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E=3 Oxygen Reduction Reaction at Single-Site Catalysts:

A Combined Electrochemical Scanning Tunnelling
Microscopy and DFT Investigation on Iron
Octaethylporphyrin Chloride on HOPG**

Alessandro Facchin,” Mirco Zerbetto,”™ Armando Gennaro,® Andrea Vittadini,®

Daniel Forrer,” " and Christian Durante*™

Here, we investigate the electrochemical activity of a highly
oriented pyrolytic graphite (HOPG) supported iron octaethyl-
porphyrin chloride film as a working electrode for the oxygen
reduction reaction in 0.1 M HCIO, electrolyte. A voltammetric
investigation indicated a quasi-reversible electron transfer for
the Fe"/Fe" redox process, which turned out to be responsible
for a “redox catalysis like” mechanism, in which the reduction of
the metal center is first required to allow the O, reduction. Here
we proved that O, is mostly reduced to H,O in a tetraelectronic
process, as evidenced by a rotating ring-disk electrode (RRDE).
Furthermore, electrochemical scanning tunnelling microscopy
(EC-STM) is used as in operando technique for probing the

1. Introduction

Molecular systems able at mimic biological processes like
photosynthesis are of primary importance for understanding
the fundamental effects occurring in single site atom catalysts
(SAQ), which are recently emerging as a new frontier in catalysis
science, especially when the active site is a metal atom." With
maximum atom-utilization efficiency and unique properties,
SACs exhibit great potential for enabling reasonable use of
metal resources and achieving atomic economy.” Single metal
atoms are strongly stabilized by donors such as N atoms, which
are present in carbon materials in the form, among others, of
pyridinic or pyrrolic functional groups. Nitrogen atoms not only
strongly anchor individual metal centres but also modify the
electronic properties of the carbon material, thus altering the
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electrode surface at the atomic level while the oxygen
reduction reaction occurs, obtaining information on the mole-
cule adlayer electronic and topographic structures. This allows
us to follow the change in redox state from Fe" to Fe" induced
by the change of the electrode potential in O, saturated
electrolyte. The adsorption of O, at the iron center was
visualized and its depletion upon the application of a potential
at which O, can be reduced. The ORR process catalyzed by
FeOEP adsorbed on HOPG was modelled by combining density
functional theory, molecular dynamics, and thermodynamics
data.

catalytic activity. Ternary M—N—C materials (where, for example,
M=Co or Fe), which feature atomically dispersed M centres
bonded to neighbouring N atoms, have been intensely
investigated as promising candidates to replace Pt in a variety
of electrocatalytic reactions, such as the O, and CO, reduction
reactions.®® Notwithstanding the high research interest, atomi-
cally dispersed M—N—C materials have been systematically
synthetized and investigated only very recently. Actually, the
development of the concept of SACs has coincided with recent
advances in atomic-resolution characterization techniques, such
as high-angle annular dark-field scanning transmission electron
microscopy and extended X-ray absorption fine structure, along
with theoretical modelling.”® However, neither the synthesis of
M—N—C materials nor the structural identification of their M—N,
sites is a trivial task. In fact, even though there is a general
consensus on the capability of M—N, sites to play as catalytic
sites for many reactions of interest in modern electrocatalysis,
there is still a lack of knowledge about the shape of the active
site, and on the properties which govern the catalytic activity
and selectivity. Thus, it becomes necessary to make use of
complementary techniques to assess whether M—N, is indeed
the active site or simply a co-active site. Knowing the precise
active site(s) holds a primary role for the determination of the
reaction mechanism. For example, the oxygen reduction
reaction (ORR) is known to proceed through a 2e™ or 4e”
pathway. Understanding which of the two mechanisms pre-
dominates would allow to design more performing catalysts
avoiding the formation of H,0,, which is harmful for a Nafion-
based membrane in a low temperature fuel cell. Conversely, the
ability to selectively drive the ORR reaction to H,0, opens new
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perspectives in the production of hydrogen peroxide market,
which is extensively used as a bleaching agent in the paper and
pulp industry.® "

Metal phthalocyanines? and porphyrins™ are known to
act as catalysts for O, or CO, reduction since 1960's and are
indeed good model systems for mimicking M—N, sites present
in carbon materials."” Therefore, it becomes obvious that we
can use them as model systems to describe how the catalytic
activity of M—N, centres can be affected by metal type, ancillary
functionalization, and type of electrode support. These macro-
cyclic molecules can be used as precursors in the synthesis of
M—-N—-C, or be deposited from a solution phase on a support. If
the support is a single crystal, a highly ordered surface also
suitable for self-assembly characterisation is obtained. Further-
more, if the substrate is a conductor, the molecular system can
be characterized in a typical three electrodes electrochemical
cell for standard electrochemical measurements or even probed
by means of electrochemical scanning tunnelling microscopy
(EC-STM)."*"*™3] |n fact, EC-STM allows to characterise molecules
adsorbed on the electrode surface and it is potentially a
powerful tool to study single site metal catalysts at nanoscopic
level. Actually, EC-STM can be regarded as an in operando
technique since the substrate electrode can be polarised at
convenient potentials, purposely determined on the basis of
cyclic voltammetry analysis, and corresponding images can be
obtained by EC-STM. Therefore, all the electrochemical proc-
esses (change in redox states) and the subsequent phenomena
such as the surface coverage and molecules orientation can be
induced by the applied potential. Furthermore, EC-STM can, in

X[nm|

principle, detect (by applying proper potentials) the adsorption,
reduction and desorption processes at the M—N, site of O,
eventually present in solution.'>'®'”) |n this paper we character-
ize the structure and the reactivity of an iron octaethylporphyrin
film supported on a HOPG surface using a combined approach
based on EC-STM. The aim is to understand how the active site
evolves during the oxygen reduction process in acidic electro-
lyte. Iron porphyrin derived catalysts are commonly character-
ized in alkaline electrolyte, because of a major stability.
However, the boom of carbon based materials bearing Fe—N,
active sites have prompted the investigation in acidic electro-
lyte, where these catalysts are considered to be promising to
overcome Pt based catalysts in PEM fuel cells.

2. Results and Discussion

We first consider the functionalization of HOPG by the probe
molecules octaethylporphyrin and iron octaethylporphyrin
chloride: the two adlayers were tested in 0.1 M HCIO,. The free-
base porphyrin allows to evaluate any possible physical
chemical phenomenon involving the ligand alone, without the
presence of iron. For this reason, HOPG was functionalised with
pure H,OEP, obtaining large ordered domains without signifi-
cant defects, as shown in Figure 1a and 1a’. This indicates that
the ligand itself contains functional groups able to enhance the
adsorption stability, as well as the diffusion barrier, in all
directions within the basal plane, immobilizing the molecules
on the HOPG substrate."®'? The image was analysed, and unit

=
=
=
=
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Figure 1. EC-STM in 0.1 M HCIO, of (a) H,OEP@HOPG /,=0.70 nA; U, =—600 mV; E,,, =550 mV vs. RHE; /=0 pA; (a’) magnified portion of Figure 1a with
stylized shapes of the molecules (a”) topographic profile along the yellow dashed line in figure 1a; (b,c) FEOEP@HOPG at different magnification (b)
1,=0.58 nA; U, = —450 mV; E,,, =650 mV vs. RHE; /=0 pA, (b’) magnified portion of Figure 1b with stylized shapes of the molecules (c) |,=0.58 nA;

U, =—650 mV; E,,,=OCP. (d,e) EC-STM in 0.1 M HCIO, of a mixed H,OEP + FeOEP adlayer, (d) /,=0.58 nA; U,=—500 mV; E,

=O0CP; =0 pA, (e) ,=0.86 nA;

pp

U, =—550 mV; E,,, =OCP; /=0 pA. (¢') topographic profile along the yellow dashed line in figure 1e. In figure a,b and d, the greater yellow ellipse magnifies

the part bordered by the smaller circle that defines the cell unit.
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cell parameters were determined, as sketched in Figure 1a and
1a’ (the cell unit is delimited by the small yellow circle and
magnified in the yellow ellipse). The unit cell vectors are a,=
(1.5+£0.1) nm, a,=(1.5+0.1) nm, the angle is a=(112+2)°, the
surface concentration is 5.1310"” molecule cm™ and the
corresponding surface coverage is 6=0.027. The adlayer was
found to be highly ordered and almost no defects were
encountered. However, molecular rows are arranged with an
alternating height, as shown in the topographic profile
extracted along the yellow dashed line (Figure 1a”). These
modulations are limited to the height range between 0.6 A and
0.8 A. This effect is generated by the ethyl peripheral substitu-
ents, which are free to rotate around their o bonds and adjust
their positions to optimise the molecular packing.

The FeOEP adlayer was found to be more defective than the
free-based parent H,OEP. In fact, many domain boundaries are
visible (Figure 1b and 1b’). Though each domain is large
enough to contain more than 100 molecules, larger defective
areas are also found, as shown in (Figure 1c). Unit cell
parameters were evaluated and sketched in (Figure 1b), result-
ing in a,=(1.4+£0.1) nm, a,=(1.5+0.1) nm, a=(110+2)°, the
surface concentration is 5.5010" molecule cm™ and the surface
coverage is 0=0.029. For both H,0EP and FeOEP, the angle
between the two unit cell vectors was found to be close to
120°, pointing out a substrate template effect on the growing
adlayer during the functionalisation procedure.

The supported FeOEP monolayer was investigated also by
means of DFT calculations. We first devised a model able to
reproduce the experimental surface cell. To this end, we tested
five supercells whose structure reproduces the observed cell
within a =1 A and +5° tolerance (Figure 2). For each of them,
adsorption energies were computed according to equation:

E = EFDeF':_CIOEP@HOPG _ (EFDeF':_CIOEP + Eggps) M
where EFCOFPOHOPG s the total energy of the HOPG-supported

FeCIOEP, while EF9° and EHO™S are the total energies of the
isolated molecule and of the HOPG slab, respectively. In all
cases the molecule was placed with the Fe atom on top of a C

atom of the HOPG surface.
4 -2
We found that the denser surface model (3 . > with

a, =13.05A a,=15.00 A and a =114°, is clearly favoured
over all of the other options (Table 1). This supercell was then
used to compare the adsorption of FeCIOEP at three HOPG
sites: on-top of a surface atom, at a hollow site, i.e. over the
centre of a carbon ring, and at a bridge site. Small differences in
adsorption energies were found. In particular, the on-top
configuration and the bridge differ by less than 0.01 eV, while
the hollow configuration is less stable by 0.1 eV. A configuration
where the adsorbate Cl atom is pointing towards a hollow site
was found to be 1.1 eV less stable.

It is worth to note that the catalytic species for the ORR is
Fe'"OEP, and therefore the Fe"CIOEP molecule must lose the
chloride ion to be activated. To check whether the chloride ion

ChemElectroChem 2021, 8, 2825-2835 www.chemelectrochem.org

Figure 2. Graphite (0 0 1) surface, 5 model supercells are reported.

Table 1. Adsorption energies E, 4, of FeCIOEP on an on-top site of the
HOPG surface of overlayer models. Surface areas and adsorption energy
densities per surface area (¢,q,) are also reported.

Model Surface area [A?] E,q [eV] €05 IMeV A2
3 -4 215.2 —2.91 —13.51
5 7
4 -3 210.0 —2.88 —13.70
4 7
5 —1 194.2 —2.82 —14.50
2 7
6 1 189.0 —2.85 —15.07
0 6
4 -2 1785 —3.00 —16.80
3 7

is readily lost in the as-deposited monolayer or it rather
detaches from the Fe centre during the potential scan, we
modelled the substitution of the chloride ion with a water
molecule by means of DFT calculations on the supported
porphyrin. We consider the process:

Fe"CIOEP + e~ + H,0 — Fe"OEP(H,0) + CI~ Q@
because the stable oxidation state of iron in solution is Fe".

The energy variation associated to reaction (2) was
computed as:

2827 © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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AE = AEDFT + Esolv(cli) - Esolv(HZO) + e(;D (3)

where AEp is the energy difference between products and
reactants computed at the DFT level, solvation energy E,.,(Cl7)
is taken from Ref. [20], and the opposite of vaporization
enthalpy of water (AH,,,=408klmol™") was used as its
solvation energy E,,,(H,0). At the absolute potential of the
Hydrogen Standard Electrode 4.44 V, AE=—62.3 kJmol™', and
thus the formation of the active species is energetically
favoured. Computational outcomes show that the loss of the
chloride ion happens in the deposition stage, and therefore the
as-deposited monolayer is composed by Fe"OEP molecules.

Moreover, when FeOEP units are considered in place of
FeCIOEP, the bridge site is destabilized, and its total energy
becomes 0.08 eV larger than the on-top one. The hollow
configuration remains the least favoured with a total energy
larger than the on-top site by 0.17 eV. In the following, iron-
containing porphyrin layers are treated as composed by FeOEP
units adsorbed flat on HOPG with the Fe atom placed on top of
surface C.

In order to bring out the differences between H,OEP and
FeOEP and to clarify the existence and the role of the molecule-
molecule and molecule-substrate interactions, a mixed layer of
the two porphyrins was evaluated (Figure 1d,e). Even if the two
pure components were studied, their combination is expected
to produce different properties of the adlayer, for which it is
worth to conduct EC-STM experiments. It is worth noting that
the two porphyrins domains are still well distinguishable at the
solid/electrolyte interface, but the adlayer morphologies result
different from those of the single systems, even if the ligand is
the same. It appears that the number of defects is smaller than
the respective pure FeOEP porphyrins adlayer. Furthermore, the
typical domain boundaries of FeOEP were not visualised, as well
as the surface modulations of H,OEP (Figure 1d). At a first sight,
the two components appear randomly distributed, but they
tend to not mix with each other, preferring to organise in small
pure 2D clusters surrounded by pure 2D clusters of the other
species. Only short rows of alternated molecules are present
(Figure 1e). The topographic profile running along the yellow
dashed line of Figure 1e was extracted and reported in
Figure 1e’. The H,OEP molecules are darker in the image and
they feature a smaller protrusion than FeOEP in the topographic
profile, which is however negligible if compared to the
protrusions ascribed to FeOEP (AZ~ 1.5 A).

FeOEP@HOPG functionalized electrode was investigated by
cyclic voltammetry in argon purged 0.1 M HCIO, electrolyte; the
comparison between bare HOPG and FeOEP@HOPG electrodes
is reported in Figure 3a. CVs were collected with fresh samples,
trying to collect the least number of CV as possible, in order to
exclude the effect of the degradation of the sample. HOPG (@ =
4 mm) does not show any particular feature in cathodic
direction in pure electrolyte except for the increasing current
recorded in the limit of hydrogen evolution reaction (HER). In
the opposite direction (not reported) a flat background attests
the absence of any faradaic processes for the exception of
oxygen evolution reaction (OER). Conversely, CV for FeOE-

ChemElectroChem 2021, 8, 2825-2835 www.chemelectrochem.org
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Figure 3. a) CVs of HOPG (black line) and FeOEP@HOPG (blue line) electrodes
in Ar purged 0.1 M HCIO, recorded at 0.05 Vs, b) FeFOEP@HOPG electrodes

in Ar purged 0.1 M HCIO, recorded at different scan rates (values reported in
the Figure are in V.s™').

P@HOPG, recorded at 50 mVs™', shows a well defined reduction
peak with £,=0.315V, which is partially reversible as confirmed
by the presence of a small anodic counterpart picked at £,=
0.40 V. Based on the observed CVs and previous reports, the
reversible pair of peaks with £, =0.315V and E,,=0.400 V vs.
RHE can be assigned to the first one-electron transfer step
resulting in a reduction/oxidation of the central iron atom from
Fe"OEP to Fe"OEP and vice versa.?'"

It is worth noting that the reversibility for the Fe"/Fe"
process increases by increasing the scan rate (Figure 3b). The
low stability of the FeOEP adlayer prevented a comprehensive
investigation of the electron transfer process. However, the
partial reversibility can be explained by considering an EC
mechanism, i.e. an electron transfer followed by a chemical
reaction, such as the reaction with O, that might be present as
contamination even after extensive Ar purging.

When the scan rate is increased, the Fe"/Fe" process
becomes more reversible (appearance of a more pronounced
anodic counterpart, even if the full reversibility was not reached
in the adopted scan rate range), meaning that possible
chemical follow ups are hindered in the time scale of the cyclic
voltammetry. Figure 4a reports the comparison of the electro-
chemical behaviour of bare HOPG, FeOEP@HOPG and

~ 00
e a &
S 02 £
< 7 2
£ 04 £
5 3
2 0.6 ——HOFG g
= FeOEPEHOPGH0,| . %
0.8 ——H,0EP@HOPGH+ O, -

——HOPG+ O,

05 00 05 10 15
Evs RHE/V

00 02 04 06 08 10
Evs. RHE/V

Jasem / MA e

g
P 2
Jgoem/ MA GM

5 2.0 T T T T T T
00 02 04 08 08 10 a5 05 B e Ba

Evs.RHE/V Evs.RHE/V

Figure 4. a) cyclic voltammetry in O, saturated 0.1 M HCIO, recorded at
0.05 Vs~' of HOPG (green line, barely visible), H,OEP@HOPG (red line) and
FeOEP@HOPG (blue line) electrodes, HOPG (black line) in Ar purged
electrolyte is also reported. CV of O, reduction in 0.1 M HCIO, at different
scan rate at b) HOPG, c¢) H,OEP@HOPG and d) FeOEP@HOPG.
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H,OEP@HOPG in O, saturated electrolyte. It is obvious that 0002 5
HOPG has no clear activity for the O, reduction in the same . 4jc
. S . £.0.001 R T
investigation range of porphyrins, whereas both H,OEP and 2 . ot )
FeOEP showed to have, even if at different extent. In fact, ORR EE e 2]
at FeOEP@HOPG results in a very intense reduction peak, where 3 il e 1] — o
the integrated charge is five times larger than that for the O, , e o ——FeOEP
reduction at H,0EP@HOPG. Furthermore, E, at FeOEP@HOPG is e = =
70 mV more positive than that recorded on H,0EP@HOPG 002 o s
electrode, attesting a superior catalytic activity for the meta- g e FOOER
lated porphyrin with respect to the non-metalated one. i e e 5; L
Figures 4b-d report the CVs at different scan rates for the three EE B T 40 w
cases: HOPG, H,OEP@HOPG and FeOEP@HOPG. The O, current E 005 : disk = 7
at HOPG is clearly very low with respect H,OEP@HOPG and the L P o o e 0
Evs.RHE/V EvsRHE/V

comparison is even more striking in the case of FeEOEP@HOPG.
Furthermore, it is interesting to observe that the E, for the ORR
process is very similar at HOPG and H,OEP@HOPG. To the best
of our knowledge there are no literature investigations on
supported or unsupported metal free porphyrins active for ORR.
Therefore, this is the first example of H,OEP supported on an
electrode showing activity versus ORR. It was recently reported
in literature that 2,2-Dipyridylamine supported on glassy
carbon is able to catalyse O, reduction in H,50,.% In that paper
the authors show by DFT calculations that the pyridyl- and
amino-N play as the anchoring sites for the ORR reaction
intermediates. On the other hand, several authors showed by
DFT calculations that O, can get adsorbed and reduced
favourably on the ortho-C atom of the pyridinic ring.?* It is
well established that nitrogen functional groups are capable of
increasing ORR catalytic activity in various types of carbon
supports.”'"3%3" Therefore it may be assumed that the pyrrolic
moiety can promote the adsorption and reduction of oxygen
directly on nitrogen atoms or on the nearby carbons atoms.®?

Yin etal.” pointed also out that 2,2-Dipyridylamine has
high selectivity versus the reduction of O, to H,0..

In fact, it is well known that the reduction process can
proceed according to a four electrons pathway (eq. 4) or by two
bielectronic steps (eq. 5-6)

0O, +4H" 4+ 4e” = 2H,0 (4)
0, +2H" +2e~ = H,0, (5)
H,0, + 2H" +2e” = 2H,0 6)

Following the Yin et al. example, we supported both H,OEP
and FeOEP on the GC disk of a RRDE electrode and tested both
molecule in an O, saturated HCIO, electrolyte (Figure 5). Being
HOPG and GC both inert carbon materials we are not expecting
important differences in switching from one to the other as
evidenced by the cyclic voltammetry response. Differently from
2,2'-Dipyridylamine, FeOEP@GC showed an almost four electron
reduction process of O, to H,O (Figure 5c), whereas the
competitive mechanism to H,0, becomes more effective at
H,OEP@GC even if the tetraelectronic mechanism is still the
most prominent (Figure 5d).

Tylus et al. describe the tetraelectronic reduction of O, in
Fe—N—C catalysts in acid electrolyte as a 242 electron process

ChemElectroChem 2021, 8, 2825-2835 www.chemelectrochem.org

Figure 5. RRDE polarization curves of a) FEOEP@GC and b) H,0EP@GC in O,
saturated 0.1 M HCIO,; rotation rate 1600 rpm, scan rate 5 mVs™'; c) number
of exchanged electrons and d) H,0, yield determined by RRDE experiment.

where the Fe—N, site is involved in the initial 2e~ reduction to
peroxide intermediate, which needs a secondary active sites,
situated at close proximity to the primary Fe—N, centre to
ensure the subsequent reduction to the 4e~ product.¥ The
only other active site present in FeOEP adlayer is the porphyrin
ligand itself and in particular the pyrrolic nitrogen or the carbon
atoms close to the nitrogen functionality. Artyushkova et al.
also report that Fe—N, sites either reduces oxygen to water
directly via 4e” reaction or reduces hydrogen peroxide to
water.®¥ Therefore it can be inferred that the reduction
mechanism of O, at FeOEP adlayer occurs via 4e™ or via 2+
2 e at the iron site, with a possible cooperation of the porphin
ligand, which showed an activity versus ORR. However, Gibbs
free energy calculations discussed later in the text show that
the four electrons pathway is preferred over the formation of
the H,O, intermediate. To get a deeper understanding of ORR
process we employed EC-STM, which allows to evaluate any
possible physical chemical phenomenon occurring on the
molecules as a function of time or applied potential.

The general procedure consists first in the evaluation of the
stability and of the structuration of the molecular adlayer on
the HOPG surface at the pH of the electrolytic solution
saturated with O,. In the second case, potentiodynamic imaging
is operated, meaning that a precise electrode potential is
applied to the HOPG support, which is experienced by the
molecular adlayer deposited on it. Upon variation of the applied
potential, the electrified interface can undergo changes such as
adsorption or desorption of O,, which can be probed by EC-
STM. For all the measured samples, the starting applied
potential was close to the OCP, in order to avoid any significant
phenomenon on the macrocyclic molecules. The potential was
then stepped in cathodic direction since these potentials were
revealed by CV to trigger the oxygen reduction reaction
(Figure 4).

In the case of an adlayer of pure H,OEP in contact with O,
saturated 0.1 M HCIO,, the starting applied potential was E,,,=
0.55V vs. RHE (Figure 6a). At this potential, each molecule is
properly resolved, and a cavity at the centre appears from the

2829 © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 6. EC-STM of H,OEP@HOPG in O, saturated 0.1 M HCIO, [;=0.72 nA;
Up=—0.900 V vs. RHE; a) E,,, = 0.55 V vs. RHE; /=0 pA; b) £,,, = 0.25 V vs.
RHE; I=—0.9 pA; ¢) E,,,=0.55 V vs. RHE; /=0 pA; the underneath topo-

PP —
graphic profile are traced along the yellow dashed line in the corresponding
figures (a-c).

topographic profile reported under each figure. This is in
accordance with the molecular structure since no metals are
accommodated inside the cavity.

The potential was then stepped to E,,,=0.25V vs. RHE,
which is close to the E, revealed by CV (Figure 4c). Even at such
potentials the H,OEP adlayer retained its stability at the surface,
and molecules were properly resolved (Figure 6b). The cavity
was again observed, and the general contrast of each molecule
did not change, indicating the O, is not adsorbing on the centre
of the molecules. By sweeping the potential back to E,,,=
0.55V vs. RHE, the images did not vary, indicating that no
significant physical chemical changes occurred under potentio-
dynamic imaging (Figure 6c).

Figures 7a—c report the STM imaging at different applied
potentials of a mixed H,OEP/FeOEP adlayer on HOPG in Ar
purged 0.1 M HCIO, electrolyte. The free-base H,OEP molecule
was meant to act as an internal standard for the EC-STM
imaging study and comparison, since it had already been
pointed out its behaviour under the same experimental
conditions. In all the three images, the H,OEP molecules can be

recognised basing on their lower height in the extracted
topographic profiles. These profiles are comparable to those
obtained by the pure H,OEP adlayer in the absence of oxygen.

Conversely, the brighter spots were assigned to FeOEP
molecules, whose higher protrusion is justified by the presence
of an iron atom in the porphyrin cavity. The starting applied
potential (Figure 7a) was E,,,=0.55V vs. RHE, as done for pure
H,OEP. This potential should be sufficiently positive to maintain
the oxidation of iron atoms to (lll) oxidation state, as indicated
by the Pourbaix diagram.?¥ By stepping the potential to Epop=
035V vs. RHE, the image contrast deeply changes: the
protrusions were substituted by enlightened circles enclosing
an apparent hole. This particular change occurring at the FeOEP
centres coincides with the appearance of a peak in the
FeOEP@HOPG voltammetric profile (Figure 3). The most prob-
able physical chemical phenomenon induced by the different
polarisation is ascribed to Fe centres reduction from (lll) to (Il)
oxidation state. A new d orbital configuration was then
attained, since Fe" features an additional d electron, achieving a
d® orbital configuration. Therefore, a different behaviour is
expected when considering tunnelling events, since a new
orbital population was present. To this end, tunnelling parame-
ters were held constant, and the different contrast observed
can then justify the occurrence of the Fe reduction. A similar
behaviour was already encountered for iron phthalocyanine
supported on Au(111).'”

Let us now take into exam the case of a pure FeOEP adlayer
in contact with Ar purged electrolyte. Two high-resolution
images are displayed in Figures7d and e. In both cases,
molecules are clearly visible with their cross-like shape. More-
over, a bright sharp spot is visible in the centre of each
molecule. Topographic profiles were extracted along the
yellow/blue dashed lines. The spots correspond to a protrusion
of AZ~1.5 A (Table 2). The presence of iron at the centre of the
porphyrins should be reconducted to this additional protrusion
with respect to the pure H,OEP layer. In fact, the partially filled
d orbital population of the transition metal (iron) is able to

=
N

0 2 4 6 8 1012 14 01 2 3 4 5 6 17 0 1 2
X[nm] X[nm]

3

X[am] X[nm]

4 5 6 7 0 1 2 3 4 -] 0 1 2 3 4 5 6
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Figure 7. EC-STM in Ar purged 0.1 M HCIO, of (a-c) mix of H,OEP@HOPG and FeOEP@HOPG and (d,e) only FeOEP@HOPG. (a) [,=0.7 nA; U,=—0.450 V;
Epp=0.550 V vs. RHE; /=0 pA; (b) [,=0.7 nA; U,=—0.350 V; E,,,=0.350 V vs. RHE; /= —1.5 pA; (c) /,=0.7 nA; U,=—0.450V; E,,,=0.550 V vs. RHE; /=0 uA; d,e)
1;=0.58 nA; U,=—0.450 V; E,,, = OCP. The underneath topographic profiles are traced along the yellow dashed line in the corresponding figures.
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Table 2. Apparent height of Fe centre of FeOEP and H,OEP as determined
by STM topographic profiles at different applied potentials and electrolyte
saturation.

Ar Ar 0, 0,
H,OEP E=0.550V E=0.250V E=0.250V E=0.550"
0.2 A (dip) 0.2 A (dip) 0.2 A (dip) 0.2 A (dip)
FeOEP E=0550V E=0350V E=0350V E=0550V
1.5A 1 A (dip) 03-06A ~15A®

[a] value uncertain due to the overlap of faradaic noise.

sustain a higher number of tunnelling events, thereby produc-
ing a protrusion in the final STM image.**”

When the electrolyte is saturated with O, it is possible to
evaluate whether O, adsorbs on the iron centre. High-resolution
images were achieved, and they are displayed in Figures 8a and
b. Both images show the cross-like molecular shape. Moreover,
a protrusion is present, but retains some differences with
respect to the Ar saturation case. In fact, the spots are more
smeared and shifted from the molecular centre.

Another relevant feature stems from the topographic profile
comparison. In fact, the measured protrusions are one order of
magnitude lower than the Ar saturation case (AZy,~0.3-0.4 A).
Even if O, is an “additional feature” on top of the molecule (two
atoms), the result is a reduced protrusion. This is in accordance
with what was already observed in literature for the CoOEP
behaviour on HOPG.®®¥ The present system is however more
complicated because it accounts for an aqueous electrolyte,
and therefore tunnelling is further mediated by water molecules
(resonant tunnelling). Indeed, Tersoff-Hamann (TH)®¥ simula-
tions of STM maps (not reported), based on DFT results, cannot
reproduce the change in the apparent height of the molecule
centre. This is most probably related to the limitations of the TH
model, which solely relies on the density off states (DOS) of the
system.

Two main geometries of adsorption were reported for the
Fe—O, complex,”” namely side-on and end-on. They both are
predicted as stable; therefore, both can be observed and can be
co-present in a single STM image. However, for the shape and
contrast revealed in Figure 8a and b, it seems that the end-on
geometry was preferred, basing on the consideration that only
one O atom is linked to Fe, allowing the O, molecule to freely
rotate and vibrate (Figure 8c). On the contrary, a side-on
bounded O, molecule is expected to produce a more sym-
metrical and less diffused spot.

A mixed adlayer of FeOEP plus H,OEP was also realised and
analysed in O, saturated HCIO, (Figures 8d). This aims to
evaluate the selective O, adsorption on the Fe centre since
imaging of pure H,OEP adlayer already demonstrated no O,
adsorption. The STM images showed a difference of contrast
among adjacent molecules, indicating the co-presence of the
two different molecular systems, as already obtained in the Ar
saturation case. Topographic profiles were extracted along the
yellow dashed lines, trying to include both darker and brighter
molecules. The darker molecules are attributed to H,OEP, and
indeed the insignificant protrusion can be measured, i.e. the
profile is rather flat. Brighter molecules are instead ascribed to

ChemElectroChem 2021, 8, 2825-2835 www.chemelectrochem.org
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Figure 8. EC-STM in O, saturated 0.1 M HCIO, of (a-b) FeEOEP@HOPG

1;=0.76 nA; U,=—0.450V; E,,, = 0.500 V vs. RHE; /=0 pA; c) Simple model
representation of O, end-on adsorption on the Fe centre of FeOEP, (d) mix of
H,OEP@HOPG and FeOEP@HOPG /=1 nA; U,= —0.400 V; E,,,=0.550 V vs.
RHE; /=0 pA,; €) ;=1 nA; U,=—0.350 V; £,,, = 0.350 V vs. RHE; /= —5.2 uA, f)
l;=1nA; U,=—0.350 V; E,;,,=0.550 V vs. RHE; /=0 pA. The underneath
topographic profiles are traced along the blue line in the corresponding
figure.

FeOEP, and the extracted profile has a protrusion of AZ~0.4-
0.6 A, which is in accordance with the value obtained in the
case of a pure FeOEP adlayer in O, saturated electrolyte.
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Thus, the ability to realise a mixed adlayer of H,OEP and
FeOEP remarkably provides an internal reference, due to the
fact that the H,OEP adlayer does not undergo electrochemical
changes, at least for the central spot, while scanning the
applied polarisation potential.

The H,OEP/FeOEP mixed layer was then subjected to
potentiodynamic imaging in O, saturated electrolyte. At E,,,=
0.55V vs. RHE, significant differences arise for FeOEP and
H,OEP. FeOEP molecules show the expected profile around
0.5 A, while H,0EP are below 0.2 A, and no spot is visible
(Figure 8d). At reductive potential (E,,,=0.35V vs. RHE) the
Faradaic current contribution is non-negligible and in fact the
image quality is worsened (Figure 8e). However, the measured
profile seems to show higher protrusions (around 1.5 A), which
were previously ascribed to Fe". Indeed, at this potential, the Fe
centres experience a continuous turn-over due to the ongoing
oxygen reduction, making impossible to resolve either O,
adsorption or the bare Fe atom. Stepping back to 0.55 V vs. RHE
(Figure 8f), image quality is restored, and the smeared spots are
again clearly visualised, with a protrusion around 0.5 A.

The ORR was further investigated by estimating the Gibbs
free energies AG in the reaction pathway. AG values were
obtained combining DFT calculations, MD outcomes and
thermodynamics data. We modelled the catalytic cycle by
means of 5 elementary steps:

Fe'"OEP—H,0 4y + O, — Fe'"OEP—0,,q,) + H,0 (a)
Fe'OEP—0, 4 + H" + e~ — Fe""OEP—00H,,q,) (b)
Fe"'OEP—OOH ;) + H" + e~ — Fe"OEP—Opugy + H,0) (o)
Fe"OEP—Oy,q, + H" + e — Fe"OEP—OH ) (@
Fe""OEP—OH ., + H* + e~ — Fe"OEP—H,0 4 (e)

A further step, pertaining the formation of hydrogen
peroxide, was modelled to verify whether the ORR proceed
through a true four electrons pathway or through the formation
of H,0, and its subsequent reduction (2 +2e").

Fe"OEP—OOH 4 + H* + e~ — Fe"OEP—0,H, )

The Gibbs free energy of a reaction is defined as A,G=AU
+ ApV-TA,S, where A, represents the difference of the pertain-
ing quantity between products and reactants. We evaluated
ApV using the ideal gas model. Standard entropies of gas-phase
O, and H, and of liquid H,O were taken from thermodynamic
tables*” whereas the entropy of adsorbed species was
neglected, because entropies of species immobilized on the
surface are very small compared to the other species.

The internal energy variation A,U was obtained as the sum
of the variation in ground state energy (E¢s) plus the variation in
zero-point energy (ZPE). The former was computed as the
difference in the DFT total energy between products and
reactants computed in vacuum, plus the solvation energy AE,,
extracted from MD runs. The latter was obtained by

ChemElectroChem 2021, 8, 2825-2835 www.chemelectrochem.org

AEsolv =< EaII > =< Evacuum > =< Ewater > (7)

where <E> is the average over the MD snapshots of the total
energy, and the labels “all”, “vacuum”, and “water” stand,
respectively, for the whole system graphite + porphyrin + water,
the graphite+ porphyrin only, and the water box only. Since
the same water box was used, the <E,,.,> average is done
over the 5 sets of calculations. Thus, it constitutes just a shifting
constant to the solvation energy.

Finally, the ZPE values of the adsorbed species were
extracted from MD runs using the two-phase thermodynamic
method (2PT),*? while those of molecules in gas- and liquid-
phase were taken from literature.”¥ In the 2PT method the ZPE
is obtained from the vibrational part of the DOS of the system
(see eq. 19 of Ref. [42]). The latter is computed from the Fourier
transform of the autocorrelation functions of the vibrational
velocities, which are obtained by subtracting the roto-transla-
tional rigid-body velocities of the molecule from the total
velocity of each atom. Since the porphyrin is anchored to the
surface, we considered the rotational component to the total
velocity negligible.

With these choices, the Gibbs free energy of reaction reads

AG = A Eper + AZPE + A AE,, + ApV — TA,S @)

Moreover, instead of dealing with explicit protons and
electrons in equations (b-e), we use as reference the hydrogen
molecule and exploit the fact that the Gibbs free energy of the
equation

H"+e  — 1/2H, Q)

is given by FVs: +RT In(10)- pH, where F is the Faraday constant
and Vg is the electrode potential versus the SHE (all the
measurements are performed at pH=1, thus SHE and RHE
matches in value). Therefore, A,G of equations (b-f) finally
reads:

ArG = ArEDFT + ArZPE + ArAEsoIv + ArpV_

10

TAS + FVsye + +RTIn(10) - pH (10)
Results are collected in Table 3. As long as the ORR is carried
out in aqueous environment, the first step (a) is described by
the adsorption of oxygen at the Fe centre and the concurrent
release of a water molecule. This step is predicted to be

Table 3. Energy terms and Gibbs free energies in kJmol™' of processes

described by equations (a-e) and computed accordingly to egs. 5-6 (see

text) in standard conditions: T=298 K, Vg, =0, pH=0.

Steps ALY AAE,,  AZPE  ApV —TAS  AGPEY

a 24.78 —31.48 4.49 —248 4031 35.52

b —83.96 —13.28 28.10 —1.24 19.48 —50.89

[« —101.35 —41.30 —39.70 —1.24 —-1.37 —185.06

d —189.18 —6.09 25.23 —1.24 19.48 —151.80

e —123.58 10.55 28.07 —1.24 —-1.37 —87.57

f —92.83 38.63 25.60 —1.24 19.48 —10.36
2832 © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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disfavoured in standard conditions. This is probably due to the
approximate treatment of the solvation energy, that in this
specific case has a relatively important role, being comparable
in magnitude to the Gibbs free energy. A better description of
solvation is probably needed for this specific step.

All ORR steps are favoured in standard conditions. As
observed in many catalytic systems (see e.g.¥), the least
favoured step is the formation of the metastable —OOH species
(b), which thus determines the thermodynamic limiting poten-
tial of ORR catalysed by FeOEP. In Figure 9 we report the free
energy profile of the ORR pathway at pH=1, matching the
value in experiments, using various electrode potential values.
It is apparent that the reactions step (b) is favoured for Vg
lower than 0.47 V, that almost coincides with the onset of the
reduction peak shown in voltammograms. As apparent from
table 3 and figure 9, the Gibbs free energy pertaining the
formation of hydrogen peroxide Fe"OEP—O,H, (step f) was
found to be more positive than the that relative to the
formation of the oxo species Fe"OEP—O (step c), which means
that the direct 4-electrons mechanism is favoured over the
formation of the H,0, intermediate and its subsequent
reduction. The plot of such step was reported in figure 9 only
for V=0.0V vs. SHE, but the energy difference between such
step and the concurring one is independent of the electrode
potential.

3. Conclusion

Fe(lll)-octaethylporphyrin chloride adsorbed on HOPG was
studied as molecular probe able to mimic the Fe—N, single site
of Fe—N—C materials in the oxygen reduction reaction, by
means of electrochemical scanning tunnelling microscopy,
cyclic voltammetry in 0.1 M HCIO, electrolyte and an ab-initio
thermodynamics approach. Combining experimental and com-
putational outcomes, a thorough understanding of electro-
chemical processes happening in this system was reached. The
as-deposited monolayer was shown to be composed by FeOEP
units. FeOEP in Ar purged 0.1 M HCIO, shows a quasi-reversible
reduction peak for the Fe" to Fe" redox process, whereas in O,
saturated electrolyte a clear irreversible reduction peak was
observed at potentials close to the Fe"/Fe" peak potentials and
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Figure 9. Stability of the intermediates at increasing applied potential V vs.
SHE (pH = 1). The formation of the H,0, intermediate was reported only for
V=0V for sake of clarity.
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responsible for a “redox-catalysis like” mechanism. The reduc-
tion of the metal centre from (lll) to (Il) oxidation state is the
precondition for the O, reduction. RRDE measurement attested
the almost tetraelectronic reduction of O, to H,0 and Gibbs
free energy calculations showed that the four electrons path-
way is preferred over the formation of the hydrogen peroxide.

EC-STM potentiodynamic experiments proved that upon
the change of the applied potential in Ar purged electrolyte
there is a variation of the apparent height of Fe centre of FeOEP
attesting the reduction of Fe" to Fe". Furthermore, in O,
saturated electrolyte a brighter central spot in FeOEP (AZ~0.4-
0.6 A) was associated to the O, adsorption on the metal single
site and upon the shift of the potential to more negative values
there is an evolution of the molecule profile (AZ~x1.5 A)
confirming the O, electroreduction. To strengthen these
observations a mixed adlayer of H,OEP and FeOEP was
prepared and characterized, where the non-metallized porphyr-
in plays as internal reference, which showed to not undergo
any potential induced changes, at least for the central spot.
However, also H,OEP@HOPG showed a certain activity for ORR
even if far less pronounced than at FeOEP@HOPG, and with a
higher selectivity versus H,0,. This was explained on the base
of pyrrolic functionalities which in carbon doped materials was
proved to induce an increased catalytic activity versus the O,
reduction.

The ORR at FeOEP was further investigated by DFT and MD
simulations, by estimating the Gibbs free energies AG in the
reaction pathway. The catalytic cycle was modelled by means of
5 elementary steps where the least favoured one is the
formation of the metastable —OOH species. This step becomes
favoured for potentials lower than 0.47 V vs. SHE, that is close
to the onset of the reduction peak of FeOEP, as determined by
cyclic voltammetry.

Experimental Section

Custom-build EC-STM scanners were employed for EC-STM charac-
terizations. Piezoelectric tubes were purchased by Pi Ceramic. The
tube is scratched with a Widia cermet tip, thanks to a dual-
micrometre system, obtaining four sectors for the later displace-
ment of the tip, and one sector for its vertical movement. Each
sector is electrically insulated by the others. A metallic canula is
derived by cutting and refining an insulin needle. A copper wire is
crimped within one side of the needle. The canula is glued inside a
ceramic tube for electrical insulation, whereas the copper wire is
already covered with insulating material, except of the contact with
the canula. The ceramic tube is then glued to a brass disk, and the
whole system is glued inside the piezoelectric tube, letting the
insulated copper wire passing through it. A 0.25 mm straight
tungsten wire was subjected to electrochemical etching in 2 M KOH
with a square wave AC generator. The obtained tips were rinsed
with MilliQ water, and after drying in air they were coated with hot-
melt glue (UHU) to create an insulating layer on tungsten, with the
aim to prevent Faradaic current at the tip electrode. The very end
of the tip is not covered by the hot glue due to its high curvature
radius.

For all measurements, perchloric acid solutions were employed.
Fluka™ TraceSELECT™ Ultra (Honeywell) perchloric acid was
purchased and properly diluted with Millipore Milli-Q water (specific
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resistance >18.2 MQcm, TOC< 5 ppb) to reach a concentration of
0.1 M. The obtained solutions were always purged with Ar or
saturated with O, in order to evaluate the system response in the
two cases. A HOPG round-shaped crystal (MaTeck ZYB type dia.
10,00 mm x thickness/length 2,00 mm mosaic spread 0.8°+0.2°)
was used as the substrate to be functionalised with iron porphyrin
molecules. The crystal was always subjected to exfoliation with
scotch tape prior to be functionalised and mounted in the
electrochemical cell. In this way, a freshly cleaved surface can
always be easily obtained.

N,N-Dimethylformamide (HyPerSolv Chromanorm VWR Chemicals)
was used to prepare 10~ M solutions of the target molecules. Iron
(I} octaethylporphyrin chloride (FeOEP) and free-base octaethyl-
porphyrin (H,OEP) were purchased by Sigma-Aldrich and used
without any further purification. Three droplets (100 uL) of porphyr-
in solution were casted on the freshly cleaved HOPG inserted in a
weighing bottle, which was closed under Argon atmosphere. After
20 min, the bottle was opened and an Argon stream was directed
on the HOPG, letting the drop dry faster. In this way, a properly
functionalised surface can be obtained within ca. 60 min. The
crystal was then mounted in the PEEK® EC-STM cell and 0.1 M HCIO,
was added. Glassware was thoroughly rinsed with Milli-Q water and
Piranha solution (1/1 H,SO,/H,0,) before introducing any other
liquid. Both EC-STM and CV measurements are referred to
Reversible Hydrogen Electrode (RHE). The RHE electrode was freshly
prepared before each experiment and consists in a Pt wire mesh
sealed to the closed end of a capillary glass tube and refilled with a
0.1 M HCIO, solution from the other open end. H, was directly
electrogenerated at the Pt wire mesh so that half of the Pt mesh
was exposed to the H, bubble confined between the 0.1 M HCIO,
solution and the closed end of the capillary.

In the paper, U, is the bias voltage applied between tip and sample,
where the tip is polarized whereas the sample is grounded. U, can
be referred versus the reference electrode (U, vs. RHE) or versus the
working electrode itself, which plays also as sample. E,,, is the
electrode potential applied to the working electrode and it is
always refereed to the RHE reference electrode. U, versus RHE was
employed when performing consecutive images at different
applied potential (E,,,), to avoid the change of image contrast or an

app:
excessive instrumental noise.

Rotating ring-disc electrode (RRDE, Metrohm; @=5 mm GC disk
and a Pt ring) cyclic and linear sweep voltammetry were carried out
in both Ar-purged and O,-saturated 0.5 M H,SO, solution using an
Autolab model 101 N potentiostat. All measurements were done in
a glass three-electrode cell thermostated at 25 °C. The RRDE tip was
used as working electrode, a platinum wire was used as counter-
electrode and a homemade RHE as reference electrode prepared
before each experiment. In ORR tests, O, was bubbled inside the
electrolyte solution for at least 30 min. The number of transferred
electron (n) was determined by RRDE linear sweep voltammetry
(5mVs™) according to the following equation (eq. 11):

Ao )
lip| + [ia| /N

Where iy is the current recorded at disk, iz the current recorded at
ring and N the collection efficiency, which is equal to 0.25 as
previously determined [5], the ring potential was set to 1.5V vs.
RHE. With the last analysis it is also possible to evaluate the
percentage of hydrogen peroxide (eq. 12) produced at the working
electrode by rearranging eq. 11:
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100(4—n)  100:2Jig]
o =T TN 12

45] [46]

STM images were mainly analysed with WsxM™' and Gwyddion,
applying standard procedures of background subtraction and
flattening to gain proper image contrast.

Computational Details

Density Functional Theory (DFT) calculations were carried out using
the PWSCF code of Quantum-ESPRESSO (QE)."” Wavefunctions
were expanded on a plane wave basis set with a cut-off of 27 Ry,
while the cut-off on electron density was 250 Ry. The interaction
between valence electrons and ion cores was described through
ultrasoft pseudopotentials.*® The PBE“? exchange-correlation func-
tional was employed alongside with the Hubbard correction® on
the d orbitals of Fe with a U parameter of 3.9 eV.*" Van der Waals
interactions were described through the Grimme dispersion
correction,®? as implemented in QE.”® Surfaces were modelled
using the repeated slab approach, and slab replicas distance was
larger than 20 A in all cases to prevent spurious interactions.

Molecular dynamics (MD) simulations were carried out using the
NAMD 2.12 software package.®” The CHARMM 36" force field was
employed to parametrize all of the system parts. MD simulations
have been carried out for three systems: the water box, the
porphyrin+4 layers graphite slab in vacuum, and porphyrin+4
layers graphite slab in water, to estimate the solvation energy (see
next Section). Simulations of the whole system in solvent served
also for the estimation of the ZPE correction due to the bonding of
the small moieties to the porphyrin. All the MD simulations
followed the standard protocol: energy minimization (1000 mini-
mization steps), simulated annealing (increments of 1 K from 100 to
298 K, 500 MD steps each temperature) to heat the system to the
working temperature, and equilibration and production (10°MD
steps). Simulations were carried out in the canonical NVT ensemble.
The simulation box was prepared to contain a single cell (with a
single porphyrin molecule) along the xy-plane, while the z-
dimension was sufficiently high (8 nm) to avoid the interaction of
the porphyrin with its images due to periodic boundary conditions
along the z-axis. Relevant simulation parameters were: 2 fs time
step of integration (rigid bonds with H atoms), a Langevin thermo-
stat set at 298.15 K (damping 1ps), 6 A cut-off for non-bonded
interactions (with switching at 5.5 A, and pair list distance of 6.5 A),
PME for electrostatics (order 6, tolerance 0.0001). Coordinates were
saved each 100 MD steps (0.2 ps), while velocities were dumped
each 1 MD step (2 fs) since velocity autocorrelation functions were
needed for the evaluation of ZPE (see below).
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