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Accepted 00th January 2012 applications in energy utilization. Here, we computationally investigate the ORR on hexagonal

DO 10.1039/X0xXX00000x boron nitride (2-BN) supported on Ni, Cu, and Co. We find a significant influence of the metal

on the reaction energetics. In particular, ~-BN/Cu is predicted to catalyse the ORR with a low
www.rsc.org/ overpotential, while on the other substrates the reaction is impeded by the formation of too
stable surface hydroxyl species. Our results highlight trends in the reactivity of these

heterostructures and may guide further rational design of O,-activating catalysts based on

supported #-BN.

Introduction

Fuel cell technology is one of the most promising options for
sustainable power generation in the transportation sector
beyond fossil fuels.! One of the key processes in a fuel cell is
the electrochemical reduction of O, to H,O, the so-called
oxygen reduction reaction (ORR). In order to make this 4-
electron, 4-proton process practically viable, suitable catalysts
have to be employed that are efficient, stable and cost-effective.
2 Currently, the most efficient catalysts contain expensive and
scarce metals such as palladium and platinum.** Alloying of Pd
and Pt with non-precious metals has been shown to reduce the
overpotential necessary to drive this reaction while at the same
time reducing the amount of precious metals.>' Yet, even for
the best materials both overpotential and precious metal content
are still significantly calling for alternative catalysts that are
either metal-free or based on abundant transition metals.
Two-dimensional materials such as graphene''° and hexagonal
boron nitride (A-BN)?!?? have recently emerged as promising
candidates for the ORR. These materials can be prepared as
free-standing sheets but can also be supported on transition
metal surfaces. 2~-BN (Fig. 1(a)), in particular is a chemically
robust wide-gap semiconductor” that has been successfully
prepared on numerous substrates (Ni, Cu, Rh, Ru, Fe, Co, Ir,
etc.), giving rise to versatile and functional heterostructures
(Fig. 1(b)).”3® Recent work suggests that A-BN/metal
combinations, particularly /4-BN/Ni(111) may favourably
adsorb and activate molecular 02,39 and A-BN/Au(111) has in
fact been shown to be active for the ORR.** This class of
materials has thus the potential to be an alternative to current
precious-metal ORR catalysts.

Herein, we examine the thermodynamics of the ORR of 4-BN
supported on non-precious metal surfaces. We focus on
Ni(111), Cu(111) and Co(0001) as these surfaces have the
smallest lattice mismatch when compared to #-BN.* In the first
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section we briefly summarize the properties of the bare /-
BN/metal heterostructures. Subsequently we quantify the free
energy profile of the various ORR intermediates on the three
supported systems and calculate the theoretical overpotentials
necessary to drive the ORR. Finally, we analyse the data to
investigate trends and correlations within this class of materials
that point towards the properties an optimal material should
have.

Figure 1. (a) Sketch of an A-BN sheet (b) #-BN sheet adsorbed on a
metal surface. Color codes: N: blue, B: green, Metal: grey-green

Computational Details

For all calculations we employ the Atomic Simulation
Environment (ASE)*' in connection with the QUANTUM
ESPRESSO* program package. The electronic wavefunctions
are expanded in plane waves up to a cutoff energy of 500 eV,
while the electron density is represented on a grid with an
energy cutoff of 5000 eV. Core electrons are approximated with
ultrasoft pseudopotentials.* We use the BEEF-vdW exchange-
correlation functional,** that has been shown to accurately
describe chemisorption as well as physisorption properties on
transition metal surfaces.*” BEEF-vdW, the “Bayesian Error
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Estimation Functional” with van der Waals corrections is a
recent addition to the multitude of available XC functionals
with several key improvements. The correlation contribution is
composed of LDA and PBE correlation in a ratio of approx.
60:40. The exchange energy is modelled in a basis of very
flexible functions, which are fitted to an extensive data set with
an emphasis on surface science reference data. The vdW-DF2*
functional is used to compute non-local correlation energies.
Due to the unique machine learning-based fitting approach, the
BEEF-vdW functional can be used to calculate uncertainties in
the calculated energies based on an error ensemble.**

Free energy corrections for adsorbed species are based on the
harmonic approximation and calculated vibrational frequencies.
We use a corrected total energy for gas-phase O, based on the
formation enthalpy of H,O as described previously.*” BN/metal
surfaces are modelled as slabs with 4 layers of metal (the
bottom two layers are fixed at bulk atomic positions), one layer
of #-BN, and adsorbed species atop #-BN. In order to achieve
commensurate adsorption, the BN layer is fitted to match the
surface lattice constant of the metal and used as a reference for
adsorption energy calculations. A vacuum region of about 20 A
is used to decouple the periodic replicas. For adsorption studies
we generally use supercells of lateral size 3x3, and sample the
Brillouin zone*® with a mesh of 4x4x1 k-points. We estimate
the uncertainty of the presented DFT energies through an
ensemble of exchange-correlation functionals representing the
known computational errors of the BEEF-vdW functional as
reported elsewhere.*

Results and Discussion
Properties of the h-BN/Metal Heterostructures

Numerous computational and experimental studies have
examined the properties of 4#-BN adsorbed on various metal
surfaces ?>2427:37:384050-36 Eor this reason we only briefly
summarize our results obtained for 4#-BN supported on Ni(111),
Co(0001) and Cu(111) with the BEEF-vdW functional, which
are largely in line with previous experimental and theoretical
reports 2#°2343940.5056 Py factors govern the interaction
between /#-BN and the substrate: their lattice mismatch and the
strength of their interaction.*®*® Ni, Co, and Cu all have small
mismatches with #-BN ranging from 0.4% to -2.2%, leading to
to commensurate adsorption. Laterally, the #-BN layer can be
placed in six high-symmetry adsorption registries, with N or B
in fop, hcp, and fec sites, respectively, giving rise to the
combinations Ntoprcca Ntothcpa Nfccthp; Btopthp; Btoprcc;
BgcNhuep- The adsorption energies (AE,q;), BN-metal distances
(dgn-m) and vertical B-N buckling (dp_y) for the three substrates
in six registries are given in Table 1. For comparison, we show
the interaction energies AFE;,, in Table S1 of the supporting
information. Differences to AE,4, are small in magnitude so that
the general trends are preserved. Our results indicate that #-BN
binds either as a physisorbed or chemisorbed layer. The former
is characterized by BN-metal distances > 3.4 A and negligible
B-N buckling, while the latter exhibits dgn.y < 2.3 A and dp. =
0.1 A. The chemisorbed configurations are higher in energy
than the physisorbed ones. This has been observed previously
when employing GGA functionals.’* A possible cause for this
is an overstabilization of bonds within the BN sheet, leading to
energetic penalties for the buckling associated with
chemisorption. E.g. the energy required for the buckling of 4-
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BN when adsorbed on Ni(111) amounts to about 60 meV,
which essentially accounts for the observed energy difference.

Table 1. Adsorption Energies per BN pair (AE.; ¢V), BN-Metal
distances (dpn-wm, A) and vertical B-N buckling (dp-n, A) for 4-BN on
Ni(111), Cu(111) and Co(0001) in 6 adsorption registries. The
indicated uncertainty is derived using the BEEF-vdW ensemble of
exchange-correlation functionals.
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Ni(111) Cu(111) Co(0001)
NopBre  -0.005£0.102  -0.079+0.029 -0.115+0.136
NipBry  0.001£0.088  -0.080+0.027  -0.100+0.136
AE.s  NpBi, — -0.07940.021  -0.077£0.024  -0.082+0.022
BuyNe  -0.079£0.022  -0.076+0.025  -0.0820.021
BNy,  -0.078£0.023  -0.075£0.025  -0.081+0.021
BiNi,  -0.079£0.019  -0.076+0.023  -0.082+0.022
NiopByc 2.19 3.43 2.03
NiopBhep 226 3.50 2.04
NieeBiep 3.70 3.82 3.89
dBN-M
BNy 3.70 3.74 3.90
BiyNiey 3.62 3.78 3.90
BNy 3.75 3.82 3.81
NiopBee 0.087 0.006 0.126
NioBhep 0.076 0.004 0.127
NieeBiep 0.002 0.001 0.001
o BN 0.002 0.002 0.001
BNy 0.003 0.001 0.001
BiNiy 0.001 0.001 0.002

Ni(111) and Co(0001) give rise to chemisorbed heterostructures
when A-BN is placed with N atoms atop the metal sites, and
physisorbed systems in all other cases. Conversely, Cu(111)
only weakly interacts with 2-BN, yielding physisorption for all
lateral positions of the sheet. The weakly bound configurations
are characterized by dpn.v typically in the range 3.6-3.8 A,
independent of the metal and adsorption registry. We
rationalize this with the largely wunspecific dispersive
interactions that govern this regime. dgy.v is slightly smaller for
h-BN in N,,, configurations on Cu(111). Experimental LEED
studies have found N,Bg. to be the preferred registry of A-
BN/Ni(111), with a dy_ni of 2.22 A and a B-N buckling of 0.18
A 3% Related XPD studies found dy.n; = 1.95+£0.16 A3 and a dj.
N = 0.07+0.06 A>* The strong interaction of A-BN with
Ni(111)* and its much weaker interaction with Cu(111)**** are
also in agreement with the available experimental evidence. For
h-BN/Cu(111) AE, 4 was determined as -59.7 meV per unit cell
from scanning tunneling spectroscopy, in good agreement with
our calculations.”* Experimental data on /4-BN/Co(0001) are
scarce, but the material has been successfully prepared,
observing commensurate adsorption in N,,Bg. and NigpBhnep
registries, in accordance with our results.?®

The errors in AE,4 as obtained from the BEEF-vdW ensembles
are on the order of 20 meV for the physisorbed structures, and
88-136 meV for the chemisorbed systems. Relative to the small
energies, this confidence interval is of appreciable magnitude,
but the absolute error in energy is roughly what can be expected
from DFT calculations. The considerable widening of the error
bars for chemisorbed heterostructures has been observed before
on the example of graphene on Ni(111).*

Previous results for adsorption energies of #-BN on transition
metals vary rather widely, depending on the employed
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functional and applied dispersion corrections.’® AE,q ranges
from -0.39°" to +0.04>* eV for A-BN/Ni, from -0.27°" to +0.01*
eV for #-BN/Cu, and from -0.73% to +0.29¢ for 4-BN/Co. For
all three metals, our results are within the reported ranges. The
adsorption energies of the physisorbed configurations are
similar for all three metals, indicative of the predominantly
dispersive and unspecific nature of binding. For Co(0001), the
expected trend that chemisorbed species should have a higher
binding energy is fulfilled. E,; on Co(0001) is the largest
among the examined metals. As the N,,Bj. registry is
generally the most stable chemisorbed one, and for
comparability with previous work, all subsequent calculations
are carried out with that adsorption configuration.

Energetics of the ORR on metal-supported #-BN

We now employ DFT calculations to elucidate the reaction
mechanism of the ORR. The ORR proceeds through four
consecutive proton/electron transfer steps

4H"+4e +20,—>2H,0

via the intermediates OOH*, O*, OH*. Here, the * indicates
adsorbed intermediates. This reaction can be modelled using
the computational hydrogen electrode (CHE) that is described
elsewhere.”” The CHE has been successfully applied to the
ORR on transition metals,’’ transition-metal oxides,”® and
doped carbon materials®® as well as for other electrochemical
processes like CO, and N, reduction.®®®! Within this model,
zero voltage is defined based on the reversible hydrogen
electrode where the protons and electrons are in equilibrium
with gas-phase H, so that the chemical potential of a
proton/electron pair equals 2 Hjy(g). The influence of the
applied potential can then be calculated by

AG =-eU

where e is the number of transferred electrons and U is the
applied potential.”’

We calculated the free energies at 298 K for these adsorbates
on all 3 A-BN/metal substrates. The ideal ORR catalyst should
exhibit a free energy difference as close as possible to the
reversible potential of the ORR, -1.23 V, between each
intermediate step as deviations from this ideal behaviour lead to
an overpotential for this reaction.

ORR on /#-BN/Ni(111) and h-BN/Co(0001)—%-BN itself is
rather unreactive,*>>* but can be made reactive when supported
on transition metal surfaces.’® The activity of unsupported A-
BN for the ORR is hence very low as manifested by the very
low binding energies of OOH, O, and OH (see Figure S1 in
supporting information). When supported on transition metals,
however, the electronic structure of ~2-BN changes, making it
much more active. Specifically, partial metallization of the BN
layer has been noted,”® as well as a change of the work
function.”* Furthermore, structural effects such as buckling of
adsorbed %-BN likely also affect its reactivity. We tested the
activity of supported A-BN towards the ORR on Ni(111),
Co(0001) and Cu(111). The optimized structures of the three
intermediates for the ORR on A-BN/Ni(111) and #A-
BN/Co(0001) are shown in Figure 2, along with a reaction
profile at U=0 V (Table S2 of the supporting information shows
the specific entropy contributions to the free energies shown
here). On A-BN/Ni(111), the first intermediate, OOH*, is bound
to a B atom with a bond length of 1.48 A, equal to the O-O
distance. The O-O bond points away from the surface plane at
an angle of about 39°. The O-O bond is stretched (do.o=1.49
A), resembling a peroxo species. The B atom bound to O is
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displaced from the 4-BN plane by about 0.5 A, stretching the
corresponding B-N bonds by about 0.07 A (4.8%). The second
intermediate, O*, is located directly above a surface B atom, at
a distance somewhat shorter than for OOH*. Here, B is slightly
farther from the BN layer (0.6 A). Finally, the OH* species
exhibits dp.o and do.y bond lengths similar to those in OOH*.
These structural results are in good agreement with previous
theoretical analyses.>
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Figure 2. Energy profile of the ORR and optimized structures of
OOH*, O* and OH* intermediates on (A) 2-BN/Ni(111) and (B) 4-
BN/Co(0001). Solid lines show calculated values, dashed lines indicate
the energy profile of an ideal ORR catalyst. All distances in A. N is
blue, C is green, O is red and H is white. Error bars are obtained using
the BEEF-vdW ensemble of exchange-correlation functionals.

Without an external potential the first step, O,(g) + 2 H, —>
OOH* is downhill in free energy by -1.95 eV, noticeably more
than for the ideal ORR catalyst (see dashed line in Figure 1).
The following reduction of OOH* to O* (while releasing an
H,O molecule) is exothermic by -1.34 eV. The third step, O* +
¥» H, — OH* is downhill by -1.94 eV, reaching a minimum of -
5.03 eV relative to gas-phase O,, lower than the overall free
energy of the ORR. Adsorbed OH* on 4-BN/Ni thus constitutes
a thermodynamic sink that would prevent the reaction from
continuing. This result is in line with previous findings that
indicate a too strong adsorption of OH* on 4-BN/Ni.>*

ORR on A-BN/Co(0001) is very similar to h-BN/Ni(111) (see
figure 1b),The interatomic distances of the adsorbed species are
very similar to those on A-BN/Ni and the reaction profile is
qualitatively the same as that observed on A-BN/Ni(111). At
U=0 V the first step is downhill in free energy by -2.06 eV,
followed by the O* intermediate at -3.16 eV and OH* at -5.14
eV. As for 2-BN/Ni, the OH* species is bound too strongly for
the ORR to proceed.

Generally, it appears that #-BN/Co is comparable to #-BN/Ni as
an ORR catalyst, with only minor quantitative differences in the
thermodynamics. Thus, it appears that the Co(0001) substrate is
equally able to activate the boron nitride overlayer, but also

J. Name., 2012, 00, 1-3 | 3



Physical Chemistry Chemical Physics

results in overall too strong adsorption relative to the ideal
behaviour of an ORR catalyst.

ORR on A-BN/Cu(111) — Figure 3 shows the optimized
structures of ORR intermediates on #-BN/Cu. In all cases, the
bond lengths and adsorption distances are very similar to those
found on #-BN/Ni(111) and h-BN/Co(0001). The O* species is
adsorbed noticeably closer to the surface (1.35 A) than the
others and the O-O bond length in OOH* is equally long as the
O-B bond length in the same species. Again, the B atom
binding the adsorbate is slightly displaced out of the A-BN
plane in all cases.

a(Hee)
0 +0, U=0.89
A
-
Ak U=0 \\_—0.99_
N\
- 3(10e) N Tls_
> 2f +OO0H* N -89
g Al LN\ (Heve)
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Figure 3. Energy profile of the ORR and optimized structures of
OOH*, O* and OH* intermediates on 4#-BN/Cu(111). Solid lines show
calculated values, dashed lines indicate the energy profile of an ideal
ORR catalyst. All distances in A. N is blue, C is green, O is red and H
is white. Error bars are obtained using the BEEF-vdW ensemble of
exchange-correlation functionals.

Figure 3 shows the free energy diagram for the ORR on A-
BN/Cu(111). In addition to the free energy profile at U=0 we
also show the maximum potential at which all steps of this
reaction are still downhill in energy, which is 0.89 V. Without
an external potential, the OOH* species is bound with a AG of -
0.99 eV, O* with -1.89 eV and OH* with -3.95 eV. Compared
to A-BN/Ni(111) and /#-BN/Co(0001), all intermediates are
bound less strongly by at least 1 eV, which significantly
changes the overall profile of the reaction. Notably, the energy
difference between each step is much closer to the ideal 1.23
eV. All steps are exothermic up to an external potential of
U=0.89 V, yielding the overpotential 0.34 V, which is
somewhat lower than the theoretical value for the ORR on
Pt(111).°" Importantly, the free energy difference between
OOH* and OH* is about 3 eV which is close to values found
for transition metals*’ and transition metal oxides.”> We used
the BEEF-vdW ensemble to provide a measure of confidence
for the predicted ORR activity of h-BN/Cu(111), the result of
which is shown in Figure 4. Here we show the probability with
which A-BN/Cu(111) is predicted to have a certain
overpotential for ORR. While there is a certain distribution
related to the uncertainty of the DFT calculations, we note that
there is an almost 50% probability that the ORR overpotential
is smaller than 0.5 V, and 84% probability that it is smaller than
0.7 V.
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Figure 4. Histogram of theoretically predicted overpotentials for the
ORR on h-BN/Cu(111) using the BEEF-vdW ensemble of exchange-
correlation functionals. The red curve indicates the cumulative
probability (right y axis), with the overpotential being smaller than 0.5
V (0.7 V) having a probability of 49 % (84 %).

The influence of the in-plane lattice constant on the ORR on
h-BN/Ni(111) - In order to elucidate the influence of the metal-
metal bonding on the ORR, we artificially expanded the Ni
surface laterally by a strain factor a = 2, 4, and 6%. Note that
applying compressive strain (as small as 1%) led to the
detachment of the A-BN layer from the metal surface, i.e.
breakdown of the chemisorbed heterostructure.

Table 2 lists the free energies of the ORR intermediates at the
different degrees of strain. AG(OOH¥*) is largely independent of
the strain, remaining near the o = 0 value (-1.95 eV). AG(OH*)
also shows little variation with a, decreasing slightly from -5.03
to -5.12 eV as «a is increased to 2%, then remaining the same.
We find the stretching of the lattice constant to have the
greatest effect on AG(O*), which is stabilized by 0.16 eV at
a=6%, following an approximately linear trend. However, also
this effect is rather minor, considering that a strain of 6%
corresponds to an increase of the in-plane interatomic distances
by 0.15 A. The approach of stretching the material allows for
some control over the intermediates’ binding energies, but
tends to stabilize rather than destabilize them as would be
desirable for improving the ORR.

Table 2. Influence of strain on the free energy of ORR intermediates on
h-BN/Ni(111) at various degrees of lateral expansion of the substrate
lattice constant. All energies in eV and relative to O,(g) and 4 proton-
electron pairs as in Figure 2.
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strain, % _ AG(OOH¥) AG(O%) AG(OH*)
0.0 1.95 329 5.03
2.0 -1.99 3.37 512
4.0 -1.97 3.39 -5.10
6.0 -1.97 -3.45 -5.10

Trends in adsorption energetics and reactivity

We will now try to identify trends that might allow one to
optimize the catalyst materials. In the context of the O,
evolution reaction it was found that materials generally obey
the relation AG(OOH*)-AG(OH*) = 32 eV.” When
comparing our data we find an average difference
AG(OOH*)-AG(OH*) of 3.09 eV for the various materials,
being largely in line with what is observed for transition
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metals*’ and oxides.®? Due to the limited data we refrain from
establishing linear relations but we note that the fairly large gap
between #-BN/Cu(111) and the other data points suggest that a
number of materials with intermediate values of AG might still
be found.

Conclusions

In this article we presented a comprehensive study of three
metal-supported #-BN materials, #2-BN/Ni(111), 2-BN/Cu(111)
and #-BN/Co(0001) in the context of their activity towards the
ORR. Concerning the structures of adsorbates and
intermediates, all substrates are similar and the results are
within the expected ranges. We determined free-energy
diagrams for all steps of the ORR on these substrates. OH*
species tend to be too strongly bound on A#-BN/Ni and A-
BN/Co, leading us to conclude that these materials are unlikely
to be efficient ORR catalysts in practice. Inducing an artificial
lateral strain in A-BN/Ni has little effect on the free energies of
adsorbed species. In contrast, overall adsorption free energies
on h-BN/Cu are smaller, leading to more favourable energy
differences between the ORR steps. We calculate an
overpotential of 0.34 eV, comparable to that of the ORR on
Pt(111). We note here, however, that solvation effects by the
water layer at the water-solid interface are not included in the
present analysis. These effects have been shown to be as large
as 0.25 and 0.5 eV for OOH* and OH*, respectively.’”5*6* If
similar corrections are needed for supported A-BN, the
theoretical overpotential for h-BN/Cu(111) would increase to
0.59 V (a histogram of the theoretically predicted
overpotentials applying this correction and using the BEEF-
vdW ensemble of exchange-correlation functionals is shown in
the SI). Similarly, the difference between AG(OOH*) and
AG(OH*) would increase to ~ 3.21 eV. Further studies on the
effect of solvation on the free energy profile are hence needed
in order to establish the magnitude of these solvation effects.

In summary, our study shows that metal-supported h-BN
exhibits tunable ORR performance depending on the metal
employed, and that A-BN/Cu is a promising substrate for
catalysing the ORR. Further studies in this direction are likely
to be rewarding, both in the context of experimental verification
of these results, as well as the further exploration of related
metal-monolayer heterostructures.
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