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ABSTRACT: Borides have been recently identified to be a class of earth-abundant and low-cost
materials that are surprisingly active toward oxidative dehydrogenation and hydrogen evolution
reaction (HER) catalysis. Here, we explain from first-principles calculations the HER activity of
WB, an industrial material known for its superior physical properties and chemical inertness. We
find that, compared to bulk termination, a major surface reconstruction takes place, leading to the
off-stoichiometric B-rich surface termination that contains the active sites. The hydrogen adsorbate
configurations are further investigated under various adsorbate coverages. Many competing
configurations appear to be accessible in reaction conditions, and thus, a grand canonical ensemble & G =
is established to describe the catalytic system. A phase diagram of adsorbate coverages is i ,?}!ls g
constructed as a function of pH and the applied potential. A complex reaction network is Sl Surface States
presented based on the ensemble-averaged reaction rates, and the electrocatalytic activities are

evaluated under different overpotentials. The major contributors to the activity are found to be a few metastable surface states with a
distinct electronic structure that are only accessible at high adsorbate coverages in reaction conditions. In addition, while the activity
of the dominant active site is nearly the same as that on the unreconstructed WB, the B-rich formations play an important role of
isolating the active sites and preventing the passivation of the surface with H, bubble formation.
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Bl INTRODUCTION phase is an ultra-incompressible material'> with a bulk
modulus of 428—452 GPa,'®'” and characterized as super-
conducting below 4.3 K.'"® This phase is composed of boron
chains that alternate to form perpendicular arrays. Thanks to
the outstanding mechanical and physical properties of WB,
together with its chemical inertness, WB has been widely
applied in industry for cutting tools and coatings. Thus, it came
as a surprise that tungsten borides should be so active toward
electrocatalytic HER.

Recent findings point out the likely common structural
feature of boride surfaces: the presence of excess boron. First,
it is generally known that boride synthesis requires a large off-
stoichiometric excess of boron. Borides of many transition
metals and also hexagonal boron nitride show analogous
selectivities toward propane oxidative dehydrogenation
(ODH),"”*° which was attributed to the partially oxidized
amorphous boron layer that forms on their surfaces in situ in
oxidizing conditions, and restructures on a timescale of
picoseconds.”** Additionally, we found that boron-rich
structures and monolayers can form on the tungsten metal,

The development of inexpensive and noble-metal-free catalysts
for energy and environmental applications is increasingly
desirable. Transition metal compounds have recently emerged
as a family of promising low-cost electrocatalysts with earth-
abundant compositions and satisfactory activities, including
transition metal phosphides, sulfides, carbides, selenides, and
borides."”> Among the large family of compounds, borides have
been the less studied while perhaps the most intriguing, due to
the rich chemistry of boron (both covalent and delocalized and
nondirectional bonds, structural diversity).”™> A group of
transition metal borides, including those of cobalt, nickel,”
molybdenum,8 vanadium,” and tungsten,10 has been identified
as active electrocatalysts for the hydrogen evolution reaction
(HER) with a high-current density and long-term stability.
Tungsten borides have earth-abundant compositions and are
known for their mechanical hardness and thermal/electrical
properties."'* Tungsten borides with varying stoichiometries,
including W,B, W,B;, and WB,, have been synthesized by a
solid reaction between tungsten and amorphous boron
powders.m’14 Among these tungsten borides, WB was found
to exist in a single crystalline phase, and the crystallinity was Received:  August S, 2020
found to be enhanced with increasing both the time and the Revised:  September 26, 2020
temperature of heat treatment.'* WB crystallizes in either an
orthorhombic high-temperature phase or a tetragonal low-
temperature phase. The latter is stable up to 2170 °C, when
the phase transition occurs. The low-temperature tetragonal
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Figure 1. Surface energy of W stoichiometric, B stoichiometric, W nonstoichiometric, B nonstoichiometric, Bg island, and By chain terminations
under different pgs, with optimized geometries of the surfaces of interest shown on the left and the right side of the plot. The y; of elemental boron
is marked by a dotted line, and the region around it is highlighted with a violet shade. Color code: B (pink) and W (blue).

with the restructuring unlocking novel electronic properties of
boron.”> Encouraged by these studies, we combine global
optimization techniques and density functional theory (DFT)
to explore the structural diversity of the WB (001) surface with
different coverages of excess boron. By calculating the surface
energies of the bare WB surfaces with different terminations
and the B-excess surfaces with different stoichiometries as
functions of the chemical potential of boron, we estimate their
relative stabilities, and propose a B-rich WB surface as the
actual present phase. To assess the activity of HER, the
configurations for H adsorbates on this B-rich surface under
different H coverages are then explored, to construct a grand
canonical ensemble where the population of each surface state
changes as a function of the chemical potential of H. By
including potential-dependent and pH-dependent terms into
the chemical potential of H, the population of each surface
state and the ensemble-averaged reactivity can be evaluated
under various reaction electrocatalytic conditions. We
demonstrate that it is crucial to account for surface
restructuring and multiple accessible adsorption configurations
under a grand canonical scheme to properly describe the
catalytic interface under realistic conditions.

B RESULTS AND DISCUSSION

To determine the most stable surface terminations of WB, we
explored all of the possible low-index surfaces with different
terminations and calculated their surface energies. Specifically,
we characterized the (100), (110), (201), (210), and (310)
surfaces, as well as the (001), (101), and (111) surfaces with
both B and W terminations, and the results are summarized in
Table S1. It can be seen that the B-terminated surfaces are
generally more stable. This scenario is similar to oxide surfaces,
where the more electronegative oxygen is more likely to be
exposed, though electronegativities of W and B are much
closer than those of metals and O. Note that several
terminations, such as B-(001) (Y = 3.59 J/m?) and (111) (Y
= 3.23 J/m?), have surface energies similar to those of other
superhard materials, such as diamond (Y = 3.76 J/m?) and
ReB, (Y = 3.00 J/m?).”*** Judging from the calculated surface
energies, only the B-terminated (111) and (001) surfaces will
be exposed, while the contribution from other surface
terminations would be minor and can be neglected.

Because of the large unit cell of the (111) facet and the
exponentially growing computational cost of global optimiza-
tion with increasing cell size, we focused on the (001) facet
and thoroughly explored its different nonstoichiometric
terminations. A conclusion that will eventually emerge in this
study is that similar structural and electronic effects responsible
for catalysis are expected to occur on other terminations as
well. First, the (001) surface can be cut using four different
terminations, including two stoichiometric structures (W
terminated W-(001) and B-terminated B-(001) surfaces) and
two nonstoichiometric ones (W-rich and B-rich (001)).
Second, in addition to these ideal cuts, we explored a wider
variety of possible terminations using the particle-swarm
optimization (PSO) algorithm combined with the density
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functional theory (DFT) calculation by varying the number of 122

surface B atoms per unit cell from 0 to a maximum of 8.

The surface energy of the global minimum (GM)
termination of each composition under varying chemical
potentials of B () is shown in Figure 1 (lower surface energy
corresponds to higher stability). At the lower limit of g, the B-
terminated stoichiometric surface is more stable than the B-
rich ones. As the values of yy increases, the thermodynamically
most stable state shifts from the stoichiometric terminations to
the B-rich terminations. Because experimentally transition
metal borides are synthesized by reacting the metal with
elemental boron in the powder form, the py in synthetic
conditions should be that of elemental boron. Therefore, the
region around the yg of elemental boron would be the most
chemically relevant to the realistic termination of the WB
surface (highlighted region in Figure 1), and the actual (100)
surface structure present in WB is hence predicted to be the B-
rich surface with hexagonal island-like Bg clusters. Note that
the shape and size of the cluster may change if a larger unit cell
would be used in global optimization. However, a likely general
qualitative conclusion can be made that boron forms islands on
the surface, and some nearly isolated W atoms or rows of W
atoms remain exposed at the relevant yy.

The binding energies of typical adsorbates that are common
in heterogeneous catalysis and electrocatalysis on the bare WB
(001) and Bg-decorated WB (001) are calculated and
summarized in Table S2. The presence of the By island not
only alters the adsorption values on original sites but also
introduces new binding sites. The binding energy of H on the
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Bg island is comparable to that of Pt, which, although is a crude
estimation, motivated us to further investigate the surface
chemistry of the Bg-decorated WB (001) under the HER
conditions. The restructured surface has a more complex
structure compared to the original WB surface; hence, it is
expected to provide multiple kinds of new H adsorption sites.
To explore all of the chemically relevant adsorbate
configurations on the Bg-decorated surface, we exhaustively
sampled the adsorbate configurations with the coverage of 1-8
H atoms per unit cell to obtain all of the accessible minima.
Figure S1 and Table S3 summarize the energies and
geometries of the found surface states. The surface structures
are referred to as mH#n, where m is the coverage of adsorbates
(number of H’s per unit cell) while n means it is the nth
minimum (#1 stands for global minimum) within the mH
coverage. Note that the upper limit of 8 H per unit cell is
chosen because the 8H surface cannot uptake any more H
without disintegration of the Bg unit, and such configurations
are energetically unstable.

We find that there are several low-energy minima (within 0.5
€V from GM) at each coverage at room temperature, and there
are essentially four distinct adsorption sites: top-layer B, sub-
layer B, type-1 W, and type-2 W (Figure 2a). Top-layer B is the
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Figure 2. (a) Optimized geometry of the WB (001)-Bg island
structure from the top and side views, with top-layer B, sub-layer B,
type-1, and type-2 W atoms marked with blue triangles, orange
inverted triangles, and numbers “1” and “2”, respectively. (b) The
electron density difference map of H adsorption on W or B sites of
the Bg-decorated surface at an isovalue = 0.0015, with blue and yellow
isosurfaces representing an increase and decrease in the electron
density, respectively. (c) The electron localization function plot of

OH, 1H#1, and 1H#2 surface states at an isovalue = 0.475. Color
code: H (red), B (pink), and W (blue).

feature site of the Bg-island surface; each such B forms a 4-
member ring with the other 3 top-layer B atoms while also
bonded to two buried W atoms and two sub-layer B atoms.
Note that the top-layer B contains two kinds of sites that differ
in the underlying atoms (B or W), but their energetics shows a
minor difference (~0.1 eV) and has a similar trend as the
coverage increases, so we merge them in this classification.
These sub-layer B atoms are in a similar location as the surface
B in the stoichiometric surface. Such a unit can host a H
adsorbate in a bridging manner under higher coverages. Type-
1 W is the surface W site that is more exposed, i.e., not being
covered by or directly bonded to the top-layer B atoms. It can
bind H in a similar atop position as does the surface W in the

stoichiometric surface (Figure S2), and it can bind up to two H
atoms under a higher coverage. Type-2 W atoms are less
exposed compared to type-1 W atoms, and the H adsorbate on
it tends to bridge between the type-2 W and the neighboring
top-layer B. Each type of site is labeled on the structural model
in Figure 2a.

At the 1H coverage, the global minimum (GM) structure
1H#1 has H adsorbed on type-1 W, which is consistent with
the stoichiometric surface case, where H is also on W in the
GM structure. When the H coverage is increased, surprisingly,
the type-1 W is no longer the preferred adsorption site. In
2H#1, 3H#1, and 4H#1, all H atoms are adsorbed on top-layer
B, while the configurations with H on type-1 W are the less
stable second or the third local minima. Not until the coverage
reaches SH does the GM begin to contain again 1 H on type-1
W.

To investigate the reason for such changes in the adsorption
behavior upon increasing the coverage, the electron density
difference of H adsorption on top-layer B and type-1 W are
calculated. In Figure 2b, it can be seen that, upon H adsorption
on type-1 W, the electron density over W and its surrounding
sub-layer Bs are reduced, while the region around the W—H
bond increases. This can be attributed to the electron transfer
from the W—B bonding orbitals to the W—Ho orbital. Note
that this electron transfer is highly localized, with the electron
density of the sub-layer Bs going through a minor decrease and
the top-layer Bs being unchanged. In 1H#2, however, a much
more significant and delocalized electron transfer can be
observed. The electron density over the adsorption site and its
neighboring B atoms suffers substantial depletion. From the
electron localization function (ELF)* plot in Figure 2c, we see
that the By island is held together by a strong conjugation
formed via the overlap of both - and o-bonds between them
(a known bonding phenomenon for boron clusters).* Such
conjugation is almost unaffected upon H adsorption on type-1
W, but it is broken when the H goes onto the top-layer B site.
The weakening of the conjugation system can also be
evidenced by lengthening of the B—B bonds as the number
of H on top-layer B sites increases from 0H to 4H, as is shown
in Figure 3a. Surprisingly, upon the weakening of the
conjugation near the adsorption site, the electron density
increased on the other side of the top-layer B sites, which are
“freed” from the conjugation. As a result, the neighboring top-
layer B sites would be “activated” to bind the next adsorbate
stronger, and that explains why the top-layer B sites become
more favorable at a higher coverage than the W sites. Such a
change in the electronic structure can be evidenced by the
increase of electron density in the circled region in Figure 2b
and the expansion of the ELF isosurface beyond the original
one (marked by a gray line in Figure 2c). The emerging
electron-rich region between the top-layer B sites on the other
side gives rise to the bridging adsorption site over three B
atoms in 2H#6. The type-2 W next to the adsorption site is
also freed from the conjugation system, and the electron
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a bridging adsorption site between a type-2 W and a top-layer
B. Since the conjugated system is broken as the Bg island gets
hydrogenated, the structural stability of the By island under H
coverage could be questioned. Therefore, Born—Oppenheimer
molecular dynamics (BOMD) simulation of the 3H#1 surface
state, whose By island is partially covered by H, is performed at
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an elevated temperature of 500 K (Figure S3). The structure of 248

partially covered Bg stays rather stable during the simulation,
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Figure 3. (a) Bond length versus number of H plots of the top-layer B—B and sub-layer B—B and the calculated average Bader charge values of (b)
B island, adsorbate, and B island with adsorbate, and (c) top-layer, sub-layer, and all surface Bs for featured surface state coverages from OH to SH.
The optimized geometries of the selected surface states are shown above the plots. Color code: H (red), B (pink), and W (blue).

with the root-mean-square deviation (RMSD) of all atoms
being only c.a. 0.13 A. The B atoms in the By island and the
adsorbed H atoms do move during the simulation, with a
relatively large RMSD of ca. 0.30 A and ca. 037 A
respectively, but there is no bond breakage, nor H migration.
In conclusion, despite the weakening of the conjugated system
over the By island, the surface should maintain its structural
integrity at room temperature.

To quantitatively study the electron transfer accompanying
the adsorption events on the By island, we calculate the Bader
charge of the atoms in 1H#1, 2H#1, 2H#2, 3H#1, 4H#1, and
SH#1, as summarized in Figure S4. The H gains a ~0.4
negative charge upon adsorption as a result of the electron
transfer from the top-layer B in 1H#1, suggesting that a more
negative Bader charge on the site would facilitate adsorption.
The other B atoms in the By island also gain a negative charge
of —0.02 to —0.12 due to the disruption of the conjugated
system, activating them to be more favorable adsorption sites
under higher coverages. The H adsorption on type-1 W,
however, does not lead to a so pronounced charge transfer to
the surrounding atoms. As we increase the H coverage from 1
to 4 and focus on surface states where top-layer Bs act as
adsorption sites, the sum of the Bader charges of top-layer Bs
keeps increasing, while sub-layer Bs gain a share of electrons
released from disruption of the conjugate system (Figure 3c).
Overall, the By island loses electrons with an increasing H
coverage. In Figure 3Db, it can be seen that the charge transfer
to H is mostly contributed by the By island with little
participation of the WB substrate, indicating that the
restructured layer of excess boron could be generally present
on borides and the intrinsic properties of the B-rich layer is
somewhat substrate-independent. This qualitative conclusion

also likely translates to the (111) surface of WB, which we did
not investigate here.

After understanding the change in the electronic structure
induced by the adsorption of adsorbates, we go back to

investigate the HER activity. The hydrogen evolution reaction
has two steps
*+H +e —*H (1)
*H+H" +e - *+H, )

where the * and *H stand for the active site and the adsorbed
H species on the surface, respectively. The chemical potential

of H" and e can be expressed by the chemical potential of 292

hydrogen gas using the computational hydrogen electrode
model. Since the activation barrier of the proton—electron
transfer has been demonstrated by numerical calculations and
theoretical considerations to scale with AG,*" ™%
HER steps can be described by AGy.”" It comes naturally that
the optimal HER active site would have IAGyl = 0 because too
positive AGy means difficulty in step (1), while too negative
AGy leads to a slow step (2). Note that the possibility of the
Volmer—Tafel mechanism is also tested, but the energy barrier
for dihydrogen formation from two *H is too high (>1.5 eV),
and the Volmer—Heyrovsky mechanism prevails. This is
probably due to the more directional H binding and less
favorable H migration on the By unit as compared to the case
on noble metals such as Pt.

In conventional practice, the most stable structure, or the
GM, at each coverage would be used to calculate the |AGyl,
which would then serve as the activity descriptor for the HER.
However, the structural diversity of our By island surface under
different coverages casts doubt on the conventional practice:
although 1H#1 is more stable than 1H#2, it structurally
mismatches 2H#1 (Figure 3), the most stable surface state
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unfavorable HER energetics, respectively. The dashed line marks the optimal AGy value for HER. (b) Relative free energies of each surface state
from different coverages under the grand canonical scheme at U = 0 V (vs SHE) and pH = 0, with the OH surface state as the zero reference.

under a 2H coverage; instead, it is the thermally accessible
1H#2 and 1H#3 metastable states that can uptake an
additional H to become 2H#1. In terms of geometry, only if
the * and *H intermediates structurally match will the reaction
step make chemical sense. The infeasibility is supported by
energetics: going from 1H#2 to 2H#1 only involves a single
step H-adsorption, while going from 1H#1 to 2H#1 requires a
direct migration of adsorbed H from type-1 W to top-layer B
beforehand, which is not only thermodynamically uphill but
also has a prohibitively high barrier of 1.67 eV (Figure SS).
Therefore, some reaction paths with seemingly favorable
energetics should be excluded if the geometries of the initial
and final species do not match. Hence, we include all of the
local minima at each coverage into our model, and evaluate the
structural similarity of each possible pairs of * and *H. To be
specific, we calculated the mean atomic displacement (D) for
each pair of * and *H

Here N is the total number of atoms in *, r, is the position
vector of the nth atom in the structure, and i and f stand for the
initial and final states, respectively. By eliminating the */*H
pairs with a mean atomic displacement larger than 0.025 A, we
keep only 88 relevant pairs (listed in Supporting Note 1) out
of the 349 pairs and plot them into a circular graph in Figure 4.
The nodes represent surface states, and they are colored in a
spectral color map according to the H coverage. Each edge
connecting a */*H pair represents a unique HER catalytic
cycle, interweaving into a complex reaction network.

Figure 5a shows the distribution of AGy of all of the feasible
HER pathways in Figure 4b with the region near AGy
marked by a gray dotted line. It is a rather wide distribution

331
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333
334
33S
336 f4
337
338
339
340
341 f5

0 342

343

ranging from c.a. —0.9 to +0.7 eV, indicating binding sites of 344

diverse electronic structures that result from different
adsorbate coverages and configurations. There are some

https://dx.doi.org/10.1021/acscatal.0c03410
ACS Catal. XXXX, XXX, XXX—=XXX

34$
346


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03410/suppl_file/cs0c03410_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03410/suppl_file/cs0c03410_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03410?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(a) 1

12

10

pH

%70 -08 -06 -04 -02 00
U vs. SHE (V)

3H (2H 2H 5y
3H #10 #9 2H
> #1 #8 2H

3H # #7
(b) 3H #3 #6 2H

3y #4 #5 on
#5 #4

Figure 6. (a) Phase diagram of the hydrogen coverage on the Bg-decorated surface as a function of pH and the applied potential. The gray dotted
lines mark the neutral pH condition. (b) Revised reaction map that also shows the activity contribution from each reaction pathway, with the major
contributor in the thicker line and darker green while minor contributors in the thinner line and lighter green.

347 pathways with optimum AGy, however, we may have very few
348 of them in the reaction conditions to contribute significantly to
349 the overall activity. Hence, it is crucial to quantitatively
350 calculate the population of each surface state. In a realistic
351 scenario, the surface exists as an ensemble of surface states of
352 different adsorption configurations within each coverage, and
353 every surface state contributes to the overall activity to some
354 extent.”’ To obtain the population of each surface state, a
355 grand canonical ensemble can be established based on the
356 grand canonical free energy

Q = A(*nH) — ”ﬂH+(U) PH) - nﬂe-(U; PH)

357 where 7 is the number of adsorbed H atoms and A(*nH) is the
358 free energy of the surface state with n adsorbed H atoms. py
359 (U, pH) and y._ (U, pH) are the electrochemical potentials of
360 protons and electrons. Under the CHE scheme, the chemical
361 potential of an electron—proton pair can be approximated in
362 reference to the free energy of half a dihydrogen molecule, and
363 it also allows the effect of the a 3plied potential and pH to be
364 easily included in the model.”””® Figure 5b shows the free
365 energies of the surface states of different H coverages relative
366 to the OH case at U = 0V (vs SHE) and pH = 0. The SH#1 has
367 the lowest energy among all surface states and is therefore the
368 most populated state at that specific reaction condition. Since
369 changes in U and pH can reshape the energy landscape by
370 altering the py term, the global minimum of the grand
371 canonical ensemble can shift under different reaction
372 conditions. Since the aqueous solution can act as a proton
373 reservoir at a finite temperature and protons can diffuse
374 through the water—hydronium network without much of a
375 kinetic barrier, we assume the ensemble to be ergodic, ie.,
376 surface states with the same or different coverage can
377 interconvert and reach an equilibrium. Therefore, the
378 population of each surface state can be calculated by the
379 Boltzmann distribution

Qi
exp(—E

E="_" 7 a\
zen(-31)

where in this case T = 298 K. The population of each surface 380
state can then be readily calculated under any given reaction 381
conditions. In Figure 6a, the ensemble-averaged H coverage is 382 f6
shown as a function of U and pH in their experimental range. 383
In alkaline media, the Bg unit remains structurally intact and 384
the surface tends to stay intact in the OH coverage. When the 385
My increases to a threshold by increasing acidity or applying 386
more negative potential, the surface quickly converts to the 4H 387
coverage over a very small range of yy;. This can be attributed 3ss
to the activation of neighboring B sites in the By unit upon the 389
first H adsorption until all four top-layer B atoms are covered, 390
which is discussed in previous sections. After that, the 4H 391
surface states accept another H onto the type-1 W site and stay 392
in the SH coverage over a quite wide window of yy;. Note that 393
in the realistic scenario of HER in alkaline media, an alternative 394
reaction mechanism with different kinetics may come into play, 395
therefore the reactivity evaluation based on the grand canonical 396
ensemble would only hold in the neutral—acidic media. Since 397
the HER is usually performed with a pH ranging from 0 to 7 398
and U ranging from 0 to —0.5 V vs SHE, we would expect only 399
the SH and higher coverages in the working conditions. 400

It is then clear that neither the population nor IAGyl can act 401
as a proper descriptor of the HER activity, and both must be 402
included in our model. Since AG of an electrochemical step 403
under CHE scheme scales with the electrochemical barrier, the 404
reaction rate of the elementary redox steps (1) and (2) 4o0s
involving any feasible pair of * and *H (denoted as i and j) 406
under a constant pH can be expressed by the Arrhenius-type 407
equation as 408

AG(U) ]

step 1+ 1y = kﬁij[*] x exp[— T

AG.(U
step 2: 1, = km.j[*H] 3 exp(—g)-pj
where AG; (U) and AG, (U) are the potential-dependent free 409
energy change of the forward (1) and reverse (2) reaction 410
steps, and ,; and p; are the population of the * and *H sites 411
calculated from the Boltzmann distribution in the grand 412
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Figure 7. Activity contribution in percentages of the four most active surface states versus applied potential. The optimized geometries of the
involved surface states are shown on the left and right sides of the plot. Color code: H (red), B (pink), and W (blue).

(b)

X coordinate (A)

Figure 8. Electron density difference map of (a) Bg unit interacting with the WB substrate and (b) dihydrogen-mode adsorption on type-I W in the
6H global minimum configuration at an isovalue = 0.0015, with blue and yellow isosurfaces representing the increase and decrease in the electron
density, respectively. (c) Potential energy surface of H, adsorbed on the Bg-decorated surface with value-labeled contours (in V), with warm and
cold colors representing unfavorable and favorable physisorption energies, respectively. Color code: H (red), B (pink), and W (blue).

413 canonical ensemble, respectively. The overall rate r; of the step
414 concerning surface states i and j can then be calculated from a

415 Butler—Volmer-type equation

s50),

AG (U)]
kT ¥

m(—<1—a>,;—T P

416 where a € [0,1] is the mechanistic symmetry factor. Here, we
417 adopt the value of @ = 0.5 assuming no asymmetry about the
418 equilibrium potential. The net rate r,,, of the HER involving i
419 and j is taken to be the smaller overall rate between those of
40 steps (1) and (2), and it could act as a descriptor of the activity
421 contribution from a specific pathway. In Figure 5b, we replot
422 the edges representing the */*H reaction pairs with a color
423 map and thicken the edges with aPotential energy surface large
424 r;j (evaluated at pH = 0 and U = 0.1 V vs SHE). The */*H
425 palrs with the largest HER rates are SH#1/6H#1, 4H#1/SH#1,

426 SH#1/6H#2, and SH#1/6H#3. Although the SH#1/6H#1

1y & exp(—a

pathway does not have fully optimal IAGyl, the SH#1 surface 427
state has so dominant population that the SH#l-related 428
pathways prevail in terms of the net HER rate. Some other 429
pathways with a near-zero |AGyl, such as 2H#1/3H#3 and 430
2H#6/3H#6, turn out to show negligible activity since the 431
related surface states are inaccessible. The weighted reaction 432
map presents a vivid illustration that it is the surface states with 433
significant population and decent energetics, instead of the 434
ones with the most optimal [AGyl, that contribute to the 435
overall reactivity. 436
It is also straightforward to track the effect of varying 437
overpotentials on site contributions to the overall HER rate 438
based on this grand canonical ensemble representation. In 439
Figure 7, we break down the total HER rates to percentage 440 {7
contributions of the four major pathways at pH = 0. In the 441
potential range of 0 to —0.5 V vs SHE, the HER is solely 442
contributed by the SH#1/6H#1 pathway. The SH#1/6H#1 443
has a [AGyl of 0.249 eV, corresponding to an overpotential of 444

https://dx.doi.org/10.1021/acscatal.0c03410
ACS Catal. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03410?ref=pdf

£8

445
446
447
448
449
450
45
452
453
454
ESN
456
457
458
459
460
46
462
463
464
465
466
467
468
469
470
47
472
473
474
475
476
477
478
479
480
48
482
483
484
485
486
487
488
489
490
49
492
493
494
498
496
497
498
499
500
S0
502
503
S04
S0S
506
507

iy

—

—

—

—_

=

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

249 mV, which is in good agreement with the experimental
value on tungsten boride in the U = 0 to —0.5 V range (given
value).'” As the potential goes to —0.6 V vs SHE, the 6H
surface states gain population, and SH loses, so that the 6H#2/
7H#1 and 6H#3/7H#2 become the top two contributors to
the overall HER activity, which correspond to an overpotential
of ~380 mV if not limited by population. At more negative
potentials, the 8H coverage, also the completely hydrogenated
form, gets populated, and the 7H#3/8H#1 becomes the major
reaction pathway with an overpotential of 480 mV, if not
limited by the population. It is seen that, as the potential gets
more negative, the surface is driven into a higher H coverage
region where the accessible HER pathways involve low-
population metastable sites and have inferior intrinsic reactivity
compared to the lower-coverage cases. This suggests a
reactivity decline of the boride catalysts at high overpotentials
or in too acidic media. Such a trend is similar to the HER on
metal surfaces where reactivity of the surface is optimal under
an intermediate H coverage but worsens near the full coverage.
Note that many of the surface states involved are accessible
local minima of their coverage, and they are necessary for a full
and correct depiction of the HER process on Bg-decorated WB
(0o01).

It is somewhat surprising that all of the major contributing
pathways involve the same W—H/W—H, cycle on the type-1
W site, motivating us to further investigate the role of the Bg
island at higher coverage cases. The electron density difference
map in Figure 8a shows that, upon the formation of the Bg
island on the surface, the electron density on the type-2 W is
depleted, while the density on the type-1 W increases. In
addition, the electron density from the By unit spreads out to
cover the region over type-2 W sites, destabilizing the W—H
configuration, and the formation of W—H, on the type-2 W
sites. Figure 8b shows the bonding nature of the W—H, unit: a
small amount of electron is donated by type-1 W to the region
between the two H atoms above (also evidenced by the Bader
charge in Figure S4), forming W—H bonds while also giving
rise to a o-type bond between two H adsorbates. However, the
change in the electron density over type-1 W induced by the
formation of By is actually minor, and the energetics of the W—
H/W-H, cycle is similar to the Bg-decorated and the bare WB
(001). The major role of By is that it suppresses H adsorption
on type-2 W sites next to the active type-1 W site, and ensures
that the surface state with the W—H, unit has a significant
population at higher H coverages. Such suppression is absent
on the stoichiometric WB (001) surface where the second H
adsorbate tends to reside on the neighboring W site instead of
forming a favorable W—H, species (Figure S2). In addition,
the physisorption of H, on the Bg unit is unfavorable (Figure
8c), and such effect extends to the region over the type-2 W
sites, effectively isolating the active type-1 W atoms from each
other in a single-site fashion. This should have an unusual and
important effect on the HER activity of the B-rich surface: The
formed H, will not accumulate as large flat gas bubbles cover
the surface of catalysts and passivate it. The bubble effect is a
common problem in HER on catalysts where active sites are
densely distributed, such as metals, phosphides, and
chalcogenides.34 The Bg islands that were formed from
restructuring of excess boron could effectively act as sub-
nano aerophobic units and prevent the gas accumulation
problem. This could also explain the outstanding stability of
the borides in long-term and high-current-density electro-
catalysis without elaborate nanostructuring."’

B CONCLUSIONS

In summary, we applied global optimization combined with
DFT to explore the surface restructuring of WB (001) and the
diverse adsorption configurations under different adsorbate
coverages. Based on the obtained surface states from global
optimization, we constructed a reaction network by checking
the geometric similarity of the surface states of different
coverages. A grand canonical ensemble is proposed based on
the found minima to establish a phase diagram of adsorbate
coverages as a function of pH and the applied potential. The
contribution to the overall activity by each surface state is
calculated to reveal an intricate reaction network involving the
coexisting surface states of different adsorbate coverages and
configurations. The ensemble-averaged reaction rate suggests
that the HER activity heavily depends on a few states featuring
the W—H/W—H, catalytic cycle, which emerge only at higher

508

509

coverages on a reconstructed surface. The population of 524

metastable states may be further tuned by altering the

528

adsorbate coverage (solute concentration, pH), window of s26

the applied potential, temperature, controlling the over-
stoichiometric amount of boron on the surface, or adding
dopants to optimize the performance of the catalyst. In
addition, the By island is demonstrated to be H,-phobic and
could isolate the active W sites from each other to prevent
passivation of the catalysts due to H, bubble accumulation.
Given that boron-rich interfaces are likely typical for most
metal borides,"”*" this passivation-prevention mechanism
could be a general feature of HER-active borides. The study
emphasizes the necessity to include surface restructuring and
varying adsorbate configurations when looking for the active
sites, instead of focusing on the (putative) global minimum or
a static bare surface. Resorting to the ensemble representation,
despite the cost, has been proven rewarding given the rich
chemistry it unlocked and a more realistic picture of the
catalysis we can capture.

B COMPUTATIONAL METHODS

The bare WB (001) is modeled by a 2 X 2 X 7 supercell with
the upper three layers relaxed as the surface region and lower
four layers constrained as the bulk region. A vacuum slab of 15
A thickness is added in the Z direction to avoid spurious
interactions between periodic images.

Global optimizations for the surface terminations in B-rich
conditions are performed using the particle-swarm optimiza-
tion (PSO),” which is an efficient evolutionary algorithm for
sampling of ground-state and metastable structures in complex
solid or surface systems. PSO performs this sampling (search

527
528

for the most stable structures) by having a population of sss4

candidate geometries, which move in the search space, under
the influence of their own positions and velocities, and are also
guided by other geometries toward the constantly updated and
currently best one. This moves the swarm toward the best
solutions. The simulation is performed using CALYPSO
software,* following the procedure explained in a previous
study.”® The adsorbate configurations of H on B-rich surfaces
under different coverages are exhaustively sampled by
screening through all possible combinations due to a relatively
small chemical space. The generated structures are optimized
with the revised Perdew—Burke—Ernzerhof (RPBE) func-
tional’” and projector augmented wave (PAW) pseudopoten-
tials®® using the Vienna Ab initio Simulation Package (VASP)

39242 . )
program. D3 correction is used to account for the
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s69 dispersion interactions,*’ and dipole corrections are applied to
570 remove the artificial electrostatic fields arising from asymmetric
571 slabs in periodic boundary conditions. The convergence
s72 criteria for the geometry (SCF) was set to 107> (107°) eV
573 and 107> eV/A for forces. A 4 X 4 X 1 I'-centered k-point grid
574 was used and the cutoff energy for the kinetic energy of the
575 plane-waves was 450 eV. Note that although a canonical DFT
576 scheme instead of a grand canonical DFT one is employed
577 here, the Fermi level shift upon adding the adsorbate was
s78 calculated to be ~0.05 eV, hence the results obtained should
579 only deviate minorly from the grand canonical DFT treat-
580 ments.

ss1  The surface energies were calculated as

r= ( Slab ZNX,“X)

s82 where A is the area of the supercell, Egy,, is the energy of the
583 surface slab, Ny is the number of X atoms in the slab, and py is
ss4 the chemical potential of the X atom. The chemical potential
s8s of W and B are calculated from bulk WB for the stoichiometric
ss6 part, while from bulk FCC W and bulk elemental B for the
587 nonstoichiometric part, respectively. The surface energy of
ss8 asymmetric slabs are calculated by canceling out the
589 contribution using a corresponding symmetric slab following
s90 the protocol explained in ref 44.

s91  The adsorption energy is calculated by

AE,; = E(*H) — E(*) — E(H)

—

592 where the * stands for the adsorption site. The adsorption free
593 energy of H is calculated by

AGy = AEy. + ZPE — TASy

so4 where the latter two terms (ZPE and entropy term at room
595 temperature) are taken from the literature to be +0.24 eV.”’
s96 In the grand canonical ensemble, the population of each
s97 surface state is calculated by the Boltzmann distribution based
598 on the grand canonical free energy. The chemical potential of
599 H" and e™ can be expressed using the computational hydrogen
600 electrode model””

Hy(U, pH) = %ﬂ(Hz) — eU + kTpH
601 where y(H,) is the chemical potential of the hydrogen
602 molecule in the gas state and U is referenced against the
603 standard hydrogen electrode (SHE).
604 The transition states (TS) are obtained using the climbing
605 image nudged elastic band (CI-NEB) method™ and each TS
606 geometry has been calculated to have only one imaginary
607 mode. The Bader charges are calculated from the VASP output
608 using the Bader Charge Analysis code.”
609 Molecular dynamics (MD) simulations are performed using
610 VASP. The NVT ensemble simulation is performed at 500 K
611 for S ps duration with a time step of 1 fs. A Nosé—Hoover
612 thermostat was used, and the image was collected every 50 fs
613 after the system was considered to be equilibrated.
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