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Two-dimensional Covalent Organic Polymers (COPs) which are used to catalyze oxygen
reduction reaction (ORR) in regenerative fuel cells have been researched by efforts.
However, due to the lack of closed conjugated molecular structures, most COPs
demonstrate limited catalytic performance. In this work, four alternative COPs containing
different conjugated n-bonds are designed (termed as COP-Bn, n = 3, 4, 5, 6) and
studied based on Charge Density Analysis, Density of States (DOS), Band Structure
Analysis, First-principle, and Density Functional Theory (DFT) calculations toward
catalyzing ORR. Our outcomes reveal that COPs with larger conjugated structures (e.g.,
COP-B5 and COP-B6) can achieve higher activity during ORR catalysis.

Keywords: covalent organic polymers, oxygen reduction reaction, first principle calculation, 2D materials,
conjugated system

INTRODUCTION

Clean energy technologies, such as fuel cells and metal-air batteries, are promising alternative
energy sources for auto industry and electronic products (Sealy, 2008; Dunn et al., 2011; Tachibana
et al., 2012; Katsounaros et al., 2014; Kong et al., 2018; Li et al,, 2018, 2019). As a vital part for
the widespread use of fuel cells, low-cost electrocatalysts with outstanding catalytic activity and
high stability for the oxygen reduction reaction (ORR) are indispensable (Bak et al., 2002; Kanan
and Nocera, 2008; Gray, 2009; Girishkumar et al., 2010). However, traditional technologies require
noble metal (e.g., Pt) catalysts to promote ORR. Thus, the scarce resources and high price of the
noble metal catalysts have long limited the clean energy technologies for commercial applications
(Winter and Brodd, 2004; Gasteiger et al., 2005).

Recently, nitrogen doped grapheme (Novoselov et al., 2004; Balandin et al., 2008; Lee et al.,
2008; Park and Ruoff, 2009; Rao et al., 2009; Liang et al., 2011; Zhu et al,, 2011; Yoo et al.,, 2012;
Lung-Hao Hu et al.,, 2013) and two-dimensional covalent organic polymers (COPs) (Xiang and
Cao, 2012, 2013; Xiang et al., 2012a,b; Zhou et al., 2013; Peng et al., 2017) have emerged with high
activities for catalyzing ORR. These carbon-based catalysts not only contain abundant sources and
flexibility in molecular design, but also demonstrate higher efliciency, stability, and tolerance to
crossover/CO-poisoning effects than commercial platinum group metal (PGM) catalysts (Peng
et al., 2019a,b). Specially, two-dimensional COPs have been widely developed because of their
high thermodynamic stability, planar molecular structures, and versatile elemental environment.
Two-dimensional COPs hold the promising potentials of precisely controllable capacities for
ORR catalysis. Nevertheless, owing to the poor conductive properties, most reported COPs
contain limited catalytic activities (Guo et al., 2018). Thus, pyrolysis is essential to enhance their
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p-conjugated structures and the electrocatalytic activity,
which unfortunately induce undesirable structure changes
and even destruct the fine structures, leaving the mechanism
of electrocatalysis uncertain. It is urgent to design COPs
electrocatalysts with intrinsic conductivity and activity.

In the structure of traditional COPs, the phenyl rings are
mostly connected via sigma bonds. Even these irreversible
connections offer high stability, the single bonds always lead
to the lack of closed conjugated molecular structure. Since
the electron fluidity play a decisive role for catalyzing ORR,
it is necessary to design two-dimensional COPs with closed
conjugated and enhanced conjugative effect.

In this study, we have designed a series of two-dimensional
COPs (termed as COP-Bn) with closed conjugated molecular
structures and calculated their possible activities in catalyzing
ORR. Different to traditional COPs, the phenyl rings in COP-
Bn are connected via m-bonds instead of sigma bonds. Four
alternative COP-Bn (n = 3, 4, 5, 6; Figure 1, Figure S1) are
studied by different characterization methods, such as Charge
Density Analysis, Density of States (DOS) and Band Structure
Analysis, First-principle, and Density Functional Theory (DFT)
calculations. Our findings point the directions to design
proper COPs possessing enough electron fluidity for efficient
catalyzing ORR.

CALCULATION AND SIMULATION
METHODS

First-principle calculations performed within the
framework of DFT as implemented in the plane wave set
VASP code. The detailed implementation was described in
reference (Li et al., 2014). All structures were modeled as three-
dimensional periodic structures, where a rectangle periodic
box was represented with a dashed line. To avoid interaction
between slabs, the vacuum layers were set as 18 A in the y-and
z-directions, respectively. The k-point sampling of the Brillioun
zone was obtained using a4 x 1 x 1 grid generating meshes with
their origin centered at the gamma (I”) point. The plane wave
basis set contained a high cut off energy of 450 eV throughout
the computations. The k point meshes and energy cut off were
chosen to ensure that the energies were converged within 1
meV/per atom. The Fermi level was slightly broadened using
a Fermi-Dirac smearing of 50 meV. All calculations were
spin polarized and completed when the force of the system
converged to ~0.02 eV/A.

The oxygen reduction reaction proceeds either through a
two-step two-electron pathway that O, is reduced to hydrogen
peroxide, or completely via a four-electron process in which O,
is reduced directly to water without involvement of hydrogen
peroxide intermediate. Herein, since previous results showed that
the ORR proceeds on graphene and related COPs through the
four-electron mechanism (Zhang and Xia, 2011), we took the
complete reduction cycle into account. In an acid environment
the oxygen reduction reaction (ORR) could be written as:

were

0, +4H" 4 4e~ — 2H,0 (1)

We considered two possible ORR mechanisms: associative
mechanism that involved a HOO* species and a direct
O, dissociation mechanism. The associative mechanism was
conducted through the following elementary steps:

02 (g) +x— 05 (2)

03 +H' + e~ — HOO* (3)

HOO* + HT + e~ — O* 4+ H,0(l) (4)
O*4+H" +e~ — HO* (5)

HO* + H" + e~ — x4+ H,0(l) (6)

Where * was the active site on the graphene surface (1), and
(g) referred to liquid and gas phases, respectively. O*, OH*, and
OOH* were adsorbed intermediates.

In an alkaline electrolyte, it was the H,O acted as the proton
donor instead of H3Om. Thus, the oxygen reduction could be
written as:

O, +2H,0(1) + 4~ — 40H™ 7)

According to the associative mechanism, equation (7) could then
be split into the following elementary steps in ORR:

0,(g) +*— O} (8)

0,% 4+ H,0(l) + e~ — HOO* + OH™ )
HOO*+e~ — O* 4+ OH™ (10)

0* + H,0(l) + e~ — HO* + OH™ (11)
HO* + e~ — %+ OH™ (12)

Furthermore, the mechanism via direct O, dissociation of oxygen
atoms started with the following elementary step:

1/205 (g) + * — OF (13)

followed by steps (5) and (6) in acidic environment or (11) and
(12) in alkaline solution.

According to previous reports, the rate determining step of a
typical ORR could either be the adsorption of O, as OOH* or
the desorption of OH* as water (Calle-Vallejo and Koper, 2012).
Here, we took reactions (8)-(12) to derive the thermochemistry
for ORR.

The thermochemistry of these electrochemical reactions was
obtained using DFT calculations in conjunction with Standard
Hydrogen Electrode model developed by Norskov et al. (2004)
and Man et al. (2011). This thermodynamic approach established
a minimum set of requirements for the facile reactions based
on the binding of the intermediates with the assumption that
there were no extra barriers from, e.g., adsorption/dissociation
of O, or proton/electron transfer reactions. In our calculations,
the ORR was analyzed using intermediate species associated
with one electron transfer at a time, which was energetically
more favorable than the simultaneous transfer of more than
one electron.
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carbon atoms, and the white atoms stand for hydrogen atoms.

FIGURE 1 | The molecular structures of two-dimensional closed conjugated COPs (a, COP-B3; b, COP-B4; ¢, COP-B5; d, COP-B6); The gray atoms stand for

FIGURE 2 | Charge density distribution pictures of two-dimensional closed conjugated COPs (a, COP-B3; b, COP-B4; ¢, COP-B5; d, COP-B6).

The  absorption were  calculated  as

follows (Li et al., 2014),

energies

AEon+ = E (OHx%) — E (%) — (Emz0 — 1/2 Enp)  (14)
AEoon* = E (OOHx%) — E (%) — (2Ex20 — 3/2 Epz)  (15)
AEg+ = E (Ox) — E () — (Em20 — En2)  (16)

in which, E(x), E(OHx), E(Ox), and E(OOH3x) were the ground
state energies of a clean surface and the surfaces adsorbed with
OH*, O*, and OOH¥, respectively. Eyyo and Ep, were the
calculated DFT energies of H;O and H, molecules in the gas
phase. We also considered the zero-point energy (ZPE) and
entropy correction. These calculations transformed DFT binding
energies (AE,gs_ppr) into free energies of adsorption (AG,g;)
through the following equation (Li et al., 2014),

AGygs = AEuqs_prr + AZPE — TAS (17)

Where T was the temperature and AS was the entropy change.
For the ZPE, the vibrational frequencies of adsorbed species (O*,
OH*, and OOH*) were calculated with the graphene or COPs
that remain fixed to obtain ZPE contribution in the free energy
expression. Moreover, only vibration entropy contributions
were considered for adsorbates and total entropies for solvent
molecules were taken from standard thermodynamic tables.

For each step the reaction free energy AG was defined as the
difference between free energies of the initial and final states,
which was given by the expression (Li et al., 2014):

AG = AE+ AZPE — TAS + AGy + AGpy (18)

Where AE was the reaction energy of reactant and product
molecules adsorbed on catalyst surface. AGy was obtained from
DFT calculations (AGy = —eU, where U was the potential
at the electrode, and e was the number of transferred). AGyn
was the correction of the H' free energy by the concentration
dependence of the entropy:

AGpy = —kpTIn [HT] (19)

Notice that neglecting the electric field, there was no difference
in the free energy of the ORR intermediates calculated in
acidic and alkaline environment at fixed potential on the
Reversible Hydrogen Electrode scale (Rossmeisl et al., 2007). We
emphasized that our model neglects the effect of the electric field
in the double layer and didn’t treat barriers that may depend on
whether the proton donor was H,O or H;O™.

RESULTS AND DISCUSSION

Charge Density Analysis

Firstly, we analyzed the related charge density of COP-Bn. In
these two-dimensional and colorful charge density distribution
pictures (Figure2), the red area suggested the area which
possessed the lowest charge density in the corresponding
COP molecular structure. Obviously, the red area of COP-
B5 (Figure 2c¢) and COP-B6 (Figure 2d) was darkest among
these three COP models. Moreover, a kind of COP model
with large low charge density area was likely to benefit
the oxygen adsorption for ORR. Meanwhile, this sort of
COP model was also likely to possess preferable electron
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FIGURE 4 | Band Structure Figures of two-dimensional closed conjugated COPs (A, COP-B3; B, COP-B4; C, COP-B5; D, COP-B6).

fluidity which could facilitate the ORR process. Through  phenyl rings in two-dimensional closed conjugated molecular
Charge Density Analysis, we found an important law firstly.  structure, and the electron fluidity became better at the
Specially, the charge density became lower with the addition of  same time.
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DOS and Band Structure Analysis

Whereas, the electron fluidity for a kind of molecular model
was closely associated with its electrical conductivity, an ideal
characterization parameter was the energy gap value obtained
by DOS figure which could be calculated by VASP. In detalil, for
some kind of molecular model, lower energy gap value indicated
a better electrical conductivity. Therefore, the energy gap value
can characterize the electron fluidity of these COP models well,
which was essential for the ORR process. In this case, Figures 3, 4
indicated that COP-B5 and COP-B6 possessed the lower energy
gap value (0.876, 0.526eV) among these four COP models,
suggesting that COP-B5 and COP-B6 have the better electron
fluidity. These Band Structure Figures also revealed the same
law. For high symmetry points (lines, G, E Q, Z), the density
of curves became higher with the addition of phenyl rings in
two-dimensional closed conjugated molecular structure.

First-Principle and DFT Calculations

To studied the four COP models toward catalyzing ORR, the
corresponding figures named Free Energy Curve were essential,
which could be obtained by First-principle and DFT calculations.
These figures were calculated based on zero electrode potential
(U = 0V) and equilibrium electrode potential (U = 1.23V).
Two essential free energy curves were shown as inside. Besides,
acid (pH = 0) and alkaline (pH = 14) conditions was also
considered, respectively. For every free energy curve, the final
state (H,O or OH™) free energy value was set as zero according
to the related references (Norskov et al, 2004; Zhang and
Xia, 2011; Li et al,, 2014). It should be noted that when the
electrode potential was zero, the original state (O,+*) was set
as 4.92eV. If the former was equilibrium electrode potential,
the latter was still set as zero. Moreover, the free energy values
of three transition states (OOH™, O*, OH*) was also calculated
by VASP. In particular, if some material model possessed ORR

0.30

—o— COP-B5
—o— COP-B6

e | 0.19

Onset Potential Value(V)

0.1

- freccccccccccccccnccacaa

2 3 4
The number of activated sites

FIGURE 6 | The number of activated sites and the corresponding onset
potential values for ORR. The possible ORR sites were marked in Figure S2.

performance theoretically, no matter the condition was acid
or alkaline, there would be the third free energy curve based
on a vital potential value, which was named onset potential
value (0 < U < 1.23V), as shown in the related figures.
The onset potential value was the maximum which ORR can
occur. Hence, if this maximum was negative, the third free
energy curve would not exist, meaning that the corresponding
material model didn’t possess ORR performance. The fact was
that all of the others do not possess ORR performance except
COP-B5 (Figures 5A,B) and COP-B6 (Figures 5C,D), because
there was no one chosen oxygen adsorbed site which was
satisfied with related conditions. Although COP-B5 possess
certain ORR performance theoretically among the four chosen
oxygen adsorbed sites (Figure S2), there were only two sites
(No. 3 and No. 4, Figure 6) which could act as the activated
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sites for ORR. In detail, for COP-B5, when the condition
was acid, no matter the activated site was No.3 or No.4,
the obtained onset potential value was 0.19V (Figure S3). If
the condition was alkaline, COP-B5 also didn’t possess ORR
performance. For COP-B6, there were four sites (Figure S2)
which could be used for catalyzing ORR, the maximum of onset
potential can reach 0.3V (Figure 6, Figure S4). Therefore, in
these three COP models, COP-B5 and COP-B6 were the COPs
model which can catalyze ORR process theoretically. Objectively,
although in acid condition, the ORR performance of COP-B5
and COP-B6 were not enough high, and there was no ORR
performance for them in alkaline condition, they were still a
sort of COP model which can be used for modification in
catalyzing ORR process. For the conjugated COP-Bn (n = 3,
4, 5, 6) models, only when the value of n was five and six, the
proper conjugated COP associated with ORR catalysis can be
obtained. In other words, for two-dimensional closed conjugated
COPs, the more phenyl rings would lead to more active sites
for ORR.

CONCLUSIONS

In this study, we designed four COP models (COP-Bn, n =
3, 4, 5, 6) to study their ORR performance. Through charge
density analysis, DOS and Band Structure analysis, we proved
that COP-B5 and COP-B6 were likely to be a proper COP
model associated with ORR catalysis. Consistently, the related
free energy curve figures also indicated that COP-B5 and COP-
B6 were the COP models which can catalyze ORR. For the
conjugated COP-Bn (n = 3, 4, 5, 6) models, only when the value
of n achieved five, a proper conjugated COP which is really
associated with ORR could be obtained. Although the conjugated
COPs such as COP-B5 and COP-B6 may not possess enough high
performance for ORR, they can still be used for modification
in catalyzing ORR process. Two-dimensional closed conjugated
COPs such COP-B5 and COP-B6 were capable to realize the
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