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ABSTRACT OF THE DISSERTATION

Transition Metal Boride Nanoparticles for Hydrogen Evolution Reaction Electrocatalysis

by
Sang Bum Kim

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, September 2025
Dr. Boniface P. T. Fokwa, Chairperson

Green hydrogen production demands electrocatalysts that are efficient, durable, and
composed of earth-abundant elements, particularly under device-relevant current densities
(>10%-10° mA cm™). This thesis advances transition-metal boride (TMB) electrocatalysts
for the hydrogen evolution reaction (HER) by coupling low-temperature redox—flux
synthesis with precursor/feed-chemistry control to access nanoscale, boron-rich phases that
operate at electrolyzer-level currents. First, vanadium substitution stabilizes a-MoB,
enabling single-phase Vo.3Moo 7B nanoparticles that outperform commercial Pt/C at high
currents: an overpotential of 0.452 V achieves 1000 mA c¢cm™ in 0.5 M H2SOs, nearly half
that of Pt/C (niooo = 0.837 V). Mechanistically, Vo3Moo7B exhibits the largest
electrochemically active surface area (Cai = 18.6 mF cm™) and the lowest charge-transfer
resistance (Ret = 35.2 Q) among the Mo-boride controls, consistent with dense active-site

populations and facile charge transport.

vii



Next, we map a MoB: synthesis space in which stoichiometric or B-rich feeds,
moderated by Sn flux, access phase-pure MoB, (MoB»-SP) or MoB»/B composites under
mild ramps (800 °C, 2 °C min™!), clarifying how excess boron promotes phase purity but
can introduce resistive B-rich overlayers. Finally, we develop a halide-directed iodide/KCl
route to nanosized RuB>/RuzB3 (I-RuB2/RuxB3) and benchmark it head-to-head against a
conventional RuCls/Sn route: the iodide path yields smaller particles and superior activity
(0.5 M H2SO4: 13.0/101.7 mV at 10/150 mA cm?; 1 M KOH: 15.6/122 mV), sub-30 mV

dec’!

Tafel slopes, and ~97% retention after 5000 cycles in alkaline electrolyte.
Collectively, these results establish precursor/flux-engineering principles that enable true

nanosizing of boron-rich TMBs and deliver HER performance competitive with noble-

metal benchmarks at technologically relevant current densities.
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Chapter 1.
Introduction
1.1. An Overview of Hydrogen Energy and Electrocatalysts

Hydrogen is increasingly viewed as a versatile energy vector for decarbonizing
hard-to-abate sectors (refining, ammonia, steel, shipping) and for integrating high shares
of variable renewables by providing long-duration storage and sector coupling.!? Its role
within a net-zero energy system underpins the contemporary “hydrogen economy,” with
near-term supply and demand growth hinging on scalable low-emission production.®* In
this context, electrochemical energy conversion and storage technologies intensify the need
for efficient, durable, and earth-abundant catalysts to reduce cost and accelerate
deployment.’

At present, most hydrogen is generated thermochemically by steam-methane
reforming and coal gasification, processes that are CO»-intensive unless paired with carbon
capture.® By contrast, water electrolysis—splitting water into H» (cathodic hydrogen
evolution reaction, HER) and O, (anodic oxygen evolution reaction, OER)—offers a clean,
flexible route that can be directly coupled to renewable electricity in both PEM and AEM
electrolyzers.>”® Platinum remains the state-of-the-art HER catalyst, and Ir/Ru oxides set
acidic-OER benchmarks, but cost and scarcity limit scale-up, motivating discovery of non-
precious alternatives.”!® Design principles such as the HER volcano based on AGu+ and
interfacial kinetic effects (especially in alkaline media) guide materials optimization and

benchmarking.!!-13



Intense efforts have yielded noble-metal-free HER catalysts that rival Pt under
optimized compositions and microstructures. Transition-metal chalcogenides (e.g., MoS>)
demonstrate edge-site activity and phase/defect engineering routes to high
performance.®!*!> Transition-metal carbides deliver near-Pt activity when nanoscaled and
support-engineered, with trends rationalized by electronic descriptors.'® Nitrides provide
bifunctional pathways and interface-engineered activity across pH.!”"!” Phosphides (e.g.,
Ni2P, CoP) are robust, acid-tolerant HER catalysts with well-defined active motifs and
scalable architectures.?®??> Recently, transition-metal borides (TMBs) have garnered
attention for combining low cost with high HER activity and stability in both acidic and
basic electrolytes, where structure—activity relationships implicate boron frameworks (1D
chains, 2D sheets, 3D networks), lattice parameters, and site occupancy in tuning electronic
structure and hydrogen adsorption thermodynamics.?*** Beyond composition and crystal
chemistry, catalytic metrics can be enhanced by nanosizing—achieved via metallic flux
(e.g., Sn-assisted) growth, molten-salt routes, and plasma syntheses—together with
electronic/defect engineering through doping, substitution, and grain-boundary control;
these collective strategies motivate this thesis to elucidate and improve the HER

performance of TMB nanoparticles.?



1.2. Hydrogen Evolution Reaction (HER)

0, In acidic solution
Cathode: 4H* + 4e — 2H,
F_ Anode: 2H,0 — O, + 4H* + 4e
2H,0 — 20, +2H,

.; In alkaline solution

‘e Cathode: 4H,0+4e- — 2H, +40H-

= Anode: 40H- = 05+ 2H,0 + 4e
Cathode-HER Anode-OER 2H,0 20, + 2H,

Figure 1.1. (left) Scheme of water electrolysis system and (right) different reactions in
acidic and alkaline solution®

Figure 1.1 depicts a two-electrode water-electrolysis cell in which H> forms at the
negatively charged cathode (HER) and O; at the positively charged anode (OER), separated
by an ion-conducting diaphragm/membrane that minimizes product crossover while
completing the ionic circuit.?® The overall reaction is 2H,O — 2H» + O, whose reversible
potential is 1.23 V at 298 K and 1 atm.?’ In practice, a higher cell voltage is required
because each elementary cathodic or anodic step must surmount an activation barrier; these
kinetic barriers appear experimentally as overpotentials () that add to the reversible
potential.>”»?® For HER on metals, 1 reflects the barrier for forming adsorbed hydrogen
(Volmer), recombining/desorbing H, (Tafel/Heyrovsky), and reorganizing the interfacial
solvent/ions, so the electrode material (and its surface structure) directly controls the
needed driving force.”’ Additional voltage is lost to ohmic (iR) drop through electrolyte,
separator, and contacts, which can be reduced by design (high conductivity, short ion paths)

and corrected during analysis by iR compensation.’®3! Mass-transport polarization and



bubble coverage at gas-evolving surfaces can further raise the apparent cell voltage; flow

fields, porous/rough electrodes, and hydrophobic patterning are commonly used to

alleviate these effects.?>*
(a) Acidic HER H H:
."""' i .I:' ) -'- ..__. ) I.". . H
H H :.-' Volmer-Tafel mechanism H Volmer-Heyrovsky mechanism; H
L 1 ¥ ] ¥ I |
A s A
H i H H i
i H %“a
".'.- H -__.'.- "._Il H __."-
(b)  Aikaline HER ‘t\ -z~\
P o - 5
L
Pt
o it O 5
.--i.h II:,- -__-- II-'; '._.I H
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> " \
: : = A

e U . . i e
e O oy -
] £ }T_L——I-

Figure 1.2. HER mechanisms in (a) acidic and (b) alkaline solutions.*®

The classical HER mechanisms at the cathode are illustrated in Figure 1.2. In acidic
media (top, Figure 1.2a), adsorbed hydrogen (H*) is generated by the electrochemical
Volmer step (H" + e~ + M — M-H?*), followed either by chemical recombination of two
adsorbates (Tafel: 2M—-H* — 2M + Hb») or by electrochemical desorption (Heyrovsky: M—

H* + H" + e — M + H»).3!*° In alkaline media (bottom, Figure 1.2b), the Volmer step



requires water activation (H,O + e~ + M — M—H* + OH"), introducing an additional barrier
associated with breaking the O-H bond and reorganizing interfacial water.’**’ The
diagrams also highlight how bifunctional surfaces—e.g., a metal site that binds H* adjacent
to an oxide/hydroxide site that facilitates HoO dissociation—can accelerate the alkaline
Volmer step.>® These pathways leave distinct kinetic signatures: when Volmer is rate-
limiting, Tafel slopes approach ~120 mV dec™; when Tafel controls, ~30 mV dec™; and
when Heyrovsky controls, ~40 mV dec™, assuming ideal transport and minimal series
resistance. Thus, Figure 1.2 links molecular steps to the macroscopic polarization behavior

used to benchmark catalysts.!!*
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N: j"
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o ¥
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Figure 1.3. HER volcano plot. The data points are measured exchange current density
plotted versus the calculated free energy of H adsorption at U =0 V. The metals on the left
side of the volcano have high H coverage (1 ML) and the metals on the right side low H
coverage (0.25 ML). The line is a prediction by a kinetic model in which all input
parameters are taken from DFT calculations.*



Figure 1.3 plots exchange current density (log i0) versus the Gibbs free energy of
hydrogen adsorption (AGhu#), producing the well-known “volcano” that captures the
Sabatier principle for HER.*® Metals on the left flank (AGu+ < 0) bind H* too strongly—
adsorption is facile but H» release is slow—whereas metals on the right flank (AGu* > 0)
bind H* too weakly, limiting H* formation (slow Volmer).*’ The apex near AGu+ = 0 eV
reflects an optimal balance; Pt sits close to this maximum, while base-metal surfaces
populate the flanks (e.g., Ni/Co/W/Mo on the strong-binding side; Cu/Au/Ag on the weak-
binding side).*! Practically, one can draw a candidate onto the volcano by estimating its
AGu= from DFT or spectroscopic surrogates and projecting horizontally to the curve to
anticipate an intrinsic io (and, by extension, the overpotential at a given current).!'*? This
mapping is now used broadly—from noble metals to sulfides/carbides/borides—to screen
materials and to rationalize why improving alkaline HER often also requires sites that

promote water dissociation in parallel with near-thermoneutral H* binding.*>*’

1.3. Transition Metal Borides (TMBs) and their Nanoparticles
1.3.1 Transition Metal Borides in HER
TMBs span a rich set of crystal chemistries (e.g., AlB>-type diborides with planar
“graphene-like” B layers, and more complex boron nets or chains as shown in Figure 1.4)
that hybridize metal d-states with B sp-states to create conductive frameworks and tunable
hydrogen-binding ensembles.***> These bonding motifs make TMBs an attractive,

designable class of bulk HER cathodes in which crystal structure (and thus surface-



projected electronic structure) provides levers complementary to those in carbides, nitrides,

or phosphides.?’
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Figure 1.4. Different structures formed by boron atoms in transition metal borides. (a)
isolated atomic boron, (b) pairs, (c) zig-zag chains, (d) straight chains, (e) extended chains,
(f) double chains, (g) triple chains, (h) corrugated networks, and (i) flat networks of boron
atoms.**

Within the Mo-B system, phase-resolved studies established a clear boron-
content/activity trend for bulk arc-melted phases: MoB; and -MoB exhibit superior HER
kinetics and stability, outperforming a-MoB and Mo,B under acidic testing; these results
directly tied structure to activity at identical mass transport and measurement conditions.

46 At the same time, introducing alternating boron sublattices in bulk Mo,B4 (graphene-

like vs phosphorene-like layers) revealed strikingly different surface activities: DFT and



experiments showed that the graphene-like B layer hosts near-optimal H adsorption,
whereas the puckered, phosphorene-like layer is far less active—Ilinking crystallography to
site-specific AGn+ on a single compound.*’ Together, these two Mo—B exemplars (MoB2/B-
MoB vs M0:B4) demonstrate how boron topology and metal-boron hybridization govern
HER in bulk borides.

AlB>-type solid solutions offer a second structural handle. In Cri-xMoxB», a
canonical (“canonic-like) variation of the c-lattice parameter with composition tracks
intrinsic HER activity in acid, with a maximum near x = 0.6; notably, at high current
densities the best bulk compositions rival or even surpass Pt/C while retaining robustness.
This composition—structure—activity correlation underscores how tuning the metal d-
band/B-sp interaction through lattice chemistry can optimize H* binding on extended bulk
surfaces.*®

Beyond Mo-based borides, bulk vanadium borides extend the design rules.
Systematic measurements showed that HER activity in VB and V3B4 scales with boron-
chain condensation—a crystallographic descriptor that increases the density and quality of
B-B units participating in favorable adsorption ensembles—providing a predictive,
structure-aware pathway to select active bulk phases before synthesis.>* A related line on
VB: with graphene-like B layers reported high bulk activity and durability consistent with
DFT-identified active terminations, further supporting the central role of boron topology
across chemistries.*

Finally, recent work has highlighted an electronic mechanism—antibonding—

vacancy coupling in diborides—that boosts HER by aligning metal-boron antibonding



states near the Fermi level and stabilizing surface vacancies to tune AGux. Although
demonstrated alongside redox-flux chemistry, the underlying electronic principle directly
concerns bulk-terminating AlB»-type surfaces and offers a route to engineer active sites via
controlled non-stoichiometry and defect chemistry in bulk crystals.*®
1.3.2 TMB Nanoparticles for enhanced HER

Nanostructuring transition-metal borides (TMBs) typically boosts apparent activity
by enlarging the electrochemically active surface area (ECSA) and, in favorable cases,
shifts intrinsic kinetics by exposing metastable terminations and under-coordinated
metal/boron ensembles; however, obtaining crystalline, phase-pure TMB nanoparticles is
nontrivial because strong, directional B-B covalency and refractory thermodynamics bias
conventional syntheses toward high temperatures (sintering, grain growth) or toward low-
temperature borohydride routes that often yield amorphous M—B gels requiring annealing
that coarsens particles and mixes phases.’' > Solution impurities (e.g., oxygenated boron
species) and immiscibility issues further complicate colloidal control relative to oxides or
chalcogenides, motivating alternative chemistries such as metal-immiscibility/flux
strategies and rapid metathesis routes that can deliver crystalline nanoborides with tunable
surfaces.>*>>

Within this context, the first benchmarks from the Fokwa group established that
downsizing MoB:> to nanoparticles markedly improves HER exhibiting low onset
overpotentials (=154 mV at 10 mA cm™ in 0.5 M H>SOs) and Tafel slopes near ~50 mV
dec™, outperforming prior microscale/bulk analogues and revealing that accessible B-

terminated facets are catalytically competent.’® In a companion study, VB>—whose crystal



structure features graphene-like B layers—was prepared both as bulk and as nanoparticles;
DFT and experiments together showed fast HER kinetics and durability over wide pH, with
the nanoscale material providing higher geometric activity at matched loading by
combining favorable H* binding with rapid charge transport through the B sheets.*
Methodologically, a general redox route using Sn/SnCl> (and the immiscibility of Sn with
B) provided a versatile way to access crystalline nanoscale borides (3d—5d; multiple Mo—
B phases), opening a palette of particle sizes and terminations that could be correlated to
HER performance.’’

Beyond these early exemplars, phase-engineered nanosheets of f-MoB> and a-
MoB: prepared by Liu & Gong via a controllable route showed further improvements in
exchange current and nio over bulk, attributed to abundant edge sites and short diffusion
paths in the nanosheets.’®* Extending to W-borides, AlB,-type WB2-191 nanosheets made
by a one-step molten-salt synthesis displayed low overpotentials (=121 mV in acid; =147
mV in 1.0 M KOH at 10 mA cm™?) and long-term stability, underscoring that
nanostructuring plus the “flat” B layers of the 191 polytype can rival precious-metal
benchmarks under practical current densities.> As a complementary synthetic advance
(useful for catalyst libraries), rapid solid-state metathesis has produced crystalline
Fe/Co/Ni monoboride nanoparticles that function as bifunctional water-splitting catalysts,
highlighting a scalable path to phase-pure nanoborides without severe sintering.>® Finally,
recent colloidal work now achieves phase-pure Ni;B/Ni:B nanocrystals under 400 °C,
explicitly documenting how oxygenated boron shells can form and be managed—practical

guidance that also applies to late-transition-metal borides pursued for HER.>
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Heterostructuring at the nanoscale further elevates TMB performance by
combining fast H adsorption sites* with adjacent promoters that accelerate interfacial
water dissociation (critical in alkaline electrolytes). Co.B/MoB:> heterostructured
nanoclusters prepared by molten-salt electrochemistry show pH-universal activity and
small Tafel slopes, with DFT attributing rate gains to interfacial charge redistribution and
optimized AGu+.*® A Mo—Ru-B nano-heterostructure synthesized by molten-salt assisted
routes exhibits reduced overpotentials and excellent durability, consistent with a
bifunctional mechanism in which boride domains modulate H binding while Ru-rich sites
aid Volmer kinetics in base.’! Related studies on NizB/MoB nanosheets with grain-
boundary-rich heterointerfaces—and, separately, deliberate MoB-Ni:B interfaces—
demonstrate that interfacial band alignment and strain optimize AGu+ and lower charge-
transfer resistance, delivering high intrinsic activities in both acid and base.5?¢3

Lastly, looking ahead to Chapter 2, vanadium-stabilized MoB nanoparticles
(VosMoo7B) were synthesized with Sn/SnClh-redox method that maintain near-
thermoneutral H-binding while preserving nanoscale morphology at high current densities;
notably, these nanoparticles sustain industry-relevant rates with limited n growth and

robust stability, an observation we revisit in Chapter 2 with a detailed structure—property

analysis.%*
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1.4. Synthesis Method

A central synthesis in this work follows Jothi et al. (UCR), who introduced a simple,
general route to nanoscale TMBs by exploiting the immiscibility of Sn and B: metallic Sn
acts simultaneously as a solvent/flux and as a redox partner (with SnCl), driving boridation
of early transition metals at relatively low temperatures while inhibiting boron loss and
suppressing coarsening.’’

All the chemicals used in the experiment were handled in a nitrogen-filled
glovebox. Anhydrous metal sources (Ch.2: MoCls, VCl3; Ch.3: MoCls, Ch.4: RuCls, Ruls),
elemental boron, and Sn powder (Ch.4: KCI for Rulz) were mixed in a mortar and pressed
into a pellet in the glovebox. The pellet was then sealed in a quartz ampoule under vacuum
or argon atmosphere. Different molar ratios of metal sources:B:Sn were used for different
samples. The sealed quartz ampoule containing the pellet was then heated in an electric
furnace for target time at target temperature. Upon completion of the reaction, the ampoule
was opened to reveal a dark-colored product (pellet, powder for Ch.4), which was then
ground into powder and treated in approximately 10% concentrated HCI until all the side
phases dissolved or removed, then washed with deionized water and ethanol, then dried

overnight at 65°C. X-ray diffraction analysis was done for the resulting powder.
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1.5. Characterization Techniques
1.5.1 Powder X-ray diffraction(PXRD)

Ch.2: PXRD measurements were performed using Rigaku Miniflex-600 (Japan).
The scanning voltage was 40 kV, and the scanning current was 15 mA which was generated
by Cu K, radiation (A=1.5418 A).

Ch.3,4: PXRD measurements were performed using Malvern PANalytical
Empyrean Series 2 to analyze the crystallinity and composition of the samples. The
scanning voltage was 40 kV, and the scanning current was 40 mA which was generated Cu
K, radiation (A=1.54056 A).

The recorded PXRD patterns were refined using the Rietveld method as carried out
in the PDXL 2 software (Rigaku), along with preferred orientation analysis. The crystal
phases information was certified by the standard ICSD database.

1.5.2 X-ray photoelectron spectroscopy (XPS)

The XPS spectrum was recorded using a Kratos AXIS ULTRA PP XPS (Japan)
system equipped with a monochromated Al Ko X-ray source and a 165 mm mean radius
hemispherical electron energy analyzer. The XPS was used to interrogate surface
composition/oxidation states and boride vs oxide/borate signatures with contemporary
fitting protocols for transition-metal and boron core levels.5>%¢

1.5.3 SEM, EDS, TEM, and STEM

Scanning electron microscopy (SEM), Energy dispersive X-ray spectroscopy

(EDS) were used to characterize the surface morphology and mapping images using Nova

NanoSEM450 (Japan), equipped with a 50 mm? X-Max50 SD EDX detector.
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Transmission electron microscopy (TEM) / Scanning transmission electron
microscopy (STEM) were used to take the images and measure corresponding selected area
electron diffraction patterns with JEM-ARM200F (JEOL Ltd., Japan), operated at 200 kV.

Electron microscopy (SEM/TEM/STEM) provided morphology, particle-size
distributions, and interplanar spacings, complemented by EDS for qualitative
compositional mapping.

1.5.4 Brunauer-Emmett-Teller (BET)

Specific surface areas were determined by N> physisorption and BET analysis to
support ECSA normalization and to decouple geometric from intrinsic activity.®” The N»
adsorption-desorption isotherms were collected at 77 K on an Anton Paar NOVA 800.
Samples were outgassed under vacuum at 100 °C for 6 h (ramp 5 °C min™'); free space was
determined with He prior to adsorption. The Brunauer-Emmett-Teller (BET) specific
surface areas were calculated from the adsorption branch using the Rouquerol criteria (N>
= 0.162 nm?). Pore-size distributions were obtained in Kaomi using a QSDFT adsorption
kernel for N> at 77 K with a mixed slit/cylindrical pore model (N> @ 77 K on carbon,
slit/cyl. pore, QSDFT Ads.”).

1.5.5 Electrochemical characterization

The electrochemical tests of the samples were carried out on a VSP electrochemical
workstation (Bio-Logic Science Instruments, France) using a three-electrode system:
prepared electrode of our sample as a working electrode, graphite rod and saturated calomel
electrode (SCE) as the counter and reference electrodes, respectively, in 0.5 M HxSOq

electrolyte solution. All the potentials are translated into the reversible hydrogen electrode
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(RHE) according to the equation: Erug = Escg + 0.242 V + 0.059xpH. All the
measurements were obtained by iR-drop compensation. Linear sweep voltammetry (LSV)
plots were used to measure electrochemical HER activity with a scan rate of 5 mV/s in the
potential range of -1.0 to 0 V vs. SCE. It was recorded after 10 cycles of cyclic voltammetry
(CV) tests in the potential range of -1.0 to 0 V to stabilize the current. The Tafel
equationn = blog j + a (where j is the current density, b is the Tafel slope, and a is the
intercept relative to the exchange current density jy) was used to calculate the Tafel slopes
by fitting the linear part of the Tafel plots. Electrochemical impedance spectroscopy (EIS)
was conducted at the overpotential corresponding to -10 mA cm™ current density by
applying an AC voltage over the frequency range from 500 kHz to 100 mHz with an
amplitude of 10 mV versus the open-circuit potential. The electrochemically active surface
area (ECSA) was estimated from CV tests using different scan rates within a non-faradaic
reaction region. The double-layer capacitance, Cq, was obtained from the slope of AJ = (Ja-

J¢) vs the scan rate.
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Chapter 2.
Vanadium-Stabilized MoB Nanoparticles Enable Hydrogen Evolution at Industry-

Relevant High Current Densities

Sang Bum Kim, Johan A. Yapo, Akira Yasuhara, Kunio Yubuta, Boniface P.T. Fokwa

Bulk molybdenum boride electrocatalysts have emerged as cost-effective
alternatives to platinum-based catalysts toward the hydrogen evolution reaction (HER),
particularly under harsh industrial conditions requiring high current densities. However,
differences in electrode preparation methods between molybdenum borides and Pt/C thus
complicate direct activity comparison. In this study, vanadium-stabilized molybdenum
monoboride (Vo3Moo7B) nanoparticles are synthesized and shown to outperform Pt/C at
industrially relevant current densities under the same experimental conditions, achieving
1000 mA cm™ with an overpotential of just 0.452 V compared to 0.837 V for Pt/C. Our
density functional theory (DFT) calculations demonstrate that Vo31MooeB exhibits
improved Gibbs free energy for HER (AGu =-0.12 eV) at high hydrogen coverages (80 to
100%), showcasing its superior catalytic activity at high current densities. Stability tests
demonstrate that the Vp3Moo7B electrode retains 97% of its performance after <28 h of
operation at 1000 mA cm™, positioning it as a compelling candidate for sustainable

hydrogen production.

S. B. Kim, J. A. Yapo, A. Yasuhara, K. Yubuta, B. P.T. Fokwa, Small 2025, 21, 2412693
(10.1002/smll.202412693)
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2.1. Introduction

The hydrogen evolution reaction (HER) in electrochemical water splitting is one of
the most promising pathways for clean hydrogen production. As global demand for
sustainable energy continues to rise, there is an increasing need for highly efficient,
durable, and cost-effective electrocatalysts to facilitate this reaction.! Although platinum-
based materials have been the benchmark catalysts due to their excellent performance, their
high cost and scarcity have driven research toward alternative catalytic materials based on
non-noble metals.>® The challenge lies in designing these cost-effective materials while
maintaining or improving catalytic efficiency and durability at the high current densities
required for industrial applications.* Among the various materials being studied,
molybdenum-based catalysts are recognized for their efficiency in the HER, presenting a
cost-effective alternative to platinum-based materials.” These catalysts—including

molybdenum carbides, nitrides, borides, sulfides, and phosphides®!!

—exhibit high activity
and stability across a wide range of pH conditions, enhancing their viability for sustainable
hydrogen production.'? Specifically, the mechanism of MoS: has been extensively studied,
revealing unique edge sites that facilitate hydrogen adsorption and desorption, a critical
aspect of effective catalytic action.'® Defects, such as vacancies or heteroatom doping, in
molybdenum-based catalysts, have been widely investigated and found to significantly
modulate the electronic structure of the catalysts, thereby increasing their active sites and

enhancing catalytic activity.'*!” This aspect of defect engineering is vital for optimizing

the performance of molybdenum-based catalysts in the hydrogen evolution reaction.
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Additionally, morphology changes®® and heteroatom doping?'*> have been shown to
influence catalytic performance.

Transition metal borides (TMBs) have emerged as a promising class of catalysts
for the HER due to their excellent catalytic activity and stability in both acidic and alkaline
electrolytes.”>?* Among the most studied TMBs for HER applications are the
molybdenum-based borides. Studies have explored the trend of boron dependency by
synthesizing and testing Mo.B, MoB, and MoB: for HER, with MoB>—containing the
highest boron content—exhibiting the greatest activity.?

Additionally, the flat hexagonal boron layer has been identified as the most
effective catalytic surface in molybdenum diborides.?® Subsequent studies on elemental
substitutions in AlB2-type compounds aimed to enhance catalytic activity while preserving
the flat boron layer. For example, substituting 40% Cr into MoB> produced the most active

1,>” while substituting 30% W into MoB; also improved its activity.?® Furthermore,

materia
strong hybridization between the d-orbitals of transition metals (TMs) and the sp-orbitals
of boron has been shown to significantly enhance the HER catalytic activity of TMBs.?
Combining TMBs with semiconducting materials has opened another avenue for designing
Mott—Schottky catalysts, which exhibit exceptional HER activity due to their unique
charge redistribution properties. For instance, the combination of MoB and graphitic
carbon nitride (g-C3N4) as a Schottky catalyst induces charge redistribution across the
interface, increasing the local electron density on the MoB surface. This enhancement

boosts HER performance by lowering the kinetic barriers to proton adsorption and

reduction.’® Similarly, TiB: encapsulated with polypyrrole (PPy), which serves as a Mott-
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Schottky center, facilitated electron transfer and improved the HER catalytic performance
of TiB: by reducing overpotential and increasing the number of active sites.’! These
approaches have proven effective in enhancing both the activity and durability of the
catalysts, offering promising alternatives to traditional noble metal-based catalysts.

While the above studies have primarily utilized bulk materials, the activity of TMBs
could be further improved by reducing their particle size to maximize the exposure of the
catalytic surface area. For example, the formation of a-MoB> nanoparticles through solid-
state metathesis (SSM) highlighted the potential of TMBs as HER catalysts at the
nanoscale.>? However, boron's high melting point (2200 °C) poses significant challenges
for producing dispersed nanoparticles, as the reaction requires high temperatures and
prolonged reaction times. This often results in large particle sizes, uncontrolled
crystallization, and mixed-phase products.?®** A major challenge in synthesizing TMB
nanoparticles is the need for an excess of boron in the feed. Despite significant efforts,
synthesizing nanomaterials such as MoB, MoB», and Mo2B has required excess boron,
leading to the presence of amorphous boron as a side phase.>>** For instance, a Mo:B ratio

d,*** while ratios of 1:8

of 1:2 was necessary for MoB using the Sn/SnCl, redox metho
and 1:4 were required for MoB; using the Sn/SnCl; redox and solid-state metathesis
methods, respectively.’?** Similarly, molten salt methods required Mo:B ratio of 1:5 for B-
MoB and 1:4 for 0-MoB.*%37 Although this excess boron is not always necessary for all
TMBs—an exception being VB»*®—other early transition metal borides, such as NbB: and

its ternary boride solid solutions, still face this issue.>**' The excess boron forms an

amorphous boron layer on the particles, which cannot be removed by any known method.
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This layer hinders particle conductivity and limits the exposure of active catalytic sites on
the surface, ultimately reducing catalytic performance.*?

Although significant breakthroughs in HER electrocatalysts have been reported
over the past decade, most evaluations have been conducted at relatively low current
densities, typically between 10 and 100 mA cm™. In contrast, industrial-scale hydrogen
production demands electrocatalysts that can operate efficiently at much higher current
densities, often exceeding 1000 mA cm™.**** Moreover, durability is a critical factor in
maintaining long-term catalytic performance under these conditions. As a result, recent
research has increasingly focused on developing electrocatalysts that are not only efficient
and cost-effective but also capable of sustaining high activity at large current densities. For
example, TMB-based bulk HER electrocatalysts, such as bulk Cro4Moo.sB>, have been
reported to perform at 800 mA cm?,?’ and high-pressure-synthesized bulk a-MoB; has
demonstrated activity and stability beyond 1000 mA cm™.* However, to the best of our
knowledge, reports of TMB nanoparticles capable of operating at such high current
densities are lacking.

In this study, we successfully synthesized and characterized a single-phase a-MoB
by incorporating vanadium into the a-MoB structure, yielding a-Vo3Moo7B (thereafter
referred to as Vo3Moo.7B) nanoparticles. The substitution of vanadium enabled synthesis
under milder reaction conditions, which facilitated the formation of smaller particles and
crystallite sizes, while maintaining a stoichiometric amount of boron in the feed. This
approach minimized the formation of an amorphous boron layer on the particle surfaces,

thereby enhancing catalytic performance. The experimentally observed outperformance of
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the benchmark Pt/C at high current densities was further corroborated by density functional

theory (DFT) calculations at high hydrogen coverages.

2.2. Experimental Section
2.2.1. Chemicals
Vanadium Chloride (VCls, powder, 99 %), Molybdenum Chloride (MoCls, powder,
99.95 %), boron (amorphous powder, 99 %) and Platinum on carbon (Pt/C, 20 %) were
obtained from Alfa Aesar. Sulfuric acid (H2SOs, 98 %) was purchased from Fisher
Scientific. Copper sheet and conductive carbon glue were obtained from Basic copper, Ted
pella, respectively. All chemicals were used without further purification.
2.2.2. Sample Preparation
All the chemicals used in the experiment were handled in a nitrogen-filled glovebox.
Anhydrous metal sources (MoCls, VCl3), elemental boron, and Sn powder were mixed in
a mortar and pressed into a pellet in the glovebox. The pellet was then sealed in a quartz
ampoule under vacuum or argon atmosphere. Different mole compositions
(VCI3:MoCls:B:Sn) used for different samples, specifically 0.3:0.7:1:2.0 for Vo.3Moo.7B,
0:1:1:2.0 for MoB/Mo, 0:1:2:2.5 for MoB/B. The sealed quartz ampoule containing the
pellet was then heated in an electric furnace for 4 hours at 800°C for Vo3MoosB and
MoB/Mo, and for 8 hours at 900°C for MoB/B with 20°C/min initial heating rate and
quenching afterwards. Upon completion of the reaction, the ampoule was opened to reveal
a dark-colored product (pellet), which was then ground into powder and treated in

approximately 10% concentrated HCI for one hour before washed with deionized water
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and ethanol, then dried overnight at 65°C. X-ray diffraction analysis confirmed that the
resulting powder of Vo3Moo.7B, MoB/B exhibited a single crystalline phase (space group
141/amd, ICSD no. 9008953), while MoB/Mo displayed a secondary phase of Mo.
2.2.3. Electrode Preparation

I mg of each synthesized powder or the commercial 20% Pt/C powder was
ultrasonically dispersed in 95 pul ethanol and 5 ul Nafion solution (Sigma Aldrich) for 30
min to form a homogeneous catalyst slurry. Then the slurry catalyst mixture (9 ul or 0.09
mg) was coated over a carbon cloth (Sigracet) with an area of 0.3x0.3 cm®. Finally, the
catalyst-coated carbon cloth was dried at 70 °C for 120 minutes in hot air oven to remove
the solvent from the electrode and to improve the bonding. Then the catalyst coated carbon
cloth was attached to a copper sheet using conductive silver paste. The exposed surface of
the copper sheet was covered with epoxy adhesive and dried overnight at room temperature.

The catalyst loading of the electrode was kept at ~1 mg/cm? for all the samples analyzed.

2.3. Computational Details

Density functional theory (DFT) calculations were applied to evaluate the
Hydrogen surface binding energy (AEn) for MoB and Vo31Moos9B {112} surfaces. Total
energy calculations were performed using the projector augmented wave (PAW) method
of Blochl***” coded in the Vienna ab initio simulation package (VASP).*® All VASP
calculations employed the generalized gradient approximation (GGA) with exchange and
correlation treated by the Perdew-Burke-Ernzerhof (PBE) and revised PBE (revPBE)

functionals, respectively, for structure relaxation and single energy calculations.*® RevPBE
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is a reliable functional for the calculation of H-surface adsorption energy.*’ The
convergence threshold for structural relaxation was set to be 0.02 eV/A in force. The
coordinates of all layers of the slabs are optimized with fixed cell volume and cell
parameters. The cutoff energy for the plane wave calculations was set to 500 eV and the
Brillouin zone integrations were carried out using a 7 X 5 x 1 k-point mesh grid for MoB
and V(.31Moo.¢9B.

The surfaces were constructed by first cleaving the bulk structures into two
dimensional (2D) slabs by choosing the right surface to expose along with enough vacuum
(more than 10 A) between slabs to avoid inter-slab interactions. For V31Moo.¢B 31% of
Mo atoms were replaced4e with V atoms. As shown in Figure 2.12, the resulting slabs
contain six combined metal and boron layers. For the Vo31Moo.s9B model, the exposed
surface is comprised of Mo only with no V, because of previous work showing vanadium
borides to have more oxidation compared to Mo borides.’® The hydrogen coverage on each
surface was calculated by dividing the number of H atoms adsorbed on the surface by the
number of metal atoms in a single layer.

The Gibbs free energy (AGu) for Hydrogen adsorption on each surface was
calculated using the equation AGy = AEn + AEzpe —TAS, where AEn is the H-surface
binding energy, AEzpg is the zero-point energy difference between adsorbed H and free H»
(AEzpE is usually very small, from 0.01 eV to 0.05 eV, hence neglected here).**>! TAS is
obtained by TAS = -1/2 TS® (Hz), where S (Hz2) = 130.7 J-mol'K"! is the entropy of Hz in
the gas phase at standard conditions.>? Therefore, AGn =~ AEn + 0.20. AEq can be calculated

from the equation AEn = E[surface + nu] - E[surface + (n-1)H] - 1/2 E[Hz], where E[H>] is
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the total energy of a gas phase H> molecule, E[surface + nH] and E[surface + (n-1)H]
represent the total energy of n and (n-1) hydrogen atoms adsorbed on the surface,

respectively.

2.4. Results and Discussion

2.2.1. Synthesis and Materials Characterization

(a) | oo - V,;Mo, ;B | (b)

Intensity (a.u.)

MoB: /4,/amd (141)
ICSD - 9008953

s i Li l flis

10 20 30 40 50 60 70 80 90
20 (degree)

Figure 2.1. (a) Powder X-ray diffraction pattern of synthesized Vo.3Moo.7B (top) compared
with the theoretical pattern (bottom). Inset: crystal structure of Vo3Moo 7B (space group
141/amd). (b) HRSEM image showing lattice distortions (stacking faults). (c) High-
resolution transmission electron microscopy (HRTEM) image and (d) atomic-resolution
high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) image of Vo3Moo7B nanoparticles, displaying interplanar spacings (slightly
inaccurate due to lattice distortions, see red rectangle); the bright dots represent metal
atoms.
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A few years ago, we reported a general synthetic route for nanoscale binary
transition metal borides (TMBs),** which leverages the redox chemistry of Sn/SnCl,, the
volatility and recrystallization of SnCl, at the synthesis conditions, the immiscibility of tin
with boron, and the use of metal halides as metal sources. Here, we have successfully
synthesized the first ternary TMB using this method under milder conditions (lower
temperature and shorter reaction time), resulting in significantly smaller particle sizes. As
shown in the powder X-ray diffraction (PXRD) patterns (Figure 2.1a), Vo3Moo 7B was
successfully synthesized as a single-phase material adopting the crystal structure of a-MoB
(space group /41/amd). The elevated background in the PXRD pattern between 30° and 40°
in Figure 2.1a suggests the presence of diffuse scattering, likely due to structural stacking
faults, as evidenced by high-resolution transmission electron microscopy (HRTEM)
images (Figure 2.1¢ and d). Such stacking faults are common in monoborides due to the
numerous possible arrangements of boron chains within these structures.>*>* Nevertheless,
the lattice parameters were refined to a= 3.1239(9) and c = 16.99(2) A, which are
somewhat larger than those of the parent bulk phase MoB (a = 3.102 and ¢ = 16.967 A).%
This expansion is likely attributable to the relaxation of lattice parameters in nanoscale
materials, compounded by the presence of stacking faults (see also Figure 2.1d).

The reaction conditions were modified to achieve these results. Stoichiometrically,
the reduction of each reactant—MoCls and VClz—requires 2.5 and 1.5 mol of Sn,
respectively. For a feed containing 30% VCls, precisely 2.2 mol of Sn is needed.
34 Interestingly, using 2.2 mol of Sn still produces elemental Mo as a side phase, suggesting

that excess Sn hinders the formation of MoB and favors the production of elemental Mo.
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Reducing the Sn content to 2.0 mol results in a complete reaction, yielding a product
consisting primarily of the expected phase, along with a trace amount of an unknown phase
(Figure 2.2e) that can be readily removed by treatment with 10% HCI to yield a single-
phase product (Figure 2.1a). This observation indicates that boron, as noted in previous
work,** also contributes to the reduction of metal chlorides. This explains why a slightly
smaller amount of Sn is required and why no unreacted metal chlorides are detected in the
powder X-ray diffraction (PXRD) patterns prior to HCI washing, as shown in Figure 2.2e.
Neither VB nor f-MoB, both of which adopt the orthorhombic CrB-type (Cmcm) structure,
was identified in the PXRD patterns. Notably, a vanadium-free synthesis resulted in the
formation of elemental Mo as a secondary phase, as indicated by red asterisks in Figure
2.2a. To determine the maximum amount of vanadium that could be substituted for
molybdenum, we increased the vanadium content to 50%. However, this led to the
formation of elemental Mo (likely doped with V) as a side phase (Figure 2.2b), suggesting
that the substitution limit is below 50%.

Given that previous syntheses of MoB required higher temperatures, longer
reaction times, and excess boron, we tested the new synthesis conditions with an excess of
boron (Mo:B = 1:2) in hopes of achieving smaller particles. Although a crystalline single-
phase material was obtained under these milder conditions, significant particle growth still
occurred, as evidenced by the very sharp reflections in the PXRD pattern (Figure 2.2d)
and the scanning electron microscopy (SEM) images in Figure 2.3. However, the milder
synthesis conditions used for the 50% V and V-free syntheses also produced smaller

particles compared to previous experiments. Consequently, we plan to evaluate their
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hydrogen evolution reaction (HER) catalytic performance. These materials will be

designated as MoB/Mo and MoB/B composites to reflect their dual-phase compositions.

(@ MoB/Mo V:Mo:B:Sn=0:1:1:2.0

(b) V:Mo:B:Sn=0.5:0.5:1:2.0

() V:Mo:B:Sn=0.3:0.7:1:2.2
(d MoB/B V:Mo:B:Sn=0:1:2:2.5
(e) V:Mo:B:Sn=0.3:0.7:1:2.0
Before HCI washing
10 20 30 40 50 60 70 80 90

20 (degree)

Figure 2.2. Powder X-ray diffraction data of synthesized products of reaction feed rate of
VCl3:MoCls:B:Sn = a) 0:1:1:2.0 (MoB/Mo), b) 0.5:0.5:1:2.0, ¢) 0.3:0.7:1:2.2, d) 0:1:2:2.5
(MoB/B) and ¢) 0.3:0.7:1:2.0 (Before HCI). Peaks of impurity phases are indicated (*: Mo
and +: unknown phase that can be removed after HCI treatment). The reaction conditions
are the same for all samples at 800°C for 4 hours, except (d) MoB/B for 8 hours.
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V,.sMo, 7B MoB/Mo MoB/B
Figure 2.3. HRSEM image of (a) Vo.3Moo.7B, (b) MoB/Mo, and (c) MoB/B
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Figure 2.4. EDS mapping of V¢.3Moo7B for metals (Mo & V) in (a) wide and (b) close
up views.
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Figure 2.5. SEM image and the corresponding EDS mapping of (a) MoB/Mo and (b)
MoB/B to compare B and Mo ratio.

Figure 2.6. (a) Selected area electron diffraction (SAED) pattern, (b) high-resolution
STEM image and (c) calculated model structure of Vo3Moo.7B.
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Figure 2.1b presents a high-resolution scanning electron microscopy (HRSEM)
image of the Vo3Moo7B sample. The surface morphology reveals nanoparticles with
diameters ranging from 30 to 60 nm. Additionally, the elemental composition and
homogeneity of the sample were analyzed using energy-dispersive X-ray spectroscopy
(EDS) and elemental mapping, respectively. The EDS mapping results (Figure 2.4)
demonstrate a uniform distribution of the constituent elements across an ensemble of
nanoparticles. Semi-quantitative EDS analysis of the metal content revealed an atomic ratio
of Mo to V of =8:2, which closely aligns with the composition of the initial mixture.
Similarly, semi-quantitative EDS analyses of MoB/Mo and MoB/B composites (Figure
2.5) confirm a higher boron content in the MoB/B composite, while significantly less boron
is detected in MoB/Mo, consistent with the synthesis expectations described earlier.

The high-resolution transmission electron microscopy (HRTEM) images in Figure
2.1¢ and Figure 2.6b, along with the atomic-resolution high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image in Figure 2.1d,
demonstrate the crystallinity of the Vo3Moo.7B nanoparticles. TEM observations along the
[100] direction successfully revealed characteristic stacking defects along the c-axis,
consistent with the stacking faults anticipated from the powder X-ray diffraction (PXRD)
analysis above. The selected area electron diffraction (SAED) pattern (Figure 2.6a) of a
single nanoparticle (Figure 2.6b) exhibits intense diffraction peaks, which can be indexed
to sets of crystal planes and lattice parameters corresponding to the tetragonal MoB-type

structure (space group [4i/amd), further confirming the crystalline nature of the
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nanoparticles. However, the presence of characteristic diffuse scattering also indicates
stacking disorder.

The surface chemical composition and core-level binding energies of Vo.3:Moo 7B
were examined using X-ray photoelectron spectroscopy (XPS). Detailed results of these
analyses are presented in Figure 2.7 and Table 2.1 illustrating the oxidation states of the
B, V, and Mo species on the analyzed surfaces. As shown in Figure 2.7¢, the B 1s spectrum
exhibits a peak at 189.3 eV, corresponding to B® in metallic Vo3Moo 7B, as well as peaks
at 191.2 and 193.1 eV, which are assigned to sub-oxidized (B20,) and fully oxidized
(B203) boron species, respectively. These findings are consistent with previous reports on
boride compounds, which demonstrate similar oxidation behavior in transition metal
boride nanoparticles.’>* The high-resolution V 2p spectrum (Figure 2.7a) is deconvoluted
into four peaks at 512.3, 517.5, 520.9, and 523.0 eV. The smaller peaks at 512.3 and
520.9 eV correspond to the 2ps» and 2pi. states of VO in Vo3Moo 7B, while the peaks at
517.5 and 523.0 eV are attributed to the 2ps2 and 2p1.2 states of V°* in V20s. These results
align with previously reported studies on vanadium oxides and their corresponding binding
energies.”®’ Similarly, the Mo 3d spectrum (Figure 2.7b) primarily features peaks at
233.0 and 236.1 eV, which correspond to the 3ds» and 3ds states of Mo®" in MoO:.
However, smaller peaks at 228.1 and 230.6 eV are assigned to Mo”in V(3Moo7B,
indicating that molybdenum on the surface is predominantly oxidized.*?> The nanoparticle
surfaces exhibit greater oxidation compared to bulk borides, which is expected due to the

higher surface-area-to-volume ratio in smaller particles.
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Figure 2.7. Deconvoluted XPS spectra of Vo3Moo.7B: a) core-level V 2p, b) core-level
Mo 3d, and c) core-level B 1s

Table 2.1. XPS peak position and full width at half maximum (FWHM) parameters for V
2p, Mo 3d, and B 1s of V¢.3Moo.7B before and after HER.

Phase Assigned Species Peak position (e¢V) FWHM (eV)
2 517.5 4.03
V3" (V205) P32
2pin 523.0 4.27
2 512.3 1.13
VO (Vo3Moo7B) P32
2pin 520.9 1.14
3d 233.0 2.18
Mo®* (MoO3) >
Vo.3Moo.7B 3d3n 236.1 2.00
3dsp 228.1 1.62
Mo® (Vo.3Moo /B
O (VosMoorB) 3 230.6 1.62
B (B20») 193.1 2.66
B-suboxide (B20O») 191.2 0.62
B’ (Vo3Moo7B) 189.3 0.79
V3* (V205) 2p3n 517.2 1.14
V3 (V203) 2p1n 523.0 2.64
vV (VO) 2p1n 521.1 3.18
2 511.9 2.9
V° (Vo3Moo7B) P32
Vo.3Moo.7B 2p1n 519.1 1.9
After HER o 3dsp 232.3 2.07
Mo®" (Mo0O3)
3dsp 235.4 2.48
B (B20,) 193.2 2.28
B-suboxide (B20O») 191.9 3.22
B’ (Vo3Moo7B) 189.0 7.37
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Figure 2.8. Linear sweep polarization curves of different materials (Vo.3Moo.7B, MoB/Mo,
MoB/B, 20% Pt/C) recorded in 0.5 m H>SOj4 at current densities up to (a) 150 and (c)
1000 mA cm 2. (b) Tafel plots of these materials. (d) Charging current density difference
plotted against scan rate to determine the double-layer capacitance (Cal) of the borides
samples. (e) Nyquist plot representations of the electrochemical impedance spectra of the
borides samples. (f) Polarization curves of Vo.3sMoo.7B electrode after 5000 cycles.
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2.2.2. Electrocatalytic Activity and Stability

The hydrogen evolution reaction (HER) activity of the Vo3Moo 7B sample was
evaluated using a standard three-electrode system in an acidic environment of 0.5
M H,SO4. For comparison, 20% Pt/C, MoB/Mo, and MoB/B were also tested under
identical conditions. Figure 2.8a presents the iR-corrected polarization curves up to a
current density of 150 mA cm 2 measured in 0.5 m H2SO4. As expected, Pt/C exhibited
excellent HER activity, requiring an overpotential of only 164 mV to achieve
150 mA cm 22" whereas Vo3Moo7B demonstrated the highest activity among the MoB-
based electrodes. It required an overpotential of just 212 mV, while the MoB/Mo and
MoB/B composite electrodes needed slightly higher overpotentials of 237 and 266 mV,
respectively, to reach 150 mA cm 2. The three MoB-based electrodes exhibited high but
significantly different HER activities. The single-phase Vo.3Moo.7B, being the most active
of the three, highlights the importance of achieving a single-phase material and the
advantage of solid solution formation. Indeed, we have previously demonstrated for bulk
materials that solid solution formation enhances the activity of metal borides, as seen in
the Mo1xWxB2?® and CrixMoxB»?” solid solutions, which outperform their respective
binary parent systems (x = 0 or 1). However, the MoB/Mo and MoB/B composites also
displayed very good performance, which is not surprising, given that most boride
nanomaterials studied to date are rarely single-phase yet still exhibit high activities.’®
Figure 2.8b displays the Tafel slopes of the studied materials, providing insight into their
HER catalytic mechanisms. In an acidic electrolyte, the HER mechanism involves three

possible rate-determining steps (RDS): the Volmer reaction (Tafel slope =120 mV/dec),
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the Heyrovsky reaction (Tafel slope =40 mV/dec), and the Tafel reaction (Tafel slope
~30 mV/dec).5*% The Tafel slopes of Pt/C, Vo3Moo7B, MoB/Mo, and MoB/B were
derived from the linear portions of the Tafel plots (Figure 2.8b). The calculated Tafel slope
for Pt/C is 32 mV/dec, consistent with a Volmer-Tafel mechanism where the Tafel step is
rate-limiting. For Vo3Moo.7B, MoB/Mo, and MoB/B, the Tafel slopes were 55, 58, and
63 mV/dec, respectively, indicating faster kinetics and a rapid hydrogen generation rate
during the HER process for Vo.3Moo.7B. These values do not align precisely with the typical
Tafel slopes for the Volmer, Heyrovsky, or Tafel reactions, suggesting more complex
mechanisms. Notably, the Tafel slope of 55 mV/dec for Vo3Moo.7B is among the lowest
reported for non-noble metal boride electrodes to date, further confirming its superior
activity. %36

Figure 2.8¢ shows the polarization curves of all studied electrodes up to an
industry-relevant current density of 1000 mA cm 2. It is well established that Pt/C, a
commercially available benchmark electrocatalyst, exhibits excellent intrinsic HER
catalytic activity at low current densities (see above). However, Pt/C struggles to maintain
efficient performance at higher current densities (several hundred mA/cm? or more) in a
0.5 m H2SOs4 solution. This inefficiency is primarily attributed to the “bubble effect” at
high current densities, where hydrogen gas bubbles accumulate and impede further
reactions, particularly in an acidic environment.®”%® In contrast, all the boride electrodes
demonstrate superior electrocatalytic activity for HER compared to Pt/C at current
densities exceeding 300 mA cm 2. This aspect of HER performance at high current

densities is critical for practical applications, as industrial water electrolysis requires
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significantly higher current densities.®” Vo3MoosB requires an overpotential of only
0.452 V to achieve 1000 mA cm 2, nearly half that of Pt/C (1000 = 0.837 V). Similarly,
MoB/Mo and MoB/B exhibit significantly reduced overpotentials of 0.482 and 0.524 V,
respectively, both outperforming the commercial 20% Pt/C electrode. This superior
performance of the borides suggests a high number of effective active sites and good
surface coverage by the boride nanoparticles. Remarkably, such high activity at elevated
current densities has not been previously reported for boride nanoparticles smaller than
100 nm, highlighting the novel capabilities of these materials synthesized under mild
conditions. Although similar current densities have been reported for bulk boride

27,45

materials, differences in electrode preparation between bulk materials and

nanoparticles make direct comparisons challenging.

Table 2.2. Fitted EIS data from Nyquist Plots in Figure 2.8e.

Electrode type Rs [Ohm] Ret [Ohm] CPE [F s*1] a
Vo3Moo.7B 11.9 35.2 3.71¢3 0.706
MoB/Mo 11.0 50.5 1.04 ¢3 0.786
MoB/B 10.7 69.6 0.72 ¢3 0.743
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Figure 2.9. Cq measurements from cyclic voltammetry profiles at different scan rates from
20 to 200 mV/s for (a) Vo3Moo.7B, (b) MoB/Mo, (¢) MoB/B.
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The high HER efficiency of Vo3Moo7B can be attributed to its electrochemically
active surface area (ECSA) and electrochemical impedance spectroscopy (EIS) results. In
Figure 2.8d, the ECSA was estimated based on the electrochemical double-layer
capacitance (Ca).”° The Cai was determined from cyclic voltammetry (CV) measurements
at various scan rates (20-200 mV s!) within a non-Faradaic region from 0.10 to 0.20 V
versus RHE (Figure 2.9). As expected, Vo3Moo 7B exhibited the highest Cqi (18.6 mF cm2)
among the borides, indicating a significantly greater number of active sites compared to
the MoB/Mo and MoB/B composite electrodes, which had Cg values of 6.8 and 5.4
mF cm 2, respectively. Additionally, EIS data in Figure 2.8e reveal the electron transfer
resistance of Vo3Moo7B. The Nyquist plots for each electrode were fitted using an
equivalent circuit model consisting of a solution resistance (Rs), a charge transfer resistance
(Ret), and a constant phase element (CPE), with derived values provided in Table 2.2. As
shown in Figure 2.8e and Table 2.2, the R, values for all samples are similar due to the
consistent electrode preparation method. However, the R¢ value for Vo3Moo7B (35.2 Q)
is significantly lower than those of the MoB/Mo (50.5 2) and MoB/B (69.6 Q) composite
electrodes, indicating greater electrical conductivity for Vo3Moo7B. These findings align
with the overpotential and Tafel slope results, supporting the superior HER activity of

Vo.3Moo.7B.
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Figure 2.10. Chronoamperometry curve of Vo3Moo.7B electrode for 24 h in 0.5 M H>SOa.

The stability and durability of catalysts are critical for their practical application in
acidic environments. Therefore, both properties were evaluated for the Vo3Moo/B
electrode. Durability was assessed through a continuous electrolysis test at a fixed current
density of =~150 mA c¢cm 2 for 24 h, with results shown in Figure 2.10 indicating nearly
no change in current density, demonstrating robust performance. Long-term stability was
evaluated by cyclic voltammetry over 5000 cycles, equivalent to ~100000 s (=28 h), at a
high current density of 1000 mA cm 2. As depicted in Figure 2.8f, the polarization curve
after testing showed minimal change, retaining an impressive 97% of the initial activity.

These results confirm that the Vo3Moo 7B electrode maintains its electrocatalytic
activity under prolonged, industry-relevant conditions, attesting to its robustness and
suitability for sustainable hydrogen production in demanding settings. X-ray photoelectron

spectroscopy (XPS) measurements conducted post-electrochemical testing (Figure 2.11
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and Table 2.1) reveal that all initial species, except for V> (which was reduced to V3/V?"),
remain present. The significance of the V°' reduction to V>*/V?"is currently unclear,
prompting planned in situ studies for a more detailed analysis of surface evolution during
HER. Nevertheless, the persistence of boride species (V°, B®) suggests that, despite these
harsh conditions, the boride remains unoxidized and likely plays a critical role in the high
current density performance of this novel material. Below, we employ density functional

theory (DFT) calculations to further elucidate the activity of this highly active boride.
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Figure 2.11. Deconvoluted XPS spectra of Vo3Moo 7B after activity/stability test at 1000
mA/cm?: (a) core-level B 1s, (b) core-level V 2p, and (c) core-level Mo 3d.

Figure 2.12. Surface slab models for the {112} surface of (a) MoB and (b) Vo.31Mo0¢.69B.
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2.2.3. Computational Analysis of Activity

To better understand the high activity of the borides, particularly at high current
densities compared to Pt, we calculated the Gibbs free energy (AGn) for atomic hydrogen
(H) adsorption, which serves as a descriptor for correlating theoretical predictions with
experimental measurements.!'!%"! Optimal hydrogen evolution reaction (HER) activity is
achieved when the AGy value is close to zero, indicating that the overall reaction,
encompassing both H adsorption and H: desorption, proceeds at the maximum rate. For
these DFT calculations, the {112} surface was modeled (Figure 2.12), as it is the most
exposed facet, based on the diffraction pattern in Figure 2.1a. Indeed, refinement of the
powder X-ray diffraction (XRD) data, as shown in Figure 2.13, clearly reveals a
preferential orientation of the Vo3Moo7B sample along the {112} surface, supporting the

selection of this facet for theoretical analysis.

a & R..,=18.3% | (b & R, = 5.22%
(a) < "s=254 (b) < S=0807
X2 =6.4540 { x?=0.652

Intensity (a.u.)
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20 (degree) 20 (degree)
Figure 2.13. Powder X-ray diffraction data (red circles) of Vo.3sMoo.7B, the Rietveld refined

data (black line), and the difference curve (orange line) between observed and refined data
(a) without preferred orientation and (b) with (112) preferred orientation.
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Figure 2.15. Different HER active sites on surfaces of (a) & (b) MoB and (c¢) & (d)

Vo.3125Mo0o.6375B, at high and low hydrogen coverages.
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The Gibbs free energy (AGh) for H adsorption on MoB and Vo312sMoo.6s75B (a
model for the experimental Vo.3:Moo7B composition) was studied at low (12.5%) and high
(100%) hydrogen coverages to simulate catalyst performance at low and high current
densities, respectively. As shown in Figure 2.14, the AGy values for MoB and
Vos12sMoo6s7sB were +0.24 and +0.21 eV, respectively, at low (12.5%) hydrogen
coverage, and —0.46 and —0.12 eV, respectively, at high (100%) hydrogen coverage. These
results are consistent with the onset potential observed experimentally in Figure 2.8a. At
low hydrogen coverages, the H adsorption rates on the surfaces of MoB and
Vo.3125Moo.6875B are comparable, with a slight preference for the latter.

Notably, at high hydrogen coverages (100%), the AGy values are negative, with
Vo312sMooss7sB  exhibiting a value much closer to 0eV, indicating an excellent
H> desorption rate at high current densities. In comparison, Pt (using the most active hollow
adsorption site on the {111} surface) has AGy values of —0.13 and +0.08 eV at low and
high hydrogen coverages, respectively.’> As expected, the Pt {111} surface performs
exceptionally well at low current densities, with a AGy value that is negative and closer to
zero, while Vo312sMoo.6s75B has a positive value (+0.21 eV) slightly further from zero,
suggesting it is less efficient than Pt at low current densities, consistent with experimental
findings. Interestingly, the signs of AGy reverse at high hydrogen coverages, indicating a
potential shift in hydrogen production rate favoring the boride at high current densities,
which further corroborates the experimental results.

To further explain the significant enhancement of AGu, particularly at high

hydrogen coverages, the distributions of H adsorption sites on the surfaces of MoB and
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Vo.3125Mo0o.6875B were compared at both low (Figures 2.15a,c¢) and high (Figures 2.15b,d)
coverages. At low hydrogen coverage (12.5%), both MoB and Vo 312sMoo.6875B exhibit the
same active sites, which accounts for the similarity of the two surfaces in the reaction
coordinate diagram (Figure 2.14). However, this changes dramatically at high hydrogen
coverages, as shown in Figures 2.15b,d. For MoB (Figure 2.15b), six of the H adsorption
sites are hollow sites, where the H atom adsorbs between two Mo atoms and one B atom,
while two sites are atop Mo atoms. In contrast, for Vo3125sMoo.6s75B (Figure 2.15d),
substituting 31.25% of the Mo atoms just below the surface with V atoms makes the
adsorption sites atop the surface-layer Mo atoms favorable at high hydrogen coverages,
resulting in four H atoms adsorbed atop Mo atoms and four in hollow sites. Previous studies
on MoB; and VB> borides as HER catalysts have shown that H adsorption sites atop metal
atoms typically yield a positive AGn, which does not favor H atom adsorption, whereas
hollow sites between two metal atoms and one boron atom exhibit a slightly negative
AGn near zero, favoring H adsorption.>® For Vg 3125Moo.6s75B, an optimal balance appears
to occur with an equal number of hollow and atop sites. This balance enables a synergistic
effect: the four hollow sites facilitate H atom adsorption onto the surface, while the four
nearby atop sites promote the dissociation of H> molecules, allowing their efficient release

from the catalyst surface.
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2.5. Conclusion

In this work, we have demonstrated the successful synthesis of vanadium-
substituted molybdenum boride (Vo3Moo7B) nanoparticles using a Sn/SnCly-redox
reaction method, achieving a single-phase product under milder conditions than those
typically required for molybdenum borides. The synthesized Vo.3Moo 7B nanoparticles (30—
60 nm) exhibited outstanding hydrogen evolution reaction (HER) performance,
particularly at the high current densities required for industrial-scale hydrogen production.
At a current density of 1000 mA cm 2, the catalyst required an overpotential of only
0.452 V, significantly lower than that of the commercial 20% Pt/C benchmark, highlighting
its potential for large-scale applications. Electrochemical measurements confirmed that
vanadium substitution increases the number of active catalytic sites and enhances electron
transfer efficiency, leading to superior HER performance. Density functional theory (DFT)
calculations were performed to evaluate the Gibbs free energy (AGn) for H adsorption on
the {112} surfaces of MoB and V(o3Moo7B. At high hydrogen coverage (100%),
Vo0.3Moo.7B exhibited a AGy of —0.12 eV, compared to +0.08 eV for the Pt {111} surface,
suggesting more favorable behavior at high current densities for the boride, which supports
experimental findings. Additionally, the Vo3Moo 7B catalyst demonstrated excellent long-
term durability, retaining 97% of its initial activity after 5000 electrochemical cycles at
high current density. This durability, combined with its exceptional electrocatalytic
efficiency, positions vanadium-substituted MoB as a robust and cost-effective alternative

to noble metal-based catalysts for the HER.
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Chapter 3.

Stoichiometric a-MoB2 and MoB2/MoB Composites for Ampere-Level Hydrogen
Evolution: Tin and Boron Guided Morphology and Phase Design

Sang Bum Kim, Hyeonkyeong Lee, Akira Yasuhara, Kunio Yubuta, Francisco Zaera,
Boniface P.T. Fokwa

Transition-metal borides promise conductive, acid-stable HER catalysts but are often
obscured by excess-boron residues and poorly controlled morphologies. We report phase-
pure, stoichiometric a-MoB:> nanoparticles synthesized by a Sn/SnCl, redox-flux route
from a 1:2:6 (MoCls:B:Sn) feed, eliminating excess boron and yielding ~50 nm crystallites.
Tuning the B feed and Sn amount affords three benchmarks—1:2:6 (a-MoB2; MoB:-SP),
1:8:2.5 (MoB2/B; excess-B), and 1:2:2.5 (MoB2/MoB composite)—revealing a two-knob
rule: boron sets size/packing, Sn sets phase/morphology. Despite unfavorable surface area
and agglomeration, stoichiometric a-MoB; exhibits strong intrinsic activity. In stationary
(non-rotating) carbon cloth tests (0.5 M H2SO4), a-MoB; reaches 1iso = 203 mV and 11000
=393 mV; a MoB2/MoB composite, obtained by Sn/B tuning, achieves niso =173 mV and
N1000= 361 mV, surpassing Pt/C at 1 A-cm™ under identical conditions. The performance
arises from phase synergy, preserved Mo—B terminations, and suppressed B-overcoats,

enabling ampere-level HER with earth-abundant Mo—B catalysts.
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3.1. Introduction

Hydrogen has emerged as a crucial clean-energy carrier in the pursuit of
decarbonization.! Water electrolysis, among various production pathways, offers a
sustainable route to high-purity H» via the hydrogen evolution reaction (HER) at the
cathode.? However, the efficiency and cost of electrolyzers depend critically on the HER
catalysts. Platinum (Pt) remains the benchmark due to its near-zero overpotential and fast
kinetics.> Unfortunately, Pt’s scarcity and high cost severely limit its large-scale use,
motivating extensive efforts to develop earth-abundant alternatives capable of matching or
surpassing Pt’s performance.*®

Over the past decade, significant advances have been made in exploring non-
precious HER electrocatalysts based on transition metal compounds.”® Prominent
examples include transition metal chalcogenides (e.g. MoS:),” phosphides (e.g. NizP,
CoP),!®!! carbides and nitrides (e.g. M02C, W2C, Co4N),'>'* as well as various metal
alloys and heterostructures.'>!” Many of these materials exhibit impressive HER activity,
especially when optimally nanostructured or compositionally tuned, with some
approaching, or even surpassing, the efficiency of Pt in either acidic or alkaline media.!®!"
For instance, MoS; catalysts were shown to drive HER at modest overpotentials once active
edge sites are exposed.?’ Likewise, NioP has achieved high current densities in acidic
electrolyte.! Theoretical screening and volcano-plot analyses have further guided the
discovery of catalysts with near-optimal hydrogen binding energetics.?! Nevertheless, most
noble-metal-free catalysts still require substantially higher overpotentials than Pt (typically

around 150 mV at 10 mA-cm?) and often suffer from durability issues in corrosive
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media.?»? These challenges become especially pronounced under the high current
densities (A-cm™) relevant to industrial water electrolysis. **?> Achieving catalysts that
remain highly active and stable at such large currents remains a critical hurdle.
Accordingly, recent research has increasingly focused on catalyst systems that can sustain
high performance under practical, high-current conditions.

Transition metal borides (TMBs) have recently emerged as a particularly promising
class of HER electrocatalysts to meet these demanding requirements.’® TMBs combine
abundant metals (e.g. Ni, Co, Mo, W) with boron, an element that imparts high electrical
conductivity and unique metal-boron bonding environments.?’ In contrast to chalcogenides
or phosphides, many borides are intrinsically metallic with robust crystal structures,
suggesting excellent HER kinetics and strong corrosion resistance.”®* Early studies indeed
found that incorporating boron into transition metals can dramatically enhance catalytic
performance. For example, amorphous cobalt—boron alloys catalyze H» evolution across a
wide pH range with remarkable stability, and amorphous nickel-boron (Ni—B) catalysts
exhibit HER activity approaching that of Pt, along with outstanding long-term stability.?%!
Such findings established boron alloying as a powerful strategy to create highly active and
durable HER catalysts from base metals. Building on the successes of amorphous borides,
subsequent work has explored crystalline TMB phases, revealing exceptional HER activity
in several cases.

Among TMBs, molybdenum diboride (MoB>) has attracted particular attention as
an HER catalyst because of its favorable AlIB»-type crystal structure and chemical stability.

In a-MoB,, layers of molybdenum atoms alternate with flat hexagonal boron sheets that
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provide near-optimal hydrogen-binding sites, as supported by both theory and
experiments.*? Consistently, bulk molybdenum borides show high HER activity in acid,
and within the series, boron-richer phases (MoB., f-MoB) outperformed the boron-poorer
Mo,B, demonstrating a clear “boron dependency” trend in catalytic performance. A recent
review also highlights rapid progress in Mo borides and the emergence of 2D MBene-like
boron sheets.*®> Notably, even the polymorphs of MoB, show divergent activities, where
the a-phase (with graphene-like flat boron sheets) showed much higher HER activity than
the B-phase (with puckered, phosphorene-like boron layers), underscoring the impact of
boron layer structure on catalysis.>*> Partial substitution of Mo with other metals provides
another pathway to optimize MoB,. For example, 30% W-substituted MoB, was reported
to retain comparatively lower overpotentials at current densities of 150 mA-cm™ than pure
MoB:; and substituting 40% of Mo with Cr enabled sustained HER with an overpotential
150 mV lower than that of Pt/C at higher current density of ~800 mA-cm2.3%%7 Very
recently, self-supported a-MoB/B-MoB: ceramic electrodes achieved 289-294 mV at 1
A-cm™ across acidic and alkaline media through macroporous channels that enhance
transport and interfacial charge transfer.*

Nanostructuring TMB catalysts further enhances their HER performance. In 2017,
Jothi et al. synthesized MoB; nanocrystals (~50-100 nm) via a solid-state metathesis route,
achieving an overpotential of 154 mV at 10 mA-cm 2 in acid.*® This improvement over
bulk MoB:> is consistent with nanosizing effects that increase electrochemically active
surface area and expose more active sites. However, because boron has a very high melting

point, boride nanoparticle syntheses often suffer from large particle sizes, uncontrolled
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crystallization, and mixed phases.*® To lower reaction temperatures and improve phase
control, researchers commonly employ flux-assisted or solution routes—most notably
molten-salt methods, as described by Portehault ef a/.*! Using this molten-salt method, Liu
and Gong have successfully synthesized ultrathin nanosheets for both f-MoB and a-MoB»
that each delivered ~187 and ~124 mV overpotential at 10 mA-cm 2 in alkaline media with
great stability.*? These advances have cemented MoB; and related borides among the most
promising non-precious HER catalyst. In 2018, Jothi et al. introduced a simple, general
Sn/SnCl, redox route to nanoscale transition metal borides.** Using this approach, they
obtained nano-vanadium diboride (VB.), that required an overpotential of 192 mV at 10
mA cm? (vs 348 mV for bulk-VB2).* Notably, our most recent work employed the same
Sn-redox strategy to prepare vanadium-stabilized MoB nanoparticles that achieved ~1000
mA cm? at ~0.45 V with ~97% retention over ~28 h, outperforming Pt/C under identical
conditions and highlighting the relevance of flux-controlled borides for high-current
HER.*®

While molybdenum borides (MoB, MoB», M0;B) clearly show exceptional HER
activity, regardless of their composition, the practical challenge has been the synthesis of
phase-pure, nanostructured molybdenum borides with controlled stoichiometry.
Conventional solid-state and solution-phase routes frequently rely on large excesses of
boron precursors (e.g. borane or NaBHj) to drive boride formation, which can leave boron-
rich impurities or amorphous coatings that obscure intrinsic activity and impede
conductivity.**>% In Sn-redox syntheses, excess boron in the feed is likewise employed

to access targeted molybdenum boride phases, increasing the risk of electronically
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insulating residues that compromise performance.** Even in solid-state metathesis routes
to MoB», the use of excess boron has been associated with residual MoB as a secondary

t.3% Such boron residues and secondary phases complicate a rigorous

phase in the produc
assessment of MoB:’s intrinsic catalytic properties, underscoring the need for synthetic
strategies that deliver stoichiometric, phase-pure MoB, nanoparticles without surplus
amorphous boron or amorphous by-products. As a related demonstration of composition
control without boron overload, partial vanadium substitution enabled single-phase MoB
with a 1:1 B:Mo ratio directly from the feed.*’

There are three common HER benchmarking configurations, thin-film rotating disk
electrodes (RDEs), porous carbon substrates, and self-supported binder-free electrodes,
each emphasizing different aspects of activity, transport, and durability.*”*® Rotating-disk
electrodes (RDEs) are invaluable for screening intrinsic kinetics on ultrathin films, but they
can overestimate activity relative to stationary, device-like electrodes where through-plane
transport and bubble management dominate at >0.5-1 A cm™. *** To emulate practical
operation, we therefore adopt stationary porous electrodes that allow high loadings and
realistic gas—liquid transport.’'">* Carbon cloth (CC) is particularly suitable: it is
commercially accessible, easy to process, supports large catalyst inventories, and mirrors
the porous-transport architectures used in stacks without the surface-treatment needs of Ti
foams/PTLs.>>7 CC also avoids rotation artifacts, enabling fair comparison across current
regimes and preserving ohmic pathways under vigorous gas evolution. °*°° While self-

supported architectures can minimize interfacial resistances,*® they consume more active

material and complicate rapid composition—structure screening.®®! Using CC thus
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balances practical transport with experimental throughput, aligning our tests with the >0.5—
1 A cm? targets relevant to industrial electrolysis while retaining clear structure—
performance readouts.

Herein, we report the synthesis of phase-pure, stoichiometric a-MoB» nanoparticles
without excess boron via a Sn/SnCl-mediated redox-flux method. Using a stoichiometric
metal:boron feed (1:2) with excess Sn yields a-MoB: crystallites free of secondary phases
and amorphous-B residues. In 0.5 M H2SOs, a-MoB; delivers 203 mV at 150 mA-cm™ and
393 mV at 1 A-cm? despite a less favorable morphology and lower surface area,
underscoring the intrinsically high HER activity of stoichiometric MoB». By contrast,
conventional MoB: prepared from excess-boron feeds often carries amorphous-B
overcoats that degrade conductivity and mask intrinsic activity. The best performance was
obtained from a MoB2/MoB composite, tuned via the Sn/B feed, achieving 173 mV at 150
mA-cm? and 361 mV at 1 A-cm™, outperforming Pt/C at 1 A-cm™ under identical
conditions. We attribute these gains via synergy between two intrinsically active boride
phases and flux/boron-controlled growth that preserves fully conductive boride
surfaces while promoting smaller, uniform particles, enabling ampere-level HER with

earth-abundant Mo—B catalysts.
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3.2. Experimental Section
3.2.1. Chemicals
Molybdenum Chloride (MoCls, powder, 99.95 %), boron (amorphous powder, 99
%) and Platinum on carbon (Pt/C, 20 %) were obtained from Alfa Aesar. Sulfuric acid
(H2S04, 98 %) was purchased from Fisher Scientific. Copper sheet and conductive
carbon glue were obtained from Basic copper, Ted pella, respectively. All chemicals

were used without further purification.

3.2.2. Sample preparation

All of the chemicals used in the experiment were handled in a nitrogen-filled
glovebox. Anhydrous molybdenum source, MoCls, elemental boron, and Sn powder were
mixed in a mortar and pressed into a pellet in the glovebox. The pellet was then sealed in
a quartz ampoule under vacuum or argon atmosphere. Different mole compositions
(MoCls:B:Sn) used for different samples, specifically 1:2:2.5 for MoB2/MoB, 1:2:6.0 for
MoB:»-SP, and 1:8:2.5 for MoB/B. The sealed quartz ampoule containing the pellet was
then heated in an electric furnace for 4 hours at 800°C with 2°C/min heating and cooling
rate. Upon completion of the reaction, the ampoule was opened to reveal a dark-colored
product (pellet), which was then ground into powder and treated in approximately 10%
concentrated HCI for one hour before washed with deionized water and ethanol, then
dried overnight at 65°C. X-ray diffraction analysis confirmed that the resulting powder of
MoB:»-SP and MoB»/B exhibited a single crystalline phase a-MoB: (space group
P6/mmm, ICSD No.1510763), while MoB2/MoB displayed a secondary phase of MoB

(space group I41/amd, ICSD N0.9008953).
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3.2.3. Electrode preparation

4 mg of each synthesized powder was ultrasonically dispersed in 1 mL of ethanol
with 20 pL of a 5% Nafion solution (Sigma Aldrich) for 30 min to form a homogeneous
catalyst slurry. Then the slurry catalyst mixture was coated over a carbon cloth (Sigracet)
with an area of 3x3 mm?. Finally, the catalyst-coated carbon cloth was dried at 70 °C for
120 minutes in an oven to remove the solvent from the electrode and to improve the
bonding. Then the catalyst coated carbon cloth was attached to a copper sheet using
conductive silver paste. The exposed surface of the copper sheet was covered with epoxy
adhesive and dried overnight at room temperature. The catalyst loading of the electrode

was kept at ~1 mg/cm? for all the samples analyzed.

3.3. Results and Discussion

Molybdenum boride nanoparticles were synthesized via a Sn/SnCl>-mediated
redox-flux route, affording three benchmark products from MoCls:B:Sn feeds of 1:2:2.5
(assigned MoB2/MoB), 1:2:6 (MoB2-SP), and 1:8:2.5 (MoB2/B). Powder X-ray diffraction
(Figure 3.1a-¢) shows that the 1:2:2.5 route—using stoichiometric B and the
stoichiometric Sn required for MoCls reduction, yields a MoB>/MoB composite, whereas
both 1:2:6 (stoichiometric B, excess Sn) and 1:8:2.5 (excess B, stoichiometric Sn)
crystallize as single-phase a-MoB> (AlB2-type, P6/mmm). In the composite, reflections
from the MoB second phase exhibit pronounced preferred orientation (red asterisks, Figure
3.1a), consistent with previous observations for MoB produced by the same Sn-redox

approach.*> EDS elemental maps confirm uniform spatial distributions of Mo and B for all
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three samples (Figure 3.1d—f), with the corresponding spectra compiled in Figure 3.2.
Quantitative EDS (Table 3.1) gives B:Mo atomic ratios of 3.15 for MoB2/MoB (24.1 at%
Mo, 75.9 at% B), 2.12 for MoB2-SP (32.1 at% Mo, 67.9 at% B), and 6.81 for MoB2/B (12.8
at% Mo, 87.2 at% B), consistent with near-stoichiometric a-MoB, for MoB:-SP,
substantial B excess retained in MoB2/B prepared from the 1:8:2.5 feed, and modest B-

enrichment in the composite.
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Figure 3.1. Powder X-ray diffraction patterns of synthesized (a) MoB2/MoB, (b) MoB>-
SP, and (c) MoB2/B. Energy dispersive X-ray spectroscopy (EDS) elemental mapping of
Mo and B in (d) MoB2/MoB, (e¢) MoB>-SP, and (f) MoB2/B.
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Figure 3.2. EDS elemental spectra associated with EDS mapping in Figure 3.1 of (a)
MoB>/MoB, (b) MoB»-SP, and (¢) MoB»/B.
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Scanning electron microscopy (SEM, Figure 3.3a-c) reveals distinct morphologies
across the series: MoB2/MoB presents relatively uniform granular nanoparticles (Figure
3.3a), MoB>-SP shows a heterogeneous mixture of nanoneedles and thin plates that
agglomerate into higher-order clusters (Figure 3.3b), and MoB»/B displays the smallest,
most uniform primaries (Figure 3.3¢). The particle-size evolution broadly follows the
molten-salt literature, smaller particles with higher B in the feed.*! However, unlike
molten-salt syntheses where excess salt constrains growth,®? the Sn-redox medium behaves
oppositely at high Sn: for MoB:-SP (stoichiometric B, excess Sn) the primaries and
aggregates become larger rather than smaller, indicating a flux-dominated aggregation

regime with a higher crystal/particle growth rate.

Table 3.1. Composition of the three samples measured from EDS (Figure 3.1 & 3.2).

Mo (at%) B (at%) B/Mo Ratio
MoB>/MoB 24.1 75.9 3.15
MoB;-SP 32.1 67.9 2.12
MoB./B 12.8 87.2 6.81

Table 3.2. Textural parameters from N> physisorption at 77 K. Specific surface area
(Saer) was obtained by multipoint BET from adsorption branch. Total pore volume (Vpore)
was derived from the QSDFT-Ads analysis (N2 @ 77K; mixed slit/cylindrical kernel

Sample Specific surface area (m?g') Pore volume (cm3 g!)
MoB2/MoB 15.78 0.0482
MoB:2-SP 8.32 0.0305
MoB:/B 34.68 0.0527
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Figure 3.3. SEM images of (a) MoB2/MoB, (b) MoB»-SP, and (c) MoB»/B. BET isotherms
of (d) MoB2/MoB, (e) MoB2-SP, and (f) MoB2/B, and the insets showing pore volume
distribution.

The N> adsorption—desorption isotherms (Figure 3.3j-1) for all three samples are
type-1V with pronounced H3 hysteresis, consistent with mesoporous textures arising from
interparticle packing of plate/flake—particle aggregates; the very low uptake at P/Po = 0.01

indicates negligible intrinsic microporosity, so accessible porosity derives predominantly

from interparticle slits/cavities. BET specific surface areas, determined from the adsorption
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branch under Rouquerol criteria, are Szer = 34.68 m? g' (MoB2/B), 15.78 m? g
(MoB2/MoB), and 8.32 m? g' (MoB>-SP) (Table 3.2). Pore-size distributions (PSDs;
insets, Figure 3.3j-1) were obtained from the adsorption branch using QSDFT for N at 77
K with a mixed slit/cylindrical kernel (instrument/analysis details in the SI), yielding peak
modes at ~5-12 nm (MoB2/B), ~13—-15 nm (MoB2/MoB), and ~25-40 nm (MoB»-SP).
Corresponding pore volumes from QSDFT are 0.0482 cm® g! (MoB2/MoB), 0.0305 cm?
g' (MoB-SP), and 0.0527 cm?® g' (MoB2/B), tracking the Sper trend (MoB./B >
MoB>/MoB > MoB»-SP) and reflecting progressively wider interparticle voids and stronger
agglomeration as B feed decreases and/or Sn increases. Together with SEM, these analyses
establish that B-feed controls primary size/packing, while Sn-flux governs aggregate
growth and particle morphology.

QSDFT was employed rather than classical BJH because (i) the SEM-observed
mixture of stacked plates/flakes and particulate clusters naturally generates both slit-like
and cylindrical/interstitial voids, best represented by a mixed-geometry kernel, and (ii) in
H3-type systems the desorption branch is influenced by network percolation/cavitation,
which biases desorption-based models (BJH/Kelvin) and can redistribute pore volume
across the mesopore range. Accordingly, we report QSDFT-Ads PSDs (mixed slit/cyl
kernel) alongside adsorption-branch, Rouquerol-validated BET areas as standard measures

of texture.
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Figure 3.4. HRTEM image of MoB2/MoB nanoparticles with MoB c-lattice and MoB: b-
lattice

High-resolution TEM for the composite (Figure 3.4), resolves MoB (001) and a-
MoB: (010) domains within single particles; the SAED inset is non-uniform, reflecting
multiphase character. Lattice-fringe indexing highlights the (001) planes of MoB and the
(010) planes of a-MoBo, consistent with the XRD assignment. Stacking faults frequently
occur in the MoB lamellae—an expected feature for monoborides produced via Sn-redox
synthesis and consonant with earlier observations for the same structure using the same
method.®

For XPS Mo 3d (Figure 3.5a-c), all three samples exhibit the characteristic
boride/metallic low-binding energy (BE) envelope composed of a minor Mo® doublet at
227.8-227.9 eV (3dsp) and 230.5-230.7 eV (3d3») with very narrow widths (FWHM =
0.39-0.50 eV), together with the Mo—B related component centered near ~ 228-231 eV.
Higher-BE contributions from Mo*" (MoO,.like) appear at 229.3 + 0.1 eV (3ds) and

232.3-232.4 eV (3d32) with FWHM = 1.0-1.2 eV, and a small Mo*" doublet at 232.7—
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232.8/235.8-236.0 eV (FWHM = 2.4-2.7 eV). The overall line shapes (intensity, area,
widths) are very similar across the three samples, and the Mo fraction remains small—as
expected for nanosized borides.***> Notably, the low-BE Mo-B/Mo’ envelope is
comparably pronounced in MoB»>-SP (Figure 3.5b) and MoB>/MoB (Figure 3.5a), but
least evident in MoB»/B (Figure 3.5¢). This sequence tracks the HER trend, supporting
that accessible Mo-B terminations (low-BE Mo signal) are performance-relevant for

MoB:-based catalysts.5
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Figure 3.5. High-resolution XPS spectra of Mo 3d, B 1s and O 1s of MoB2/MoB (a—c),
MoB:»-SP (d—f), and MoB2/B (g—i).
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Table 3.3. XPS peak position and full width at half maximum (FWHM) parameters for
Mo 3d and B1s of MoB>/MoB, MoB:-SP, and MoB,/B

Spin-orbit = Peak Position FWHM

Sample Assigned Species

Components (eV) (eV)
3ds, 232.82 2.57
6+
Mo™ (MoOs) 3ds» 235.82 2.67
3ds» 22928 1.41
4+
Mo™ (MoO2) 3ds» 23234 1.06
MoB2/MoB . 3dsp 22781 0.487
Mo” (MoB/MoB) 3ds 230.57 0.459
B (B,03) 235.82 322
B-suboxide (B,02) 232.82 2.57
BY (MoB2/MoB) 189.09 2.67
3dsp 232.75 3.03
6+
Mo™ (MoOs) 3ds 23591 2.47
3dsp 229.27 1.15
4+
Mo™ (Mo0O2) 3ds» 232.68 1.03
MoB:-SP . 3dsp 227.84 0.497
Mo” (MoB/MoB) 3ds» 230.65 0.435
B (B,03) 193.47 2.48
B-suboxide (B,02) 192.44 1.56
BY (MoB2/MoB) 188.76 276
3ds, 232.83 2.62
6+
Mo™ (MoOs) 3ds 236.00 2.4
3ds» 22932 1.24
4+
Mo™ (Mo0O2) 3ds» 232.45 1.16
MoB2/B . 3ds, 22781 0.390
Mo” (MoB/MoB) 3ds» 230.58 0.410
B (B,03) 193.17 3.3
B-suboxide (B,02) 191.23 1.41
BY (MoB2/MoB) 188.39 4.07
Table 3.4. Composition of the three samples measured from XPS.
Sample Mo (at%) B (at%) B/Mo Ratio
MoB,/MoB 23.44 76.56 327
MoB,-SP 31.03 68.97 2.22
MoB,/B 14.12 85.88 6.08
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The B 1s spectra (Figure 3.5d—f) differentiate the surface chemistry. Each sample
contains a B (Mo-B) peak at =188.3-188.9 eV, a B-suboxide shoulder at ~191.1-191.6
eV, and a higher-BE B** (B,Os/borate-like) component at ~192.8-193.5 eV. In MoB,-SP
(Figure 3.5¢) the B” ~188.8 eV peak dominates while the oxide contributions at ~191-193
eV are weak (Table 3.3: B FWHM = 2.8 eV), indicating that most surface B participates
in Mo—B bonding rather than forming oxides. MoB»/B (Figure 3.5f) shows the opposite
behavior: a strong B> =193.2 eV and a pronounced B-suboxide =191.2 eV, together with
a broadened B® (FWHM = 4.1 eV), consistent with excess/heterogeneous B that readily
oxidizes. MoB2/MoB (Figure 3.5d) lies between these limits, with a sizable B® ~188.7—
188.9 eV and moderate oxide intensity.’***% Qverall, the B 1s evolution, B%rich in
MoB:»-SP, intermediate in MoB2/MoB, and oxide-rich in MoB»2/B, aligns with the low-BE
Mo trend above.

Quantitative XPS composition (Table 3.4) further corroborates these assignments.
The surface Mo and B atomic fractions are 23.44/76.56 at% for MoB2/MoB, 31.03/68.97
at% for MoB»-SP, and 14.12/85.88 for MoB2/B. Expressed as B:Mo ratio, the values are
3.27 (MoB2/MoB), 2.22 (MoB»-SP), and 6.08 (MoB>/B), indicating a B-rich surface for
the B-added sample and a comparatively lower B:Mo for the SP product. These XPS-
derived B:Mo trends match the EDS measurements in Figure 3.1 and Figure 3.2, which
likewise show MoB2/B as the most B-loaded, MoB2/MoB intermediate, and MoB»-SP the
least B-enriched. Together with the peak-shape analysis, the compositional data reinforce

that maximizing low-BE Mo-B (~227.8-231 eV) and B® (~188.5-188.9 eV) while
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suppressing high-BE B-oxide (~191-193.5 eV) correlates with the superior HER activity
observed for the MoB>/MoB and MoB,-SP catalysts.

The HER performance of the Mo—B nanoparticle catalysts was evaluated in 0.5 M
H>SO4 using a three-electrode configuration on stationary carbon cloth (CC). Figure
3.6a,d shows the polarization curves (iR-corrected LSVs) for the three samples. All
samples exhibit efficient catalytic activity, reaching the 150 mA-cm™ benchmark at
relatively low overpotentials (1150). At 150 mA-cm™, MoB2/MoB, MoB»-SP, and MoB»/B
required 173, 203, and 281 mV, respectively. At the lower current density of 10 mA-cm™
(Figure 3.7), where the Pt/C is best with n10 = 3040 mV, the MoB>/MoB composite leads
the boride electrodes, requiring only 96 mV; Notably, at this low current density our MoB:-
based catalysts are within ~60 mV of Pt—an impressive level for a noble-metal-free
material. More importantly, the borides maintain their advantage as current increases, as
discussed next.

A primary motivation for developing robust non-noble catalysts is to meet the
demands of industrial electrolysis, which operates at high current densities (> 500 mA-cm’
2). We therefore measured the overpotentials required to reach 1 A-cm™ for each sample
(Figure 3.6d). Again, the MoB2/MoB sample excelled, delivering 1 A-cm™ at 361 mV.
Notably, this outperforms Pt/C—under identical conditions, the commercial Pt/C electrode
required ~0.826 V to reach 1 A-cm™, more than twice the overpotential of MoB2/MoB.
MoB:-SP reached 1 A-cm™ at ~393 mV, while the B-rich MoB2/B sample required ~516
mV to drive the same current. These results demonstrate a remarkable sensitivity of high-

current performance to the Mo-B feed ratio (and resulting phase purity). Despite
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agglomeration evident in SEM and lower Szer, MoB»2-SP shows very good performance at
both low and high current density, underscoring the intrinsic activity of stoichiometric a-
MoB>. By contrast, MoBo/B, with its large excess of boron, likely forms
insulating/oxidized B overcoats that inhibit access/conductivity as was evident from
Portehault et al.*! For the MoB2/MoB composite, modest B-excess in EDS/XPS, reduced

agglomeration (BET), and phase synergy together boost activity.
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Figure 3.6. Linear sweep polarization curves of different electrodes of MoB>/MoB, MoB:-
SP, MoB,/B and 20% Pt/C recorded in 0.5 M H2SO4to reach (a) 150 mA ¢m™ and (d) 1000
mA cm. (b) Tafel slopes of these materials at different current densities. (c) Charging
current density difference plotted against scan rate to yield double-layer capacitance (Cai)
of the boride samples. (e) Polarization curves of MoB2/MoB electrode before and after
5000 cycles. (f) Chronoamperometry curve of MoB2/MoB electrode for 24 h.

Table 3.5. Fitted EIS data from Nyquist Plots in Figure 3.9.

Electrode type Rs[Ohm)] R¢t [Ohm] CPE [F s*1]
MoB2/MoB 10.2 24.4 3.69 ¢ 0.841
MoB:-SP 9.6 31.9 3.20 ¢ 0.810
MoB2/B 10.4 53.6 235¢ 0.760
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Figure 3.7. Linear sweep polarization curves of different electrodes of MoB>/MoB, MoB:-
SP, MoB,/B and 20% Pt/C recorded in 0.5 M HSO4to 10 mA cm™.
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Figure 3.8. Tafel plots of MoB2/MoB, MoB2-SP, MoB2/B and Pt/C electrodes at different
current densities of (a) 10, (b) 100, and (c) 1000 mA cm™.
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Figure 3.9. Nyquist plot representations of the electrochemical impedance spectra of the
boride samples of (red) MoB2/MoB, (blue) MoB»-SP, and (green) MoB»/B.
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Tafel slopes were calculated at 10, 100, and 1000 mA-cm™, as shown in Figure
3.8. At 10 mA-cm™, Pt/C shows 35 mV-dec!, whereas the borides give 46/49/58 mV-dec”
' (MoB2/MoB / MoB»-SP / MoB2/B). At 100 mA-cm™, the borides remain clustered at
~88-94 mV-dec™!, while Pt/C increases to 178 mV-dec!; at 1 A-cm™, the borides show
~460-544 mV-dec! vs ~1941 mV-dec! for Pt/C. These trends, summarized in Figure
3.6b, indicate that Pt/C becomes transport-limited under our stationary CC tests, whereas
the borides sustain more favorable apparent kinetics at high current density.

Electrochemical impedance spectroscopy (EIS) was performed at overpotentials
corresponding to 10 mA-cm™ to compare the charge-transfer resistance (Re) of the
electrodes, as summarized in Table 3.5. The Nyquist plots in Figure 3.9 show a single
semicircle for each sample, from which R values were extracted: 24.4 Q for MoB,/MoB
and 31.9 Q for MoB»-SP (both low), whereas MoB»/B exhibits much higher Rct, consistent
with its poorer performance. These resistances mirror the catalytic performances of each
electrode and support that minimizing insulating B residues is critical for charge-transfer
efficiency.
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Figure 3.10. Caq measurements from cyclic voltammetry profiles at different scan rates
from 20 to 200 mV/s for (a) MoB2/MoB, (b) MoB»-SP, and (c) MoB»/B.
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The electrochemically active surface area (ECSA) was estimated via double-layer
capacitance (Cq). CVs used for extraction are plotted in Figure 3.10, and ECSA proxies
are compiled in Figure 3.6¢ as Aj vs scan rate. MoB2/MoB shows 38.7 mF-cm™, MoB,-
SP 23.4 mF-cm™ and MoB2/B 13.4 mF-cm™. Despite the lower ECSA and stronger
agglomeration for MoB»-SP, its overpotentials remain comparatively low across current
regimes, highlighting intrinsic a-MoB> activity when excess-B residues are eliminated.
Figure 3.6e along with Figure 3.11 shows strong stability among the three electrodes,
minimal change after 5000 CV cycles. The chronoamperometry of MoB2/MoB shown in
Figure 3.6f at around 300 mA-cm™, remains stable for 24 hours, which is among the

highest sustained current densities reported for boride nanoparticles under stationary

testing.
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Figure 3.11. Polarization curves of (a) MoB>-SP and (b) MoB2/B electrodes before and
after 5000 cycles.
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3.4. Conclusion

We established a stoichiometric, flux-controlled synthesis of a-MoB> nanoparticles
that avoids excess-boron artifacts and decouples size from phase: the boron feed tunes
primary size/packing, and the Sn flux toggles phase/morphology between single-phase o-
MoB> and MoB2/MoB composites. Structural (XRD/HRTEM) and surface (XPS) analyses
show that eliminating amorphous/oxidized B maximizes low-BE Mo-B and B° signatures,
correlating with improved charge transfer (lower R¢) and performance. Textural
measurements (SEM, BET/QSDFT) reveal that higher Sn promotes coarsening and
agglomeration with lower accessible area; nevertheless, a-MoB> (MoB»-SP) remains
highly active, demonstrating that intrinsic Mo-B terminations, not surface area alone,
govern HER. Under stationary, non-rotating carbon cloth (CC)—a practical proxy for
porous transport layers—a-MoB; achieves niso = 203 mV and 11000 = 393 mV, while the
MoB:/MoB composite attains niso= 173 mV and nio0o= 361 mV, outperforming Pt/C at 1
A-cm under identical conditions. This performance stems from phase synergy (electronic
percolation + site diversity), suppressed B-overcoats, and flux/boron-controlled growth
that preserves conductive boride surfaces while limiting aggregation. Our two-knob design
rule—B feed sets size/packing; Sn flux sets phase/morphology—offers a general blueprint
to realize ampere-level, noble-metal-free HER on porous supports, and should translate to

allied transition-metal borides.
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Chapter 4.

Redox-Flux-Assisted Iodide Chemistry Yields Nanosized RuB:/Ru:B3
Composites for Hydrogen Evolution in Acidic and Alkaline Media:
Managing Iodide Volatility

Sang Bum Kim, Logan Quach, Boniface P.T. Fokwa

Ruthenium borides are promising, Pt-like hydrogen evolution reaction (HER)
catalysts, but nanosizing and phase control remain challenging due to volatile halide
transport and high-temperature growth. We report a halide-directed, flux-assisted route that
uses Rul; with KCI (=50 wt%) to suppress iodide volatility and enable nanoparticulate,
boron-rich Ru—B composites. Compared head-to-head with a conventional RuCls/Sn route,
the iodide path yields finer particles and a RuB2/RuxB3 composite (I-RuB2/RuzB3) with
superior HER activity: in 0.5 M H2SOy it requires 13.0 mV and 101.7 mV to achieve 10
and 150 mA cm™, respectively; in 1.0 M KOH, 15.6 mV and 122 mV. A chloride-derived
analog (CI-RuB2/RuzB3) is competitive but coarser, while excess-boron synthesis (Cl-
RuB./B) shows low overpotentials at 10 mA cm™ yet suffers high-current losses attributed
to resistive B-rich overlayers. Tafel slopes for the composites fall below 30 mV dec™,
consistent with Pt-like kinetics. Although acid stability is limited, the best catalyst retains
~97% activity after 5000 cycles in alkaline electrolyte. This iodide-enabled strategy
generalizes molten-salt moderation of volatile precursors and clarifies activity—stability

trade-offs that govern Ru—B HER catalysts across various pH values.
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4.1. Introduction

Hydrogen is widely promoted as a clean energy carrier that can help decarbonize
hard-to-electrify sectors when produced using low-carbon pathways.! In prospective
“hydrogen economy” scenarios, electrolytic H, can cut lifecycle emissions versus fossil-
derived Hz by ~50-90% depending on the power mix and scale.” Yet deployment faces
systems-level constraints (renewable build-out, land/water footprints, infrastructure),
reinforcing the need for efficient, durable electrocatalysts that reduce stack cost and energy
use.>™ Water electrolysis offers high-purity H> and grid-balancing potential—including
with non-ideal waters—but its viability hinges on catalyst performance and stability across
media.®” At the active-site level, Pt remains the benchmark for HER due to near-optimal
AGu=, but its scarcity and price motivate alternatives with comparable activity and far
better material availability.®!!

HER proceeds via Volmer—Heyrovsky or Volmer—Tafel sequences; acidic HER
draws protons from hydronium, whereas alkaline HER must first split water, generally
slowing kinetics.!>”!> This pH-dependence explains why exchange currents for Pt-group
surfaces can drop by orders of magnitude in base relative to acid, and why interfacial
cations/water structure modulate reaction barriers.'*!> Mechanistic insight into AGus,
water dissociation energetics, and the electric double layer therefore guides catalyst design
that remains active across electrolytes. '°

Transition-metal borides (TMBs) have emerged as promising HER catalysts
because strong metal-boron bonding and diverse structures can confer high conductivity,

corrosion resistance, and intrinsically active surfaces—even without extreme
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nanosizing.!”?° In AlB,-type diborides with graphenic B-B layers, boron motifs
themselves contribute to favorable hydrogen adsorption and charge transfer, creating
bifunctional metal-boron ensembles.?! Specific examples include a-MoB, and W-
promoted a-Moi1xWxB: that sustain high HER rates at elevated current density, consistent
with activity of flat B-layers and W-enabled electronic promotion.?!?* Low-temperature
redox/metathesis routes have also delivered nanocrystalline MoB» with improved activity
over bulk material by exposing these favorable facets, and more recently V-stabilized MoB
solid solutions (Vo3Moo7B) reached industrial-level current densities while retaining
durability.?>**

Ruthenium-based catalysts are especially attractive because Ru binds hydrogen
similarly to Pt yet is more abundant, and its activity can be boosted via local coordination
and support effects.>>?” Embedding single Ru atoms or ultrasmall Ru ensembles in N-
doped carbons yields pH-universal HER performance and, in alkaline media, even
surpasses commercial Pt/C through lower water-dissociation barriers at RuCxNy
moieties.?>?® Within the Ru-B family, phase engineering matters: comparative studies on
RusB3, RuB, RuzB3 and RuB» show that increasing boron content (toward RuB») weakens
over-strong Ru—H binding and enhances activity/stability.?’ Complementary Ru-B on
heteroatom-doped carbons has likewise delivered low overpotentials in both acid and base
via synergistic Ru-B interactions that facilitate Volmer kinetics.>

A persistent challenge for Ru systems is durability in strongly acidic environments,

where oxidation/dissolution pathways can degrade Ru under aggressive operation.’!

Strategies to mitigate degradation include (i) strong metal-support interactions and
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coordination that anchor isolated Ru centers, which maintain activity with improved acid
stability; (i1) electronic/structural tuning via heterointerfaces that modulate water
activation; and (iii) electrolyte micro-environment engineering, where alkali cations
restructure interfacial water and influence HER/HOR kinetics.?>?%330 While cation-
engineering alone is not a universal “anti-corrosion” fix, it complements catalyst design by
lowering kinetic penalties for water dissociation and shaping the double layer.'>

Scaling TMBs to the nanoscale increases active area and exposes specific boron-
rich planes, but conventional high-temperature syntheses often yield coarse grains and
mixed phases.!”!?>? Solution or molten-salt redox/metathesis strategies address this by
lowering temperatures, enabling particle-size/morphology control and access to metastable
or highly dispersed borides.?**-* Chemical reduction with borohydrides can also produce
amorphous or nanocrystalline borides that are HER-active across pH, offering a
complementary route to crystalline intermetallics.?>

Precursor chemistry is a critical but underused lever in controlling TMB
nucleation/growth. In particular, trace halides strongly perturb reduction kinetics and
particle morphology; iodide is especially potent, accelerating some metal reductions while
retarding others and driving rapid, shape-selective growth.’’*8 Specific adsorption of
iodide can steer anisotropic growth and facet expression, often causing burst nucleation
and fast particle coalescence; in multimetal co-reductions, iodide can differentially control
relative reduction rates and complicate phase-pure co-nucleation.*®*° These attributes help
explain why metal iodides are rarely used as primary precursors for controlled boride

nanoparticles syntheses, despite their strong kinetic leverage.
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Here, we introduce a halide-directed, flux-assisted synthesis that pairs an iodide
route—Rul; moderated by KCI (=50 wt%)—with a conventional chloride/Sn route (RuCl3
+ Sn) to disentangle how precursor identity governs phase selection, particle size, and HER
performance across pH. KCl suppresses iodide-driven volatility and enables nanosized,
boron-rich Ru-B, yielding a RuB2/Ru;B3z composite (I-RuB2/Ru;B3), whereas the
chloride/Sn path furnishes a similar composite but with coarser grains (Cl-RuB2/RuxB3);
pushing chloride to excess boron produces near-single-phase RuB; enveloped by a B-rich
overlayer (Cl-RuB2/B). The iodide-derived composite delivers low overpotentials of
13.0/101.7 mV (10/150 mA cm™) in 0.5 M H2SO4 and 15.6/122 mV in 1.0 M KOH, along
with Pt-like Tafel slopes (<30 mV dec!), while the B-overlayer sample exhibits
pronounced high-current losses. Durability diverges by pH: despite limited acid stability
typical of Ru systems, I-RuB2/RuzB3 retains ~97% of its initial activity after 5,000 cycles
in alkaline electrolyte without any added conductive support. Collectively, we map
practical synthesis windows for boron-rich Ru—B, establish an iodide/KCl precursor—flux
pairing that enables true nanosizing, and clarify activity—stability trade-offs at

technologically relevant current densities.

4.2. Experimental Section
4.2.1. Chemicals
Ruthenium Chloride (RuCls, powder, 99.9%), Ruthenium Iodide (Ruls, powder, >
99%), boron (amorphous powder, 99%) and Platinum on carbon (Pt/C, 20%) were

obtained from Alfa Aesar. Sulfuric acid (H2SO4, 98%) was purchased from Fisher
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Scientific. Copper sheet and conductive carbon glue were obtained from Basic Copper

and Ted Pella, respectively. All chemicals were used without further purification.

4.2.2. Sample preparation

All of the chemicals used in the experiment were handled in a nitrogen-filled
glovebox. Anhydrous ruthenium sources, RuCls; and Ruls, elemental boron, and Sn
powder were mixed in a mortar and pressed into a pellet in the glovebox. The pellet was
then sealed in a quartz ampoule under vacuum after argon atmosphere. Different mole
compositions (Ru source : B : Sn or KCI) were used for different samples. The sealed
quartz ampoule containing the pellet was then heated in an electric furnace for 4 hours at
850 °C with 2 °C/min (for RuClz samples) and 0.5 °C/min (for Rulz samples) heating and
cooling rates. Upon completion of the reaction, the ampoule was opened to reveal a dark-
colored product (powder), which was then ground further into finer powder and treated in
approximately 10% HCI for one hour before being washed with deionized water and

ethanol, then dried overnight at 65 °C.

4.2.3. Electrode preparation
4 mg of each synthesized powder was ultrasonically dispersed in 1 mL of ethanol
with 20 pL of a 5% Nafion solution (Sigma Aldrich) for 30 min to form a homogeneous
catalyst slurry. Then the slurry catalyst mixture was coated onto a carbon cloth (Sigracet)
with an area of 3x3 mm?. Finally, the catalyst-coated carbon cloth was placed in a drying
oven at 70 °C for 120 minutes to remove the solvent from the electrode and to improve
adhesion. Then the catalyst-coated carbon cloth was attached to a copper sheet using

conductive silver paste. The exposed surface of the copper sheet was covered with epoxy
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adhesive and dried overnight at room temperature. The catalyst loading of the electrode

was kept at ~1 mg/cm? for all the samples analyzed.

4.3. Results and Discussion
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Figure 4.1. Powder X-ray diffraction (PXRD) of ruthenium boride products prepared by
halide-directed, flux-assisted synthesis. (a) [-RuB2/RuzB3 and (b) Cl-RuB2/Ru,B3
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Figure 4.2. Powder X-ray diffraction data of synthesized products of different Ru:B ratio
with KCl or Sn at different reaction temperatures and heating rates. (a) 1:2+KCl at 800
°C with 2 °C/min, (b) 1:2+KCl at 800 °C with 0.5 °C/min, (c) 1:4+KCl at 800 °C with
0.5 °C/min, and (d) (Cl-RuB2/B) 1:8+Sn at 850 °C with 2°C/min.

Powder X-ray diffraction (PXRD) in Figure 4.1a and b benchmarks two
representative composites obtained from iodide and chloride metal sources, respectively:
an iodide-derived RuB2/Ru,B3 composite prepared with Rul; + KCI flux (I-RuB2/RuzB3)
and a chloride-derived analogue from RuCl; + Sn (Cl RuB2/Ru;B3). Systematic control
experiments in Figure 4.2a—d map the synthesis window. Using Ruls alone, rapid ramps
in reaction temperature transport volatile Ru/I/Sn species to be condensed on top of the

ampoule headspace so the pellet disintegrates and the reaction between Ru and B does not

take place. However, adding solid KCl (~50 wt%) suppresses iodide volatility (metathesis
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to KI) and acts as a molten-salt flux above ~770 °C,*! allowing reaction to proceed to 850
°C where Ru-B coupling occurs (Figure 4.2a—c). Heating-rate sensitivity is pronounced:
the fast ramp (Figure 4.2a) prematurely reduces to Ru® to form metal ruthenium crystals,
whereas the slower ramp (Figure 4.2b) yields Ru-rich borides. Increasing B to a 1:4
(metal:B) in the feed (Figure 4.2¢) stabilizes RuxB3 at 800 °C, and stepping to 850 °C
furnishes the I-RuB2/RuzB3 composite summarized in Figure 4.1a. Residual K is partially
trapped and not fully removed by washing, consistent with weak K-bearing signatures in
the PXRD pattern (Figure 4.1a) and EDS mapping (Figure 4.5). CI-RuB2/Ru;B3 in Figure
4.1b was synthesized with the exact same conditions as the iodide counterpart, except for
its metal source and the redox/flux agent (Sn).**> Using Sn, which can be easily removed
with acid and does not form a secondary phase with either Ru or B, no side phases other
than the two main Ru-B crystals are evident as seen in XRD pattern. Pushing the chloride
route to 1:8 (metal:B) drives the product toward RuB, with a B-rich matrix (Cl-RuB»/B)
as in Figure 4.2d. Notably, with RuCls + Sn the reaction pellet loses its initial shape and
disintegrates into coarse powder, yielding bulkier product even when the phase assemblage
converges to RuB>/RuxB; after the reaction. These outcomes mirror prior MoB; synthesis
in Chapter 3 of this thesis: excess B promotes diboride purity while encouraging B-derived

surface layers and smaller crystallites.

Table 4.1. Composition of the three samples measured from EDS (Fig

Ru (at%) B (at%)
Ruls - 1:4 24.3 75.7 3.12
RuCls - 1:4 23.7 76.3 3.22
RuCl; - 1:8 11.6 88.4 7.62

96



B B

Figure 4.3. SEM images of (a) [-RuB2/Ru;B3 and (b) Cl-RuB2/RuzB3, and the energy
dispersive X-ray spectroscopy (EDS) elemental mapping of Ru and B in (¢) [-RuB2/RuzB3
and (d) Cl-RuB2/RuxB3

(a)

Figure 4.4. (a) SEM image and (b) energy dispersive X-ray spectroscopy (EDS)
elemental mapping of Ru and B of Cl-RuB2/B.
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Morphology and spatial elemental distributions corroborate these trends. SEM in
Figure 4.3a shows the iodide route produces much finer primaries in nanoscale, while the
chloride/Sn product in Figure 4.3b comprises loosely sintered, coarser aggregates. EDS
maps for Ru and B (uniform lateral distributions) are shown for the iodide composite in
Figure 4.3c and the chloride composites in Figure 4.3d and Fig S2b. The Cl-RuB,/B
specimen is provided in Figure 4.4. Quantitative EDS (spectra in Figure 4.6) and the
summary Table 4.1 give metal (Ru) vs. B atomic percentages of 24.3:75.7 for I-
RuB2/Ru;B3 (1:4 feed), 23.7:76.3 for Cl-RuB2/RuxB;3 (1:4), and 11.6:88.4 for CI-RuB»/B
(1:8), corresponding to B/metal ratios of ~3.1, ~3.2, and ~7.6, respectively. These results
are consistent with mixed Cl-RuB2/Ru2B3; domains plus B-rich surfaces in the composites
and a strongly B-enriched surface matrix enveloping RuB» grains in the 1:8 product as
parallel to previously reported borides.?*** The SEM image of Cl-RuB2/B in Figure 4.4a
is composed of smaller particles with similar morphology to Cl-RuB>/RuzB3 with less B in
the feed. This is consistent with previous reports and Ch.3 of this thesis, that the excess

boron in the feed decreases the size of resulting particles.>*3*

I-RuB,/Ru;B;
. P
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» i |
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Figure 4.5. EDS mapping of [-RuB2/Ru:B3 (Ru, B, and K) in (a) wide and (b) close-up
Views.
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Figure 4.6. EDS elemental spectra of (a) I-uBzRuzB, (b) Cl-RuBz/RuB3, and (c) Cl-
RuB»/B for Ru & B from the mapping in Figure 4.3 and 4.4.

Hydrogen evolution reaction (HER) activity follows these structure—composition
motifs. Polarization curves (iR-corrected LSVs) in Figure 4.7a (0.5 M H2SO4) and Figure
4.7b (1.0 M KOH) show that I-RuB2/RuzB; reaches 10/150 mA cm™ at overpotentials of
13.0/101.7 mV 1in the acid and 15.6/122 mV in the alkaline medium. CI-RuB2/Ru;B3
requires 28.7/163.7 mV (acid) and 21.8/149.2 mV (alkaline), whereas Cl-RuB»/B exhibits
16.4/245.5 mV (acid) and 24.6/201.5 mV (alkaline). The electrodes require generally lower

overpotentials for a given current density in H>SO4 than KOH as consistent with previous
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reports on Ru-B based catalysts.?**? B-rich surface matrices in CI-RuB./B show
comparable overpotential at lower current density (nio) but penalized at high current
density (nis0), consistent with resistive B overlayers as expected,?*** aligning with the
Chapter 3 result in this dissertation. In base, the gap between the two benchmark
composites narrows, CI-RuB2/Ru;B3 particularly competitive, yet I-RuB2/Ru;B3 still

shows equal or better performance than the benchmark Pt/C.
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Figure 4.7. Linear sweep polarization curves of I-RuB2/Ru;B3, Cl-RuB,/RuB3, Cl-
RuB»/B, and 20% Pt/C electrodes (a) in 0.5 M H>SO4 and (b) 1 M KOH. Tafel slopes of
these materials (c) in 0.5 M H2SO4 and (d) 1 M KOH. Polarization curves of [-RuB>/RuzB3
electrode before and after 5000 cycles (e) in 0.5 M H2SO4 and (f) | M KOH
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Kinetic analysis via Tafel plots (Figure 4.7¢,d) reveals Pt-like behavior for the
composites, with slopes less than 30 mV dec™ and the iodide composite (I-RuB2/Ru2B3)
even dipping further below 30 mV dec™! in both media. Such values are characteristic of a
Volmer-Tafel mechanism with Tafel recombination as the rate-determining step on
optimized, Pt-like surfaces; by contrast, the B-rich ClI-RuB2/B exhibits larger slopes,
consistent with additional kinetic resistance and/or less ideal H* binding imposed by
surface films. These observations are consistent with canonical HER microkinetics, which
assign ~30 mV dec! to the Tafel-limited pathway and ~40/120 mV dec! to
Heyrovsky/Volmer limits, respectively.

Durability diverges sharply by pH (Figure 4.7e,f). In acid, all Ru-B electrodes
show noticeable decay on cycling, consistent with known dissolution/ripening pathways of
Ru-containing nanoparticles under strongly acidic polarization. In alkaline, the I-
RuB2/RuzB3 electrode retains ~97% of its initial activity after 5,000 cycles, pointing to
stable surfaces/microstructures under OH™ media and highlighting the benefit of the
nanoscale composite architecture. Literature suggests several levers to further harden Ru-
based catalysts without sacrificing activity: engineering the interfacial cation environment
(e.g., K%) to restructure water and lower kinetic barriers; building strong metal-support
interactions and heterointerfaces to pin Ru centers; and tuning local coordination with B/N-
doped carbons.'®**%7 While these strategies have been demonstrated broadly for
HER/HOR and for stabilizing Ru oxides in harsh media, they are directly compatible with
the present Ru—B platform (and practically implementable here, given residual K observed

by EDS).
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4.4. Conclusion

This study establishes a practical synthesis window to access highly active Ru-B
catalysts by leveraging iodide chemistry under flux control. Using Rul; with KCI (=50
wt%) mitigates iodide-driven vapor transport and enables nucleation/growth of B-rich Ru—
B phases at 800—-850 °C. Compared with the conventional RuCl3/Sn route, the iodide/KCl
strategy produces markedly smaller particles and a RuB2/RuzB3 composite (I-RuB2/RuzB3)
that exhibits Pt-like kinetics (Tafel slopes < 30 mV dec™') and low overpotentials at both
modest and industrially relevant currents. Specifically, I-RuB2/Ru,B3 achieves 13.0 mV
(10 mA cm™) and 101.7 mV (150 mA cm™) in acid, and 15.6 mV and 122 mV in base,
outperforming the chloride-derived composite (28.7/163.7 mV in acid; 21.8/149.2 mV in
base at 10/150 mA cm™). An excess-boron chloride route drives near-single-phase RuB;
(Cl-RuB2/B) with low 10 mA cm™ overpotentials but pronounced high-current losses,
consistent with a resistive B-rich surface matrix that hampers charge transport.

While acid cycling reveals durability limitations typical of Ru/RuOx systems,
alkaline stability is excellent: ~97% retention after 5000 cycles, underscoring the inherent
resilience of the iodide-derived composite in OH™ media. Literature strategies—including
cation-environment engineering (e.g., K"), interfacial water structuring, and strong metal—
support interactions—offer clear routes to extend acid durability and further improve
kinetics in base without compromising activity. Together with the size/phase control
afforded by iodide plus KCl, these approaches provide a coherent roadmap for optimizing

Ru-B catalysts across pH.
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Beyond Ru-B, this work highlights precursor/halide identity as a powerful lever
for TMB synthesis. Iodide’s unique reduction/adsorption behavior, when moderated by a
molten-salt flux, can deliver nanoscale products and stabilize B-rich intermetallics
otherwise difficult to access, while avoiding complete volatilization at elevated
temperatures. This synthesis—structure—function framework should translate to other
borides where balancing phase purity, particle size, and conductive surfaces is essential for

achieving low overpotentials at high current densities.
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Chapter 5.
Conclusion

Here, I conclude by returning to the two barriers that have long limited transition-
metal borides (TMBs) in water electrolysis: reliable, phase-controlled nanoparticle
synthesis without boron-rich passivation, and a mechanistic bridge that connects
composition, structure, and surfaces to performance at device-relevant current densities.
This thesis addresses both. By leveraging a Sn/SnCl, redox—flux and the immiscibility of
Sn with B, I established a controllable, low-temperature route to crystalline TMB
nanoparticles with clean surfaces and well-defined chemistries. The method reduces the
need for large excess boron, mitigates coarsening, and streamlines post-processing—
practical advantages that enable rigorous comparisons across compositions and scalable
preparation for electrolysis.

Within this synthesis platform, vanadium-stabilized molybdenum monoboride
(Vo3Moo.7B) nanoparticles emerged as a non-PGM catalyst that delivers in the regime that
matters for deployment. The material outperforms commercial Pt/C beyond a few hundred
mA cm and sustains industrial-level operation, reaching ~1000 mA cm? at ~0.45 V in
acid with ~97% activity retention over ~28 hours. Electrochemical analyses (Tafel
behavior, Cq-derived ECSA, and EIS) indicate a higher accessible active-site density and
lower charge-transfer resistance than MoB-based composites. Complementary DFT links
these observations to hydrogen-binding energetics: on the dominant {112} facet, AGu

shifts toward thermoneutrality at high coverage, rationalizing the superiority specifically
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in the high-current regime. Together, these results provide a coherent synthesis-to-
descriptor-to-device picture for a practical, platinum-free HER cathode.

A second key outcome is a clarified structure—activity relationship in the Mo-B
system. By precisely tuning Sn and B inputs, I accessed single-phase a-MoB> (MoB>-SP)
without sacrificial excess boron, alongside two composite regimes (MoB>/MoB and
MoB:2/B). Despite larger particles and lower geometric surface area than the composites,
MoB:-SP exhibits strong intrinsic HER activity. This finding emphasizes that phase purity
and electronic structure—i.e., which terminations and facets are actually expressed—
govern kinetics more decisively than surface area alone. It also helps reconcile literature
reports where high apparent activities coincided with mixed phases or boron-rich surface
layers.

The broader implications are straightforward. In designing TMB catalysts,
synthetic knobs that stabilize the electronically optimal phase (including judicious alloying
or solid-solution formation) should take precedence over strategies that merely inflate
surface area at the expense of phase purity. Facet control matters: targeting surfaces
confirmed by PXRD/TEM and evaluating AGn at high hydrogen coverage provide more
faithful guidance for >10>-10° mA cm™ operation. Finally, electrode architecture is part of
the catalyst at scale—bubble management, film porosity, and conductivity pathways can
reinforce or obscure intrinsic kinetics and must be engineered in concert.

Chapter 4 addresses a long-standing barrier in Ru-borides—nanosizing and phase
selection in the presence of volatile halides. We show that pairing Rul; with ~50 wt% KCl

simultaneously suppresses iodide-driven runaway transport and provides a benign molten-
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salt flux above ~770-800 °C, enabling intact pellets and reaction completion at 850 °C to
yield a nanoscale RuB2/RuxB; composite (I-RuB2/RuzB3). A chloride/Sn comparator
converges to a similar composite but with coarser grains (CI-RuB2/Ru;B3), while pushing
the chloride route to eightfold excess B favors near-single-phase RuB> with a B-rich
overlayer (Cl-RuB2/B)—mirroring MoB: behavior. The iodide-enabled product exhibits
low overpotentials (0.5 M H2SO4: 13.0/101.7 mV at 10/150 mA cm™?; 1 M KOH: 15.6/122
mV), and Pt-like Tafel slopes (< 30 mV dec™), with ~97% activity retained after 5000
cycles in alkaline electrolyte without conductive supports. Together these results map
practical synthesis windows for boron-rich Ru-borides and clarify activity—stability trade-
offs across pH.

Beyond the specific chemistries, several cross-cutting principles emerge. (i)
Substitutional stabilization (e.g., V in MoB) can reduce synthesis severity and particle size
while preserving intrinsic active motifs, translating to higher active-site densities and lower
transport resistances at scale currents. (ii) Excess-boron strategies promote diboride phase
purity but may deposit resistive B-rich overlayers that dull high-current response,
demanding careful balance between purity and interfacial conductivity. (iii)
Precursor/halide identity is a powerful and underused lever: iodide has strong kinetic
leverage yet must be moderated; coupling Ruls with KCI is an effective volatility-
management and flux strategy that should generalize to other volatile-halide TMB systems.
Finally, durability in acidic media remains a challenge for Ru systems due to

oxidation/dissolution pathways; emerging solutions—metal-support interactions,
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heterointerface design, and electrolyte micro-environment (e.g., alkali-cation)
engineering—offer complementary routes to retain activity while mitigating degradation.
Overall, the thesis demonstrates that judicious control over precursor chemistry,
flux, and stoichiometry yields nanosized, boron-rich TMBs with HER metrics that rival
noble-metal benchmarks at technologically relevant current densities, while outlining

practical synthesis maps and durability pathways for future device-level deployment.
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