Fig. S11 of SI), it can be argued that ceria favours the surface availability of Mn(IV) sites
without affecting their intrinsic reactivity [26,30,34]. On the other hand, the reduction of ceria
mostly occurs at T>773K (Fig. S11 of SI) and, thus, similar extents of CO and H, consumption in
the range of 293-723K indicate a Mn average oxidation number of 3.62 (+0.1), in agreement
with XPS data.

Thus, characterization data confirm that Mn(lV) sites shape the redox functionality of the
M5C1 catalyst substantiating its suitability as experimental counterpart of the model Mn4Og

cluster.

CO and H; oxidation activity and reaction kinetics

CO and H; oxidation activity tests were carried out under “ideal kinetic conditions”, varying
the overall reagents concentration (2-5%), at constant (1.0) substrate/O, ratio (Fig. 4A, B), and
the substrate/0O; ratio in the range of 0.25-4.0 (Fig. 4A’, B’).

In spite of the high GHSV (180,000 h™), the M5C1 catalyst shows a noticeable CO oxidation
activity, according to conversion values rising from 0 to final values of 0.5-1.0 in the range of
293-533K, consistently with the CO/O; ratio. Specifically, conversion data at different reagents
concentration (CO/0,, 1) depict overlapping sigmoidal-shaped trends rising from 0 to 1.0 (Fig.

4A), which are clearly diagnostic of overall 1*-order reaction kinetics.

16



A)

XCO

B)

XCO

1.0

0.8

T T T T

— €0,2.5%;0, 2.5%
€0,1.5%;0, 1.5%

— €0,1.0%;0, 1.0%

333 373 413 453

Temperature (K)

0.6

- col, o.szs%;lo,, 2.5%
€0,1.25%;0,,2.5%

— €0,2.5;0,,2.5%

— €0,2.5%;0, 1.25%

— €0,2.5%;0,, 0.625%

0.0
293

333 373 413 453

Temperature (K)

493

533

XHZ

XHZ

1.0 T T T
H, 2.5%; 0, 2.5% A:)
H, 1.5%; 0, 1.5%
0.8f H, 1.0%; 0, 1.0% .
0.6 T
0.4 i
0.2 -
0.0 : :
373 413 453 493 533
Temperature (K)
1.0 T T T
— H,, 0.625%;0,,2.5% B’)
H, 1.25%;0, 2.5%
0.8 =— H, 2.5%;0,,2.5% b
— H, 2.5%;0,, 1.25%
— H, 2.5%;0,, 0.625%
0.6 T
0.4 i
0.2 4
0.0 . !
373 413 453 493 533

Temperature (K)

Figure 4. CO (A, B) and H, (A’, B’) conversion data in the range of 293-533K (P, 100 kPa) at different

reagents concentration (CO/O, and H,/0O,, 1) (A, A’) and substrate/O, ratio (B, B’).

This is consistent with data at different CO/O; ratio (Fig. 4B), since conversion values rising at

lower pco and higher po; signal reaction orders between 0 and 1 with respect to CO and O,.

Onset reaction temperatures higher than 393K and final conversion values (533K) lower than

0.25 (Fig. 4A’ and B’) unveil a much weaker H, oxidation functionality of the M5C1 catalyst,

substantiating a close relationship between catalyst reducibility and oxidation activity. In

particular, conversion values slightly increasing at lower reagents concentrations indicate an

overall kinetic order lower than one (Fig. 4A’), being also in this case consistent with fractional

kinetic orders with respect to both reagents according to the influence of the H,/O; ratio on H;

conversion (Fig. 4B’). In fact, the kinetic analysis of rate data (X<15%) indicate reaction orders
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of 0.60 and 0.40 with respect to CO and O,, and of 0.76 and 0.1 with respect to H, and O, (Fig.

S12 of Sl), as shown by the empiric rate equations:

rateco = kco ' P2 PO, (4),
raten, = len, D476 P30 5.

According to DFT analysis, similar fractional kinetic orders mirror a comparable strength of CO
and O, adsorption and a direct involvement of O, in the reaction cycle [29,31,33,34,50,51].
Instead, a reaction order closer to one mirrors the poor interaction of H, with the active
Mn(IV) sites and, coupled to a kinetic order on O, close to zero, it reveals a Mark-van Krevelen
(MvK) type mechanism characterised by much higher oxidation rate of active sites and
negligible contribution of O, in the reaction path [29,50,51]. The different mechanistic clues of
CO and H, oxidation are further confirmed by activation energy barriers of 41+2 and 70+6
kJ-mol™ (Fig. S12 of SI), satisfactorily mirroring the energy gap predicted by the SCM analysis
(~35 ki-mol™). Indeed, both the matching of such values with the energy barriers of catalyst
reduction (Fig. S12 of SI) and the coincidence of the onset reaction with catalyst reduction
temperatures confirm that the catalyst-oxygen abstraction is a decisive step (r.d.s.) of both

reaction pathways, as predicted by DFT calculations.

Activity-selectivity pattern under co-feeding conditions and reaction mechanisms

To rule out potential interferences of reaction cycles under co-feeding conditions, catalytic
tests both in presence of CO and H; have been carried out. For the sake of comparison, these
were run at the same conditions of CO and H, oxidation (GHSV, 180,000 h'l), keeping constant

the CO/0; ratio (1.0) and varying the H,/CO one between 10 and 60.
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Figure 5A shows CO conversion data in the range of 293-433K matching those in absence of
H,, regardless of the H,/CO ratio (Fig. 4A), while an incipient H, oxidation is noticed only at

T>393K, similarly to that occurring in absence of CO (Fig. 4A’).
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Figure 5. (A) Activity-selectivity pattern of the M5C1 catalyst (P, 100 kPa) under CO and H, co-feeding
conditions (the various colours refer to data at different conditions); (B) Arrhenius plots of the 1*-order

kinetic constants of CO and H, oxidation.

This implies a full CO, selectivity in the range of 293-393K, while at higher temperature the
increasing H, oxidation rate causes a drop in the O, levels hindering both CO conversion and
CO; selectivity consistently with the H,/CO ratio (Fig. 5A). Since the surface hydration is not
relevant for the PROX behavior of the M5C1 catalyst because of very low H, oxidation rate at
T<393K, the apparent activation energies match the values previously recorded for CO and H,
oxidation alone (Fig. 5B), ruling out any mutual effect under co-feeding conditions.

Thus, theoretical and experimental evidences lead to sketch the following reaction
mechanisms.

CO oxidation: in agreement with the essential clues of DFT analysis (Fig. 1), the CO
oxidation cycle can be described by five essential reaction steps [29,31-34]. These include CO
adsorption on the Mn(IV) site (a) prompting the formation of a “bridged” carbonate
intermediate evolving into the 1** CO, molecule by the abstraction of O-atoms (b); the oxygen-
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vacancy triggers the co-adsorption of O, (c) and CO (d), forming a “bidentate” carbonate
intermediate that gives the 2"? CO, molecule and the replenishment of the Mn(1V) site (e) [31-
34]. Thus, while the decisive role of catalyst oxygen (r.d.s.) could infer a classical MvK
mechanism involving lattice oxygen atoms, the inhibiting kinetic effect of CO, and the
involvement of adsorbed oxygen species are rather compatible with a L-H type path,
prompted by the reactivity of the Mn(IV)-O bonds towards CO [29-34,51,52]. In fact, previous
CO “pulse-reaction” tests and “steady-state O,-chemisorption” measurements documented a
negligible reactivity of lattice oxygen species and a fully oxidized status of the catalyst at
steady-state reaction conditions (T, 393K) [31], supporting the evidence that the reduction of
active Mn(IV) sites determines the CO oxidation kinetics [27,29,31-34]. In fact, the classical
MvK path is predominant at T>523K, when the lattice oxygen mobility of MnO, catalysts is fast

enough to sustain the oxidation of adsorbed CO [52].

Scheme 1. Catalytic cycle of the CO oxidation.

(a) CO+MnsOg S CO-Mn,Og

(b) CO-M n408 s COZ + Mn407

(C) MI’]4O7 + 02 s Oz-M n407

(d) CO+ Oz-M n407 s COz-O-M n407

(e) CO,-0-Mn,0; S  CO, + Mn,Og
2C0+0, — 2CO,

H, oxidation: a reaction order slightly lower than one (eq. 5) confirms that some weak
surface interaction sparks the H, oxidation on the M5C1 catalyst. According to DFT data (Fig.
2), this interaction should encompass diatomic oxygen species on “over-oxidized” Mn sites,
mimicking the 0,-Mn40O; intermediate (v. supra). Under co-feeding conditions these are
generated by the CO oxidation cycle, but a considerably higher energy barrier (AE, 30-35
ki-mol™) determines H, oxidation probabilities lower by orders of magnitude in the

investigated range of temperature. However, unchanging activation energies reveal that the
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H, oxidation proceeds via the same mechanism irrespective of CO and O, (H2-TPR), pointing to
the occurrence of oxygen spillover processes triggering the genesis of 0,-M40; sites under
anaerobic conditions. This implies that the surface oxygen mobility controls the H, oxidation
activity of the real catalyst. Although the dismutation of Mn(IV) atoms belonging to different
clusters was not inspected by DFT analysis, it must be noticed that this property is crucial for
the reactivity of bare and promoted MnQO, catalysts, together with the availability and local

environment of Mn(IV) sites [46-49,53-55].

921K

O, signal x5

rate of CO or H, consumption, rate of O, release (a.u.)

L L 1 ) 1 ) 1 : 1
273 473 673 873 1073

Temperature (K)

Figure 6. Comparison of the O2-TPD profile (black line) with the CO-TPR (blue line) and H2-TPR (red
line) patterns of the M5C1 catalyst.
Depending on active phase structure and dispersion, the TPD analysis of the M5C1 catalyst
displays a peculiar O, desorption profile in the range of 293-1073K, accounting for an overall
release of ~3-107 moloz-g'1 that is diagnostic of the MnO,—Mn01 33 phase transition (Fig. 6). In

particular, the flex at 763K and the maximum at 862K are due to the breakage of unsaturated
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Mn—0 bonds from surface Mn(IV) atoms, while the sharp maximum at 921K monitors the
lattice oxygen release accounting for the Mn,;03—Mn304 transition [31,33,53-55]. Moreover, a
small peak (<1%) in the range of 293-473K monitors the release of oxygen species weakly
adsorbed onto surface defects and oxygen-vacancies, which are generally associated with
lower oxidation states of Mn and/or Ce atoms [46,47,53-55]. Although these could adsorb O,
enhancing the oxidation functionality of Mn(lV) sites [30], the H2-TPR analysis shows
negligible changes in the reduction pattern of the M5C1 catalyst after an in situ treatment at
673K and subsequent cooling in O, flow (Fig. S11 of SlI), unveiling a negligible influence of such
sites on the O, adsorption properties of the M5C1 catalyst. At variance, the oxygen mobility
probed by TPD analysis suggests that such sites could favour the spillover of O-atoms,
prompting the formation of O-vacancies and diatomic oxygen species also at low temperature.
According to DFT data, the latter would spark the H, oxidation (Fig. 2) although high energy
barriers shift the formation of water due to reduction of Mn(lV) sites at T>373K (Fig. 6)
[46,47,49,52-55]. Notably, these clues match literature findings documenting direct
relationships between the energy of O-vacancy formation and the H, surface reduction rate of
various MnO; polymorphs [49] and a-MnO; samples exposing different crystal facets [53],
suggesting a mechanism of four reaction steps for H, oxidation (Sch. 2): (3a’) the preliminary
formation of adsorbed O, species (i.e., 0,-Mn40;) and the consequent H, adsorption (b’),
followed by the formation of water and replenishment of Mn(IV) site (c’). These three steps
produce an O-vacancy accounting for the reduction of surface Mn(IV) atoms in absence of
oxygen (i.e., H2-TPR), while the regeneration of 0,-Mn,40; sites (d’) would explain the small

kinetic effect of O, under reaction conditions (Fig. S12B’ of SI).
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Scheme 2. Catalytic cycle of the H; oxidation.

() 2Mns03 S Mny07 + 0,-Mn,0;
(b’) H, + 0,-Mn405 S H,-0,-Mn,04
(c) H,-0,-Mn40; S H,0 + MnyOg
(d’) Mn407 + 02 s Oz-MI’]407
Mn403 + HZ + 02 - Hzo + Oz-Mn407

Preferential CO oxidation (PROX) pattern

The typical PROX behavior pattern recorded under kinetic regime prompted us to inspect
the performance of the M5C1 catalyst under integral conversion conditions for practical
purposes. In particular, at a GHSV of 3,600 h™* (1 g.s) it ensures CO conversion values of 35 and
60% at 353 and 373K respectively, and CO, selectivity levels of 100% (Fig. 7A). At T>393K the
rising H, conversion causes a progressive decrease of the CO, selectivity and a drop of O,
concentration hindering the complete CO conversion. Even if these data signal the incipient
occurrence of mass-transfer constraints [26,31,33], lowering further the GHSV (720 h'l) the CO
conversion increases to 94 and 99% at 353 and 373K respectively, while selectivity values of
100% and 95% are still recorded (Fig. 7A). Therefore, at 373K the M5C1 catalyst almost fulfills
the targets of the PROX process for PEMFC devices, owing to a residual CO concentration
lower than 100 ppm and H, loss lower than 0.2%, corresponding to a three orders of
magnitude different oxygen-utilization factor (i.e., kco/kH2~103), considering a H,/CO ratio of
85. Furthermore, despite the increasing H, conversion in the range of 393-423K causes a
progressive decay of the CO, selectivity from 71% to a minimum value of 50%, the PROX
behavior of the M5C1 catalyst is also better at T>373K since a full CO conversion is
accompanied by H, loss lower than 1% due to the excess of O, (0.5%). Under such conditions
the M5C1 catalyst is also stable (Fig. 7B), keeping at 363K constant conversion (93-97%) and

selectivity (95-97%) levels in 72h of reaction time.
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Finally, we probed the performance of the M5C1 catalyst under realistic process conditions,
mimicking a WGS feedstock by adding H,0 (4%) and CO, (10%) in the reaction stream. Fig. 7C
shows significant negative effects of H,0 and CO, feeding on CO conversion [33,52], although
selectivity values of 100% are still observed at T<373K. In particular, at 353 and 373K water
causes a drop in activity probed by CO conversion values of 20 and 60%, respectively.
Considering the constant CO conversion (94-100%) at such temperatures in absence of water
(Fig. 7A), these data signal a growth of the energy barrier by 70 kJ-mol™ that well compares
with the desorption energy (~72 kl-mol™) of water from the Mn,Os cluster. At 393K
conversion and selectivity values are equal to 96 and 95% respectively, while at higher

temperatures a full CO conversion is accompanied by selectivity values of 55%.
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Figure 7. (A) PROX pattern of the M5C1 catalyst at different GHSV (P, 100 kPa; CO, 1%; O,, 1%; H,, 85%;
N,, 13%); (B) stability test at 363K (GHSV of 720 h™); (C) Effect of H,0 (4%) and CO, (10%) in the feed on
the PROX performance (GHSV, 720 h™'; P, 100 kPa; CO, 1%; O,, 1%; H,, 70%; N,, 14%).
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Adding both water and CO; in the reaction stream, CO conversion at 353 and 373K lowers to
10 and 40%, indicating a further growth of the apparent activation barrier by ca. 10 kJ-mol™
[33]. At 393K the CO conversion attains a level of 82% with a CO, selectivity of 92%, while at
T>413K a complete CO conversion and CO; selectivity values of 50% substantiate the PROX
behavior of the M5C1 catalyst under realistic process conditions. This is corroborated by fairly
reproducible conversion-selectivity data throughout three reaction cycles in the range of 393-

423K, which is preliminarily diagnostic also of a substantial catalyst stability.

CONCLUSIONS

The CO and H; oxidation functionality of Mn(IV) sites has been assessed by DFT analysis of
adsorption and activation energies on a model Mn4Og cluster in presence and absence of O,.

A MnCeOy catalyst (M5C1) with large availability of Mn(IV) sites has been investigated as
experimental counterpart of the model Mn4Og cluster.

According to DFT predictions, the M5C1 catalyst shows a remarkable CO oxidation
performance at T>293K and no H; oxidation activity at T<373K.

The reducibility of Mn(1V) sites controls both the CO and H, oxidation activity of the M5C1
catalyst.

CO oxidation occurs via a stepwise path involving both catalyst and gas phase oxygen, while
the H; oxidation requires the interaction with diatomic oxygen species.

High activation energy barriers hinder H, oxidation favoring the PROX performance of the
M5C1 catalyst.

The M5C1 catalyst ensures a complete CO removal with H, loss lower than 1% in the range

of 353-423K.
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Despite moderate inhibiting effects of water and CO, co-feeding, MnO, materials can be
considered as effective, low cost and robust PROX catalysts.
Further theoretical and experimental studies for the optimization of the PROX performance

of MnO,-based catalysts are currently in progress.

NOTES

*G.M., deceased on Sept. 29" 2020.
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HIGHLIGHTS

e A DFT study of the CO and H; oxidation functionality of Mn(IV) sites is outlined

e DFT analysis predicts a typical preferential CO oxidation behavior of Mn(IV) sites

e A MnCeOy catalyst with large availability of Mn(IV) has been investigated

e Very different energy barriers determine the PROX pattern of the MnCeOj catalyst

e MnO, materials are effective, low cost and robust catalysts for the PROX reaction
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