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Water electrolysis is to split water into hydrogen and oxygen using electricity as the driving force.
To obtain low-cost hydrogen in a large scale, it is critical to develop electrocatalysts based on earth
abundant elements with a high efficiency. This computational work started with Cobalt on CoTasOg
surface as the active site, CoTayOg/Graphene heterojunctions have been explored as potential oxygen
evolution reaction (OER) catalysts through density functional theory (DFT). We demonstrated that
the electron transfer (¢) from CoTasOg to graphene substrate can be utilized to boost the reactivity of
Co-site, leading to an OER overpotential as low as 0.30 V when N-doped graphene is employed. Our
findings offer novel design of heterojunctions as high performance OER catalysts.
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1 Introduction

Water electrolysis has been identified as a promising ap-
proach to produce hydrogen from water [1-3]. However,
the multistep oxygen evolution reaction (OER: 4OH™ —
2H50 + 4e™+ Og, E = 1.23 V versus Reversible Hydro-
gen Electrode, RHE) results in sluggish kinetics, which
significantly limits its commercialization [2]. Currently,
IrO5 and RuO; have been widely recognized as the bench-
mark catalysts for OER. But their high costs restrict the
industry large-scale applications [4-6]. Therefore, exten-
sive efforts have been made to develop non-noble metal-
based catalysts [7-12].

To develop low-cost alternative to IrOs and RuO,, a
typical approach is to design OER catalysts with the use
of earth abundant elements. Among various candidates,
Cobalt (Co) has been widely identified as a promising el-
ement and widely explored, such as CoOOH-pristine [14],
Ag@Co(OH)y [15], Co304 [16, 17], and highly dispersed
Co embedded metal-organic-framework [18] and layered
double hydroxides (LDH) [19]. These successes vividly
demonstrated that Co—O bonding network offers high per-
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formance for OER, but the catalysis performance is sen-
sitive to the local bonding environment.

A typical example is that the performances of Co30,
facets, due to coordination difference, are remarkably dif-
ferent, from OER overpotential n = 0.79 V for (111) while
n = 0.29 V for (110). Researchers also found that alloy
elements, like V and Fe, can significantly improve OER
performance when doped [17-20]. These researches not
only advanced our knowledge on the reaction mechanisms,
but also pointed out that the electronic states of Co-sites
play the key role, which could be employed for rational
design of OER catalysts.

In this work, we envisaged the design of novel Co-based
OER catalysts through DFT calculations, proposing
CoTayOg/graphene heterojunctions as concept catalysts.
Our hypothesis is that Co-O terminated CoTay;Og may
offer high-coverage Co-sites for OER when a graphene
substrate has been employed to tune its electronic struc-
tures. As demonstrated below, the performance of pristine
CoTayOg is not outstanding (n = 0.82 V), but when it hy-
brids with N-doped graphene to form heterojunctions, the
overpotential is reduced to 0.30 V, which is even better
than Pt (111) [21] (n = 0.43 V) and RuO2 edges [22]
(n = 0.43V). It demonstrates that catalysts-substrate
heterojunctions can be viewed as a concept structure for
the rational design of catalysts for various reactions.
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2 Computational methods

All calculations were carried out under the scheme of
spin-polarized DFT using CASTEP [23, 24]. Specifically,
the Perdew—Burke-Ernzerhof (PBE) exchange-correlation
functional [25] within the generalized gradient approxima-
tion was employed to describe the exchange-correlation
energy. The projector-augmented-wave [26] method was
adopted for the pseudopotentials. Based on our tests, the
energy cutoff for the plane wave basis expansion was set
to 450 eV. During geometry optimizations, the force on
each atom was set as 0.03 eV /A for convergence criterion,
together with total energy converged to 10~* eV. Tighter
convergence criterion can only bring very small changes
(<0.06 eV) for reaction energy based on our tests. For
the fabrication of CoTazOg/graphene junction, slab model
was constructed with a vacuum layer of 15 A in the z di-
rection to avoid the interaction between layers. The sam-
pling in the Brillouin zone was set with 1x1x1 by the
Monkhorst-Pack method due to the large size of the su-
percells [27]. The van der Waals interaction has been
corrected based on the DFT-D3 scheme [28].

3 Results and discussion

3.1 Fabrication of CoTasOg/graphene heterojunctions

Our target is to search for high performance Co-based cat-
alysts, following which computational study starts from
Co-rich phases. Given Co-O bonding needs to be carefully
tuned to suit OER multiple steps, the second metal has
also been considered at the beginning. Herein, we choose
CoTasOg crystal, which is composed of earth-abundant
Co/Ta metals and has been synthesized readily in the
lab for decades [29, 30]. Its unit cell has been shown in
Fig. 1(a), which is a typical trirutile type, with a space
group P42/mnm, a = 4.7358 A and ¢ = 9.1708 A as de-
termined by neutron diffraction at room temperature [31].
Generally, such trirutile crystal can be written as a gen-
eral formula TMX5QOg, in which TM stands for divalent
3d transition metal cation TM?*, and X for pentavalent
transition metal cation [32]. Therefore, CoTazOg crys-
tal presents Co?T cations in square planar layers, which
are separated by two neighbouring edge-connected TaOg
octahedra. As a result, there are two metal-oxygen termi-
nations when (001) surfaces are generated, namely Co-O
and Ta—O. Given Co has been widely reported as active
elements for OER, Co—O terminated surface has been em-
ployed as active surfaces for OER studies. While for the
fabrication of heterojunctions, both Co—O and Ta—O ter-
minations can hybrid with the substrate (typically car-
bon materials in electrochemical reactions); as a result,
two possible terminations, labelled as M1 and M2, can be
presented at the catalyst-substrate interface, as shown in
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Fig. 1 Fabrication of CoTayOg/graphene heterojunctions.
(a) Bulk CoTazOg; (b) (001) slab for CoTazO¢ showing po-
tential Co-O (M1) and Ta-O (M2) terminations; (c) graphene
cell (hexagon and tetragonal lattices are indicated by grey and
blue lines); (d) M1/Graphene junction and (e) M2/Graphene
junction. Co, Ta, O and C are shown as yellow, blue, red, and
grey spheres.

Fig. 1(b).

To further build heterojunctions, carbon substrate has
been simulated by graphene monolayer based on two con-
siderations: (i) the interaction between graphene lay-
ers (substrate) is dominated by weak van der Waals
interaction, which does not bring significant effect on
the chemical bonding on catalysts surfaces; and (ii)
CoTayOg/graphene junction is already huge and it is not
affordable to further extend the thickness of graphene sub-
strate for DFT calculations. It is well known that the unit
cell of graphene is hexagon, which needs to be converted
to tetragonal unit before mixing with the (001) slab of
CoTay0g, as shown in Fig. 1(c). Based on the cells shown
above, CoTasOg/graphene heterojunctions can be fabri-
cated. With a balance between the needs to minimize the
computational cost and the crystal mismatch at the in-
terface, the (5x2) supercell has been taken for CoTazOg
(001) to hybrid with graphene supercell of (5x4) supercell.
The lattice for such heterojunctions is set as the geometric
mean, based on which the maximum interfacial mismatch
can be reduced to 2.1%. The full-size heterojunctions will
contain 290 and 260 atoms for M1 and M2, respectively,
which is also the limit for our computational capacity at
the DFT level. Figures 1(d) and (e) show these hetero-
junctions models, with Co—O and Ta—O terminations over
the interface (bottom layers), labelled as M1 and M2. Tt
is worth mentioning that both are terminated with Co-O
layers on the surface layer, under which four-coordinated
Co (Coy.) has been considered as the active site below for
catalysis investigations, as described below.

3.2 OER performance

To investigate the interfacial effect of CoTagOg/graphene
heterojunctions on OER performance, before mixing with
CoTas0g, M1 and M2 have been employed as a reference.
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Fig. 2 Optimized geometries of states.
(a) M1/Graphene; and (b) M2/Graphene. Co, Ta, O, and
C in catalysts are shown as yellow, blue, red and grey spheres.
O and H from water are shown as green and white spheres.

Therefore, four catalysts have been studied, including M1,
M2, M1/Graphene, and M2/Graphene. All these cata-
lysts present the same active sites (surface Co) and same
coordination (Cog.). The first step is to obtain the in-
termediate states, including clean surface (S), OH*, O*,
and OOH* states based on the elementary steps involved
in full OER, as well described in the literature [33-37].
After geometry optimizations of these states, it is not sur-
prising that same intermediate states show very similar
geometries in these catalysts, ensuring that the perfor-
mance difference presented below essentially origins from
the change of electronic structures. Therefore, we only
highlighted the local bonding contained in these interme-
diate states, as shown in Figs. 2(a)—(d), together with in-
termediate states over M1/Graphene shown as an example
[see Figs. 2(e)—(h)].

Now we turn to the evaluation of OER catalysis. Fig. 3
shows the free energy profiles for full OER over M1 and
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Fig. 3 Calculated OER performance. (a) M1/Graphene;
and (b) M2/Graphene. S, S-OH, S-O and S-OOH indicate
the intermediate states S, OH*, O* and OOH* as described
in the main text.
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Fig. 4 Calculated DOS profiles.
and (b) M2 & M2/Graphene.

(a) M1 & M1/Graphene;

M2, in which the profile for ideal catalyst, as dash lines,
has been employed as a reference. Theoretically, the over-
all free energy change AG for 2HoO — 2Hy+05 is 4.92 eV
per Og; therefore, AG for each elementary step is 1.23 eV
in the ideal case. Real catalysts always show a deviation
from such ideal case, leading to an overpotential U, as
determined by U= AGmnax/(—e)—1.23, in which U is in
unit of V, e is the natural charge for one single electron,
and AGpnax is the maximum A G derived from calculated
AG values for four elementary steps. Following this, we
obtained AG.x= 2.05¢eV and 1.84 ¢V for M1 and M2
respectively, before hybriding with graphene, indicating
that surface termination can affect the catalysis perfor-
mance. With the formation of heterojunctions, it is in-
teresting that M1 has been remarkably improved, with
AGmax decreasing from 2.05 eV to 1.85 eV, while M2 al-
most has no change (AGpax= 1.83 €V). Given AGpax for
original M1 and M2 shows a difference of 0.21 eV, it is
worth further understanding how graphene substrate has
improved M1 performance to the similar level as M2 and
M2/Graphene, as explored from the electronic structures
below.

3.3 Electronic modulation by a graphene substrate

Before calculating the electronic structures, it is worth
noting that the active site (Cog.) presents two dangling
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bonds using six-coordinated Co in the bulk case as a ref-
erence. Therefore, non-bonding electrons, dominated by
Cogq orbitals, are resulted, which are active and should be
close to the Fermi energy. Following this analysis, density
of states (DOS) for M1 and M2 have been firstly calcu-
lated, including the total DOS (TDOS, black) and local
DOS (LDOS, red, 20 times magnified for comparison) for
surface Co as shown in Figs. 4(a) and (b), respectively, in
which Fermi line is highlighted by dash green lines. Red
arrows indicate the non-bonding states associated with
lowly coordinated metals on the surface, being on the top
of typical valence band (VB) dominated by metal-oxygen
bonding in the energy window of (=8, —2) in the unit
of eV, with VB bottom being indicated by red dash lines.
Such calculations indicate that OER reaction will be dom-
inated by these non-bonding electronic states; therefore,
our following analysis will focus on the change of this peak
(indicated by red arrow).

In Fig. 4, DOS profiles for M1/Graphene and
M2/Graphene are shown under M1 and M2 profiles. Ac-
cordingly, the non-bonding state in M1 shows a slight shift
(A= 0.2 eV, see blue circle in Fig. 4(a) towards the Fermi
energy, indicating that it becomes more active. It is worth
mentioning that the LDOS (red solid line) is from the re-
action side, meaning that such peak shift is not due to the
geometry distortion associated with interfacial mismatch
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S 'S-OH S-O S-O0H S
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and/or changes for local bonding, but essentially due to
the change of Coy. electronic states. Based on the cal-
culated Mulliken charges, electrons are transferred from
CoTasOg to the graphene substrate, mainly due to inter-
facial bonding. From the case of M1/Graphene, however,
the interfacial interaction can also affect the electronic
state on the surface, as shown by local DOS for surface
Co atoms. Combining with OER performance, this in-
terfacial effect is beneficial to improve Coy4. activity as
demonstrated in Fig. 3(a). Interestingly, the peak shift
observed in M1/Graphene has not been found in the case
of M2/Graphene, as shown in Fig. 4(b), in which the po-
sitions of non-bonding states in M2 and M2/Graphene
are almost the same, being around at —0.8 eV. Given the
essential difference between M1 and M2 termination em-
ployed to hybrid with graphene, it appears that Co-O
(M1) and Ta—O (M2) terminations have different capacity
to interact with graphene substrate. Such conclusion has
been supported by the calculated electron transfer = 0.86
e and 0.22 e for M1/Graphene and M2/Graphene, respec-
tively. Owerall, it is concluded that different interfacial

bonding results in the observed difference of electronic
modulation by the graphene substrate, highlighting the
value of rational optimization of interfacial bonding for
further improvement of OER performance for such het-
erojunctions.

Co304(111) [16]

CoFeO,@MOF [18]
CoFe@LDH [19]

RuO, edge [22]

V-Co0304[17]
This
M1 work
Pi(111) [21]

Co-N, [42]
T T
0.0 0.4 0.8 1.2
Calculated overpotential (V)

M1/N-Graphene
M 1/Graphene

Fig. 5 N-doping effect. (a) CoTaz0¢/N-Graphene model; (b) Charge density difference for the heterojunction, with green
and blue isosurfaces to indicate electron accumulation and deficiency (isovalue of 0.02 e/A3); (c) Calculated free energy profiles
for elementary steps; and (d) Overpotential comparison with literature results (black number after each catalyst is the reference

number).
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3.4 Strengthened electron transfer using N-doped
graphene

Following the analysis above, it is worth exploring whether
OER performance can be further improved when elec-
tron transfer from CoTayOg to the graphene substrate
is strengthened. This is not difficult for lab-based prac-
tice because N-doped graphene (N-Graphene) has been
readily synthesized experimentally [38]. In fact, turning
electronic states has been well considered in Graphene-
based junctions for catalyst design [39, 40]. Herein,
we hypothesized that N-dopants, due to stronger elec-
tronegativity than carbon, can strengthen electron trans-
fer and further tune the electronic states of Coy.. To val-
idate such hypothesis, M1/N-Graphene heterojunctions
has been built (N-doping concentration, 1/80, blue sphere
representing N-dopant), as shown in Fig. 5(a). After ge-
ometry optimization, it is found that electron transferred
from CoTasOg to graphene substrate increases from 0.86 e
to 1.07 e, confirming our hypothesis that N-doping can
strengthen the electron transfer from CoTasOg to the
graphene substrate.

Figure 5(b) shows the calculated charge density differ-
ence, with Ap=p(CoTaz0g/N-graphene) — p(CoTaz0g)
— p(N-graphene), in which electron accumulation and de-
ficiency are shown as blue and green isosurfaces. Ac-
cording to this result, three critical features can be sum-
marized: (i) CoTayOgaGraphene electron transfer can
be vividly seen because graphene monolayer shows net
electron accumulation, which is consistent with Mulliken
charge population; (ii) lowly coordinated Co-atoms at the
interface are the major channels to transfer the electrons;
and (iii) transferred electrons are mainly located at N-
dopants areas, confirming the role of N-dopants. There-
fore, the hypothesis that electron transfer can be improved
through N-doping has been well supported.

It is vital to further examine whether N-doping in the
substrate can boost OER performance of surface Coye.
Figure 4c shows the calculated free energy, according to
which M1/N-Graphene performance is obviously better
than that of M1/Graphene, with the maximum free en-
ergy change (AGmax) decreases from 1.85 eV to 1.55 eV.
As a result, its profile is closer to the ideal catalysts and
shows an overpotential n = 0.32 V, even lower than that
achieved by Pt (111) (n=0.43 V, [21]) and RuO, edges
(n =0.43V, [22]). A better comparison with literature
in the past couple of years [14, 16-22, 41, 42] has been
presented in Fig. 5d. Therefore, CoTasOg/N-Graphene
can be viewed as a promising low-cost OER catalyst. It is
worth pointing out that the high performance does not ori-
gin from CoTayOg itself as shown by M1 and M2 in Fig. 3,
highlighting the importance of the graphene substrate.
This is quite informative because carbon substrates have
been widely employed in electrocatalysis and experimen-
tal technique for the proposed N-doping has been well
established. Another point worth mentioning is the high

coverage of Coy. active sites, making it particularly at-
tractive with respect to low-loading single-atom catalysts.
In future, Co-, Fe-, and Ni-rich compounds can be fur-
ther explored to optimize the performance and reduce the
cost through rational design of catalysts/substrate hetero-
junctions. Computer-aided optimization of the catalyst-
substrate interaction demonstrated in this work can be
employed as a useful guideline for such designs. In fact,
a series of heterojunction catalysts using two dimensional
materials as the substrate have been proposed, demon-
strating that both catalyst and catalyst-substrate inter-
face play vital roles for various applications [43-45].

4 Conclusion

In summary, CoTasOg, as Co-based OER catalysts, has
been employed to design CoTasOg/Graphene heterojunc-
tions. Their OER performances have been investigated
under DFT scheme, focusing on the effect of surface ter-
mination and interfacial bonding on OER catalysis per-
formance. With the same Co-O surface for OER, the re-
activity with another side terminated by Ta—O (M2 case)
is higher than that by Co-O termination (M1 case). Af-
ter mixing with graphene to form heterojunctions, how-
ever, M1/Graphene offers similar performance with M2,
due to an improvement in charge transfer. OER, perfor-
mance can be further improved when N-doped graphene
is introduced to fabricate M1/N-Graphene heterojunction,
offering an overpotential as low as 0.32 V at standard con-
ditions. This fundamental study demonstrates the possi-
bility to optimize the substrate and interfacial bonding to
improve catalyst performance, which can be employed as
a strategy for the rational design of catalysts.
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