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Theoretical evaluation of the structure—activity
relationship in graphene-based electrocatalysts for
hydrogen evolution reactionsy

Chi Ho Lee,? Byeongsun Jun® and Sang Uck Lee (3 *2°

We systematically analyzed the relationship between structure and electrocatalytic activity of heteroatom-
doped graphenes (GXs, where G and X represent graphene and the heteroatom dopant) for the hydrogen
evolution reaction (HER). We compared the doping effects on the electronic structure and HER activity with
the second row elements (B and N) and third row elements (Si, P and S) in the periodic table. In this work, we
present evidence that structural deformation and periodic lattice defects play a fundamental role in the HER
activity of GXs by adjusting the electronic properties of graphene. We found that graphene doped with third
row elements has higher HER activity with out-of-plane structural deformation compared to graphene
doped with second row elements, in which graphene tends to maintain its planar structure. In addition,
the third row element-doped graphenes (GSi, GP and GS) show an interesting physical regularity
described by a simple 3N rule: GXs provide outstanding HER activity with a sustained metallic property
when its primitive cell size is a 3N x 3N (N is integral) multiple of that of pure graphene. Therefore, we
discuss how a comprehensive understanding of the structure—activity relationship can explain the
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Introduction

Molecular hydrogen is an alternative to fossil fuels." However,
efficient and sustainable H, production technologies are chal-
lenging because hydrogen does not exist as a free molecule,
although hydrogen is the most abundant element on earth. The
steam reforming process of natural gases now commercially
produces the most H,.> However, this H, production method
still emits CO, by consuming fossil fuels. One of the more
environmentally kind methods is electrolysis of water using
renewable energy, in particular solar energy.*>* Water splitting
can provide a sustainable energy supply via electrocatalytic
reduction of water to molecular hydrogen; however it requires
a favorable catalyst to support a sufficient reaction rate in order
to have practical applications. Developing catalysts to facilitate
the hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER) is an area of ongoing research. Among the
available catalysts, the most popular HER electrocatalyst is
platinum (Pt), which has a particularly high exchange current
density and low Tafel slope.® However, the main drawbacks of Pt
catalysts are their high cost and limited availability. To assure
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behavior of new electrocatalytic materials.

sustainable hydrogen production, cost-effective alternatives to
precious, rare Pt catalysts should be developed with similar
electrocatalytic activities and robust stabilities.**>

A large number of candidates have been developed based on
various earth-abundant transition metals®*?® and their
compounds, such as transition metal chalcogenide (TMD).>*~>*
MoS, has also been considered as a potential HER electro-
catalyst. Although only the edges of the MoS, domain sheet are
active for HER, comparatively high HER activity compared to Pt
catalyst has been achieved through edge engineering,>>*
nanostructuring®2® and a MoS,/carbon hybrid system.””*' In
addition, carbon-based materials (e.g., graphene) as metal-free
catalysts®***° have also been considered as innovative alterna-
tives to Pt catalyst due to their abundance, variable structures,
and tunable composition. Chemical doping of graphene with
heteroatoms is an effective way to manipulate its electronic
structure and electrochemical properties.**** Both experi-
mental and theoretical research reveal that the effects of various
dopants can improve the electrocatalytic activities of graphene.
In these graphene-based metal-free electrocatalysts, the chem-
ical dopants and geometric lattice defects of graphene play an
important role in the superior HER catalysis. However, not only
the fundamental effect of dopants but also tuning the electronic
properties of doped graphene is still being studied.

In this work, we describe a structure-activity relationship in
graphene-based electrocatalysts for HER based on a thorough
understanding of the effects of dopants, such as second row
elements (B and N) and third row elements (Si, P and S). We
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explore the causes of variation in HER performance with respect
to the type of dopant by comparing geometric and electronic
structures of heteroatom-doped graphenes (GXs, where G and X
represent graphene and the heteroatom dopant). In addition,
we have investigated the effect of doping level by systematically
changing primitive cell size, where we uncovered an interesting
regularity in HER activity attributed to periodic lattice defects.

Computational details

HER is a multi-step process that takes place on the surface of
catalyst and there are two proposed mechanisms, Volmer-Tafel
and Volmer-Heyrovsky. Both Volmer-Tafel and Volmer-Heyr-
ovsky mechanisms describe the hydrogen atom adsorption and
hydrogen molecule desorption reactions among (1) an initial
state 2H' + 2e 7, (2) an intermediate adsorbed state H* + H' + e
or 2H*, and (3) a final product state H,, where the * and H*
denote the active site and adsorbed hydrogen atom on the
surface of the catalyst, respectively.***® Because the initial and
final states are equivalent at equilibrium reduction potential, U
= 0, the Gibbs free energy of the intermediate state, |AGy+|, has
been considered as a major descriptor of the HER activity for
a wide variety of catalysts. Therefore, the optimum value of
|AGy+| should be zero for a spontaneous reaction without
activation energy barrier. The Pt catalyst facilitates HER
with a low activation energy, |AGyx|~0.09 eV.** In this
work, we have considered the Volmer-Tafel mechanism to
calculate the Gibbs free energy of the intermediate state,
AGY™ET(G114), AGYA™(0y45+), and, AGH(81,+) with different
hydrogen coverage at the active sites, 61+ and, .+, as shown in
Fig. 1. The Gibbs free energy*® of the adsorbed hydrogen is
calculated as:

AGy+ = AEgs + AEzpp — TASk 6]

where AEy« is hydrogen adsorption energy and AEpg is the
difference in zero point energy (ZPE) between the adsorbed state
and the gas phase. ASy refers to the entropy of adsorption of 1/

Do 1 . .
2H,, which is ASy = — ES%Z’ where S}, is the entropy of H, in

the gas phase at STP. ZPE and entropic corrections, AE;pp —
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TASy, are listed in Table S1.7 The hydrogen adsorption energy
AEy+ can be defined in two ways: the integral and differential H
adsorption energy as a function of the H coverage in eqn (2) and
(3), respectively:

Efi(n) =

% [Etsurt + nb%) — B(surt) - SEH)| (@)

S Oux) = AESUn)on = (EfMn) — Ef\(n — ))An  (3)
where n, H* and 6y+ refer to the number of hydrogen atoms,
adsorbed hydrogen on the surface, and hydrogen coverage,
respectively.

In contrast to the single hydrogen reaction of the Volmer
step, two hydrogen atoms mediate the Tafel step. Therefore, we
obtain the Gibbs free energy of the intermediate state during
the Volmer and Tafel steps with the following equations to
determine the different hydrogen coverages of active sites.

AGYE™ = AEYS™S™ + AZPE — TAS (4)

AEYR™ — ESN0y.) = (ENMn) — ERWn — 1)An, An =1 (5)
AGH — AETA* + AZPE — TAS (6)

AER = Efi(0y+) = (ER\(n — 2) — Efi(m))/An, An =2 (7)

All calculations were performed using the Vienna Ab initio
Simulation Package (VASP 5.3.5).*7*° Ab initio calculations were
carried out using the projector augmented wave (PAW)
method®** with a generalized gradient approximation based on
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional.>*** Integration in the Brillouin zone was performed on
the basis of the Monkhorst-Pack scheme using a I' centered 10
x 10 x 1 k-point mesh in each primitive lattice vector of the
reciprocal space for geometry optimization and density of states
(DOS). A plane-wave cutoff energy of 500 eV was used. 20 k-points
along each high symmetry line in the Brillouin zone had been
used for band structure. Lattice constants and internal atomic
positions were optimized until the residual forces became less
than 0.04 eV A~'. The vacuum slab space of a unit cell in the Z
direction was 20 A, to avoid interaction between layers.

First Volmer Step Second Volmer Step Tafel Step
H+ H+ AG‘,’.ﬁlmer(em*) Aanlmer(eHZ*)
S 777777777 H H iy H\H Volmer-Tafel
> e e Y
0 H . S 2H++2e" —> 2H"
= T H*+H - H;
O 0.0 _ﬂ 5 € s %
01 v :' L ———
< ! Y P \ 4 .
AG™ (Br+) AG™ (Br) AGH“'(B122)

Fig. 1 Schematic of Volmer—Tafel mechanism. AGYR ™ (B1+), AGYS ™ (B45+) and AGIE®(0y+) are free energies of the first- and the second-
Volmer steps and Tafel step, where 61+ and .+ indicate different hydrogen coverage of active sites.
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Results and discussion

Fig. 2 shows a schematic of the heteroatom doped-graphene
(GX, where G means graphene and X is B, N, Si P and S
dopant) structures. We have used the second row elements (B
and N) and the third row elements (Si, P and S) in the periodic
table in order to investigate the structural and electronic doping
effects on HER activity, because the third row elements are
relatively larger than the second row elements and p- and n-type
doping effects can be expected from the electron deficient B and
electron rich N, P and S elements. As shown in Fig. 2, the second
and third row elements give in-plane and out-of-plane struc-
tures, respectively, due to the size of the dopants.*. In addition,
we have considered doping level by controlling the primitive cell
size of heteroatom doped-graphene structures, having only one
dopant of size N x N (where N is an integer from 3 to 12) which
is a supercell of the pure graphene unit cell. Therefore, we can
also expect an interesting feature of HER activity to be attrib-
uted to periodic lattice defects. Using these model structures,
we have systematically evaluated the relationship between
structure and HER activity of the GXs.

Fig. 3 shows the Gibbs free energy of the intermediate state
of the Volmer and Tafel steps, AGY2™" and AGHE, of GX as
a function of primitive cell size. This plot indicates that the
adsorption of the hydrogen atom in the Volmer step is unfa-
vorable with positive AGY2 ™" values, but molecular hydrogen is
likely to desorb at the Tafel step with negative AGHA® values,
even though the ideal catalyst requires a near zero value of
AGy+. However, it is worth noticing that there are two remark-
able features of HER activity with respect to the type of dopant
and the size of the primitive cell. At first, it seems that the third
row element doped out-of-plane graphene structures (GSi, GP
and GS) have better HER activity than the second row element
doped in-plane graphene structures (GB and GN) with lower
values of |AGy+|. In addition, |AGy+| has physical regularity
attributed to periodic lattice defects as a function of primitive
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Fig. 3 HER activities, AG/2™" and AGI2®, of heteroatom doped-
graphenes (GB, GN, GP, GS, and GSi) as a function of primitive cell size.
AGYS'™" is denoted as the average value of AGYS™(fy+) and
AGY8™®(f,,,) for clear comparison between AGYS™" and AGJa™.

cell size, especially in the third row element doped graphene
structures, where every 3N x 3N (N is integral) primitive cell has
outstanding HER activity.

A. Structural and electronic doping effects on HER activity

The relatively large atomic size of the third row elements causes
structural deformation of graphene, which improves HER
activity by shifting AG/2™" and AG® to zero, as shown in
Fig. 3. This means that the out-of-plane deformation enhances
the hydrogen binding energy, because the hydrogen adsorption

12x12

Out-of-plane
(Si, Pand S)

QAW#:—O

Fig. 2 Primitive cells of single heteroatom doped-graphene (GX, where G means graphene and X is B, N, Si P and S dopant). Red mark indicates
dopant. There are two different type of structures depending on dopant, in-plane for GB and GN, and out-of-plane for GSi, GP and GS.
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(Volmer step) and desorption (Tafel step) reactions, respec-
tively, are endothermic and exothermic on the surface of GXs.
Looking at the active sites on the surface of GXs, in-plane and
out-of-plane GXs have different active sites, as shown in Fig. 4.
Although the first hydrogen adsorption site is near the first
neighboring carbons of the dopant regardless of the GX
structure, the second hydrogen adsorption site is different. In
contrast, the second preferable hydrogen adsorption site of
out-of-plane GXs is the same as the first hydrogen adsorption
site, in-plane GXs have the second neighboring carbons of the
dopant as the second hydrogen adsorption site. On the atomic
orbital hybridization characters of adjacent carbon atoms of
dopant, the natural bond orbital (NBO) analysis®® show an
increased p orbital contribution from sp” to sp® hybridization
of carbons adjacent to the dopant due to structural deforma-
tion from in-plane to out-of-plane. Compared to sp> hybridized
carbon, sp® hybridized carbons more readily form an extra
a hydrogen atom without additional structural change.
Therefore, in out-of-plane structures, the subsequent two
hydrogen atoms prefer to bind to only sp® hybridized carbons
adjacent to the dopant. However, in the case of in-plane
structures having only sp® hybridized carbons, the first
hydrogen atom should result in structural deformation to form
sp® hybridized carbons. Therefore, the first hydrogen adsorp-
tion on the in-plane structure is less favorable than the reac-
tion on out-of-plane structures. And the second hydrogen atom
can favorably bind to sp® hybridized second neighboring
carbons of dopant (see the adsorption energies of hydrogen
atoms in subsequent Volmer step considering possible
binding sites around the dopant in Table S371). Consequently,
structural deformation with dopants that are third row
elements is associated with improved HER activity due to
atomic orbital hybridization.

In the same out-of-plane structures, the stability of the
intermediate state (H*) also depends on the charge of the
carbons around the active site with ionic bond characters.
Therefore, the negativity of carbon charges around active sites
by hydrogen binding can improve HER activity. The order of
negativity of the carbon charges around active site is well
agreement with the order of HER activities of the out-of-plane
structures, GS > GP > GSi (see the discussion in Fig. S11).

‘ In-plane

S  Outof-plane ©

S:263%
P:739%

Fig. 4 Hybridization characters of carbons adjacent to the dopant on
the in-plane (GN) and out-of-plane (GS) structures.
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Looking at the electronic structures of GXs, p- and n-type
doping effects are also expected from electron deficient and
rich elements, as shown in Fig. 5. In the case of in-plane GXs,
electron deficient boron shifts its band structure up by with-
drawing an electron from graphene, and electron rich nitrogen
shifts its band structure down by donating an electron to gra-
phene. Interestingly, in the case of out-of-plane GXs, electron
rich phosphorous and sulfur dopant have no associated band
shift. The origin of the flat band can be understood based on the
localization of an extra electron onto the dopant site. In order to
verify the relationship between geometric and electronic struc-
tures of GXs, we have systematically changed the structures of
GXs from in-plane to out-of-plane structures and vice versa.
These calculations clearly show that dopant can produce n- and
p-type doping states as well as a localized state depending on
the structure of GXs induced by the type of dopants. When the
out-of-plane (in-plane) deformation is applied in the in-plane
(out-of-plane) GXs, band structures change from the p-type
doping state (localized state) to the localized state (p-type
doping state). Therefore, it is worth mentioning that the local-
ized electronic states can be associated with physical regularity
of HER activities on the out-of-plane GXs attributed to periodic
lattice defects as shown in Fig. 3.

B. Effects of periodic lattice defect on HER activity

The third row elements, i.e., doped GXs (GSi, GP and GS), show
an interesting physical regularity described by a simple 3N rule:
GXs give outstanding HER activity whenever its primitive cell
size has a 3N x 3N (N is integral) supercell size of pure gra-
phene. In order to account for this tendency, we have prefer-
entially studied electron band structures of GXs as a function of
the primitive cell size and compared the behavior of the band
gap around the Dirac point, as shown in Fig. 6, where GXs can
either have a gap or remains gapless at the Dirac point, which is
dependent on the size of the primitive cell.

Interestingly, there is close correlation between the elec-
tronic properties of GXs and their HER activities; whenever the
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Fig. 5 Band structures of B, N, Si, P and S doped graphenes (GB, GN,
GSi, GP and GS) with 3 x 3 cells.
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Band gap around Dirac Cone (eV)
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Fig. 6 The gaps around the Dirac cones of the B, N, Si, P and S doped
graphenes (GB, GN, GSi, GP and GS) with N x N primitive cell sizes.
Insects are band structure of pure graphene with 4 x 4 primitive cell
size.

primitive cell size has 3N x 3N (N is integral), GXs have zero
band gap around the Dirac point as well as enhanced HER
activity.

A perfect graphene is known to be semi-metallic, with
a Fermi level (the Fermi level is at 0 eV.) that is always aligned
with the Dirac point. This 3N rule can be explained by band
folding, as shown in Fig. S2.1°® For a 3N x 3N supercell, the
Dirac points are moved to the I' point via a translational
symmetry operation, hence the Dirac points are folded to the I’
points, which produces two bands near the I' points. Dopants
and their types can distort these two degenerate bands at the
Dirac point. Looking at the inset band structures of Fig. 6,
compared to G9 of two gapless degenerated bands at the Dirac
point, GN9 and GS9 show one split band at the Dirac point.
Therefore, 3N x 3N primitive cells of GN and GS can preserve
a gapless Dirac cone even though one of two degenerate bands
is opened, which can be understood by the Bloch states analysis
in Fig. S3.1 However, because GN4 and GS4 have a single band
at the Dirac point, a band gap opening is shown at the Dirac
point. In addition, GN9 and GS9 give different behaviors due to
different electronic states induced by the dopant, which are
associated with the doping state of the GN9 in-plane structure
and the localized state of the GS9 out-of-plane deformed
structure. Note that GS4 has more pronounced semiconducting
properties than the metallic features of all other systems
because the out-of-plane structure has a localized state without
a band shift.

The overall semiconducting band gap is clearly seen in Fig. 7,
which shows band structures of G, GN, GP and GS with N x N
primitive cell sizes (band structures of GB and GSi are depicted
in Fig. S41). Only out-of-plane structures of GP and GS have
a semiconductor band gap as semiconductor at none 3N x 3N
primitive cell sizes. Based on the charge transfer from GXs to
the approaching proton for effective hydrogen atom binding at
the Volmer step, it seems reasonable that semiconducting none
3N x 3N primitive cells cannot facilitate the hydrogen binding
necessary for HER activity compared to metallic 3N x 3N

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Band structures of pure graphene (G) and N, P and S doped
graphenes (GN, GP and GS) with N x N primitive cell sizes.

primitive cells. Consequently, physical regularity in the HER
activity of the third row element-doped GXs (GSi, GP and GS) is
attributed to the changes in band gap associated with periodic
lattice defects, where HER catalytic activity is enhanced for every
metallic 3N x 3N primitive cell.

Conclusions

We have systematically investigated the structure-activity rela-
tionship of the hydrogen evolution reaction (HER) for
heteroatom-doped graphenes (GXs, where G and X represent
graphene and the heteroatom dopant). In this work, we
demonstrated that the HER activity of GXs can be modulated by
structural factors, including structural deformation and peri-
odic lattice defects. Both structural factors enhance hydrogen
atom binding during the Volmer step in HER by generating sp*
hybridized carbons and facilitating charge transfer between
hydrogen atoms and GXs as metallic properties. Therefore,
third row element-doped GXs have improved HER activity
compared to second row element-doped GXs. In addition,
physical regularity of HER activity described by the 3N rule
appears due to periodic lattice defects, where the HER activity is
improved at every metallic 3N x 3N primitive cell. Especially,
the localized electronic state of the out-of-plane GXs was the
origin of physical regularity of HER activity. This understanding
of the structure-activity relationship can facilitate development
of new electrocatalytic materials.
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