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Direct borohydride fuel cells (DBFCs) convert an aqueous soluble, high specific energy density
borohydride fuel directly to electrical energy. The lack of effective anode electrocatalysts for the
anodic oxidation of borohydride limits the efficiency and power density attainable in these devices.
The complexity of the eight electron reaction makes experimental determination of the reaction
mechanism extremely challenging, thereby hampering the development of a rationale for optimizing
catalyst composition. Computational quantum mechanical methods provide a unique tool for
evaluating elementary step reaction kinetics in this system, and can be applied to guide a rational
catalyst design procedure. In this perspective, we review the experimental literature on borohydride
oxidation catalysis and discuss the usefulness of quantum mechanical methods towards electrode
design. Mechanistic insights provided by these computational methods are discussed as well as the
prospects of applying a computationally guided design procedure towards developing novel catalyst

compositions.

1. Introduction

Direct borohydride fuel cells (DBFCs) offer the potential for
direct chemical to electrical energy conversion from a high
specific energy, water soluble fuel. These alkaline fuel cells
operate using a base-stabilized aqueous borohydride (ex.
NaBH,) solution as the anode fuel and oxygen or air at the
cathode. The use of an aqueous sodium borohydride solution as
an anode fuel for an alkaline fuel cell was initially reported in the
1960’s,’~* but interest has sparked since the demonstration of
a DBFC by Amendola ez al. in 1999.* Power densities similar to
those attained from direct methanol fuel cells (DMFCs) have
been demonstrated, despite substantially less research focus. The
lack of effective anode materials for the electrocatalysis of
borohydride oxidation is the major limitation in advancing the
application of these devices. The complexity of the (up to) eight
electron oxidation reaction limits the ability to rationally design
a catalytic material towards improved activity or selectivity for
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key elementary reaction steps. Our group has applied quantum
mechanical (ab initio) methods to elucidate elementary reaction
mechanisms of borohydride oxidation®® and to evaluate novel
compositions of binary metal compositions for improved
activity. In this perspective, we motivate the use of computa-
tional quantum mechanics for this application and illustrate its
usefulness in mechanism determination and borohydride oxida-
tion catalyst design.

Numerous recent reviews have discussed the advantages,
disadvantages, and state of the art in direct borohydride fuel
cells.”*3 Herein, these are briefly reviewed to provide motivation
to the development of more effective borohydride oxidation
catalysts. A brief survey of the literature on borohydride
oxidation catalysis is provided, highlighting the need for mech-
anism determination to guide rational catalyst design. A brief
description of our approaches for applying quantum chemical
methods to electrocatalytic systems is given, and the mechanistic
insights provided by this methodology are described. The use of
these computational methods to guide the design of binary metal
catalysts is discussed in context of the prospective for improved
catalyst performance.

Broader context

Direct borohydride fuel cells (DBFCs) have the potential to meet power demands for portable electronic applications. DBFCs use an
aqueous, base stabilized sodium borohydride solution as the fuel. This fuel has a volumetric energy density approximately half that
of gasoline at its solubility limit. DBFC power densities similar to direct methanol fuel cells have been demonstrated despite limited
research emphasis. However, the lack of a highly effective anode electrocatalyst for the borohydride oxidation reaction limits the
device performance. In this perspective, we review the experimental literature on borohydride oxidation catalysis to motivate the
application of computational quantum mechanics for mechanism elucidation and to guide rational design of improved electro-
catalysts. Quantum mechanical methods applied to the electrochemical interface provide direct access to elementary reaction
energetics at the electrocatalyst surface. The elementary reactions that dictate the relative activity and selectivity of previously tested
single-metal catalysts are detailed, and we propose a binary-metal catalyst for improved performance.
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2. Direct borohydride fuel cell overview

Direct borohydride fuel cells offer a number of potential
advantages over proton exchange membrane fuel -cells
(PEMFCs) using hydrogen or methanol (direct methanol fuel
cells, DMFCs) as an anode fuel. Fig. 1 shows a schematic
representation of a direct borohydride fuel cell. DBFCs oxidize
an aqueous, base stabilized BH,~ anion at the anode, producing
an environmentally benign, water soluble BO,~ product which
may be collected and recycled. The aqueous fuel offers less
storage and handling difficulties than hydrogen, making DBFCs
practical for portable power applications. Borohydrides have
been extensively studied’*2* and applied®*2¢ for H, storage,
however, direct oxidation has the potential for greater power
density and fuel efficiency by minimizing the loss of stored
chemical energy through the exothermic H, release reaction. The
specific energy density of solid sodium borohydride is 9.3 kW h
kg™', approximately 50% greater than pure methanol. The
volumetric energy density at the aqueous solubility limit is
approximately half that of gasoline. DBFCs with power densities
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Fig. 1 Schematic of a direct borohydride fuel cell. Aqueous, base
stabilized borohydride ions (BH,) are oxidized at the cathode by
hydroxide ions to form borate ions (BO,") and water. At the cathode,
humidified air or oxygen is reduced to form hydroxide ions, which are
transported across an anion conducting membrane to the anode.

of 200 mW cm~2 (with air/oxygen as the oxidant), a value
competitive with state-of-the-art DMFCs, have been demon-
strated.?”-*® Therefore, DBFCs already offer competitive cell sizes
and volumetric fuel consumption rates despite the substantially
greater research effort focused on DMFC development. Using
hydrogen peroxide as the oxidant, direct borohydride fuel cells
can operate without gaseous reactants or products?*=! and offer
power densities as high as 680 mW cm~2 at 60 °C. DMFCs and
PEMFCs require expensive noble metal cathode catalysts, yet
cathode overpotentials still limit device performance. In the
DBFC, the alkaline oxygen reduction reaction is catalyzed
efficiently by noble metals (Pt,?”*3* Ni,** and Ag**-%*) and non-
noble electrodes such as MnO,***7 and iron tetramethoxyphenyl
porphyrin.** The potential of DBFCs is further indicated by their
growing research interest. Following Amendola’s report in 1999,
DBFC related reports in the literature have increased each year

Table1 Advantages and challenges to application of direct borohydride
fuel cells

DBFC advantages DBFC challenges

Aqueous anode fuel

High gravimetric and volumetric
energy density

Recyclable BO,™ product

BH,~ safety and environmental
concerns reasonable,”'** BO,~
product benign

Borohydride synthesis inefficient

Inefficiencies of anode
electrocatalysis

BH,~ crossover to cathode?”-32:33:138

Product collection required,
accumulation in electrolyte
avoided

General AFC concerns

No anode CO poisoning

Efficient oxygen reduction
cathodes with less expensive,
non-Pt catalysts'*3!44

Demonstrated performance in
space’*? and personal
transportation applications

Carbonate formation from CO, 143
Device degradation in basic
conditions!40-143

Anion transport membranes less
developed

141
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from less than 10 per year through 2003 to 35 in 2006, and 71 in
2009.38

The main advantages and challenges of direct borohydride fuel
cells are summarized in Table 1. Inefficiencies in fuel production
and fuel availability limit the widespread applicability of direct
borohydride fuel cells. A number of synthesis methods exist, 347
and this is an active research area due both to the potential of
DBFCs and the use of borohydrides for H, storage. Large scale
use will require recycling of the spent borate product; electro-
chemical reduction has not been successful in regenerating
borohydride,*® though solid state reactions of sodium metaborate
(NaBO,) under gas phase hydrogen have been shown to regen-
erate solid sodium borohydride.'**” Currently, the power densi-
ties generated by DBFCs are competitive with DMFCs for small
scale portable applications requiring a liquid fuel, however, the
direct oxidation efficiency and power density are not competitive
with the alternative use of borohydrides for H, generation fol-
lowed by PEMFC conversion. These concerns limit DBFCs to
small scale applications that are sensitive to energy density and
avoid the indirect process either for device simplification
(recharging of portable electronics) or because gas-handling is
especially difficult (underwater applications). Inefficiencies asso-
ciated with borohydride oxidation at the DBFC anode are
a major limitation in the performance of DBFCs and must be
addressed before further development of this technology may be
expected.

3. Borohydride electrooxidation review

Though other losses exist, the majority of deviations in the
DBFC operating cell potential from the ideal can be attributed to
anode processes. In the DBFC, anode potential losses limit the
fuel efficiency to ~30% at practical power densities,** and the
design of effective catalysts is severely challenged by non-selec-
tive pathways. Low activity and/or poor selectivity to desired
products of anode catalysts are the major factors limiting the
performance of DBFCs. Though multiple metals have been
demonstrated as potential catalysts for the anode reaction, each
has its drawbacks. Nickel,>¥#¥3°  palladium,* plat-
inum,248:49:51.52 g 4:48:49.52-54 gjlyer 485455 and hydrogen storage
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Fig. 2 Hydrolysis of borohydride competes with oxidation, therefore
wasting some of the chemical energy stored in the fuel in the exothermic
reaction. Subsequent oxidation of the four hydrogen molecules released
through hydrolysis produces approximately 25% less electrical energy per
original borohydride molecule than direct oxidation. Hydrogen
production within the DBFC also represents a coulombic efficiency loss if
the hydrogen is released from the cell, as less than 8 electrons are
generated per borohydride molecule. Furthermore, the need to separate,
transport, and “dispose” of the produced hydrogen would limit the
practicality of operating the DBFC.

alloys (ZrTiMnVCoNi*” and LmNiMn*®) show activity for the
anodic oxidation of borohydrides. Each of these suffer from
efficiency losses due to deviation from the equilibrium potential
and coulombic efficiency losses due to the non-selective hydro-
lysis of borohydride (Fig. 2). Gold**** and silver®* anodes have
been claimed to show the best selectivity to oxidation versus
hydrolysis, with 7-8 electrons produced per borohydride mole-
cule. However, recent studies have demonstrated that substantial
hydrogen gas production can result from Au electrodes,*”° with
the number of electrons produced per borohydride molecule
ranging from ~4 to 7.5 depending on anode potential,3®5°
borohydride concentration,® and solution pH.** Regardless of
coulombic efficiency, slow electrode kinetics limit the power
density generated from Au anodes such that substantial potential
losses are required to accelerate oxidation and attain a practical
power density. Low coulombic efficiencies are typically reported
over Group 10 metals, including 4e~ per BH,~ molecule over
nickel,*® 4 to 6e~ over palladium* and 4e~ over platinum.* In
each case, the remainder of the potential 8 electrons is lost
through the production of hydrogen, and the ratio of hydrogen
production to current generation increases for higher concen-
tration of borohydride or lower anode overpotentials. Clearly,
a complex combination of electrochemical and chemical
elementary steps accounts for the direct oxidation and hydrolysis
reactions, and differences in the relative energetics of these steps
account for the selectivity variations among metals. Mechanistic
understanding of the competing reaction paths at the borohy-
dride anode is required for rational anode design to improve
selectivity to direct oxidation and increase activity for power
generation.

Despite the multitude of studies testing different noble metal
anodes in the DBFC, proposed reaction mechanisms remain
rather speculative. A stable BH;OH™ intermediate is often
proposed because it has been identified in the hydrolysis reac-
tion,®%* and rotating ring disk electrode studies show an inter-
mediate is produced that can be oxidized at lower potentials than
borohydride ions.?*® Elder and Hickling proposed an initial 2e~
oxidation step on Pt to a stable surface-bound BH;OH ™ species.?
This initiation step is followed by competitive oxidation and
hydrolysis steps. The complete, 8¢~ oxidation on Au has been
proposed to initiate similarly, though Mirkin et al.>* propose that
an intermediate monoborane (BHj3) species may leave the Au
anode surface and dimerize rather than forming BH;OH™.
Speculation as to the elementary steps that comprise the overall
8¢~ reaction is generally limited to the initial reactions, such as
a proposed electrochemical-chemical-electrochemical (ECE)
sequence for the initiation reaction by Mirkin ez al.>* Postulated
mechanisms are based entirely on electrokinetic studies of
borohydride oxidation (cyclic voltammetry (CV), -chro-
noamperometry, rotating disk electrode (RDE) and rotating
ring-disk electrode (RRDE) experiments) that do not provide
sufficient information for determination of elementary steps for
such a complex reaction. The difficulty of applying interfacial
characterization techniques to the aqueous, electrochemical
interface is highlighted by the lack of surface bound species
characterization in situ during borohydride oxidation. To our
knowledge, only a single in situ infrared adsorption spectroscopy
study has attempted characterization of surface species during
reaction, however, the sensitivity to surface species with the
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methods employed is unclear.®® Consequently, most proposed
mechanisms include multi-electron reactions as opposed to
elementary steps, and typically do not explicitly include surface
bound species. The lack of elementary mechanism elucidation
leaves the role of the catalyst in specific bond breaking or
forming reactions unclear, and therefore limits the potential for
rational design of improved catalysts.

Quantum mechanical methods are routinely used in hetero-
geneous catalysis to aid in mechanism determination and to
relate catalyst composition and structure to activity and selec-
tivity. Specifically, density functional theory (DFT) has found
wide-spread application for examining reactivity over metal and
metal-oxide surfaces.®**” Proper representation of the length and
time scales associated with the electrochemical interface is chal-
lenging within a DFT calculation, however, a number of
approaches have been developed. The following section provides
a brief description of these methods. DFT methods have
successfully determined elementary energetics of catalytic reac-
tions relevant to fuel cell electrodes such as oxygen reduction, %
hydrogen oxidation/evolution,®® and methanol/carbon
monoxide oxidation.**** We have applied DFT methods to
evaluate the reaction mechanism of borohydride oxidation over
the Au(111)> and Pt(111)° surfaces. These results are summarized
in context of specific mechanistic questions raised within the
borohydride oxidation literature. The prospects for DFT
methods to guide the rational design of metal alloys for improved
borohydride electrooxidation activity and selectivity are dis-
cussed.

4. Density functional theory methods for
electrocatalysis

Density functional theory methods can be used to determine the
electronic energy of a set of nuclei and electrons. Fig. 3 provides
a schematic overview of the application of DFT to catalysis. The

| Catalyst 1

Catalyst 2
W\/

Catalyst 3

reactant product

energy @

intermediate®

n rxn coordinate

Fig. 3 Schematic overview of the application of DFT methods to
catalysis. A model of the catalyst-adsorbate system is created, shown as
the transition state for B-H dissociation of BH4* on the Au(111) surface
in the presence of water. DFT methods are used to determine the optimal
nuclei arrangement and electronic structure, returning the energy of the
system. This is repeated for reactants, intermediates, products, and
transition states to construct a reaction energy diagram. Coupled with
a kinetic model, the relative rates of a reaction across multiple catalysts
can be determined.

Relative rate )

electrons and nuclei associated with the catalyst and a reactant,
intermediate, or product state of the reaction constitute the
model. Optimization methods and DFT algorithms are used to
determine the structure and energy of stable states and transition
states along a reaction coordinate transforming the reactant to
products. These methods can evaluate which intermediates are
stable on the catalyst surface, which reaction steps have large and
possibly limiting activation barriers, and, together with a kinetic
model, the relative rates of reaction over multiple surfaces. In
conjunction with experiment, DFT may provide more detailed
explanation of observed kinetic behavior, or, because the DFT
algorithms are based directly on quantum mechanical principles
rather than empirical data, DFT may predict the performance of
yet untested catalysts.

The electrocatalytic environment presents challenges to the
development of appropriate DFT model systems. Within the fuel
cell, the kinetics of oxidation at the anode, ion transport across
the membrane, and reduction at the cathode are interdependent,
making the initial simplification of the model system to a single
metal-adsorbate interface less straightforward than a typical
heterogeneous catalytic system. Experimentally, model electrode
studies isolate a single working electrode by replacing the
complexity of a fuel cell with a simpler electrolyte and a stan-
dardized counter electrode. A similar “half-cell” approach can be
used in a DFT model, however, complications remain in repre-
senting the potential control and electrolyte interactions of the
model electrode experiment. The challenge to using DFT
methods to determine the elementary reaction energies is in
defining a model system that appropriately represents the inter-
actions at a single electrode while also providing for the
consideration of elementary processes that involve electrons and
ions that begin or complete the reaction step in a different
environment. Computational evaluation of electrocatalytic
reaction energetics should (a) include the energies of adsorbates
(reactants, intermediates, or products, including ions) in the bulk
electrolyte prior to adsorption, (b) consider the potential
dependence of electrons produced/consumed, and (c) charac-
terize the interaction of adsorbates and transition states with the
controlled metal Fermi level and resulting interfacial electrolyte
structure when calculating surface reaction energies and activa-
tion barriers.

A number of QM model constructions have been developed to
probe electrocatalytic reactions. Detailed method comparisons,
typically targeted towards an ab initio electrochemistry audience,
are available;*® here we note the salient features of the specific
modeling approaches used to investigate borohydride electro-
oxidation. The Nerskov’"* and Neurock®**'? groups have
developed approaches using periodic density functional theory
(DFT) to examine the electrocatalytic interface, allowing repre-
sentation of the extended electronic structure of a metal surface.
Proper representation of bulk phase adsorbate energies and
electron energies is achieved with either of two approaches. The
chemical potential of a hydrogen gas molecule is easily calculated
with DFT methods, and its equivalence with the proton—electron
pair chemical potential at the normal hydrogen electrode (NHE)
potential can be used to give both the proton energy and place
the electron energy on the NHE scale.”” For any species, gas
phase chemical potentials can be calculated with DFT and
adjusted by the experimental or computational free energy of
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Fig. 4 Density functional theory approaches for calculating the potential dependent adsorption free energy of the BH, ™ ion to the Au(111) surface. (a)
The vacuum slab, linear free energy approach considers only the energy of the electron as dependent on the electrode potential through reference to the
absolute potential scale (U,ys). (b) The double-reference method considers the energy of the 24H,0 and BH4* + 23H,0 systems as dependent on
electrode potential by directly including a separation of charge ¢ between the metal surface and a homogeneously distributed counter-charge. Explicit

water molecules are used to include adsorbate—solvent interactions.

solvation to provide the solution phase chemical potential.®* With
this approach, the electron energy is then used on the absolute/
vacuum scale, and corrected to an experimentally accessible
(NHE) scale.'*?

Most troublesome in creating an accurate DFT model of the
electrochemical interface is representing the interaction of
adsorbates with the charged metal surface, counter-ions, and
solvent at the electrode—electrolyte interface. The length and time
scales associated with the dynamic interfacial structure are not
directly accessible due to the computational intensity of DFT
methods. Interaction with solvent may be approximated by
including a static “microsolvation” of a few (1 to 50) explicit
water molecules directly interacting with the adsorbate”-*7-1°! or
through combining a DFT representation with a continuum
solvation model.**'* Interaction with the metal-ion separated
charge at the interface can be approximated by including an
applied external electric field in the simulation,”® adjusting
adsorbate energies for a supposed interfacial dipole-field inter-
action post-hoc,”**7 or explicitly charging the electrode and
prescribing some countercharge distribution®®10%:102.105 g
explicitly including charge compensating ions'**'° within the
model system. Our studies of borohydride oxidation have
employed the “vacuum slab, linear free energy” approach and
the “double-reference method” developed in the Neurock group.
The first of these approaches is computationally facile for use in
considering a large number of adsorbed species or metal surfaces,

but neglects interactions of adsorbates with solvent or electro-
lyte. This introduces possible error if these interactions differ
substantially between adsorbed reactants, intermediates, or
products. The second includes a static representation of aqueous
solvation at the interface and varies the electrode charge/coun-
tercharge to better represent adsorbate energies at the electro-
chemical interface. This method is computationally intense, and
applied only to evaluate the initial borohydride adsorption and
dissociation steps. Fig. 4 schematically illustrates the calculation
of the borohydride ion adsorption energy with each of these
methods.

5. Borohydride oxidation on Au and Pt surfaces

Density functional theory methods have been applied to evaluate
the adsorption of the borohydride ion and subsequent trans-
formation of the adsorbed BH4* species over the Au(111)> and
Pt(111) species.® The reader is referred to these references for
a detailed presentation of computational results and the specific
DFT approaches used. Herein, these theoretical results are
analyzed in context of specific mechanistic questions raised in the
experimental borohydride oxidation literature. Prior to this
discussion, limitations in the modeling approaches are addressed.
These results considered reactions occurring with specific inter-
action with the catalytic surface, and did not assess the desorp-
tion of intermediate species from the surface, the solution phase
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reactivity of any desorbed species, or the possibility of electron
transfer events occurring without specific binding to the elec-
trode. The experimental literature has clearly demonstrated that
the activity of borohydride oxidation is dependent on the catalyst
identity, and though there is the possibility of intermediate
desorption and solution phase reactions within the complex
overall reaction, our intent is to clarify how the relative ability of
metals to break or form bonds impacts their catalytic activity.
Direct quantitative comparison with experiments over poly-
crystalline surfaces is also challenged by the computational use of
the single crystal (111) surface to represent the electrode.
Borohydride electro-oxidation proceeds over relatively large Au
and Pt particles (>6 nm).!*” Particles of this size will be domi-
nated by the most stable fcc metal (111) surface, making theo-
retical consideration of this surface reasonable for comparisons
of activity and selectivity among metals. As discussed in the
previous section, approximations are necessary in constructing
a DFT model of the electrochemical interface, and these
approximations introduce error into the calculation of elemen-
tary reaction energies and activation barriers. Application to
other electrochemical processes has suggested that, quantita-
tively, these errors allow for calculation of potential dependent
reaction energies within plus or minus 0.1 V (for example, for
water oxidation over Pt(111),%7 and that qualitative differences
between metal surfaces can be well captured.!®®

5.1 Why does oxidation on Pt electrodes occur at
a substantially lower overpotential than Au electrodes?

Fig. 5 shows the cascade of elementary surface reactions that
occur over the Au(111) surface, with the energetically preferred
path noted by red arrows. Relative energies of each surface
bound intermediate and calculated activation barriers'® along
the preferred path are given at —0.5 V (NHE). The borohydride
oxidation equilibrium potential is —1.24 V (NHE), whereas
—0.5 V (NHE) is approximately the potential at which the
oxidation rate begins to be measurable within the cyclic
voltammogram over Au electrodes.* The computational results
are in qualitative agreement with experiment in that all elemen-
tary oxidation steps are favorable (each has a negative Gibb’s
free energy change) and all activation barriers reasonable (less
than 0.75 eV) at this potential. The final 8 electron product of the
surface reaction is B(OH);*, which may desorb and hydroxylate
in solution to form the B(OH),™ species, a hydrated form of the
borate anion in alkaline solution.

Oxidation (or hydrolysis) of borohydride must result in the
breaking of four B-H bonds, and DFT indicates that these bond
breaking reactions are activated and relatively slow over the
Au(111) surface whereas they are fast over the Pt(111) surface.
This relative activity for B-H dissociation is the key factor in
determining the relative electrode activity, and explains why CV
indicates oxidation over Pt electrodes at an overpotential of
approximately 0.3-0.4 V whereas an overpotential of 0.7-0.8 V is
required over Au electrodes.®® Adsorption of the borohydride ion
to the Pt(111) surface occurs with dissociation of three B-H
bonds, leaving adsorbed H* and BH* species, where “*” denotes
an adsorbed species (Fig. 6). This dissociative adsorption of
borohydride is favorable over the Pt(111) surface at all potentials
above the equilibrium potential, however, the oxidation rate is

slow until higher potentials because oxidation of the BH*
intermediate species (through formation of BHOH* or B¥) is
slow. BH* conversion becomes favorable at —0.72 V (NHE), in
good agreement with the experimentally observed take-off
potential in CV.**> Over Au(l11), molecular adsorption of
borohydride is preferred (Fig. 6). The adsorption of the boro-
hydride ion is not favorable on the Au(l11) surface until
a substantial overpotential is reached, and activation of B-H
bonds is slow at low overpotentials.

The DFT results over both Au and Pt suggest that, once all
B-H activation steps are favorable, the oxidation reaction
proceeds downhill in energy to the final product. This is
consistent with a single oxidation process, however, multiple

BH, . B-H dissociation
0.0 o +OH-,,>H,0,,
Bo.os ) B-OH formation
BH,’ BH,OH" +OH-,
-0.72 = -0.94
2e 3e-
Bouas il
BH,’ BH,OH'
-1.08 ? -2.19
3e de
g Ho.73
BH’ BHOH' | |BH(OH),
471 [=] 268 |[m| -3.94
4e- 5e-|~0 Be-
]! I Boss
B BOH® B(OH),’ B(OH);"
103 |=| 337 |=| -443 ? -5.82
5e- 6e 7e|” 8e
11075
BOOH’
-4.32
[087
BO,’
-4.02

Fig. 5 Reaction path of BH,* oxidation over the Au(111) surface. The
energetically preferred path is given with red (thicker) arrows. Each box is
labeled with the chemical identity of the adsorbed intermediate, the
energy of the intermediate relative to adsorbed BH4* at a potential of
—0.5 V(NHE), and the number of electrons produced up to that point in
the overall reaction. Activation barriers for elementary reactions along
the preferred path are given adjacent to reaction arrows. Reaction steps
connecting species in columns involve breaking B-H bonds and con-
verting a solution phase hydroxyl anion to a water molecule. Reaction
steps along rows form B-OH bonds by adding a solution phase hydroxyl
anion to the adsorbed species. All energies are given in eV.
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Fig. 6 Structures and adsorption free energy for the borohydride ion to Au(111) and Pt(111) surfaces. (a) Potential dependence adsorption free energy
of BH,4™ as a function of electrode potential, calculated as shown schematically in Fig. 4. Dashed lines represent data from the vacuum slab, linear free
energy method (Fig. 4a) and solid lines represent data from the double-reference method (Fig. 4b). Chemical potentials were calculated at a temperature
of 298 K, BH4* surface coverage of 1/9 mL, and a solution phase BH,;~ 0of 0.03 M. Optimized structures of BH,* adsorbed to the (b and ¢) Au(111) and (d
and e) Pt(111) surface. Adsorption structures were optimized with the (b and d) vacuum slab and (c and e) double-reference models shown at a neutral

system charge.
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Fig.7 Cyclic voltammograms for borohydride oxidation over (a) Pt and (b) Au electrodes. Experimental conditions mimic those of Gyenge:**[BH, ] =
0.03M,[OH ]=2M, T =295K, Au electrode diameter = 3 mm, Pt electrode diameter = 5 mm, and scan rate = 25 mV s~'. Peak labels are following

Gyenge.?

anodic peaks are typically observed in CV for borohydride
oxidation on both Au and Pt electrodes, as illustrated in Fig. 7.
On the anodic scan, Pt electrodes (Fig. 7a) show a major peak
(al as noted by Gyenge®?) at approximately the potential of the
reversible hydrogen electrode and a second small peak (a2)
approximately 0.6 to 0.7 V higher in potential. DFT results
suggest that the first peak represents borohydride oxidation,
with the competition between hydrogen evolution and oxidation
dictated as described in Section 5.2. Though Gyenge speculates
the second, a2 peak to be indicative of the 8 electron borohy-
dride oxidation reaction, DFT results are not consistent with
this explanation. We instead postulate that this second peak is
due to formation of surface hydroxide/oxide on platinum, which
has been shown to occur approximately 0.6-0.7 V anodic of the
reversible hydrogen potential in alkaline media.'*® Similarly, the
oxidation peak in the CV cathodic scan (c1) may also represent
an increase in borohydride oxidation rate as the platinum
hydroxide/oxide surface is reduced and the number of active

sites for oxidation increased. Au electrodes show a main
oxidation peak around —0.2 V (NHE) (Fig. 7b, labeled a2 by
Gyenge) with a shoulder at +0.4 V (NHE) (¢3). DFT results are
consistent with the lower potential peak representing borohy-
dride oxidation as dissociation of B-H bonds becomes favor-
able in this potential range. The second @3 shoulder again
occurs at approximately the potential at which adsorbed
hydroxide is formed on Au electrodes,'***'? suggesting that the
decline in current represented by this shoulder is due to
hydroxyl groups blocking the surface from further borohydride
oxidation. The large oxidation peak observed on the reverse
scan (cl) occurs as hydroxyl species are reduced from the
surface. The surface concentration of borohydride ion is
replenished by diffusion during the time the surface is covered in
hydroxyl species, providing for the large oxidation current of
peak ¢l once site blocking hydroxyl species are removed. We
therefore conclude that the DFT results are not inconsistent
with the experimental cyclic voltammogram.
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5.2 What determines the selectivity to direct oxidation versus
hydrolysis?

Though a clear distinction between oxidation and hydrolysis
reactions is included in proposed reaction mechanisms,**!1* the
surface elementary steps involved in the two reactions overlap.
Adsorption of borohydride on Pt electrodes occurs dis-
sociatively, leaving adsorbed hydrogen on the surface. Activa-
tion of B-H bonds is catalyzed by the Au surface, with the
resulting H* atoms bound to the surface. Though it is plausible
that B-H bond dissociation can occur without resulting in H*
adsorbed (equivalent to a Heyrovky versus Tafel reaction for H,
activation’®), the transition states located thus far with DFT
methods® suggest direct interaction of the resultant H* product
with the metal. The B-H bond activation reactions are not
exclusive to the oxidation reaction, and whether these elementary
steps result in overall oxidation or hydrolysis reactions depends
on the fate of the surface hydrogen produced. If the surface H*
coverage resulting from B—H bond activation is greater than that
which would be in equilibrium with the gas phase H, present,
evolution of hydrogen gas will occur through the reaction:

H* + H* — H2,gas + 2% (1)
Oxidation of the adsorbed H* species occurs through:
H*+ OH g > H,O+ * + e 2)

A higher H* coverage increases the rate of both reactions.
Increasing coverage of H* also results in weaker H* adsorption,
further increasing evolution and oxidation rates at high
coverage. The oxidation reaction also becomes increasingly
favorable at more positive electrode potentials. The kinetic
competition between these two reactions is, therefore, potential
dependent and may also be impacted by mass transfer rates of
OH~ or H, species to or from the surface. The competition
between reactions 1 and 2 will determine whether any surface H*
formed results in overall oxidation or hydrolysis reactions.
Reaction 1 is second order in H* whereas reaction 2 is first order,
indicating higher surface coverages will show greater tendency
towards hydrogen evolution.

Significant debate exists in the literature as to whether gold is
active for hydrolysis of borohydride.’>¢*11¢ Ay electrodes are
typically considered relatively inert for hydrogen oxidation/
evolution due to weak binding of H atoms and a low activity for
breaking the H-H bond of H,."'” For Au electrodes to be active
for borohydride oxidation, they must be active for breaking B-H
bonds. Evolution of H, may then result from any surface H*
formed. To begin an analysis of whether H, may be expected to
evolve, we can neglect the rate of borohydride conversion reac-
tions and calculate the surface coverage of H* that would be in
equilibrium with borohydride and borate ions. Surface hydrogen
may be generated through the overall reaction:

BHy 4q + 2H20,q + 8% — 8H* + BO, g 3)

The chemical potential of the solution phase species was
calculated as described previously,>® and the free energy of H*
on the Pt(111) and Au(111) surfaces was calculated at coverages
of 1/9, 1/3, and 1 monolayer (mL, where 1 mL represents 1

adsorbed H atom per surface metal atom) using the vacuum slab
DFT model. The reaction free energy of eqn (3) is then calculated
as a function of surface coverage and used to determine the
equilibrium coverage of H* given the concentration of the
solution phase species. A borohydride solution concentration of
0.03 M is consistent with typical experimental conditions,**
however, the borate ion concentration is typically undefined. A
value of 10~ M was used for the borate ion concentration,
consistent with the value used for the “undefined” ion concen-
tration in evaluating dissolution potentials within a Pourbaix
diagram.'"® Following this procedure, the equilibrium surface
coverage of H* via eqn (3) on Auis 0.26 mL and on Ptis 1.00 mL.
This is not necessarily the actual H* coverage during oxidation
or hydrolysis because we assumed all elementary steps in eqn (3)
are fast and neglected reactions 1 and 2 that consume H* species.
These high hypothetical coverages simply confirm that both the
H* oxidation and evolution reactions are thermodynamically
favorable. These coverages represent that which would be in
equilibrium with a hydrogen pressure of 1 x 10" atm (a virtual
H, pressure,'**?° calculated considering the equilibrium of eqn
(1)) on either metal. As expected from the favorable equilibrium
of the evolution reaction, there is a substantial driving force to
hydrogen gas evolution if the catalyst is capable of all elementary
steps necessary to produce the 8H* species in eqn (3).

Creation of this high hydrogen surface chemical potential
requires activity for dissociation of B-H bonds. Four surface
hydrogen atoms may be generated from breaking B-H bonds,
however, neither Pt or Au has sufficient activity for this at
potentials near the borohydride oxidation equilibrium potential
(—1.24 V (NHE)). Further reaction of adsorbed BH* on Pt is not
favorable until potentials greater than approximately —0.72 V
(NHE). At potentials above —0.72 V, all B-containing species
can be oxidized from the surface. The combined borohydride
oxidation/hydrolysis over Pt electrodes is therefore significantly
faster than non-electrochemical hydrolysis because an oxidation
overpotential promotes BH* conversion. The combined hydro-
lysis—oxidation reaction occurs through a combination of B-H
bond breaking steps, which may produce H, gas or result in
oxidation depending on the kinetic competition between eqn (1)
and (2), and B-OH bond forming oxidation steps. At low
potentials, H* evolution to H, gas may outcompete oxidation,
resulting in 4 electrons and two molecules of H, gas produced per
borohydride molecule converted. At higher potentials, oxidation
outcompetes with evolution and 8 electrons may be produced per
borohydride molecule. Borohydride ion mass transfer limitations
may impact the overall rate at high overpotentials, limiting the
coverage of H* and therefore further allowing oxidation to
compete with evolution. This analysis is consistent with the
experimentally observed Pt electrode transition from 4 electrons
per borohydride molecule at low current/potential to 8 electrons
at high current/potential.*®

Kinetic limitations to generating a high surface coverage of H*
are more severe on Au than Pt, as Au is less effective at breaking
B-H bonds. However, at potentials high enough for B-H bond
dissociation to be favorable, the same competition between
evolution and oxidation of adsorbed H* will dictate the number of
electrons produced per borohydride molecule. Therefore,
between 4 and 8 electrons may also be expected on Au, in line with
the variation observed experimentally.5®¢%1¢ This analysis also
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provides for consideration of how BH4~ concentration and pH
impact the selectivity to direct oxidation. As borohydride
concentration is increased, the equilibrium of eqn (3) shifts to the
right and a higher coverage of H* may be expected. Higher
hydrogen coverage promotes evolution due to the larger reaction
order in H* coverage. This is in agreement with the experimental
observation that selectivity to direct oxidation over hydrolysis
improves for lower borohydride concentrations.®® A higher
hydroxyl concentration will increase the rate of the oxidation
reaction (eqn (2)), in agreement with the experimental observation
that higher pH results in greater selectivity to direct oxidation.>*

As the coverage of H* produced is expected to be lower on Au
than Pt, Au electrodes are expected to be more selective to direct
oxidation than Pt electrodes. Additionally, as B-H dissociation
reactions do not become favorable until larger overpotentials,
oxidation may be more competitive with evolution when boro-
hydride conversion occurs. Generally, Au electrodes are indi-
cated to be more selective to direct oxidation than Pt
electrodes.®® Direct comparison between the theoretical results
and a specific electrokinetic experiment is challenging because we
have not directly considered the relative rates of eqn (1) and (2)
computationally and because the experimental selectivity to
direct oxidation may be impacted by relative mass transfer rates
and whether the electrode configuration allows for re-adsorption
and oxidation of H,. As any catalyst active for borohydride
oxidation must be capable of breaking B-H bonds, improving
selectivity to direct oxidation requires increasing the rate of
reaction 2 with respect to reaction 1. This may be done by
isolating active sites to avoid H-H bond formation, however, this
is in conflict with the requirement that the active site be capable
of catalyzing multiple B-H dissociation steps. For example,
thiourea addition, which is thought to suppress the Tafel process
(eqn (1)),*** reduces the extent of H, production over a Pt elec-
trode but also shifts the borohydride oxidation reaction to more
positive potentials.>?

5.3 Could there be a material that catalyzes borohydride
oxidation at a potential lower than the reversible hydrogen
oxidation potential?

The borohydride oxidation reaction occurs on Pt electrodes at
a potential close to the equilibrium potential of hydrogen
oxidation (—0.83 V (NHE)), prompting speculation that oxida-
tion must proceed sequentially through gaseous hydrogen
production followed by hydrogen oxidation. This may lead to the
erroneous conclusion that any catalyst active for hydrogen
evolution cannot oxidize borohydride at potentials lower than
the standard (1 atm H,) hydrogen oxidation equilibrium poten-
tial. DFT results indicate that borohydride oxidation over Pt
cannot occur at potentials lower than —0.85 V due to inactivity
for oxidizing adsorbed BH* rather than limitations in oxidizing
H, gas. Were a catalyst active for all elementary steps oxidizing
boron-containing species from the surface, the surface coverage
of H* produced would greatly exceed that in equilibrium with 1
atm of H,, and therefore the equilibrium for oxidation at 1 atm
H, is not relevant as a limiting potential. The oxidation of this
surface bound hydrogen could occur at potentials lower than the
standard equilibrium potential at a given pH, and thermody-
namic consistency requires that the virtual pressure of H, above

the catalyst, if all elementary reactions involved in eqn (4) are
fast, is equivalent to that at which the equilibrium oxidation
potential would be —1.24 V (NHE). Developing a catalyst to be
active at potentials below the standard equilibrium potential
requires activity for all borohydride oxidation reactions as well
as competition of the H* oxidation reaction with evolution.

5.4 Are there stable surface bound intermediates in the
borohydride oxidation reaction?

The stable surface bound intermediates of borohydride oxida-
tion likely differ among catalyst materials. Based on DFT
calculations, a possible stable intermediate may be identified as
a species for which the free energy of production is negative and
the subsequent conversion step has a positive free energy or
a high activation barrier. Species further along the oxidation
reaction coordinate become relatively more stable as the elec-
trode potential becomes more positive, therefore the stability of
intermediates may change with potential. On the Pt(111) surface,
formation of the BOH* and B(OH),* species is exoergonic but
their subsequent conversion steps are uphill in energy at poten-
tials below approximately —0.8 V (NHE) and the BH* species is
stable at potentials below —0.72 V (NHE). Conversions of
BOH* and B(OH),* are only slightly uphill in energy, and as
further reaction of these species occurs with small activation
barriers and is followed by further exoergonic reactions, neither
is likely to achieve a high concentration on the surface. BH*
coupling with hydroxyl species to form BHOH* also likely
occurs over a low barrier on Pt(111), and as such BH* may only
be an observable surface bound intermediate at low potentials.
Based on the DFT calculated reaction energy diagram, the
elementary reactions may be grouped into kinetically relevant
reaction sequences:

BH; oq + 4* — BH* + 3H* + ¢~
fast, all relevant potentials 4)

BH* + OH -, + * — BOH* + H* + ¢~
slow below ~—0.8 V (NHE) (5)

BOH* + 20H,, — * + B(OH)s* + 2¢-
fast above ~—0.9 V (NHE) (6)

Progress through these reactions determines the overall
activity, whereas competition between reactions 1 and 2 deter-
mines whether the 4H* species generated in steps 4 and 5 result in
oxidation or hydrolysis.

Over the Au(l111) surface, the free energy to form BH;*,
BH,OH#*, and BH(OH),* from an aqueous borohydride ion is
negative and the activation barrier to further convert each of
these species is greater than 0.40 eV at potentials below —0.3 V
(NHE). These species may be observed on the catalyst surface,
consistent with the FTIR spectroscopy observation of a B-H
related vibrational absorption that shifts with electrode poten-
tial.*> Each of these is also a closed shell molecule in the gas
phase. The binding energies of BH,OH* and BH(OH),* to the
Au(111) surface are less than —0.1 eV, indicating desorption is
favored compared to further reaction at all potentials of interest.
Their hydroxylated anion forms (BH,(OH),™ and BH(OH);")
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may be partial oxidation products. The binding energy of BH5*
to the Au(111) surface is —0.55 eV, indicating that desorption is
favored with respect to further oxidation at potentials below
—0.67 V (NHE). Desorption of this species from the surface may
be expected to form the BH;OH™ ion in alkaline solution, with
selectivity to further oxidation versus desorption increasing at
more positive potentials. The BH;OH™ ion has been speculated
as an intermediate solution phase product over Au electrodes
based on rotating ring-disk electrode experiments.*%° Our
results indicate that a molecularly adsorbed BH;OH* is unstable
with respect to formation of BOH* and 3H* over the Au(111)
surface, and therefore will oxidize at lower potentials than BH4*.
This result is consistent with the experimental observation that
BH;OH~ species generated from NH3;BH; decomposition
oxidize at a potential ~0.4 V lower than BH,~ species on Au
electrodes.®*'?> Computational results therefore indicate that
BH;OH* may form through surface reactions, however, further
dehydrogenation at the surface would be extremely rapid.
Solution phase BH;0H ™ may be formed instead through surface
generation of BH3*, which desorbs and is hydroxylated in
solution.

6. DFT guided design of borohydride oxidation
electrocatalysts

A few encouraging borohydride oxidation studies have demon-
strated the ability to modify the performance of noble metal
anodes through alloying. A majority of studies investigating
binary metal anodes have mixed a metal presumably less active
for hydrogen evolution (Ag and Au) with a more active metal (Ir,
Pd, Pt, and Ni).107123-12% Encouraging results have suggested that
the activity of Au or Ag anodes can be improved by adding
a metal more active for dehydrogenation (Ir, Pd, or Pt) while also
maintaining high coulombic efficiencies.'?”-'2%12412° Though these
studies are encouraging, the surface composition of the binary
metal is typically undefined, the performance of the pure metal
catalysts used for comparison often varies substantially between
studies, and it is often unclear if the active surface area is
maintained constant among catalysts tested in a single study.
These results illustrate the potential for alloy design to improve
the performance of DBFC anodes, however, the limited testing
of alloy performance and the absence of mechanistic insight to
drive design leave open the possibility of further advancements.
Initial attempts at using DFT methods to predict the kinetic
performance of bimetallic catalysts have initiated in our group,
and initial results are presented below.

Section 5.1 indicated that the major difference in performance
between Au and Pt electrodes is in the activity for breaking B-H
bonds. The initial borohydride ion adsorption step (including
displacement of a water molecule from the surface)

BH4iaq + HQO* - BH4* + Hzoaq +e- (7)

is used as an initial computational screen for improved borohy-
dride oxidation catalysts. On the Au(111) surface, this initial
adsorption is molecular, producing a BH4* species, and is not
favorable until potential near 0 V (NHE). On the Pt(111) surface,
adsorption is dissociative, producing BH* + 3H*, and favorable
at all relevant potentials. An optimal catalyst will favor

Table 2 The DFT calculated borohydride free energy of adsorption
(reaction 7) to late transition metal surfaces at —0.5 V (NHE). 3 x 3
surface cells of the close-packed (111) and (0001) surfaces were used for
fcc metals and hep metals. An “M” indicates that adsorption is molec-
ular, generating a surface BH4* species, and a “D” indicates that
adsorption is dissociative, generating BH* and 3H* species

Co Ni Cu

—1.25D —-1.97D —0.44M
Ru Rh Pd Ag
—1.60D —1.48D —2.16D +0.05M
Os Ir Pt Au
—1.85D -2.01D —1.85D + 0.54M

molecular adsorption, thereby avoiding establishing a high
surface H* coverage that promotes H, evolution, while also
providing for a stronger adsorption interaction than the Au(111)
surface, enabling oxidation activity at lower potentials. Our
initial DFT guided alloy design approach is to search for bime-
tallic surfaces that will offer favorable molecular adsorption at
a potential of —0.5 V (NHE). Prior to evaluating bimetallic
surfaces, the adsorption free energies of all late transition metal
surfaces were evaluated at —0.5 V (NHE). These values are
reported in Table 2. Only the Group 11 (Cu, Ag, and Au)
surfaces give molecular adsorption, whereas adsorption is
dissociative and highly exoergonic on all Group 8-10 metals. At
—0.5 V (NHE), adsorption to Au(111) and Ag(111) surfaces is
endoergonic, whereas the Cu(111) surface offers molecular and
favorable adsorption.

The calculated adsorption free energy of borohydride
adsorption suggests copper electrodes may be ideal for borohy-
dride oxidation. However, copper is not stable with respect to
oxidation at a pH of 14 and potentials above —0.4 V
(NHE)."3131 Au—Cu binary metals are more stable to oxidation
than pure copper,'*>3** motivating our consideration of Au-Cu
surfaces as possible borohydride oxidation catalysts. Fig. 8
illustrates the adsorption geometry for BH4* on the Au,Cuy(111)
surface. Adsorption to this surface is molecular with an
adsorption free energy of +0.32 eV at —0.5 V (NHE). If this free
energy shift carries throughout the oxidation mechanism,
a —0.22 V shift to lower potentials is predicted for borohydride
oxidation over this Au-Cu surface with respect to pure Au.
Realizing the DFT predicted potential shift requires synthesis of
a Au—Cu binary metal surface with a similar metal ratio in the
surface layer, potentially challenging given the tendency of Au to

Fig.8 The structure of BH,* adsorbed to the Au,Cu,(111) surface. Top
and profile views are given.
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surface segregate in Au—Cu binary mixtures under vacuum.'*s

The electrochemical environment may not offer the same surface
segregation tendencies, and the synthesis of Au-Cu metal
nanoparticles has been demonstrated with surfactant stabiliza-
tion."*%137 We are currently pursuing further DFT studies of the
complete borohydride oxidation mechanism over Au-Cu
surfaces together with experimental electrokinetic studies of Au—
Cu electrodes. The mechanistic insight provided by DFT
methods will allow for further computational screening of binary
metals, and provide new leads for active and selective borohy-
dride oxidation catalysts.

7. Summary

The development of improved borohydride electrooxidation
catalysts is necessary for increased borohydride fuel cell appli-
cation for portable power generation. The complex eight electron
oxidation reaction has made experimental mechanism determi-
nation difficult, motivating the use of DFT methods for mech-
anism elucidation and design of improved oxidation catalysts.
The application of DFT methods to the electrochemical envi-
ronment is challenged by the length and time scales associated
with solvation and double-layer structure. Recent advances have
provided a number of DFT based approaches that allow for
electrocatalytic mechanism evaluation and electrode design. Our
group has applied DFT methods to the borohydride oxidation
mechanism over Pt(111) and Au(111) surfaces. Specific conclu-
sions reached based on DFT results include: (1) the activity for
B-H dissociation reactions dictates the relative catalyst activity
and (2) the relative rates of surface hydrogen evolving as H, gas
or oxidizing from the surface determine the overall selectivity to
hydrolysis or oxidation. An optimal catalyst will offer higher
activity for B-H bond dissociation than Au electrodes together
with higher selectivity to oxidation of surface H* than offered by
Pt electrodes. DFT methods were used to predict that
a Au,Cuy(111) surface will oxidize borohydride at an over-
potential approximately 0.2 V lower than a pure Au(111) surface.
Rational design of binary metal surfaces, based on mechanistic
insight obtained via quantum chemical methods, may lead to
improved catalyst compositions that increase the fuel efficiency
and power density of direct borohydride fuel cells.
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