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Abstract

A microkinetic analysis in terms of DFT-calculated temperature-dependent Gibbs free

energies was performed for the oxidation reactions of CO and H2 on a model Mn4O8

cluster. Apparent activation energies data predict a peculiar CO preferential oxidation

pattern of Mn(IV) sites in presence of hydrogen (PROX) substantiated by the unprece-

dented PROX behavior of a nanocomposite MnCeOx catalyst in the range of 353-423K

under both ideal and real process conditions. Micro- and macrokinetic data on the

“model” cluster and “real” catalyst are discussed.
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1. Introduction

The oxidation reactions of carbon monoxide and hydrogen are amongst the most

popular model reactions in catalysis routinely employed for catalyst screening, charac-

terization, and mechanistic studies as well. Nowadays, these reactions have also gained a

great practical interest due to the potential of H2 oxidation in Fuel Cells for clean energy

production, and the environmental threat of CO being a highly toxic compound also
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source of secondary pollution issues (i.e., formation of ground-level ozone). Moreover,

the preferential oxidation of CO (PROX) is being explored as a viable alternative to

methanation or adsorption (PSA) for cleaning up H2-feeds in catalytic technologies like

Hydrogenation, Ammonia Synthesis, and Fuel Cells [1, 2].

Noble-metal catalysts such as Pt, Rh, Ir, and Au are extensively studied for their

PROX performance, and innovative design strategies, such as single atom catalyst (SAC)

formulations, have been devised to improve their activity pattern [2–6]. In fact, SAC’s

exploit the reactivity of suitable carriers and/or promoters to trigger dual-site reaction

paths overcoming the limitations of competitive adsorption seen in conventional systems.

Meanwhile, economics and sustainability issues drive a great attention on transition-

metal (TM) catalyst compositions (Cu, Co, Mn, Ce, etc.) for their enhanced CO oxi-

dation activity [2, 6–8] and a PROX performance comparing to noble metals [3, 7–15].

Thus, many studies have focused on understanding the CO oxidation mechanisms and

fundamental clues of the PROX behavior for TM-based catalysts, like CuOx [9, 10, 14],

CoOx [13, 15–18], and MnOx systems [10–12]. In this respect, it has been found that

the PROX functionality of the CuCeOx catalyst depends on metal Cu sites that are

unstable under complete CO conversion conditions [14], while the PROX behavior of Co

catalysts is very sensitive to the oxidation state of Co sites due to the blocking effects

of carbonate species [13, 16, 17]. Moreover, DFT and kinetic studies using isotopically

labeled oxygen were adopted to explore the mechanistic clues of the PROX functionality

of CoMnOx catalysts [17, 18], while we recently carried out a comparative DFT study

of the oxidation functionality of Mn(IV) sites toward CO and H2, predicting and further

documenting an appealing PROX behavior of MnO2 catalysts for PEMFC’s technology

[10]. At variance, a crucial role of hydroxyl groups was raised to explain the PROX

behavior of ε−MnO2 systems [12].

Therefore, aiming at a deeper understanding of the kinetic issues and molecular as-

pects of the peculiar PROX functionality of the MnO2 catalyst, this study presents a

microkinetic analysis of the DFT mechanisms of CO and H2 oxidation on a model Mn4O8

cluster, in terms of Gibbs energy of the various elementary reaction steps in a wide range

of temperature. Using a new approach named Simplified Christiansen Method (SCM),

specifically designed to manage kinetic analyses by quantum chemical descriptors [19],
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microkinetic data describe the CO and H2 oxidation pattern shedding light into the mech-

anistic issues determining PROX functionality of “real” MnO2 catalysts. The Mn4O8

cluster here employed was considered as representative of the nanoformations occurring

in the high dispersed MnO2 phase present in MnOx catalysts [20–22]; its geometrical and

electronic properties were reported in previous works [10, 23, 24]. As a matter of fact,

just considering only very recent works, the long-time studied sub-nanometer manganese

oxide clusters have been the object of joint experimental-computational investigations

for their potential catalytic activity in processes regarding biomass valorization [25, 26],

water splitting reaction [27], hydrogen oxidation [28] and pollutant degradation [29].

2. Experimental

2.1. Computational Details

Reported density functional theory data are based on calculations obtained by using

the M06L exchange-correlation functional [30] joined with the correlation consistent po-

larized valence double zeta, cc-pvdz, basis set for light atoms [31] and the Relativistic

Small Core Stuttgart ′97 basis set equipped with effective core potentials for manganese

[32]. All calculations were done by using the Gaussian 09 program [33]. Christiansen

analysis was performed by means of a home-made code, which, in its general conception,

is able to find all the possible reaction paths between reactants and products when reac-

tion energies and barriers of all elementary processes are provided and to analyze them

according to the Simplified Christiansen Method [19] to give global reaction rates. The

free energies values of all the intermediates involved in the various reaction steps were

obtained considering the quasi-harmonic correction to entropy proposed by Grimme [34],

with a frequency cutoff of 100 cm−1, using the Goodvibes code [35].

2.2. Materials and Methods

The nanocomposite MnCeOx catalyst (M5C1) was prepared via the redox-precipitation

synthesis technique [10, 36]. The chemical composition was probed by X-Ray Fluores-

cence (XRF) analysis while surface area, pore volume and average pore diameter data

were obtained from the N2 adsorption-desorption isotherm (77K) elaborated by the BET

and BJH methods, respectively. Temperature Programmed Reduction analyses in the
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range of 293-773K were performed with a heating rate of 12 K min−1 using a quartz

reactor containing 20 mg of catalyst, fed with either 5% H2/Ar (H2-TPR) or 5% CO/He

(CO-TPR) carriers (F, 60 stp mL min−1).

The CO and H2 oxidation activity of the M5C1 catalyst was probed by temperature

programmed reaction tests in the range of 293-533 K at heating rate of 2 K min−1 using

a QMS as analytical tool [10]. The testing was carried out using 20 mg of catalyst diluted

with granular SiC, feeding reaction mixtures containing CO or H2 (2.5%) and O2 (2.5%)

in He (95%) at the rate of 60 stp mL min−1 (GHSV, 1.8·105 h−1). The PROX pattern

under kinetic regime was probed in the same apparatus (GHSV, 1.8·105 h−1), feeding a

stream containing 1% CO, 1% O2 and 60% H2 (He, rest) that was analyzed on line by the

QMS. Integral conversion PROX tests (GHSV, 720 h−1) were performed in isothermal

regime (T, 353-423K) using a CO (1%), O2 (1%), H2 (85%) and N2 (13%) (F, 60 stp

mL min−1) mixture cyclically analyzed by a GC equipped with dual-column system and

TCD for detection of O2, N2, CO and CO2 [10].

3. Results and Discussion

3.1. DFT Mechanisms and Christiansen Analysis of Energy Data

The oxidative functionality of Mn(IV) sites toward CO and H2 has been assessed by

DFT calculations on a Mn4O8 model cluster (in the following also indicated as the oxy-

genated fragment), as reported in our previous work [10]. The whole DFT catalytic cycle,

illustrated in Figure 1, was characterized in terms of atomistically-resolved elementary

steps and is the result of the exploration of a large number of possible pathways starting

from the available adsorption sites for CO and H2 on Mn4O8. According to the pro-

posed mechanism for carbon monoxide oxidation, the first CO molecule is transformed

to CO2 by means of atomic oxygen extracted from the cluster, with the formation of

the under-oxygenated Mn4O7 species (4). This can promptly adsorb one O2 molecule,

forming the hyper-oxygenated fragment Mn4O9 (5), whose excess oxygen atom is ready

to easily convert another CO molecule, so that the starting model cluster is restored.

The energetic details of the catalytic cycle of Figure 1 can be preliminarly discussed in

terms of electronic energies including vibrational zero-point contribution, corresponding

to Gibbs free energies at 0 K. CO adsorption on Mn4O8 occurs with the release of only 25
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kJ mol−1, and a energy barrier equal to 52 kJ mol−1 must be overcome for the conversion

to the Mn4O7−CO2 intermediate. The desorption of carbon dioxide from Mn4O7 would

require ca. 60 kJ mol−1, so that the global energy release for the first CO molecule oxida-

tion process sum up to 142 kJ mol−1. The oxidation of the second CO molecule, on the

other hand, starts from the Mn4O9 species, and involves the release of 40 kJ mol−1 for

CO adsorption and an energy barrier of 45 kJ mol−1; considering that the final products

are Mn4O8 and CO2, a reaction energy difference of 387 kJ mol−1 was evaluated [10].

Regarding H2 oxidation, our investigation ruled out the possibility that the hydrogen

molecule could give rise to sensible interactions with the Mn4O8 cluster, but showed

that H2 can be adsorbed, with the release of 21 kJ mol−1, on the hyper-oxygenated

site of Mn4O9. This species forms as intermediate in the CO oxidation reaction, but

in order to make the H2 oxidation independent from the presence of carbon monoxide,

its formation could be hypothesized directly from Mn4O8, by surface and near-surface

oxygen spillover phenomena. On Mn4O9, H2 breaks as a result of the overcoming of a

energy barrier as high as 107 kJ mol−1. After some rearrangments, which involve the

presence of intermediates where the H atoms are first separately located on Mn and O

centers (9, 10, which interconverts the one to the other with an energy barrier of 47

kJ mol−1), and then both on O (11, where incidentally the O−O present in Mn4O9 is

broken and an energy barrier of 100 kJ mol−1 is present on the path), a further H-shift

from oxygen to oxygen leads to (12), from which a water molecule can desorb, requiring

73 kJ mol−1 of energy. The whole reaction energy release accompanying the conversion

of Mn4O9 +H2 to Mn4O8 +H2O is equal to 275 kJ mol−1 [10].

In order to convert the DFT energy values into figures that can be copared with the

experimental data, the microkinetic simplified Christiansen method was employed. SCM

aims to determine the overall rate s of a given reaction path by solving the system of

equation

1
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which is constructed by considering the direct and reverse kinetic constants (determined
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by the corresponding DFT calculated energy barrier, Eb, values)

wj =
kT

h
e−Eb(j→j+1)/RT (2)

w−j =
kT

h
e−Eb(j+1→j)/RT (3)

of a sequence of elementary steps in imposed quasi-stationary condition, with the species

1 and n+1 corresponding to the isolated gas phase reactants and products, respectively.

The θi represent the fraction of sites occupied by the species i, being, in particular,

θ1 associated to the empty site fraction. Besides, SCM can be fruitfully used to help

discriminating between various competitive pathways in complex reaction networks [37,

38], where the simple analysis of energy barriers and reaction energies cannot be trusted

due to the complexity and length of all possible interlaced pathways.

The microkinetic analysis here reported is performed on the published DFT data for

reaction energies and barriers corresponding to two reaction pathways. In particular,

the considered processes are: a) carbon monoxide oxidation going from species 1 to 7,

followed by catalyst restoration, b) the H2 route starting from the hyper-oxygenated

cluster (species 5), obtained from 1 by assuming an oxygen spillover process. The SCM

analysis was performed in terms of Gibbs free energies as a function of the temperature

(ranging from 373 to 523 K, at P = 1 bar). Considering the continuous flow conditions,

it is assumed that product molecules desorbing from the cluster cannot be re-adsorbed,

while when adsorption is endoergonic (as in the CO and H2 cases, whose desorption is

entropy-driven), the possibility of a reactant leaving the system was considered. Once

the free energies variation along all paths (reported in Table 1) were outlined and SCM

performed to obtain the reaction rates (see Table 2) at a given temperature [19, 24], the

apparent activation energies for CO and H2 oxydation processes were evaluated through

Arrhenius plots. It resulted that the calculated apparent activation energy, Eclc
a value,

for CO oxidation on the Mn4O8 model catalyst is equal to 24 kJ mol−1, while the one

calculated for H2 conversion to water is evaluated as 96 kJ mol−1, witnessing a remarkable

preferential oxidation of carbon monoxide with respect to molecular hydrogen.

[Figure 1 about here.]

[Table 1 about here.]
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[Table 2 about here.]

3.2. Reactivity of the “real” MnO2 catalyst toward CO and H2 in absence of O2: the

reduction pattern.

The experimental study aimed at ascertaining the practical feasibility of computa-

tional findings started with the design of a material with prevalent exposure of “iso-

lated” Mn(IV) sites representative of the model Mn4O8 cluster. Thus, exploiting the

effectiveness of the redox-precipitation synthesis route in promoting the oxide disper-

sion, a nanocomposite MnCeOx system including small amount of the ceria promoter

(Ceat/Mnat, 1/5) was synthesized as the experimental counterpart of the model cluster

(M5C1) [10, 36]. Due to the structural effects of ceria [10, 36, 39], it features a typical

mesoporous texture with surface area, pore volume and average pore diameter of 159

m2/g, 0.55 cm3/g and 30 nm, respectively. Moreover, according to a surface Mn/Ce

atomic ratio (5.1) larger than bulk one (4.75), the XPS analysis signals a surface Mn

enrichment, mostly in the +4 oxidation state (Table 3), and with an average oxidation

number (AON) of +3.67 [10, 36]. In addition, a featureless XRD pattern discovers a very

poor crystalline arrangement substantiated by the lack of F2g Raman signal of cerianite

(≈ 460 cm−1) in the Ramam spectrum of the synthesized material. These structural data

denote an extensive incorporation of Ce ions into the MnOx structure hindering, in turn,

the thermally-driven nucleation of ceria clusters and the δ–→ α–MnO2 phase transition,

as indicated by smoothed Raman signals at 502, 573 and 650 cm−1 and a bulk K/Mn

atomic ratio of 0.13 typical of the layered birnessite phase (Table 3) [10, 12, 36, 39].

Large surface availability and strong redox activity of Mn(IV) atoms shape in turn

the reduction pattern of the M5C1 catalyst that was comparatively probed by CO-TPR

and H2-TPR measurements shown in 2. Like the bare MnO2 system, indeed, both

patterns display two resolved peaks in the range of 293-723K accounting for comparable

extents of CO and H2 consumption (CO/Mn-H2/Mn, 0.85-0.87) mirroring the above

AON [10, 36]. An amplitude ratio of ca. 2:1 signals a stepwise reduction of MnO2

nanodomains to Mn3O4 and MnO respectively, although a three-step process coming

across the intermediate Mn2O3 species cannot be disregarded [12, 40, 41]. Apart from a

shift to lower temperature of the peak maxima due to higher MnO2 dispersion, in fact,
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the similar TPR patterns of bulk MnO2 and M5C1 catalysts denote a negligible, if any,

influence of ceria on the electronic properties of surface MnO2 sites [10, 21, 22, 36]

[Table 3 about here.]

Despite such similar features, however, a considerable downward shift of the first

peak (≈85K) signals a much easier reduction of Mn(IV) sites by CO, while the ensuing

reduction of the Mn3O4 phase is almost insensitive to the reductant (Fig. 2) [10, 36].

Thus, to get insights into the energy barriers for reduction of Mn(IV) sites the uphill

branch of the first peaks was elaborated into Arrhenius plots considering a pseudo-first

order kinetic equation

reduction rate = kapp · paX ·Nsite/g · (1− α/0.67) (4)

where α is the reduction degree, (i.e., the fraction of reduced Mn(IV) sites given by

the integral of TPR curves between 293K and T) divided by the number of O-atoms

extracted from each MnO2 site in the first reduction step (i.e. MnO2 −−→ MnO1.33),

Nsite/g are the moles of Mn(IV) atoms per gram of catalyst, pX is the pressure of the

reductant and a is the relative reaction order. The logarithmic form of eq. (4)

ln
reduction rate

1− α/0.67
= ln kapp + a ln (pX) + ln (Nsite/g) (5)

shows that the left-term vs. the reciprocal of temperature represents the Arrhenius plot of

the rate constant, since the last two terms are constant because of differential CO and H2

consumption (<10%) throughout the measurements. In both cases such an elaboration

gives reliable straight-line relationships which account for apparent activation energy

(Ered) values of 44± 1 and 68± 1 kJ mol−1 for the reduction of Mn(IV) sites by CO and

H2, respectively (Fig. 2C). Matching at a molecular level the increasing reactivity of the

Mn(IV)-O bond with temperature (v. supra), these figures reflect growing populations

of Mn(IV) sites (i.e., α) reactive toward CO and H2 on the “real” catalyst. This issue is

further discussed in the final paragraph.

[Figure 2 about here.]

3.3. Activity pattern of the “real” MnO2 catalyst toward CO and H2 in presence of O2.

Since O-vacancies act as O2 adsorption centers throughout the reaction cycle, it is

lilkely that the considerable Ered gap (20-25 kJ mol−1) would affect the CO and H2 oxi-
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dation activity pattern of the M5C1 catalyst (Fig. 3). In fact, activity data under kinetic

regime (GHSV, 180,000 h−1) document a much stronger CO oxidation activity with con-

version values rising from 0 to 100% in the range of 293-533 K, while the H2 oxidation

starts only at T≥393K reaching a maximum conversion of 15% at 533K (Figure 3A). As-

suming 1st-order kinetics, consistent with the sigmoidal CO conversion trend, conversion

data (e.g., ln[-ln(1-X)] = ln [k] + ln [τ ]) in the ranges of 323-523K and 433-523K depict

reliable Arrhenius plots (Figure 3B), indicating Erx values of 49±3 and 69±3 kJ mol−1 for

the CO and H2 oxidation, respectively. Matching the relative Ered data, these figures es-

tablish a close relationship between reducibility and oxidation activity of MnO2 catalysts

suggesting that the abstraction of catalyst O-atoms is the rate determining step (r.d.s.)

of both CO and H2 oxidation. [12, 40–48]. This finding matches previous evidences of the

key-role of lattice oxygen mobility on the PROX behavior of bare and Cu-doped MnOx

systems [46], although recent studies related a high CO oxidation performance [47] and

the PROX activity pattern of ε-MnO2 materials to surface defects and hydroxyl groups

prompting a favorable hydroxycarbonate-intermediate reaction path [12, 48]. However,

even if the formation of several carbonate intermediates at the surface of MnO2 catalysts

testifies a strong chemical affinity of Mn(IV) sites toward CO, the nature of “active”

oxygen species remains a controversial issue [10, 12, 36, 41, 42, 44–47, 49, 50]. Despite

fractional orders on CO and O2 are related to L-H paths involving adsorbed CO and O2

at T<423K [12, 44–48, 51, 52], experimental evidences reveal the occurrence of a typical

redox mechanism.

[Figure 3 about here.]

Thus, to rule out any role of adsorbed O2 species on the activity pattern of the M5C1

catalyst in the studied range of temperature, a H2-TPR analysis after an in situ treatment

at 673 K in O2 flow has been performed (Fig. 4).

[Figure 4 about here.]

Favoring the removal of adsorbed species (i.e., H2O, CO2, etc.), the pretreatment prompts

O2 adsorption onto O-vacancies and defects resulting in larger H2 consumption with re-

spect to the untreated counterpart [10], as observed for a reference MnCeOx catalyst

(Mnat/Ceat, 1) showing after pretreatment an additional peak centered at 403 K, pre-
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viously ascribed to O2 species adsorbed onto electron-donor Mn(II)-CeO2 solid-solution

centers (Fig. 4) [36]. By contrast, an almost unchanging profile confirms that the func-

tionality of Mn(IV) surface sites rules the reactivity of the M5C1 catalyst according to

the following simplified mechanisms (see Scheme 1)

• (step a) CO adsorbs on Mn(IV) sites (σO) producing a carbonate-intermediate

(step a) that decomposes forming CO2 and an O-vacancy (σ) (step b). Afterward,

the interaction of O2 with the reduced site (step c) leads to the formation of ad-

sorbed oxygen species (σO2) that easily interact with another CO molecule (step

d) giving the second carbonate-intermediate that decomposes into the second CO2

molecule restoring the pristine Mn(IV) site (step e) [10, 44, 45]. Notably, the possi-

ble contribution of surface hydroxyls is not considered for the sake of simplicity of

the above reaction mechanism [12, 47] and in consideration of the general negative

effect of wet reaction streams on the activity pattern of the M5C1 catalyst [10, 36].

• At variance, the interaction of H2 with Mn(IV) sites with comes across a prelim-

inary formation of diatomic oxygen species that, in absence of O2 (i.e., TPR),

should be the result of O-spillover process (step a′) [10]. This was previously ar-

gued in the light of the O2 desorption pattern, and it is further supported by a

recent study stressing a crucial role of O-vacancies that, favoring the mobility of

oxygen atoms and molecules at the surface of the β−MnO2 catalyst, drive the H2

oxidation cycle at T≥373K [53]. In fact, Yang et al. investigated the evolution of

reactive oxygen species (ROS) in the range of 288-328 K on different crystal planes

of birnessite coming to the conclusion that ROS can be generated and transformed

changing temperature owing to the promoting effect of O-vacancies [50]. Adsorbed

oxygen species prompt then H2 adsorption, leading the formation of water and

replenishment of a Mn(IV) site (steps c′-e′). The residual reduced site acts as an

O2 adsorption center running the catalytic cycle in presence of O2 (step b′) [10].

[Scheme 1 about here.]

Thus, after such preliminary confirmations of computational findings, PROX tests (i.e.,

pCO, 1 kPa; pO2
, 1 kPa; pH2

, 60-85 kPa) under both differential (Fig. 5A) and integral

(Fig. 5V) conversion conditions have been performed.
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[Figure 5 about here.]

Despite an overwhelming H2 concentration (H2/CO, 60), at the same GHSV of previous

tests the activity pattern of the M5C1 catalyst looks like that recorded for the two

substrates separately (Figure 3A). In fact, nearly unchanged CO conversion values and no

H2 oxidation activity are observed in the range of 293-393K (Fig. 5A), whereas, at T>393

K the incipient H2 oxidation lowers the O2 concentration depressing CO conversion

levels. Since the CO oxidation cycle evolves through the formation of diatomic oxygen

species, this finding proves that the activation energy gap of the reduction processes is

the key-factor shaping the PROX functionality of the M5C1 catalyst. Indeed, at integral

conversion conditions (GHSV, 720 h−1) the M5C1 catalyst ensures a full CO conversion

(96-100%) and CO2 selectivity values decreasing from 100 to 60% in the range of 353-

423K (Fig. 5B), corresponding to a hydrogen loss lower than 1%. Finally, good stability

and PROX behavior also in a simulated WGS stream substantiate the potential of the

studied catalyst for PEMFC’s technology [10].

3.4. Refining DFT data

The data reported and analyzed above indicate that the experimental values of the

apparent activation energy for the investigated oxidation reactions are 45 and 68 kJ mol−1

(Fig. 2C), respectively, while the values estimated by the computational investigation

are, correspondingly, 24 and 96 kJ mol−1. Therefore, the ratio between the values of the

apparent activation energies of the CO and H2 conversion processes are 0.67 and 0.25

according to the experimental and computational results, respectively. This discrepancy

should not surprise, though. The DFT/SCM evaluation of the surface processes actually

refers to transformations that occur on one isolated site, ideally identified as the reaction

site. With this, it is not considered how many reaction sites actually exist with respect to

the catalytic surface sites and how their numeric ratio varies, for example, with changing

the temperature. This dependence indeed exists in the PROX here studied and it is

attested by the trends, with the temperature, of the reduction degree, α, referred to the

CO and H2 processes and reported in Figures 2A,B.

Another aspect whose effects cannot be evaluated with the DFT/SCM approach is the

competition of different processes taking place on different active sites/oxygen species. In
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fact, the DFT study shows that there are two different kinds of catalytic sites driving the

CO oxidation, namely those on the fragments 1 and 5 of Figure 1. Moreover, fragment

5, already denoted as hyper-oxygenated, is originated by fragment 1 and is involved in

the oxidation of H2, too. Due to the temperature-dependent surface and near-surface

spillover phenomena, the relative number of active sites changes as the temperature

varies. Thus, it is conceivable that the effect of the competition for the hyper-oxygenated

sites, common to the two oxidations, should depend on the temperature.

Summarizing the experimental and computational evidence by points:

• The DFT/SCM approach refers to one model site that evolves over time until

equilibrium is reached [19]. The result of the corresponding simulation considers

neither the nature and effective number of surface sites nor the competition that

could occur between different species on the same site.

• Inferences based on DFT analysis are in agreement with a temperature-activated

H2 oxidation, also suggesting dedicated surface sites for this process. Interestingly,

these results are coherent with the experimental findings.

• The oxidation of CO, referring to the DFT/SCM approach, takes place on two

different sites, characterizing the oxygenated and hyper-oxygenated fragments on

which the process seems to be slightly favoured. Computational findings confirm

that the oxidation of H2 conversely occurs just on the latter.

• The DFT values of ∆G reported in Table 1, related to the adsorption of H2 and

CO, show that the former should be favoured over the latter, irrespective of the

temperature values, on the hyper-oxygenated fragments.

• The experimental α trends, for both CO and H2, clearly show that the number

of reaction sites increase with the temperature. The effect of the temperature

on the reaction steps taking place on the hyper-oxygenated sites should be even

more effective since the activation ∆G values for the processes occurring on these

fragments are lower than the ones characterizing the remaining fragments involved

in the whole mechanism.

• Given the last two previous points, with the temperature there must therefore be a
12



proportional increase i) in the oxidation of CO and ii) in the competitive behaviour

of CO and H2 for the same surface sites.

Interestingly, it is possible to make the computational and experimental behaviors of

the apparent activation energy ratios each other more similar if it is admitted that the

oxidation rate of CO, on the whole, takes an advantage over that of H2 on the hyper-

oxidate surface sites, as the temperature increases. In this way, in fact, the apparent

activation energy of the CO oxidation would increase, while that of H2 would decrease,

both becoming more similar to the, singly corresponding, experimental findings.

It is possible to model this inference by fractionating a given DFT/SCM reference

site into a quantity π, increasing with the temperature, referred to one process and,

for simplicity, a quantity (1 − π) referred to the other process. In passing, it is here

stressed that this phenomenological model as a whole does not contrast with the items

in the list above and on the contrary is especially consistent with the points of the list

concerning the temperature dependence of the surface phenomena and, in particular,

with the competition for the hyper-oxygenated sites of the two oxidation processes. The

hypothesized model behavior is finally in agreement also with the Arrhenius trends,

calculated and experimental, which have been determined for the oxidation of CO and

H2, showing, independently of the approach followed, a ratio between the values of the

apparent activation energies of the CO and H2 oxidation always less than 1.

Following the proposed modeling a phenomenological perspective, both the π descrip-

tors above would evaluate the probability of occurrence at different temperatures of one

or the other oxidation on the surface sites, in this way, normalizing the rate of a given

catalytic transformation to the whole surface sites and to the competition of the two

oxidations on the same ones. In fact, π and (1 − π) define the probabilities of reaction

for the reagents of the PROX averaging, for the single species, on the number of sur-

face sites involved into a given process and on the properties of the different processes

characterizing each species. For simplicity, we can think π:

π = e−β/RT (6)

as a multiplying term of the reaction rate, sCO, of the whole CO oxidation process:

π · sCO ∝ e−β/RT · e−Eclc
a /RT (7)
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where Eclc
a is the calculated apparent activation energy and Eexp

a = Eclc
a + β the experi-

mental one. The same could, of course, be done in order to correct the sH2
rate, in this

case, at variance, using the multiplying term (1− π).

Since hydrogen oxidation is a kinetically less significant parasitic process, it is prefer-

able to refer in the first instance to the complementary CO oxidation. Due to this, it is

clear that a simple choice for the β correction value is ca. 20 kJ mol−1, which brings the

calculated activation energy to the experimental value. For this value of β the correc-

tion of the activation energy in the oxidation process of H2 amounts to ca. 2%. In any

case, the calculated apparent activation energy of the H2 oxidation is, however, rather

insensitive to the parameter (1 − π), for β values that have physical significance, with

respect to the activation energy barrier of the CO oxydation. The ratio of the apparent

activation energy values characterizing the two oxidations involved in the here modeled

PROX, for β = 20 kJ mol−1, increases to ca. 0.5.

These findings, although based on rather naive considerations, heuristically justify the

just apparent lack of kinetic correlation between the two processes and the preference of

hyper-oxygenated sites, i.e. those of the fragment 5, in both the processes. However, the

CO oxidation is extremely favored on these. Therefore, it can finally be inferred that

the presence of bulk-oxygen spillover, activated by the increasing of the temperature and

not explicitly manageable in the frame of the DFT/SCM approach, is at the basis of the

discrepancy between the calculated and experimental findings of the apparent activation

energy in the PROX processes here analyzed.

3.5. Conclusions

The oxidation functionality of surface Mn(IV) atoms determines the typical PROX

behavior of a nanacomposite MnCeOx catalyst. A significant activation energy gap

promotes CO oxidation at 293 K hindering the H2 oxidation below 393 K. Microkinetic

analysis based on the application of the Simplified Christiansen method on reaction

energetics calculated by Density Functional Theory shows satisfactory agreement with

the empiric kinetic parameters. Microkinetic analysis also emphasizes the decisive role of

changes in the oxidation state during the catalytic reaction at sites identified with units

containing just MnOx fragments, with ceria serving as support and dispersing element

for active site. The alignment of experimental results with the proposed kinetic model
14



has been also improved by introducing a descriptor governing the probability occurrence

of the different catalytic oxidation cycles involved.
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Figure 1: DFT-based mechanism for the oxidation of CO and H2 on the Mn4O8 catalyst model. Mn:
green, O: red, C: grey, H: pink.
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Figure 2: A) CO-TPR patterns and reduction degree (α, red curve) of the “as received” M5C1 catalyst
(black solid curve) and MnO2 sample (dashed curve) in the range of 293-773K; B) H2-TPR patterns and
reduction degree (α) of the “as received” M5C1 catalyst (black solid curve) and MnO2 sample (dashed
curve). C) Arrhenius plots of the reduction rates in the ranges of 343-453K (shaded area in A) and
423-568K (shaded area in B), respectively.
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Figure 3: A) CO (black) and H2 (red) oxidation activity of the M5C1 catalyst of in the range of 293-533K
(pCO, 1.0 kPa; pH2
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Figure 4: H2-TPR patterns of “as received” (dotted lines) and “pretreated” (solid lines) M5C1 and
reference MnCeOx (Mnat/Ceat, 1) catalysts. The pretreatment was carried out in situ at 673K in 5%
O2/He flow (30 min).
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Table 1: Forward and backward Gibbs free energy barriers, ∆G, used for Christiansen analysis,
calculated as a function of the temperature for each of the elementary steps of the CO and H2
oxidation mechanisms reported in Figure 1.

Elementary
process

Free energy barriers ∆G/kJ mol−1 at T/K
373 423 473 523

1 + CO → 2 27.0a 0b 35.2 0 42.7 0 50.1 0
2 → 3 57.0 236.5 58.0 237.4 59.0 238.2 60.0 239.0
3 → 4 + CO2 20.5 ∞b 12.9 ∞ 5.3 ∞ -2.3 ∞
4 + O2 → 5 0 ∞ 0 ∞ 0 ∞ 0 ∞
5 + CO → 6 17.3 0 25.5 0 33.7 0 41.9 0
6 → 7 47.3 ∞ 48.0 ∞ 48.8 ∞ 49.6 ∞
7 → 1 + CO2 16.0 ∞ 8.4 ∞ 0.8 ∞ -6.8 ∞
1 → 5 0 ∞ 0 ∞ 0 ∞ 0 ∞
5 + H2 → 8 11.5 0 16.2 0 20.8 0 25.4 0
8 → 9 116.7 84.3 119.0 84.9 121.4 85.4 123.9 86.0
9 → 10 46.9 48.8 47.0 48.9 47.1 49.0 47.2 49.2
10 → 11 101.6 313.7 101.9 314.6 102.2 315.6 102.5 316.7
11 → 12 72.7 210.5 73.4 210.7 74.1 211.0 74.9 211.2
12 → 1 + H2O 49.3 ∞ 41.9 ∞ 34.6 ∞ 27.3 ∞
a In the SCM procedure, the values of ∆G associated to elementary steps where
adsorption or desorption occurs were treated as free energy barriers.

b Very low (0) and very high (∞) values were used in the SCM procedure in order
to completely allow or forbid, respectively, the corresponding elementary step.
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Table 2: Reaction rates, s, at constant pressure for the CO and H2 oxidation obtained by SCM at given
temperature, T, values.

s/s−1 T/K

373 423 473 523
CO 1.47×101 3.61×101 7.41×101 1.36×102
H2 8.01×10−8 3.14×10−6 5.53×10−5 5.77×10−4
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Table 3: Bulk and surface chemical properties of the M5C1 catalyst

Chemical composition (XRF) Surface chemical analysis (XPS)
[Mn] [Ce] [K] Mn/Ce K/Mn Mn/Ce K/Mn Mn(II) Mn(III) Mn(IV)

(wt %) (at/at) (at/at) (at %)

42.8 23.0 3.9 4.73 0.13 5.1 0.15 10.0 13.0 77.0
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CO oxidation H2 oxidation

(a) CO + σO −−→←−− CO−σO 2σO −−→←−− σ +O2−σ (a′)

(b) CO−σO −−→←−− CO2 + σ σ +O2
−−→←−− O2−σ (b′)

(c) σ+O2
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Scheme 1: The proposed mechanisms for CO and H2 oxidation reactions.
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