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HIGHLIGHTS

o The catalytic activity of a series of Co-doped v-BN has been theoretically explored in the ORR.
e O, molecule can be directly dissociated on the Co-doped v-BN with 4e pathway.

o It is reacting more favorable for the ER mechanism of OH* to convert into H,0.

e The ORR reaction was found to be thermodynamically favorable in the Co-doped v-BN.

ARTICLE INFO ABSTRACT
Article history: The kinetic of the oxygen reduction reaction (ORR) at the cathodes of polymer-electrolyte-
Received 24 July 2023 membrane fuel cells (PEMFCs) has been demonstrated to be slow, which is one of the
Accepted 7 August 2023 pivotal issues in developing PEMFCs. Within the current piece of research, by performing
Available online xxx first-principles calculations, we introduce a Co-doped vacancy BN nanosheet (Co-HBN) as
an efficacious noble metal-free electro-catalyst for the ORR process (ORRP) in fuel cells. The
Keywords: results demonstrate a rise in the energies of adsorption (or adhesion) onto the Co—N active
Oxygen reduction reaction site of these electrocatalysts in the order of O < OH < OOH < O, < Hy0, < H,0 on this
Fuel cells electrocatalyst and there is a consistent change in the adsorption energies (E.qs)for all
Electrocatalyst oxygen-containing intermediates (OCIs). Based on the small and large thermodynamic
Adsorption energies driving force for the generation of H,0, and for reducing OOH into O* (or to 20H*),
Thermodynamic driving force respectively, the four-electron route was more favorable in comparison with the 2e™ route.

Furthermore, with the largest value of AG for Co-HBN electrocatalyst, the final reduction
step (OH* + H* + e~ — H,0 + *) has been regarded as the rate-limiting step. The d-band
center of Co was considerably distant from the Fermi level. The greater gap between the
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frontier orbitals suggested that the electrocatalyst is not conducive to the adsorption of
OClIs, which shows that the onset potential is larger and ORR is high.
© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The problems of environmental pollution and energy crisis in
the world can be resolved by using renewable and clean en-
ergy systems. Polymer-electrolyte-membrane fuel cells
(PEMFCs) are promising and efficacious renewable energy
systems in terms of energy and they have negligible exhaust
emissions and high energy density [1-5]. Moreover, at a lower
temperature, PEMFCs have high operating efficiency. None-
theless, the kinetic of the oxygen reduction reaction (ORR) at
the cathodes in PEMFCs has been revealed to be slow, which
appreciably reduces the fuel cells’ performance [6—9]. These
days, Pt/C is widely employed as a cathode fuel cell electro-
catalysts. Nevertheless, the extensive use of platinum in au-
tomobiles is limited by its poor durability, scarcity, and high
price. Hence, sustainable and cheap ORR electrocatalysts such
as catalysts based on non-precious metals are considered to
be best alternative [10].

In the last decades, several research groups have investi-
gated the potential of transition metal oxides [11] or carbon
materials doped with heteroatoms [12—14] for ORR. Co-doped
graphene (Gr) catalysts using non-noble metals, including N,
Mn, Fe and Co are promising options for Pt-based catalysts
because of their cheapness and higher activity [15,16]. Because
of their great activity and durability for ORR in acidic as well as
alkaline environments, N and Co codoped Gr catalysts have
aroused considerable interest among the M-N-C catalysts
which are presently developed. For instance, in a piece of
research by Jiang et al. [17], cobalt nitrate incorporated within
polypyrrole/Gr oxide was employed and it was subjected to
annealing for the preparation of CoNk-Gra. It was found that
similar to the ORR performance of Pt/C catalysts, the ORR
performance of CoNy-Gra and its methanol tolerance was
great. In a piece of research by Niu et al. [13], a 2-stage heat
treatment method was adopted for preparing N and Co co-
doped Gr catalyst. The findings demonstrated that ORR pro-
ceeded through a four-electron process. In another study by
Yinetal. [18], anovel method was developed to obtain Co single
atoms with stability on porous carbon doped with N with metal
loading of 4 wt%. They found that the ORR performance was
great and the half wave potential was 0.881 V. Moreover, a
novel 3D mesoporous Co—N—C nano-sheet was developed by
Han et al. in which some Co nano-particle nanohybrids were
encapsulated. The activity of such nanohybrids for ORR is
more in comparison with pure Co—N—C [19].

Because of their outstanding performance in chemical
processes like ORR in fuel cells, carbon nano-materials such as
Gr are regarded as promising alternatives for metal-free
electrocatalysts [20—23]. In addition to Gr-like materials, 2-D
nano-structures like hexagonal boron nitride (HBN) have
unique chemical and physical attributes for different appli-
cations [24—26].

In comparison with Gr, there are several merits to HBN, for
example high resistance, improved conductance and thermal
stability [27—29]. Additionally, the adhesion properties of ionic
and gas molecules are promoted by the exceptional surface
area as well as the ionic B—N bonds of HBN due to the induced
dipole moment. The chemical and physical properties of HBN
hare unique, which make HBN an encouraging candidate for
application in various fields like cathode FCs, optics and
hydrogen storages [30—33]. The authors suggest that the Co-
doped of pure and defective HBN have outstanding activity
due to their unique composition and structure. Nevertheless,
researcher have not assessed doped and defective BN activity
of ORR at the atomic level. The results demonstrated that
activity of transition metal (TM)-Ny, sites is superior, particu-
larly that of sites TM-N,. Moreover, the Co—N, center led to a
thorough 4-electron reduction of O, into H,0, whereas Co—N,
center prompted H,0, formation [34—36].

The structure of Co-doped HBN as well as its ORR mecha-
nism still remains unclear. Here, we investigated the ORR
stability and activity for Co—N active center (AC) following
defecting around the ACs of Co—N. Based on the results, some
of the Co-doped electrocatalysts improved four-electron ORR
activity and stability, which depended upon their doping
places. Additionally, Co-doping led to some uplift on the sur-
face of HBN, thus on two sides of the similar active site it
caused varying catalytic activities. Therefore, we introduced a
viable structure for the Co-doped HBN to enhance ORR per-
formance and demonstrated the mechanism of ORR at the
atomic scale.

2. Computations

All the structural optimizations and electronic energy com-
putations were undertaken through density functional theory
(DFT) natural charges have been performed by GAMESS pro-
gram [37]. In order to describe correlation effects and the
electronic exchange, we employed the functional GGA as
parameterized by B3LYP. The 6-31 + G (d,p) level of theory was
applied here for optimizing using B3LYP. Also, we used
dispersion corrections by Grimme's DFT-D3 [38] scheme which
explains weak van der Waals interactions. The convergence
standard for maximum displacement, for and energy, respec-
tively, was considered to be 1.0 x 10°Ha, 0.003 Ha/A and A. In
order to assess the stability of Co-embedded HBN structures,
their formation energy was computed as follows:

Eform = Ecodoped h-8N + fin + g — (Enpn + pico) 1)

where Ecq_doped upn Signifies the total energy of Co-embedded
HBN and Eygn signifies that of perfect HBN. pg and py,
respectively, signify the B atom's chemical potential in the a-
rhombohedral B crystal and that of the N atom in the N,
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molecule [39]. The results demonstrated the thermodynamic
stability of these catalytic sheets. The Mulliken population
analysis was carried out for computing the charge on each
atom for the electrocatalyst structures under study. The
adsorption energy (Eags) of oxygen-containing intermediates
(OCls), namely O,, OOH, O, OH, H,0 and H,0,, was estimated
as follows:

Eass = ECo—h—BN+species - (Especies + ECo—h—BN+species) (2)

where Eco_ypn,+species Eco-uen @Nd Egpecies, T€Spectively, signify
the total energy of Co-HBN with adsorbed molecules, Co-HBN
without adsorbate and with free adsorbate. In order to
compute every elementary reaction's free energy change,
which occurs on these electrocatalysts' active site, we used
the method which was suggested by Norskov et al., [40]. We
can express each reduction step as below:

AG = AE — TAS + AZPE + AGgag + AGy + AGyy @3)

here, AE signifies reaction energy, T signifies the temperature
(289.15K), AS signifies the entropy variation. AZPE signifies the
zero-point energies. Additionally, we can compute AS and
AZPE based on the vibration frequency of OCIs. AG,y signifies
the free energy contribution thanks to the variations of pH and
AGy signifies the electrode potential U. AGpy = kg x pH x In10
can be used to express the impact of pH upon the Gibbs free
energy, where kg signifies the Boltzmann constant. Moreover,
AGy = —neU is used to express the impact of electric potential
upon Gibbs free energy, where and U signifies the electrode
potential and n signifies the number of transported electrons.
Here, the environment of the ORR was assumed to be acidic,
and its pH was considered to be 0. We can ignore the impact of
AGseq Within this work because of its negligible impact upon
the results of computations [40]. Moreover, we set the refer-
ence electrode as a standard hydrogen electrode, and when

the reaction was under standard conditions at 298.15 K with
the pH of 0 and U of 0 V, the free energy of H' in the electrode
solution corresponded to half of the free energy of H,. We
computed the free energy change for the overall reaction O, +
2H, — 2H,0 at a pressure of 0.035 bar at 298.15 K in the solvent
phase, which was computed to be 4.92 eV.

3. Results and discussion

3.1. Electronic attributes and stability of the Co-doped-
HBN

Fig. 1 (a) demonstrates the geometry of pristine h-B. After the
geometric relaxation, it was found that the 6-ring structure in
HBN was destroyed. Our The lattice parameter of HBN was
6.89 A, which was similar to values reporter in the literature
[41]. The pristine HBN had a band gap of approximately
5.64 eV, which was similar to thee values reported in the
literature [42] and demonstrated reliability of approach
adopted in the current research, so it was capable of
providing an exact account of the electronic geometry of
HBN. A single N (Vy) or B (V) vacancy in HBN had to be
created first in order to create the Co-doped HBN. Fig. 1b il-
lustrates the geometries vacancy defective of HBN with most
stability. In both defects Vy and Vg, the BN nanosheet
retained its planar structure. The findings demonstrated that,
in comparison with a nitrogen vacancy, a boron vacancy in
HBN is superior in terms of energy, which was due to the fact
that the loose N atoms repelled each other that stops the
formation of unstable N—N bonds. It is worth mentioning
that there was no stable divacancy (Vgy) in the present study.
However, several research studies [43] demonstrated the
likelihood of the formation of such paired vacancy in HBN.
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Fig. 1 — Optimized structure of (a) HBN and (b) vacancy-BN monolayers, density of state plot (DOS) of (c) HBN and (d) vacancy-

BN monolayers.

Please cite this article as: Hsu C-Y et al., Design a promising electro-catalyst for oxygen reduction reaction in fuel cells based on
transition metal doped in BN monolayer, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2023.08.085



https://doi.org/10.1016/j.ijhydene.2023.08.085

4 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

Moreover, in the energy gap region with the band gap of
4.97 eV, a clear spin-splitting with distinct defect levels was
observed based on the DOS analysis of the vacancy defects.
In connection with Vg, a magnetic moment (MM) of around 3
pg is caused due to a B vacancy defect. Additionally, right
after the formation of a B vacancy in HBN, 3 occupied states
(2 spin-down and 1 spin-up) is formed above the FL, which
can be observed in the related DOS plot in Fig. 1c and d. Such
donor were are mainly composed of N-2p states, which are
concentrated on the loose N atoms around the defect site.

The defect site of B or N can be occupied by a Co atom,
leading to the formation of 3 chemical interactions with the
neighboring B or N. On B and N, the average Co—N and Co—B
binding distance was 1.83 and 1.94 A, respectively. For both
Co-doped surfaces, the MM of the entire system was 0, indi-
cating the disappearance of dangling states because of the
strong interaction between the vacancy site and the Co atom.
Since the atomic radius of Co was greater than missing B or N,
Co pushed outwards from the surface of HBN surface by
approximately 1.43 A. The binding strength between the sur-
face of the defective HBN and the metal atom, which is one of
the pivotal issues in developing SACs, was computed by the
subtraction of the energy of separate Co as well as defective
HBN sub-systems from that of Co-doped substrate for evalu-
ating the stability of Co-doped vacancy-BN structures. The
binding energy of Co on B and N was —6.86 and —5.29 €V,
respectively, which was significantly higher than the cohesive
energy of solid Co (4.39 eV). Moreover, the values were greater
compared to the Eping Co on defective HBN [44]. Therefore, Co
interacted strongly with the surface to avoid the clustering of
Co atoms. Additionally, in order to evaluate the feasibility of
the formation of Co-doped HBN structures, their formation
energy was considered under normal conditions. Further-
more, the energy of formation for the binding of the Co atom
on the B and N was—0.29 and 1.33 eV, respectively. Hence, it
can be suggested that Co was preferentially located on site B
site in HBN rather than on site N (see Fig. 2).

3.2.  The adsorption energy of OCIs

The adsorption attributes of ORR species, namely O,, O, OH,
OOH, H,0 and H,0, on these electrocatalysts' surface were
investigated. In all cases, several adhesion sites were consid-
ered, namely top of the Co, B, and N atoms, and over the B—N
or Co-bonds. It was revealed that the easiest active site for the
OCIs' adhesion was the Co atom’ top site. Fig. 3 demonstrates
the adsorption configurations of these electrocatalysts with
most stability. For instance, the related E,4s and bond length of
on this catalyst is provided in Table 1. Furthermore, the E4s of
these OCIs is demonstrated in Fig. 4. Based on the results,
there was a reduction in the E, 45 of these OCIs in the order of
O > OH > OOH > O, > H;0, > H,0 on this electrocatalyst.
Additionally, there was consistent trend in the change in the
Eags for all OCIs, i.e., a higher E 45 of O, means that other OCIs
also have stronger free E,4s at the same active site. Overall, O*
preferred adhesion on the Co top site. Nevertheless, in
connection with Co-doped HBN, O* was adsorbed over the
bridge site (Co—N) rather than on the top site (Co), thus
causing a higher E,4s of O*. However, it does not affect the
onset potential. Before performing the first oxygen reduction

Fig. 2 — Optimized geometries of the Co-vacancy-BN
monolayers (a) top and (b) side views.

step, the O, molecule adhesion on the Co top site with 2
configurations was a prerequisite. Based on the findings, the
end-on structure was capable of being adsorbed onto the
surface of these electrocatalysts in a more stable manner than
the side-on structure. The onset potential value is usually
determined by the OH adsorption strength usually de-
termines. The weaker energy of OH adsorption was more
helpful for the 4th ORR step. We observed that OH adsorbed
onto the raised side of Co-doped HBN exhibited E,gs of
—2.69 eV. After the co-adhesion of two paired OH onto the AC
of Co—N, there was a reduction in the E,4s of each OH. For
example, the average E,qs of each OH was —2.11 eV after the
co-adsorption of two OH onto the surface of Co-doped HBN,
which was weaker compared to the average E, 45 of a single OH
(0.58 eV). Clearly, a lower OH E,gqs demonstrated that the
reduction of OH was easier, demonstrating that the process of
20H*(co-ad) +H*"+e~ —OH*+H,0* was easier to proceed in
contrast to the process of OH*+H*+e~— H,0*. Based on the
computations, the first reaction had a much larger reaction
free energy (RFE) than the second one on the active sites (see
Table 2).

For the H,0 product, higher E,4s demonstrated that it was
not capable of leaving the active site easily, which led to some
freshly appeared ACs. The E.4s of H,O on these electro-
catalysts was small. This might one of the reasons for the
promising nature of these electrocatalysts as ORR electro-
catalysts. The bond distance of O—0O for HOOH in the gaseous
phase was 1.47 A. After H,0, was adsorbed onto the active site
of these electrocatalysts, the length of O—Co was ~3.23 A.
There was no substantial rise in the bond distance of 0—O
(approximately 1.47 A) in contrast to that of the H,0, in the
gaseous phase. The optimized geometry of H,0, is optimized
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Fig. 3 — Atomic models of the adsorbed OCIs of Co-vacancy-BN monolayers (a,b) O,*, (c) OOH*, (d) O*, (e) OH*, (f) HO,*,

(g) H20.*, (h) OH*+OH*.

to the Co-adsorbed 20H* or O*+H,0* after H,0, approaches
Co atom. The O—Co distance was significantly less compared
to that of others by 2.29 A after H,0, was adsorbed onto the
raised side of Co-HBN, and it's the E,qs became larger by
—1.03 eV. Thus, the formation of H,0, was difficult to proceed.

3.3. ORR progression

The formation of the product H,0, through adsorbed O,* via
the 2e™ reduction reaction route (RRR) or the product H,0 via
the 4e~ RRR was possible. Clearly, the 4e” RRR of O, was
effective in the operation of PEMFCs. Based on the density
functional theory estimations, the bond distance of O mole-
cule in the gaseous phase was around 1.24 A, but there was a
stretching in the bond distance of O—O to around 1.31 A
following its adhesion onto the AC of Co—N. Numerous
studies in the literature [45] have reported that the AC of Co—N
can lead to a weakening in the O—0 bond in the adsorbed O,*,
but it is not capable of promoting the dissociation of O,*
directly, which is why the dissociative activation energy for
the dissociation of O, in the AC of CoN, is great large (reaching
1.94 eV) [46]. Hence, following the adhesion of O molecule onto
the active site, the dissociation process proceeds the dissoci-
ation one. Hence, O,* reduction into OOH* was the most

Table 1 — Adsorption energy (E.4s, €V) of the different ORR
intermediates on Co-vacancy-BN, the corresponding

Co—O bond distance (d, A), charge-transfer (q, e) and
atomic charge on the Co atom (q,, |e|).

species Eaas (eV) d (A) q () da ()
O, -0.97 1.94 0.47 0.41
(6] —-3.89 1.73 0.60 0.39
OH —2.69 1.86 0.30 0.34
OOH -1.63 1.90 0.17 0.28
H,0, —-1.23 3.23 0.58 0.36
H,0 -0.18 2.15 0.21 0.33

suitable route for the ORRP. There was a further stretching in
the O—0O bond distance of OOH* adhesion geometry with most
stability, and the O—0O bond distance of OOH* adhered onto
Co—N center increased 15.0% in comparison with O,*. Despite
the fact that there was a significant stretching in the O—-0O
bond distance in OOH, the dissociation mechanism proceeds
with difficulty. Nonetheless, its further hydrogenation was
more facile to perform [45].

OOH could be hydrogenated for generating O* and H,0, or
could be directly reduced into H,O,* for further hydrogenation
step. The O atom was farther from Co in OOH* in the second
case, and it combined easily with proton (H* + e™). At the
same time, there was a cleavage in the O—O bond, which
generated a H,O molecule to escape from the catalytic surface
and leave an oxygen atom that was still adsorbed onto the AC
of Co—N. Next, the reduction of O* into OH * continued. Ulti-
mately, it was reduced into H,O via the last reduction process,
which is in most cases is considered the rate-limiting step [47].
The direct generation of H,0, for the latter case was difficult.

Adsorption energy (eV)

Fig. 4 — Adsorption energies of adsorbed OCIs on the Co—N
active site.

Please cite this article as: Hsu C-Y et al., Design a promising electro-catalyst for oxygen reduction reaction in fuel cells based on
transition metal doped in BN monolayer, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2023.08.085



https://doi.org/10.1016/j.ijhydene.2023.08.085

6 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

Table 2 — Reaction free energies (eV) of the elementary
reaction steps for Co-vacancy-BN.

Step Free energies (eV)
Op+* — Op* ~0.83
Oy*+H"+e~ — OOH* -0.70
OOH*+H"+e~ — O*+H,0 —1.43
OOH*+H"+e~ — Hy0,+* —-0.21
OOH*+H"+e~ — 20H* -1.19
20H*+H"+e~ — OH*+H,0 -1.98
O*+H"+e™ — OH* —1.56
OH* +H'+e — HO+* —0.57

We found that the adhesion of HOOH by these electrocatalysts
was only possible at a long O—Co atomic distance. Further-
more, after HOOH approached the AC of Co—N, a decompo-
sition of the O—0 bond into the coadsorbed 20H* or O + H,0
occurred. This demonstrated that after the generation of H,0,,
it dissociated directly into 2 coadsorbed OH* or O* + H,O*
rather than the stabilization at H,0,, which depended upon
the way H,0, was located onto the surface of the electro-
catalyst. We can consider this process a complete hydroge-
nation step (hydrogenation of OOH* in 20H* or in H,0*+ O%*).

In connection with formation process of 20H*, another OH*
on the Co—N cluster could be further hydrogenated for forming
H,0, which leaves another OH* for the last reduction step.
Furthermore, there was a possibility for the strong adhesion of
H,0, onto Co—N center of Co-HBN with a O—Co bond distance
of 2.29 A. The OOH* + H' + e- — H,0, + * reaction was
exothermal, which indicated Co—N center was capable of
promoting 2 e~ ORR for forming H,0,. In a study by Liu et al. it
was found that the ORRP mainly proceeded in two-electron
route on CoNy based on the experimental results (electron
transport number was 2.5). Nonetheless, in a study by Liet al. it
was found that [46] a 4e~ ORR was promoted on Co—N due to
the instability of the H,0, and its easy decomposition into 2
coadsorbed OH, whose stability was more than H,0, in terms
of energy. Based on the calculations, 20H* was formed more
easily than H,0, on the Co— HBN. Additionally, based on the
calculations, the hydrogenation of OOH* on Co doped Co-HBN
was decomposed more easily into two 20H* instead of forming
H,0,. Based on the above-mentioned discussions, H,O, was
desorbed into the solution with difficulty during the ORR, and
there were 2 possible routes for the 4e~ ORR.

Route 1: O, — Oy*— OOH* — O*— OH*—>H,0
Route 2: O, — O,* — OOH*— 20H*— OH*— H,0

Table 1 provides the RFE for the process of O, reduction on
these electrocatalysts. As shown in Table 1, the reaction en-
ergy for the hydrogenation of OH* for forming H,0 was the
smallest, which was the rate-limiting step. Hence, in the
presence of a non-zero electrode potential (U), the first reac-
tion step that became endothermic thermodynamically (up-
hill) was the reduction of OH * into H,0, which demonstrated
under PEMFCs operating circumstances, the rate-limiting step
for the ORRP on the AC of CoN, most apparently caused OH* to
be reduced into H,0. In case of route 2, there was a reduction
of OOH* into 20H* instead of O* 4+ H,0 formation. It is possible
to achieve the reaction route only for comparing the (RFE of

OOH* + H" + e~ — O* + H,O and OOH* + H* + e~ — 20H* at
the similar AC of Co—N. The ORRP proceeds in route 1 when
the former is larger and the process proceeds in path II when
the latter is larger. In the earlier sections, we determined the
major ORR reaction routes on the different surfaces of elec-
trocatalyst as well as the related changes in reaction free en-
ergy. It was found that the Co— HBN exhibited a promising
activity for ORR reaction. In short, stability as well as ORR
reactivity of these different electrocatalysts we evaluated. Co-
doping made the Co-HBN electrocatalyst hump which was
originally flat, which led to more activities on the AC of Co—N.

4, Conclusions

First-principles computations were undertaken to scrutinize
the different reaction routes, reaction energies, and reaction
barriers of the ORRP on Co-HBN. The results demonstrated
that substituting B in HBN tended to capture the Co atom in
comparison with substituting N. Based on the calculation of
electronic properties, the AC for the ORR was the top site of Co.
Moreover, the substantial difference of charge between N and
Co on these electrocatalysts’ surface suggested that the Co
atom exhibited higher activity for adsorbing OClIs. In addition,
there was a decrease in the E,4¢ for these OCIs in the order of
O > OH > OOH > O, > H,0, > H,0 over the surface of the
electrocatalysts. Moreover, the larger energy of O, adhesion
demonstrated that E,qs of OCIs was higher. Co-HBN electro-
catalyst proceeded with the single Co site through the 4-
electron ORRP via reaction route 2 (02 — 02* — OOH* —
20H* — OH* — H,0). Additionally, the final reduction step
((OH* reduction) was the rate-limiting step for the ORRP over
the electrocatalyst. The lower E,4s of OCIs suggested that the
d-band center of Co was considerably distant from the FL,
which demonstrated the more ORR activity as well as larger
onset potential of the electrocatalyst.
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