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DOI: 10.1039/x0xx00000x We report a novel non-Platinum Group Metal (non-PGM) catalyst derived from Mn and amino-

antipyrinine (MnAAPyr) that shows electrochemical activity towards oxidation of oxalic acid
comparable to Pt with an onset potential for oxalate oxidation measured at 0.714 + 0.002 V vs. SHE at
pH=4. The material has been synthesized using a templating Sacrificial Support Method with manganese
nitrate and 4-aminoantipyrine as precursors. The catalyst is a nano-structured material in which Mn is
atomically dispersed on a nitrogen-doped graphene matrix. XPS studies reveal high abundance of
pyridinic, Mn—N,, and pyrrolic nitrogen pointing towards the conclusion that pyridinic nitrogen atoms
coordinated to manganese constitute the active centers. Thus, the main features of the MnAAPyr catalyst
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exhibit similarity with the active sites of naturally occurring enzymes that are capable of efficient and
selective oxidation of oxalic acid. Density Functional Theory in plane wave formalism with Perdew,
Burke and Ernzerhof functional was further used to study the stability and activity of different one-metal
active centers that could exist in the catalyst. The results show that the stability of the Mn-N, sites
changes in following order: MnN, > MnN;C > MnN,C, > MnNj3. Based on the overpotentials of 0.64 V
and 0.71 V vs. SHE, calculated using the free energy diagrams for oxalate oxidation mechanism, we
could conclude that the MnN;C and MnN,C, sites are most probable Mn-N, sites responsible for the
reported catalytic activity of the new catalyst.

Introduction zinc, manganese and supported noble metals, such as platinum group
metals (PGM) or zinc, are used as catalysts in these processes due to
their high activity and lack of selectivity” . Platinum and ruthenium

carbon supported catalysts are shown to be efficient for the oxidation

Oxalic acid is a metabolite, which is of critical importance to living
organisms. It is also a highly stable “poly-oxo-fuel”, a derivative of

incomplete and non-selective oxidation of glycerol of other biofuels.
Its oxidation, or -electrooxidation can be a critical step in
technologies aiming the introduction of bio-derived fuels into
electrochemical power generation through fuel cells or redox flow
batteries. The importance of oxalic acid is also widely recognized in
food and water technology and clinical diagnosis. Small carboxylic
or dicarboxylic acids (such as formic, maleic, and acetic acids) are
intermediate products in catalytic oxidation of aromatic compounds
present in wastewater '. At the same time oxalic acid is a compound
that is toxic to almost all organisms. The accumulation of oxalic acid
causes hyperoxaluria, formation of calcium oxalate stones in the
kidney, renal failure, cardiomyopathy, and cardiac conductance
disorders'.

Electrochemical oxidation of organic compounds is a commonly
used approach for wastewater purification®, energy production®”,
and synthesis of value added products®. Metal oxides, like copper,

This journal is © The Royal Society of Chemistry 2013

of different carboxylic acids. For example, oxalic acid can be
oxidized using platinum in mild experimental conditions, pH = 0 and
potential values between 0.7 and 1.8 V vs. RHE with a maximum
catalytic activity at 1.3 V'°. Unfortunately, the use of noble metal
catalysts such as platinum group metals is expensive, which hinders
their large-scale application for purification.
Additionally, in metal-catalyzed oxidation there is a risk of
irreversible deactivation due to the modifications of the metal
surface in the course of reactions by metal sintering or poisoning of
the surface by strongly adsorbed species, such as oxygen. Metal
leaching in the solution is another known problem when composite
metal oxides are used" '>. At the same time numerous redox
enzymes, mainly oxidases and dehydrogenases, are capable of fast,
efficient, and selective oxidation of complex and simple organic

wastewater

compounds. These enzymes are capable of not only pollutants
removal, but can use -electrochemical oxidation of organic
compounds to gain energy.
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Three main types of enzymes are recognized as capable of oxalate
oxidation. These are oxalate oxidase (OxOx), oxalate decarboxylase
(OxDC) and oxalyl-CoA synthetase'®'®. Among them OxOx and
OxDC have similar active centers although the products of oxalate
transformation are not the same. OxOx oxidizes oxalic acid to
carbon dioxide and hydrogen peroxide (Eq. (1)), while OxDC
produces formate and CO, (Eq. (2)) '°.

C2H204 + 02 - ZCOZ + H202 Eq (1)

Eq.(2)

Both enzymes are manganese-containing enzymes. Each monomer
of the hexamer OxOx has one active center with Mn (II)
incorporated in it. OxDC is a trimer and each monomer unit has two
Mn-binding sites. In both enzymes Mn (II)/Mn (III) is identified as
the redox pair associated with the enzyme activity and oxalate
oxidation'® '8,

C,H,0, » HCOOH + CO,

The enzymes’ high redox activity is a result of years of evolutionary
improvements of their structure and function. A key characteristic is
the specifically designed active center supported by the surrounding
amino acid residues and enzyme tertiary structure. Although highly
active and selective, the efficient utilization of enzymatic systems as
catalysts in various electrochemical processes is still problematic due
the enzymes’ short life and a limited range of environmental
conditions they are able to operate in'” 2°. However, the
development of more robust inorganic catalysts by mimicking the
enzyme active center provides a new avenue in the development of
materials electrochemically active for oxidation of organic
compounds.

In this study we developed a novel heterogeneous electrocatalyst
inspired by the structure of the active site of Mn-binding site of
oxalate oxidase and oxalate decarboxylase. The synthesized catalyst
belongs to the family of M-N-C catalysts also referred as non-
platinum group metals (non-PGMs) based catalysts* %, It is
commonly accept today that in such catalysts the transition metal (Fe
or Co in most literature examples) is coordinated by nitrogen-
containing defects in a graphene-like matrix. Such “ligand-like”
environment is proving for a molecular nature of the heterogeneous
catalysts structure and is the critical prerequisite for the bio-inspired
catalyst design. The synthesis approach was based on modified
Sacrificial Support Method (SSM) developed at University of New
Mexico™™ '* 21+ 2438 for materials that are based on Fe-N-C family.
These catalysts demonstrate very good activity towards oxygen
reduction, but have never been tested as catalyst for the oxidation of
organic compounds, including oxalic acid. In addition, we used
density functional theory (DFT) to model the possible active sites of
the catalysts and discussed the reactivity of the catalyst based on the
calculated free energy diagrams for oxalate oxidation on these
centers.

Experimental Section

Catalysts synthesis

The non-PGM catalyst used in this study, abbreviated here as Mn-
AAPyr, was synthesized using manganese nitrate and 4-
aminoantipyrine (AAPyr) as precursors. The synthesis was based on
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the Sacrificial Support Method where silica (Cab-O-Sil™ LM150,
~200 m* g") was used as a support material, which provides porosity
of the catalyst at the macro scale. Initially, a dispersion of silica
(metal loading on silica was calculated to be 25 wt%) into acetone
was obtained by using a low-energy ultrasonic bath. Separately, a
solution of 4-aminoantipyrine (Sigma-Aldrich) in acetone was
prepared and added to the silica colloidal solution. The silica-AAPyr
suspension was ultrasonicated for 40 minutes. A solution of Mn (II)
nitrate (Mn(NO3),*4H,0, Sigma-Aldrich) in distilled water was then
added to the silica-AAPyr solution and ultrasonicated for about 8
hours. The gel formed containing silica-Mn-AAPyr was dried for 12
hours at controlled temperature (85°C) and then grounded to a fine
powder using a mortar and pestle. The following step was a heat
treatment with temperature ramp rate of 25°C per minute from room
temperature to 950°C, followed by pyrolysis for 30 minutes. The
heat treatment was done in Ultra High Purity (UHP) nitrogen with a
flow rate of 100 ml min'. Finally, silica sacrificial support was
removed using hydrofluoric acid (HF 20 wt.%) and the catalyst was
then washed with distilled water until neutral pH and dried for 12
hours at controlled temperature (85°C).

Ink preparation

Ink composed of MnAAPyr and Nafion was prepared as follows: 2
mg MnAAPyr were suspended in 370 pl of water:IPA mixture (4:1
ratio, reagent grade, Sigma, St. Louis, MO) with the addition of 30
ul 0.5 % Nafion and bath ultasonicated for 30min.

Electrochemical studies

The activity of the designed catalyst towards the oxidation of oxalic
acid was studied using three-electrode setup. The working electrode
was glassy carbon rotating disk electrode onto which 20 pl of the
prepared ink (See the above section) were drop casted and dried
under ambient conditions. Saturated Ag/AgCl was used as a
reference and Pt-wire as a counter electrode. The electrolyte was
composed of 0.1M potassium phosphate buffer at pH 4. To increase
the conductivity of the solution 0.IM KCl was introduced as
indifferent electrolyte. Cyclic voltammetry (CV) was carried out by
sweeping the potential between -0.8 and 1.4 V vs. saturated
Ag/AgCl electrode, with a scan rate of 10 mV/s in absence and
presence of 0.1 M oxalic acid. The CV in the absence of oxalic acid
was used as a control sample. All potentials in the paper are reported
vs. SHE and were calculated by adding 0.197 V to the potential
measured using saturated Ag/AgCl electrode as a reference
electrode.

XPS analysis

XPS spectra were acquired on a Kratos Axis DLD Ultra X-
rayphotoelectron  spectrometer using an Al Ka
monochromatic operating at 150 W with no charge compensation.
The base pressure was about 2 x 10™'° Torr, and operating pressure
was 2 x 107 Torr. Survey and high-resolution spectra were acquired
at pass energies of 80 and 20 eV respectively. Data analysis and
quantification were performed using CasaXPS software. A linear
background subtraction was used for quantification of Cls, Ols and
Nls spectra, while a Shirley background was applied to Mn2p
spectra. Sensitivity factors provided by the manufacturer were

source
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utilized. A 70% Gaussian/30%Lorentzian line shape was utilized in
the curve-fit of N1s.

Computational methods

All electronic structure calculations were performed using
generalized gradient approximation (GGA) to Density Functional
Theory (DFT) with the Perdew-Burke-Ernzerhof (PBE) functional®

3 and projector augmented-wave pseudopotentials®” ** as

implemented in Vienna Ab initio Software Package (VASP)**7®.
The electronic energies were calculated using 3x3x1 k-point
Monkhorts-Pack’” mesh and tetrahedron method with Blochl
corrections **. In all the cases, plane-wave basis cutoff was set to 700
eV. Extended surfaces were modeled using super-cells with the
dimensions of 17.04 A x 17.04 A, y = 60° and a vacuum region of 20
A. Using this approach optimized extended graphene structure has
C-C distance of 1.42 A, which is in agreement with previous
experimental observations for graphite *°. Active sites of MnAAPyr
were modeled by removing one carbon atom from the graphene in
the case of MnN; and two adjacent carbon atoms in the case of
MnN,;, MnN;C, and MnN,C, sites, respectively. The resulting
internal edges are substituted with 3N atoms in the case of MnNj; and
MnN;C sites, 4N atoms in the case of MnNjy site, and 2N atoms in
the case of MnN,C, site. The structures were further coordinated to
the manganese atom and were allowed to relax until the convergence
in energy was 1x10” V. The lattice was kept fixed at the DFT
optimized value for graphene. In the case of MnN,C, sites, two
possible coordination of manganese were considered; one in which
manganese atom is coordinated with nitrogen atoms that are adjacent
to each other, and the other in which manganese is coordinated with
nitrogen atoms that are opposite to each other (Fig. 1). Formation
energies of proposed active sites of MnAAPyr were calculated based
on the following set of reactions:

Cn—graphene - Cn—l +C (33)
Choq 2 Cy +C (3b)
Cnoz + 5Ny = NpCop +mC  (4a)

Cw4-+%N2—>NmQP1+n£ (4b)

MnN,C,(2)

Physical Chemistry Chemical Physics

N,,C,_ + Mn - MnN,,,C,,_,  (5a)

N;»Cn-1 + Mn - MnN,,,C,,_4 (5b)

which sums to the final formation reaction

m
Cn—graphene +—N; + Mn - MnN,,,C,,_, + C,

. ©

where x is 1 or 2. Energy changes in each of the steps were
calculated using the change in the electronic energy for the
appropriate system. C,_graphenes NwCp-y, and MnN,,C,,_, correspond to
the energies of pristine graphene sheet, optimized graphene with
N,.C,..x defects, and optimized N,,C,._, defects with manganese atoms
incorporated, respectively. For electronic energies of carbon,
nitrogen, and manganese we used total energy per carbon atom for
defect free graphene, half of the total energy of N, molecule, and
total energy of an isolated manganese atom in gas phase. Due to the
exploratory nature of this work, only the formation energy terms in
Eq (6) were computed i.e. the zero point energy and entropy
corrections were not included. However, the changes in entropy are
expected to be of the same order when comparing different defects
and are therefore unlikely to significantly change the reported
results*.

The mechanism of oxalic acid oxidation on the five considered
active sites was further studied using DFT approach. The steps in the
oxalic acid oxidation mechanism considered in this study are given
in Eq. (9) and include transfer of two electrons directly from oxalic
acid molecule to the catalyst surface. The change in the Gibbs free
energy for all the steps in the mechanism were calculated using
equation:

A .G = AE + AZPE —TAS (7)

where AE is the change in the electronic energy during the reaction,
AZPE is the change in the zero-point energy, and AS is the change in
the entropy. ZPE values were calculated using the vibrational
frequencies obtained from the normal mode analysis and entropy
changes were obtained from standard molecular tables *'. By the use

Figure 1. Computationally optimized structures of sites considered as actives sites for oxalate oxidation in MnAAPyr. One unit cell is
shown.

This journal is © The Royal Society of Chemistry 2012
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of the standard hydrogen electrode, the chemical potential for
proton/electron pair is related to that of the %2 H,(g) and the energy
difference for the reaction *A + H" + ¢ — *AH was, under standard
conditions, calculated as the free energy change for the reaction
*A+s H, > *AH %,

At finite pH and potential, the free energy change of the reaction
becomes:

A .G = AE + AZPE — TAS — neU — kTin10pH (8)

Where 7 is the number of electrons exchanged in the reaction and U
is the electrode potential.

The docking of oxalic acid and oxalic anion on OxOx was modeled
using AutoDock Vina 4 *. The geometries of oxalic acid and oxalic
anions in water were first optimized using MP2/6-311++G(d,p) level
of theory and polarizable solvation model as
implemented in Gaussian09 *°.

continuum

Results and Discussion

The developed catalyst, abbreviated here as MnAAPyr, is a member
of non-PGM M-N-C family of materials. It has been synthesized
using Sacrificial Support Method (SSM) %, which was developed in
our group to synthesize different materials: oxides, carbon-based
materials, ORR catalysts, etc. Along with its low cost, the main
advantage of this catalyst is its high catalytic surface area i.e. the
active sites of the material are situated within its own structure,
turning it into a highly porous framework with high density of active
sites.

Catalyst morphology

Morphological analysis of MnAAPyr catalyst by TEM (Fig. 2 left)
revealed highly graphitic three-dimensional graphene-like structure
typical for catalysts synthesized by SSM. The TEM image also
indicates heterogeneous morphology, as it was further seen by SEM

Nx-Mn

cps

4000

3000

Journal Name

analysis. SEM showed highly developed 3D open-frame, sponge-
like structure of the catalyst (Fig. 2 right) with two types of pores:
pores with diameter ~60-90 nm created after removal of the
sacrificial support, and smaller pores ~10-15 nm formed during the
decomposition of the precursor.

Figure 2: TEM (left) and SEM (right) images of MnAAPyr.

Surface chemistry

The XPS analysis of the synthesized MnAAPyr has shown the
presence of 7.4 % of nitrogen and 0.2 % of manganese (Table 1).
The Nls spectrum (Figure 3 left) consists of the following major
types (above 20%) of N: pyridinic (398.8 eV), Mn—N, (399.8 eV),
and pyrrolic (401 eV). In previous studies nitrogen atoms
coordinated to metal and pyridinic nitrogen have been suggested to
be active sites for ORR "%, The high abundance of these types of
nitrogens points towards the same conclusion of pyridinic N and
Mn-N; coordination being a part of active centers. Mn 2p spectra
(Figure 3b) show two major peaks due to manganese associated with
nitrogen (Mn-N,) and oxygen, such as MnO, and satellite peaks due
to MnOx.

Table 1 summarizes the results of the XPS analysis. The averages of
three areas are shown.

3950

398 396

Binding energy, eV

3700

652 650

Binding energy, eV

Figure 3: XPS high-resolution N1s (left) and Mn2p (right) spectra.

4| J. Name., 2012, 00, 1-3
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Table 1: XPS data for MnAAPyr catalyst.

Physical Chemistry Chemical Physics

Sample Cls% [O1s% 1s % |Mn2p % N cg;:ino N pyrid % [N-Mn % N py(;:olic : :Ll‘lll | g‘t:‘ll’h Mf;/;N . :3‘())7
Mn AAPyr 1 87.6 4.4 7.8 0.2 12.3 24.1 19.2 27.8 11.4 5.2 52.8 47.2
Mn AAPyr 2 86.7 59 72 0.2 11.6 24.4 20.5 27.1 11.4 5.0 57.9 42.1
Mn AAPyr 3 87.0 5.6 7.2 0.1 10.7 24.8 20.8 27.0 11.6 52 47.1 52.9

87.1 5.3 7.4 0.2 11.5 24.4 20.2 27.3 11.5 5.1 52.6 47.4

Electrochemical performance

The activity of the MnAAPyr catalyst towards oxalate oxidation was
studied using cyclic voltammetry at pH 4 (Fig. 4). The pH was
selected based on the optimal pH for oxalate oxidation through
enzymatic catalysis'® '®. At pH = 4, oxalic acid is partially
deprotonated (pKa; = 1.23 and pKa, = 4.19) *'. Therefore in the
electrolyte oxalic acid along with oxalic anions will be present.

Comparing the anodic currents in absence and presence of 0.1M
oxalic acid it can be concluded that at pH = 4 MnAAPyr is
electrochemically active towards the oxidation of oxalic acid. The
onset potential of the redox transformation of the oxalate was found
to be 0.714 + 0.002 V vs. SHE. This onset potential is similar to the
potential of 0.700 V vs. RHE at which oxalate oxidation on platinum
was observed in highly acidic media (pH < 1)'°, which is 4 times
lower pH than the one in the current study. It is also known that the
Pt activity regarding oxalate oxidation is pH dependent and
decreases at higher pHs'> *. Thus the developed herein catalyst
shows lower overpotential towards oxalate oxidation in comparison
to Pt.

2.0

MnAAPyr
MnAAPyr + 0.1M oxalic acid

Current (mA)

0‘.5
E vs. SHE (V)

-0.5 0.0 1.0

Figure 4: Cyclic voltammetry of MnAAPyr in phosphate buffer,
pH 4 at 10 mV/s.
On the CV of MnAAPyr in phosphate buffer before and after the
addition of oxalic acid two broad redox peaks were recorded. The

oxidation peak appeared at 0.470 + 0.010 V, followed by a reduction
peak at 0.048 £ 0.003 V vs. SHE. The presence of these peaks

This journal is © The Royal Society of Chemistry 2012

indicates a redox couple with formal redox potential of 0.259 +
0.004 V vs. SHE. Based on possible redox states, this redox couple
could be Mn**/Mn*" or Mn*/Mn** ** % The generated currents due
to the oxidation of oxalic acid on MnAAPyr are comparable with the
currents obtained using Pt, a benchmark catalyst, at pH 1 and 1000
rpm *’ and even higher than the currents recorded at platinum single
crystal electrodes *°.

Computational calculations

DFT calculations were used to study the structure and formation
energy of the various Mn-N, active sites in which manganese is
assumed to be coordinated with two, three, or four nitrogen atoms>".
The formation energies and optimized geometries of MnAAPyr
proposed active sites are given in Table 2 and Figure 1. Formation
energies were calculated as -2.50 eV, -1.30 eV, 0.14 eV, 0.03 eV and
0.30 eV for MnN4, MnN;C, MnN,C,, MnN,C,(2) and MnNj sites,
respectively. According to these results, formation of MnN, and
MnN;C sites is energetically favorable, while the formation of other
sites is energetically unfavorable with the formation of MnN,C,(2)
sites still plausible at high temperatures. Furthermore, the stability of
the sites is predicted to change in the following order: MnN, >
MnN;C > MnN,C,(2) > MnN,C, > MnN;. MnN, active site is
predicted to be the most stable, while MnNj site is predicted to be
the least stable site, which would imply that this site would also be
the least occurring site in our material. However, absolute values of
formation energies calculated in Table 2 depend on both initial and
final states of species in Eq. (6), which makes comparison with the
material prepared with SSM method somewhat difficult. The state of
the carbon before or after its removal from the initial material will
play a role in determining calculated values of formation energies of
different defect sites in MnAAPyrSZ. In addition, from a theoretical
point of view bulk becc Mn would represent a better choice for the
reference state of manganese than the atomic Mn. Using PBE
functional, it was calculated that Mn(g) lies 3.7 eV above the bce
Mn, which would change the values in the fourth column of the
Table 2 for a constant factor of +3.7 eV. However, as the source of
manganese in the synthesis process was Mn(Il) nitrate, it is
considered that this reference state would lead to systematic
underestimation of the MnAAPyr formation energies.

Analysis of the energy changes in the individual steps (3)-(5) can
provide more information on the stability and the occurrence of
different sites in MnAAPyr. We have to note that we do not consider

J. Name., 2012, 00, 1-3 | 5
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reactions (3)-(5) as consecutive steps in the formation mechanism,
but rather as individual steps that can provide us with more insight
on the formation energetics. Reactions (3a) and (3b) consider the
defect formation steps, which are the removal of one or two carbon

atoms from the infinite graphene sheet. Steps (4a) and (4b) consider
addition of N to substitute carbon atoms along the edges of defects
with nitrogen atoms, and steps (5a) and (5b) represent the
incorporation of Mn in the catalysts defects.

Table 2. Formation energies in eV of proposed active sites for MnAAPyr as calculated using DFT with PBE functional (reactions

(3)-(6)).
Active site Eq. (4a) Eq. (52) Eq. (4a)+(5a) Eq. (3a)+(3b)+(4a)+(5a)

MnN, -3.29 -6.53 -9.82 -2.50

MnN;C -1.74 -6.88 -8.62 -1.30

MnN,C, -0.16 -7.02 -7.18 +0.14

MnN,C,(2) -0.04 -7.25 -7.29 +0.03

Eq. (4b) Eq. (5b) Eq. (4b)+(5b) Eq. (3b)+(4b)+(5b)
MnN; -4.16 -3.29 -7.45 +0.30

Formation energies of single and double atom vacancy sites in Eq.
(3a) and (3b) were calculated as 7.75 eV and -0.43 eV. As predicted
previously, formation of single or double atom vacancies in pristine
graphene is energetically unfavorable ****. Substituting edge carbon
atoms with nitrogen atoms stabilizes the defect sites, and the
stabilization effect is more pronounced for less stable single atom
vacancies. For example, substituting three carbon atoms with
nitrogen along the edge in single vacancy defect site induces an
energy change of -4.16 eV, while the energy change of -1.74 eV is
calculated if the same number of nitrogen atoms gets introduced
along the edges of a double atom vacancy defect. Incorporation of
Mn further stabilizes the N-containing defect sites in MnAAPyr. The
effect is more pronounced for less stable N-containing defects, such
as N,C, defects than for more stable N-containing defects, such as
N;C or Ny defects. Interestingly, incorporation of Mn to form MnN;,
sites, induces N atoms to move out from the graphene plane for 0.42
A resulting in trigonal pyramid coordination of Mn (Fig. 5 right).
Similar coordination of Mn by nitrogen is observed in the active
center of oxalate oxidase and oxalate decarboxylase'®, where in
OxOx Mn (II) is partially coordinated by three N-atoms from three
histidine residues (His 88, His 90 and His 137) forming Mn-binding
site (Fig. 5 left). The out of plane position of Mn relative to the three
N-atoms shows similarity with MnNj; active site of MnAAPyr
although in the enzyme’s active center Mn is also coordinated by

Glu 95 and two water molecules, which accounts for the octahedral
coordination of Mn. In all other MnAAPyr active centers N and Mn
atoms are situated in the graphene plane and Mn is coordinated by
nitrogen or carbon atoms in square planar geometry. If we assume
that the substitution of carbon with nitrogen and incorporation of Mn
proceeds in carbon based material with existing single and double
atoms defects, calculated formation energies become -9.82 eV, -8.62
eV, -7.18 eV, -7.29 eV, and -7.45 eV for MnN4, MnN;C, MnN,C,,
MnN,C,(2) and MnNj sites, respectively. This indicates somewhat
larger stability of MnNj sites than predicted based on Eq (6),
however, these sites are still less energetically stable than MnN, or
MnN;C sites. In conclusion, based on the DFT energetics we can
suggest that MnN, and MnN;C sites are expected to be
predominantly occurring sites in MnAAPyr with less frequent
MnN,C,, MnN,C,(2), and MnNj sites. The conclusion based on the
DEFT calculations correlates with the observations done through XPS
analyses of other M-N-C materials showing M-N,; as the most
abundant M-N, species *. Note that at high temperatures, such as
the ones reached during the synthesis, an increase in entropy can
compensate the loss in formation energy and additionally stabilize
all the defect sites *°. However, it is difficult to predict the

concentrations of different sites in the real material without
explicitly including the entopic term, which was beyond the scope of
this work.

Figure S: Left: Putative active site of H. vulgare oxalate oxidase (PDB 1FI12). Right: DFT optimized geometry of MnNj site in
6 | J. Name., 2012, YnAAPyr. The nitrogen and manganese atoms are intentionally markedmasshbie@andslightbmoyal gaeesss of Chemistry 2012
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To gain a better understanding of the reactivity of MnAAPyr we
further studied the mechanism of oxalate oxidation on the proposed
active sites of the catalyst. Generally the reaction mechanism of
oxalate oxidation on metallic surfaces can be divided into three
different types, depending on the source of electrons' . We
considered the mechanism in which two electrons are transferred
directly from oxalic acid molecule to the catalyst surface:

C,04H, -+ C,0,H+H* + e~
- CO,H+*+C0, +H +e~ (9)
— 2C0, + 2H' + 2e~

where * represents the active site on the catalyst’s surface. Other
proposed mechanisms involve participation of another adsorbed
species such as OH or O. Although co-adsorption of species such as
OH, O, or H,0 and C,04H, is plausible especially on the under-
coordinated manganese in MnNj sites, they were not a part of the
current study.

Free energy diagrams for the oxidation of oxalic acid on MnN,,
MnN;C, MnN,C,, MnN,C,(2) and MnNj sites at pH=4 are shown in
Figure 6, and the electron energy and free energy changes for each
of the steps are given in the Supplemental Material. The first step in
the proposed mechanism is the adsorption of oxalic acid, which is
accompanied by a release of H' and transfer of one electron to the
electrode™. Gibbs free energy change for this step at U= 0 V was
calculated as 1.14 eV, 0.64 eV, 0.40 ¢V, 0.71 ¢V and -1.14 ¢V for
MnN,, MnN;C, MnN,C,, MnN,C,(2) and MnNj sites, respectively.

For all the studied sites except for the MnNj; the first step in the
mechanism requires the largest change in the free energy and can be
considered as thermodynamically limiting step. However, calculated
energy changes shown on Figure 6 are valid only under open circuit
conditions (U = 0 V) and will change as a response to an applied
potential U. According to Eq. (8), applying potential will decrease
the free energy change in each of the steps involving electron
transfer by changing the chemical potential of the electron** *,
which will result in a decrease of the free energy required for the rate
limiting step. For example, at the potential of +1.14 V vs. SHE the
free energy change for the first step in the mechanism of oxalate
oxidation will become zero on the MnNj site. This value gives us an
estimate for the lower limit of the applied potential needed to drive
the oxidation of oxalate acid on the different active sites.
Consequently, based on the free energy diagrams on Figure 6, at the
MnN;C, MnN,C,, and MnN,C,(2) sites oxidation of oxalic acid will
run at potentials higher than 0.64 V, 0.40 V, and 0.71 V vs. SHE.
Based on these results, MnN,C, site will be the most active site,
followed by MnN3;C, MnN,C,(2), and MnN, site. Experimentally
observed onset potential for oxalate oxidation, which was measured
at 0.714 V vs. SHE, agrees well with the values calculated for
MnN;C and MnN,C,(2) sites. This indicates that these sites are
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probably the ones responsible for the measured onset potential of
MnAAPyr. Onset potential calculated for MnN,C, on the other hand
is much lower than the one measured for MnAAPyr, which implies
that this site is probably the least occurring site in MnAAPyr. This
agrees well with the calculated formation energies, which showed
that among MnN,;, MnN;C, MnN,C,, MnN,C,(2) active sites,

MnN,
M MnN,C,
I MnN.C
0.5 MnNJ
> L
o
> 0
g
=
5}
8 -0.5F
= 2
-1r % Gtel
_% %
-15¢ 2C0,+2H"+2¢
reaction coordinate
2.5
L MnN,
2k MnN,C,(2)
- MnN,C
L5 MnN,C
L eoe 23
> 1 *
[} -
g o *C,0,H+H"+e
Py - +
= 0o
T -0.5- +
Jt W
-1.5F =l
- 2C0,+2H"+2¢
D

reaction coordinate

Figure 6. Free energy diagrams for oxalate oxidation on
MnN,, MnN;C, MnN,C,, MnN,C, (2), and MnNj sites at
pH=4 and U=0 V.

MnN,C, site is the least stable site. However, note that the
calculated onset potentials represent the lower limit of the expected
experimental onset potential for MnAAPyr as the calculated energy
profiles do not include transition states.

The MnNj site on the other hand has a very different Gibbs free
energy profile than the other sites. As seen from Figure 6, the step in
oxalate oxidation mechanism that requires the largest change in the
free energy is the cleavage of C-C bond in the adsorbed *C,0,H
species, which results in the formation of adsorbed *CO,H and gas
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CO,. As compared to other MnAAPyr active sites, adsorption of the
oxalic acid and the first H'/e- transfer step is exothermic on MnNj
site with the change in the free energy of -1.14 eV. If we assume that
the last two steps in the mechanism (cleavage of C-C bond in
adsorbed *C,04H and the second H"e transfer) can be
distinguished, the thermodynamically limiting step for MnNj site
would then be the C-C bond breaking step with the energy change of
0.16 eV. Distinction between the MnNj site and other proposed sites
can already be noticed when comparing adsorption energies of
oxalic acid and oxalate anions C,0,H and C,0,% (Table 3). Oxalic
acid and both oxalate anions have the highest affinity for MnNj site.

For example, adsorption energies for C,04H" are calculated as -2.34
eV, -2.78 eV, -3.12 eV, -2.82 eV and -4.56 eV on MnN,, MnN;C,
MnN,C,, MnN,C,(2) and MnNj site, respectively. High stability of
adsorbed C,0O4H™ anion on under-coordinated Mn in the MnNj site
explains why the first step in the oxalate oxidation mechanism is
thermodynamically favorable on this site, while the second C-C
breaking step is slightly unfavorable. In order to make both steps
thermodynamically favorable, the optimal active site for oxalate
oxidation would, thus, have adsorption energy for C,0O4H™ anion
somewhere between -3.12 eV, which was calculated for MnN,C,

site, and  -4.56 eV, calculated for  MnN; site.

Table 3. Adsorption energies for oxalic acid and oxalate anions C,0,H™ and C,04* on proposed active sites of MnAAPyr. Two
configurations are considered: one in which oxygen atoms from the same carboxylic group are coordinated to Mn (configl) and the
other in which both carboxylic groups are coordinated to Mn (config2). Configuration 2 for MnNj site is shown on Figure 7 and the rest

are shown in the Supplemental Material.

Site Adsorption energies /eV Adsorption energies /eV Adsorption energies /eV
C,04H, C,O4H 0.7
configl config2 configl config2 configl config2
MnNy -0.21 -0.02 -2.34 -2.28 -2.38 -3.27
MnN;C -0.29 -0.02 -2.78 -2.65 -2.87 -3.51
MnN,C, -0.58 -0.13 -3.12 -3.02 -3.27 -4.09
MnN,C,(2) -0.33 -0.29 -2.82 -2.71 -3.00 -3.91
MnN; -1.14 -1.21 -4.41 -4.56 -5.00 -6.37

Figure 7: Optimized geometries of oxalic acid (upper left) and C,O4H™ anion (upper right) adsorbed on MnNj active center and
docking of oxalic acid (bottom right) and oxalate anion (bottom left) into OxOx obtained with AutoDock Vina 4.

8 | J. Name., 2012, 00, 1-3
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As discussed previously, optimized geometry of MnNj; active site
shows features similar to the active site of OxOx and OxDc.
Namely, in MnN; manganese atom is coordinated by three nitrogen
atoms in a similar fashion as Mn atom in OxOx (Fig. 5). However, if
we compare the binding of oxalic acid and C,0O4H™ anion on MnNj; in
MnAAPyr and OxOx’s active site (Fig. 7), some differences can be
observed. Besides different orientations of oxalic acid and oxalate
anion on the enzyme’s and MnAAPyr active sites, both oxalic acid
and oxalate ion adsorb more strongly on MnNj site than in the active
site of the enzyme, which is reflected in shorter distances between
the oxalic acid or oxalate ion and the metal center in MnNj site as
compared to the enzyme’s active center. For instance, both oxygen
atoms of the C,O4H™ coordinate Mn atom in MnNj site with Mn-O
distances being 2.06 A and 1.94 A, respectively. In OxOx active
center, oxalate ion positions itself with only one oxygen atom
towards the metal atom and the Mn-O distances are calculated as
2.21 A and 3.25 A, respectively. In the absence of oxalic acid Mn
atom in OxOx is coordinated by three nitrogen atoms from His 88,
His 90, His 137, and three oxygen atoms from Glu 95 and two water
molecules. Thus, our results would suggest that when binding to Mn
atom in OxOx, oxalate ion replaces one water molecule in the
coordination shell of the metal center, while the other water
molecule remains bound to the metal. This agrees well with the
hypothesis that one water molecule stays coordinated to Mn and
participates in the mechanism of oxalate oxidation in OxOx'®.

In conclusion, although there are some differences between the
active centers of the enzymes capable of efficient oxidation of oxalic
acid and the material synthetized in this study, using Mn coordinated
with nitrogen incorporated in the carbon matrix has proven to be a
successful approach in designing cheap non-PGM catalyst for
oxalate oxidation.

Conclusions

We report a novel non-PGM catalyst MnAAPyr that is inspired by
the structure of the active site of the Mn-dependent enzyme, oxalate
oxidase. This new type of catalysts shows electrochemical activity
towards oxidation of oxalic acid comparable to Pt. The oxalate
oxidation on MnAAPyr has an onset potential measured at 0.714 +
0.002 V vs. SHE at pH=4. The material has been synthesized using
Sacrificial Support Method with manganese nitrate and 4-
aminoantipyrine as precursors, and along with the low cost, its main
advantage is the high catalytic surface area. The main features of the
catalyst’s active sites are similar to the active centers of naturally
occurring enzymes that are capable of efficient and selective
oxidation of oxalic acid. Namely, XPS studies show high abundance
of of pyridinic, Mn—-Nx, and pyrrolic nitrogen pointing towards the
conclusion that nitrogen atoms coordinated to metal and pyridinic
nitrogen constitute the active centers. We further used DFT in plane
wave formalism with PBE functional to study the stability and
activity of different one-metal active centers that could exist in the
MnAAPyr catalyst. Based on the calculated formation energies, sites
in which Mn is coordinated with four nitrogen atoms or three
nitrogen atoms and one carbon atom in the square planar
coordination are the most stable Mn-N, sites and are, thus, the most
abundant sites in our material. The onset potentials, which were

This journal is © The Royal Society of Chemistry 2012
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calculated based on the free energy diagrams for oxalate oxidation
mechanism on the different active centers of MnAAPyr show that
MnN;C and one of the MnN,C, sites could be responsible for the
experimentally observed onset potential of oxalate oxidation on
MnAAPyr. Namely, lower limit of oxalate oxidation onset potentials
for MnN;C and MnN,C, sites were calculated as 0.640 V and 0.710
V vs. SHE, which agrees well with the measured onset potential of
0.714 V vs. SHE.
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