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Abstract

Facile Synthesis of Single-Crystal Molybdenum
Phosphide as an FElectrocatalyst for the Oxygen

Reduction Reaction

Name Seo Hyun Kim
Department Major Next Generation Applied Sciences
Graduate School of

Sungshin Women’s University

Hydrogen peroxide (H20,) is widely used in disinfection, water
purification, and chemical processing, but its conventional production
via the anthraquinone process 1s energy-intensive and
environmentally burdensome. Electrochemical H:O, synthesis via the
two-electron oxygen reduction reaction (2e ORR) offers a cleaner
alternative, yet highly selective and efficient catalysts remain scarce.
Molybdenum phosphide (MoP) is a promising candidate due to its
electrical conductivity and stability, but traditional synthesis methods
yvield polycrystalline or amorphous forms with limited facet control.
In this study, we developed a liquid-metal-assisted chemical vapor
deposition (CVD) strategy wusing gallium to grow MoP single
crystals with controllable facet exposure. By tuning the growth

temperature, we selectively obtained (0001) oriented nanoplates and



(1010) oriented pillars. Morphological analyses confirmed high
crystallinity and facet definition. Electrochemical tests showed that
the (1010) facet exhibited superior H»0. selectivity, attributed to
differences in reaction pathways. This work demonstrates a practical
synthesis method for facet-controlled MoP crystals, overcoming
previous limitations and enabling rational design of MoP

electrocatalysts for efficient 2e~ ORR-based H»;O: production.
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Chapter 1. Introduction

1.1 Necessity of MoP Single-Crystal Synthesis

The growing demand for sustainable energy conversion has accelerated the
development of electrocatalysts that are both cost-effective and durable. Among
various candidates, transition metal phosphides (TMPs) have garnered
considerable attention owing to their earth-abundant composition, tunable
electronic  structures, and outstanding chemical stability.!® In particular,
molybdenum phosphide (MoP) distinguishes itself due to its high thermal and

4-6

electrical conductivity,”® as well as its excellent catalytic performance in diverse

electrochemical reactions such as the hydrogen evolution reaction (HER),"®

),9,10 ).11,12

oxygen evolution reaction (OER and nitrogen reduction reaction (NRR
Structurally, MoP crystallizes in a hexagonal lattice (space group p6 m2),
where Mo atoms are coordinated by six phosphorus atoms forming a trigonal
prism geometry. This robust crystal structure supports inherent thermal and
chemical stability of MoP, while its metallic bonding character accounts for the
excellent electrical conductivity observed in bulk and nanostructured forms.
However, most MoP investigations still rely on polycrystalline or amorphous
powders whose grain boundaries and random orientations obscure the intrinsic
link between surface atomic arrangement and catalytic function, thereby making
morphology—driven design exceedingly difficult.'® Therefore, synthesizing MoP as
single crystals, free of grain boundaries and with well defined crystallographic
orientations, is crucial for unveiling precise morphology - function relationships
and enabling rational catalyst optimization. High quality single crystalline
materials offer a precise platform for probing facet defined catalytic behavior,
thereby enabling detailed insights into surface-specific reaction pathways."

Traditional approaches for MoP synthesis, including ion-mediated methods, sol
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- gel methods, and chemical vapor transport (CVT), typically yield polycrystalline
or amorphous MoP that are plagued by abundant grain boundaries, morphological
defects, and unpredictable facets. These characteristics not only obscure the
intrinsic catalytic properties of specific crystal facets but also lead to significant
variability across different synthesis batches. For instance, ion-mediated methods
suffer from poor control over crystal morphology and often involve leaching of
active metal ions, which compromises the chemical stability and limits their
reusability in practical applications.”®® Sol - gel methods, although useful for
achieving homogeneous elemental mixing, frequently produce MoP with low
crystallinity and exhibit poor mechanical robustness due to rapid gelation and
pore collapse during high-temperature annealing.!”'® Chemical vapor transport
(CVT) methods are known to vyield high quality crystals, but they are
characterized by extremely slow growth rates, often requiring several days to
produce even small domains. Additionally, CVT offers limited scalability and facet

1. As a result, it has been challenging to systematically investigate

contro
facet-dependent catalytic behavior or to reproducibly synthesize MoP with

targeted crystallographic planes.

1.2 Importance of Facet Control in 2e- ORR Catalysis

Hydrogen peroxide (H»0.) is a vital chemical widely used in disinfection,
bleaching, and water purification, with its global demand steadily increasing.
Currently, its industrial production relies heavily on the anthraquinone process,
which operates at high temperature and pressure and involves the use of large
volumes of organic solvents.” This results in substantial energy consumption and
raises serious environmental concerns. To overcome these drawbacks, the
electrochemical two-electron oxygen reduction reaction (2e- ORR) has gained
attention as a sustainable, decentralized alternative that enables direct H-0,

production from O, . Although the 2¢~ ORR pathway for H-O, generation is
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theoretically efficient, it competes with the thermodynamically and kinetically
preferred four—electron pathway leading to water, resulting in a challenging
trade—off between selectivity toward HyO» and overall catalytic activity.?"*

These performance metrics are highly sensitive to the surface morphology of
the catalyst, especially the exposed crystal facets, which govern atomic
arrangement, electronic distribution, and the density of active sites. Such factors
critically affect the adsorption and desorption energies of key intermediates like
OOH=*, thereby influencing the preferred reaction pathway. Thus, precise facet
control emerges as a crucial strategy for enhancing 2e~ ORR performance. Recent
studies have demonstrated that the catalytic performance of various metal and
TMP based systems is highly sensitive to the specific crystallographic facets
exposed, underscoring the critical role of facet engineering in tuning activity and
selectivity. In the case of MoP, however, most conventional catalysts consist of
amorphous or polycrystalline structures with mixed crystal planes, hindering clear
identification and optimization of facet-dependent catalytic behaviors. To
overcome this limitation, it is essential to develop MoP materials that expose a
single, well-defined crystal facet, thereby enabling enhanced 2e~ ORR selectivity

and more efficient H.O- electrocatalysis.

1.3 Strategy for Facet Controlled Growth of MoP Single Crystals

In this study, we employed a liquid metal assisted growth strategy to
synthesize MoP single crystals with precisely controlled facet exposure. Liquid
metals have recently garnered attention as versatile reaction media, owing to
their unique physical and chemical properties such as low melting points, high
surface tension, and the formation of self-limiting oxide layers.®? These
properties enable the controlled synthesis of diverse material systems including
high-entropy alloys, two-dimensional materials, and single crystals, with

26-28

improved vyield and accelerated growth rates. Gallium, in particular, was

_3_



chosen as the growth medium because of its negligible solubility for
molybdenum, thus promoting highly localized surface reactions and selective
exposure of specific crystal facets.” Its liquid state also allows precise control of
kinetic parameters such as surface diffusion, nucleation, and growth direction by
tuning the temperature and precursor flow.*

By adjusting growth conditions including temperature, precursor ratio, and
phosphorus vapor concentration, we achieved directional crystal growth with
improved uniformity. Compared to conventional methods, this process significantly
reduces synthesis time and vyields crystals with consistent morphology. The
surface guided nature of the growth also improves reproducibility across batches.
We further regulate phosphorus vapor concentration by adjusting the amount of
phosphorus precursor. As summarized in Figure 1, this method provides a
reliable and scalable route to grow MoP single crystals with defined surface
orientation. It also offers a platform for studying how crystal orientation affects
performance in the two-electron oxygen reduction reaction (2e~ ORR), particularly

for hydrogen peroxide production.



| —
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Figure 1
Fabrication process of facet-controlled MoP via liquid gallium-assisted chemical

vapor deposition method



Chapter 2. Experimental Section

2.1 MoP Single Crystal Growth via Liquid Metal CVD

Single crystalline molybdenum phosphide (MoP) was synthesized using a
liquid-metal-assisted CVD method. Commercial gallium pellets (99.9% purity)
were divided into small droplets and deposited onto lcmxlcm molybdenum (Mo)
foils, which served both as the Mo source and the substrate. Red phosphorus
powder (99.9% purity) was used as the phosphorus precursor.

The synthesis was conducted in a horizontal tube furnace equipped with a 1
inch diameter quartz tube. A small amount of gallium (0.1-0.2g) was placed on
the Mo foil, and the assembly was positioned at the center of the furnace. The
phosphorus precursor was loaded into a separate quartz boat located upstream
along the gas flow path. During the reaction, a reducing atmosphere was
maintained by flowing a mixture of argon (Ar, 250 sccm) and hydrogen (H, ,
50sccm).

Prior to heating, the system was purged with Ar for 30 minutes to remove
residual air. The temperature was then ramped at 30°C/min to the target growth
temperature, which was set to either 700°C or 900°C. Simultaneously, the
phosphorus precursor was independently heated to 500°C to supply a continuous
flux of phosphorus vapor. The reaction was held at the growth temperature for
30 minutes and then rapidly cooled to room temperature under Ar/H, flow. All

syntheses were performed at atmospheric pressure.

2.2 Physicochemical Characterization of MoP
To characterize the synthesized MoP single crystals, a range of
physicochemical analyses was performed. Scanning electron microscopy (SEM)

was used to observe surface morphology, while energy-dispersive X-ray

_6_



spectroscopy (EDS) provided elemental distribution maps. Surface chemical states
were analyzed via X-ray photoelectron spectroscopy (XPS) equipped with a
monochromatic Al Ka source.

Raman spectra were collected at ambient temperature using a 532nm excitation
laser with a beam diameter of 1luym and a x40 objective lens. The silicon Raman

' served as a calibration reference. Powder X-ray diffraction

peak at 52lcm™
(XRD) patterns were measured to examine the crystalline structure, and optical
absorbance spectra were recorded using an 808nm laser source.

Electron backscatter diffraction (EBSD) analysis was performed to investigate
the crystallographic orientation of the samples. Transmission electron microscopy
(TEM) was used to examine the crystal structure, while high resolution
elemental mapping was carried out using energy dispersive spectroscopy in TEM

mode. The elemental composition of Mo, P, and Ga was quantitatively analyzed

by inductively coupled plasma mass spectrometry (ICP-MS).

2.3 Electrochemical Analysis on Half Cell

Electrochemical measurements for H>O. production were carried out using a
standard three—electrode setup integrated with a rotating ring-disk electrode
(RRDE) system and an Autolab potentiostat. A platinum sheet and an Ag/AgCl
electrode were used as the counter and reference electrodes, respectively. The
working electrode consisted of a glassy carbon disk (area = 0.196cm”) with a
platinum ring. Prior to each measurement, the working electrode was
mechanically polished with alumina powder and rinsed with deionized (DI) water.
A catalyst ink was prepared by dispersing 3 mg of the synthesized material in a
mixture of isopropanol (0.475uL), deionized water (1.425uL), and 5wt% Nafion
solution (50uL), followed by 25 minutes of ultrasonication. The ink was then drop

2

cast onto a glassy carbon electrode at a loading of 20ug-cm“. After solvent

evaporation, a thin catalytic film was formed to facilitate H-O> detection via
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oxidation at the ring electrode.

Electrochemical pre treatment was conducted by performing 10 cycles of cyclic
voltammetry (CV) in an Ar-saturated 0.1M KOH solution with a scan rate of
0.1V/s and a scan range of 0.05-1.0V. The platihnum ring surface was
simultaneously cleaned by sweeping the potential 20 cycles within the same
voltage range at 0.5 V/s. The H,O; production rate and selectivity measurements
were performed in an O.-saturated electrolyte at a scan rate of 0.01V/s and a
rotation rate of 1,600 rpm for the disk electrode. The platinum ring electrode
was held at 1.2 V (vs. RHE) to oxidize the H,O, produced at the disk. The ORR
current was corrected by subtracting the current obtained under Ar-saturated
conditions from the current measured in the Os-saturated electrolyte. Ring
current values were adjusted using the RRDE collection efficiency calibrated with
a potassium hexacyanoferrate (III) solution (N = 0.278), to enable accurate H.O-
quantification. The following equations were used to calculate the collection
efficiency, selectivity, 2e” mass activity, TOF, and kinetic current density.

200 x (I,/N)

Selectivity (% ) = m
d 7

Ring current density [A/ch]

2e mass activity = - - 5
Catalystloading density [g/cm”]

numberof oxygen molecules turnover
numberof activesites

Turnover frequencyls” '] =

15
E l[mole*l] 1[”"0101]
1000mA] ~ "96485[C]  2[mote |

Numiber of oxygen molecules turned over = ][WLWA} X

1 [mmol]
W [my]

mg
2
cm

Numberof active sites = L[ X Rlwt%] x x (6.02 x 10%° [T

Here, I denotes the ring current, I, represents the disk current, and N denotes
the current collection efficiency (0.278). The parameter j refers the HyO,

production current density, calculated from the ring current using the RRDE
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collection efficiency at the specified overpotential. L(0.02 mg/cm?) denotes the
amount of catalyst loaded on the electrode, R(0.244 wt%) represents the weight

fraction, and W(30.97 mg) signifies the atomic weight of the active site element.

i = J>XJa
R
1 1 1

j o 0.62nFC,(D,)2/3v Yow!/?

Here, j, is the Kkinetic current density, while j is the experimentally measured
current density. The term w refers to the angular rotation speed of the electrode.
n denotes the number of electrons transferred per O, molecule, and F is the
Faraday constant (96485 C-mol™"). C, indicates the concentration of dissolved O
in the electrolyte at room temperature (1.1x10°% mol-cm®), D, is the diffusion
coefficient of Oy in the electrolyte (1.9x10 ° cm®s™!), and » corresponds to the

kinematic viscosity of the electrolyte at 25 °C (1.0x10% cm®s™).

The electrochemically active surface area (ECSA) was evaluated based on the
double-layer capacitance (C,;). To exclude interference from residual oxygen,
cyclic voltammetry was performed in the non-Faradaic region using Ar-saturated
0.IM KOH at scan rates of 60, 80, 100, 120, 140, and 160 mV-s . By plotting Aj
as a function of scan rate, the resulting slope - corresponding to C,;, - was used
to determine the ECSA, given their linear relationship. The ECSA was then

calculated using the following equations:

Cu

C

N

ECSA = L% Agep

Here, Cg refers to the specific capacitance of the electrode surface, and A;qp
represents an electrode surface area®>™ A commonly used Cs value of 40-uF

cm 2 was employed for the ECSA calculation



2.4 Accumulated HyO2; Measurement in H-cell System

Electrocatalytic H-O, production was evaluated using a Teflon treated carbon
fiber paper loaded with the catalysts in a two compartment H-cell system with a
Nafion 117 membrane as the separator. A graphite rod and an Ag/AgCl electrode
were used as the counter and reference electrodes, respectively. And MoP pillar
modified carbon fiber paper (0.5x0.5 cm?) as the WE, with a mass loading rate of

0.lmg-cm 2

Both compartments (50mL each) were filled with the same
electrolyte.

The concentration of produced H:O: concentration was quantified via a
colorimetric method. To construct a calibration curve, standard H-TiOs solutions
were prepared by treating H-O, solutions (concentration range: 0.1-4.0 mM) with
3.8mL of 0.IM acidified titanium sulfate. The absorbance of these solutions was
measured at 407nm using a ultraviolet visible spectrophotometer, revealing a
linear correlation between absorbance and HyO, concentration within the tested
range. The resulting calibration curve was applicable to acidified titanium sulfate
solutions over this concentration range. To quantify H-O, in the electrolyte,
0.2mL of the sample was mixed with 3.8mL of 0.1M acidified titanium sulfate,
and the absorbance was evaluated against the calibration curve. The total charge
flux through the electrode was integrated over time, confirming high Faradaic
efficiency for both instantaneous and sustained H:O. production under
chronoamperometric conditions. These results highlight the system’s potential for
long—-term H:O: electrosynthesis.

H>0, productivity was calculated using the following equations:

FE=2XCy o X FX %x 100%

10°

H,0, productivity [mmolh™ " g~ '] = Cpp 0, X VX == —

Here, Cy , denotes the concentration of H)O. (0.00035797 mol'L™"), F is the

_10_



Faraday constant (96485.3 C/mol), and V denotes the volume of electrolyte used
(0.5 L), @ represents the accumulated charge (4.70208 C), A corresponds to the
electrode surface area (0.5 c¢cm?), m indicates the catalyst mass loading (0.1 mg

cm ?), and ¢ refers to the reaction time (1h).

2.5 Computational Details

All density functional theory (DFT) calculations were performed using the
Vienna Ab initio Simulation Package.*® The exchange - correlation energy is
described using the Perdew - Burke - Ernzerhof”’ functional within the generalized
gradient approximation framework.® The electron - ion interactions were modeled
using projector augmented-wave (PAW) pseudopotentials.® The Mo 4s*4p®4d°5s!,
P 3s%3p® O 2s?2p’, and H 1s' electrons were explicitly treated as valence states.
A plan-wave basis set was applied, and the kinetic energy cutoff was set at
500eV. The convergence criteria for total electronic energy and morphological
optimization forces were set to 10 %V and 0.02eV-A !, respectively. Brillouin
zones were sampled using a 12x12x9 Monkhorst Pack k-point grid for bulk
models and a 3x3x1 grid for slab models.”

To calculate surface free energies, asymmetric slab models were constructed
by fixing the bottom atomic layers and allowing relaxation of the upper layers.
This approach follows a modified procedure adapted from previous literature.’

Surface energies (y) were computed using the following expression:

— cle + Erel
4 A
_ Eureaz — Nyo X Eyur — (Npro— Np) X pp
Ecle - 2

If the surface is symmetric (e.g., (0001) and (1011)), we have
E

relax
Erel -

—F

unrelax
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If the surface is asymmetric (e.g., (1010)), we have

E

v

—F

unrelax

el:E

relax

In these equations, E, refer to the total energies of the unrelaxed

unrelax

and E,

elax
and partially relaxed MoP surfaces (upper half), respectively. A indicates the
surface area of the slab, N is the number of atoms, and g denotes the chemical
potential. For slab construction, the (0001) and (1010) facets were modeled with
nine atomic layers, fixing the bottom three layers, whereas the (1011) facet was
composed of five layers with the bottom two layers constrained. A vacuum
spacing of 15A was introduced along the surface normal to avoid spurious
interactions between periodic images.

The diffusion energy barrier for a Mo adatom on the MoP (0001) facet was
computed using the climbing image nudged elastic band (CI-NEB) method,
employing a spring constant of -50 eV-A? and a force convergence threshold
of 0.05 eV-A''. To simulate adatom migration across surface features, a stepped
(0001) facet of MoP slab model was constructed. The energy profile of Mo
adatom diffusion was obtained by interpolating several intermediate configurations
between the initial and final adsorption sites.

The 2e pathway of the ORR, which leads to HsO, production, involves the
following reactions.

*+ 0,(g) + H 4+ ¢ —*00H

*OOH + H" + ¢ — H,0,(g)
Conversely, the 4e pathway of the ORR in an acidic solution proceeds as

follows.
*+ 0,(9)+ H 4+ ¢ —*00H
*OOH+ H' + ¢ —*0+ H,0

*O+H"+e¢ >*0OH
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*OH+ H +e¢ —H,0()
The adsorption energy was calculated using the following equation:

— tot __ rptot _
E;tds  sur face + adsorbate sur face Hadsorbate

tot tot
Here’ Esur/ace+ad5()7bate,Eem'/ace, and Had sorbate refer to the total energy of the

surface slab with the adsorbate, the total energy of the clean surface slab, and
the chemical potential of the adsorbed species, respectively.

The Gibbs free energy of adsorption (A G, ,.) was subsequently determined using

ads
the following relation:

AG,. =E,;,+ AZPE— TAS

ads

In this equation, E is the adsorption energy, and A ZPE represents the

ad s
difference in zero—point energy between the adsorbed and gas phase states, T is
the temperature, and A S is the corresponding entropy change. The zero—point
energy and entropy values were obtained from DFT calculations conducted at

ambient conditions.
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Chapter 3. Result

3.1 Engineering Facets of Single-Crystalline MoP

MoP single crystals showed a clear temperature-dependent difference in
morphology and facet orientation. At 900°C, the crystals grew predominantly
along the (0001) direction, forming flat hexagonal nanoplates. In contrast, growth
at 700°C favored the (1010) orientation, leading to vertically aligned hexagonal
pillars. Nanoplates synthesized at 900°C exhibited an average lateral size of
139.92um (¢ 32.85um) and a thickness of 807nm (+ 110nm), whereas pillars
grown at 700°C had significantly smaller lateral widths of 27.3um (£ 2.64pm) but
substantially greater vertical thicknesses of 63.50um (+ 10.70um). Interestingly, an
intermediate morphology was observed when the synthesis was carried out at
800°C. Under this condition, MoP crystals adopted a truncated pyramid shape
that combines morphological characteristics of both nanoplates and pillars. This
suggests a transitional regime in which the balance between lateral and vertical
growth is delicately maintained.

This morphological evolution is closely governed by temperature-dependent
surface diffusion dynamics. Elevated temperatures enhance atomic mobility,
facilitating lateral expansion along planes parallel to the substrate, which leads to
dominant exposure of the (0001) facet. In contrast, reduced atomic diffusion at
lower temperatures directs crystal growth along the [0001] axis, resulting in
sidewall exposure of the (1010) facet. These growth directions reflect a
competition between thermodynamically stable low-energy facets and kinetically
favored high-index planes, where high temperatures enable the system to
approach its equilibrium morphology. The SEM images of the three
representative morphologies —pillar, pyramid, and nanoplate—are collectively

presented in Figure 2, which visually captures the temperature-dependent
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evolution of MoP crystal shapes.

The theoretical basis for these facet dependent growth behaviors, including
surface energetics and diffusion barriers, is discussed in detail in Section 3.4.
These findings highlight the critical role of synthetic temperature in directing
facet exposure during MoP single crystal growth. This tunability enables
controlled access to specific surface terminations that directly influence catalytic
site accessibility and intermediate binding strength in electrocatalytic reactions.”
Facet selective growth, driven by surface kinetics, thus provides a rational and
scalable route to tailoring the morphology and performance of transition metal
phosphides. Such precise control over crystal morphology not only enhances
intrinsic reactivity but also offers a pathway to improved mechanical and

chemical stability by reducing the incorporation of high energy morphological

defects.®
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Synthesis Temperature ‘

800°C

Pillar Pyramid Nanoplate

Figure 2

SEM images show the temperature-dependent morphology of MoP single crystals,
with hexagonal pillars formed at 700°C, truncated pyramids at 800°C, and flat
nanoplates at 900°C.
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3.2 Physicochemical Characterization

A comprehensive physicochemical analysis was conducted to evaluate the
crystallinity, facet orientation, and atomic scale morphological integrity of the
synthesized MoP single crystals. High resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED) were first employed to
assess the internal crystallographic order and phase purity of both nanoplates and
pillars.

As shown in Figure 3, both morphologies exhibited clear and periodic lattice
fringes, indicative of high crystallinity. For the MoP nanoplate, HRTEM analysis
revealed a vertical growth axis predominantly oriented along the (1010) plane,
with a measured lattice spacing of approximately 0.28nm, which corresponds well
to the theoretical interplanar distance of the (1010) planes. In addition, HRTEM
images also displayed lattice spacings of 0.32nm, consistent with the (0001)
planes. The associated SAED patterns exhibited well defined diffraction spots
with hexagonal symmetry along the [1010] and [0001] zone axes, respectively,
conclusively confirming the single crystalline nature and crystallographic
orientation of the samples.

To further verify the surface facet exposure of the two morphologies, electron
backscatter diffraction (EBSD) mapping was performed. As illustrated in Figure
4, the nanoplates were found to predominantly expose the (0001) basal facet,
whereas the pillars were characterized by vertical sidewalls with a dominant
exposure of the (1010) facet. This distinct facet orientation is consistent with the
temperature dependent facet selective growth behavior observed during the
synthesis process, further supporting the facet engineering achieved in the MoP

crystal system.
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(0001) MoP Nanoplate

Figure 3
HRTEM and SAED analyses confirm the high crystallinity and single crystal MoP
nanoplates and pillars, showing well-defined lattice fringes and zone axis

diffraction patterns corresponding to the expected crystallographic planes.
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(0001) MoP Nanoplate

(1010) MoP Pillar

1010

0001 2110

Figure 4
EBSD mapping reveals dominant facet exposure of the (0001) plane in nanoplates

and the (1010) plane in pillars, consistent with temperature-dependent

facet-selective growth.
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The overall phase purity and crystallinity of the MoP single crystals were
validated by powder X-ray diffraction (XRD). All diffraction peaks were indexed
to the hexagonal MoP phase (space group: p6m2), with no evidence of secondary
phases such as MoOx or MoPs. The XRD patterns shown in Figure 5a exhibit
intense reflections, indicative of high morphological order. Energy dispersive
X-ray spectroscopy (EDS) analysis confirmed the elemental composition of the
synthesized MoP crystals, revealing a uniform distribution of Mo and P across
both nanoplates and pillars with no detectable contamination from oxygen or
gallium. The Mo:P atomic ratio was found to be close to 1:1, consistent with
stoichiometric MoP. This result was further supported by the close overlap
between the EDS spectra of the synthesized crystals and that of a reference
MoP bulk crystal grown via CVT method, as shown in Figure 5b. The absence
of Ga signals from EDS spectra further confirms that Ga, used as the liquid
growth medium, does not incorporate into the MoP lattice. ICP-MS analysis
revealed trace Ga impurities of 518.16 ppm, higher than commercial MoP powder
(16.03 ppm), vet sufficiently low to suggest that further optimization of etching
conditions could reduce impurities, as detailed in the Table 1.

Vibrational and chemical bonding characteristics were also investigated. Raman
spectra revealed a single phonon mode in both morphologies, consistent with bulk
MoP reference data, as shown in Figure 6a. X-ray photoelectron spectroscopy
(XPS) measurements further confirmed the formation of Mo -P bonds and the
chemical stability of the material, with well-defined Mo 3d and P 2p peaks
identified in the spectra presented in Figures 6b and 6c.

These combined morphological and compositional analyses confirm that the
synthesized MoP single crystals exhibit high phase purity, well-defined
crystallographic orientation, and excellent material quality, providing a robust

foundation for subsequent electrochemical evaluation.
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Mo P Ga

(mg/Kg) (mg/Kg) (mg/Kg)
MoP Single Crystal 860213.550 145184.744 518.166
Commercial MoP 868850.359 148386.143 16.032

(99.5%)

Table 1
ICP-MS analysis reveals trace Ga impurities in the synthesized MoP crystals, at
higher levels than commercial MoP powder but sufficiently low to suggest

minimal incorporation into the crystal lattice.
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environment of phosphorus in the MoP lattice.
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3.3 Electrochemical Performance on Half Cell

To evaluate the facet dependent electrocatalytic activity of MoP single crystals
toward the 2e~ ORR, rotating ring disk electrode (RRDE) measurements were
conducted in Os-saturated 0.1 M KOH electrolyte at room temperature. Both
MoP nanoplates which predominantly expose the (0001) facet, and MoP npillars
characterized by exposure of the (1010) facet, were tested under identical
conditions. The use of single crystalline catalysts allows the elimination of grain
boundary effects and heterogeneity, providing a direct probe of facet specific
catalytic activity. This approach has previously been shown to reveal true
morphology—activity relationships in TMP catalysts. In particular, the two facets
investigated here, (0001) and (1010), represent contrasting surface terminations
with distinct coordination environments, which can drastically alter O, adsorption

and intermediate desorption energies.*

3.3.1 RRDE Performance and H;O,; Selectivity

The corresponding disk and ring current profiles revealed a clear morphological
dependence in 2¢- ORR activity. As illustrated in Figure 7a, the MoP pillars
exhibited substantially greater H.O» detection current at the ring electrode than
the nanoplate, indicating superior 2e” pathway selectivity associated with the
(1010) facet. This enhancement suggests more effective OOH* intermediate
desorption and suppression of further reduction to H2O, thereby promoting
selective HyO»  formation. To reinforce this facet-dependent interpretation, an
additional experiment was conducted using a polycrystalline MoP sample
containing a random distribution of crystallographic planes. Figure 7a also shows
that the polycrystalline sample exhibited lower H:O, currents compared to the
MoP pillar, despite possessing comparable or slightly higher geometric current

than the nanoplate. This outcome excludes surface complexity or grain boundary
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effects as dominant contributors, and instead emphasizes the intrinsic influence of
the exposed crystallographic facet. The result from the polycrystalline sample
thus serves as a supplementary comparison that further validates the conclusion
that the enhanced electrocatalytic performance of the MoP pillars originate from
its well-defined (1010) surface.

At 045 V (vs. RHE), the MoP pillars delivered a ring current of 1.28mA-cm %,
substantially —greater than that of the nanoplates (0.49mA-cm?). The
corresponding H.O, selectivity, as shown in Figure 7b, was highest for the
pillars, achieving over 92% selectivity, notably higher than that observed for the
nanoplates. These results suggest that the (1010) facet provides a more
favorable surface environment for selective H»O, formation via the Ze” pathway.

This high selectivity is consistent with the idea that the (1010) facet enables
moderate binding of OOH intermediates, facilitating their desorption as H->O»
before over reduction to HsO occurs. Such behavior is aligned with volcano type
trends observed in ORR catalysis, where binding strength must be balanced

between adsorption and desorption.
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Figure 7

Electrochemical ORR performance for H, O, production based on the exposure of
different crystal facets of MoP single crystals. (a) RRDE measurements comparing
ORR activity and H, O, ring current densities for MoP pillars, nanoplates, and a
polycrystalline sample in O, -saturated 0.1 M KOH at a sweep rate of 10
mV/s. MoP pillars exhibit the highest ring current, indicating enhanced 2e”
pathway selectivity. (b) Comparison of H, O, selectivity at 045 V vs. RHE,
showing over 92% selectivity for MoP pillars, substantially higher than that of

nanoplates.

_26_



3.3.2 Kinetic Current Density and Tafel Analysis

To understand the origin of the enhanced performance observed in the MoP
pillars, the kinetic current density () was calculated using the Koutecky - Levich
equation to eliminate mass transport effects. At 0.45 V vs. RHE, the MoP pillars
exhibited a j. value of 2.85mA-cm ?, markedly higher than the 0.77 mA-cm >
obtained for the nanoplates, as shown in Figure 8a. Moreover, the onset
potential for ORR was more positive for the pillars (0.68 V vs. RHE) than for
the nanoplates (0.61 V vs. RHE), indicating a more energetically favorable
pathway. These trends were consistently observed in tests including
polycrystalline MoP, as also shown in Figure 8a, where the pillar morphology
demonstrated both the highest j, and the most positive onset potential.

Tafel slope analysis further elucidated the reaction Kkinetics. As illustrated in
Figure 8b, the MoP pillars exhibited a Tafel slope of 844 mV-dec?,

significantly lower than the 1235 mV-dec! observed for the nanoplates. This

result suggests a more favorable electron transfer process for the (1010) facet.
The same facet related enhancement was reflected in the mass transfer corrected
Tafel slopes for polycrystalline MoP, reinforcing the role of the (1010) surface in
promoting accelerated 2e” ORR Kinetics.

The turnover frequency (TOF) also supported the superior catalytic behavior of
the pillars. The TOF of MoP pillars reached 0.04s!, which is 25 times greater
than the 0.016s ' measured for the nanoplates, as shown in Figure 8c. This
indicates a higher intrinsic catalytic rate at the active sites for the pillars.

Finally, the superior performance of the pillars in practical terms is reflected in
their mass activity. As shown in Figure 8d, the MoP pillars exhibited
consistently higher mass activity over the full potential range of 0.05-055 V wvs.
RHE compared to nanoplates and polycrystalline MoP. This highlights their
strong applicability in energy devices requiring efficient oxygen reduction

performance.
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Electrochemical characterization of MoP single crystals for 2e” ORR. (a) Kinetic
current density and onset potential for pillar, nanoplate, and polycrystalline samples
based on Koutecky - Levich analysis. (b) Mass transfer corrected Tafel slopes
comparing the three morphologies. (c) Turnover frequency (TOF) comparison
between MoP pillars and nanoplates. (d) Mass activity curves for MoP pillars and

nanoplates over the potential range of 0.05-055 V vs. RHE.
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3.3.3 ECSA-Normalized Intrinsic Activity

The MoP pillar exhibited a greater -electrochemically active surface area
(ECSA) than the nanoplate, as indicated by their higher double layer capacitance
(Cdl) values of 952 and 7.04 pF-cm? respectively. These values, determined
from the slopes of the non-Faradaic current versus scan rate plots, are derived
from cyclic voltammetry (CV) measurements conducted over a potential window
of 0.7-0.8 V vs. RHE at scan rates ranging from 60 to 160 mV-s! as shown
in Figure 9a-c. When the linear sweep voltammetry (LSV) curves were
normalized to ECSA, the ORR current density at 045 V vs. RHE was
approximately 1.8 times higher for the MoP pillar than for the nanoplate, as
demonstrated by the ECSA-normalized LSV profiles in Figure 9d, confirming
their superior intrinsic catalytic activity.

Compared to polycrystalline MoP, which contains a mixture of exposed crystal
planes, the single crystalline MoP pillar demonstrated markedly enhanced H, O,
production. Although the polycrystalline sample showed a slightly higher
geometric current than the nanoplate, its larger ECSA of 142 uF-ecm? did not
lead to improved intrinsic performance. The relevant CV curves and ECSA
estimation are shown in Figure 10. In fact, its ECSA-normalized ORR activity
was lower than that of both the nanoplate and the pillar.

These results highlight that maximizing surface area alone is insufficient;
instead, catalytic performance is primarily governed by the precise
crystallographic nature of the exposed surface. The enhanced activity observed in
the pillars underscores this point, as facet specific electronic and geometric
effects can significantly influence reactivity and are only accessible through

controlled single crystal synthesis.
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(a, b) CV curves of the MoP pillar (a) and the nanoplate (b) at the scan rates

ranging from 60 mV s! to 160 mV s within a potential window of 0.7 V-0.8 V

(vs. RHE). (c) The double-layer capacitance (Cdl) determined from the CV curves.

(d) The LSV curves normalized by ECSA.

_30_



(a) (b)

0.030 2.8
MoP Polycrystalline

60 mV s
0.010 80 mV s
100 mV 8'1
L 120 mV s
0.005 140 mV s

160 mV s MoP Polycrystalline
1 1 1 1 1 1 08 1 1 1 1 1 1
0.70 0.72 0.74 0.76 0.78 0.80 60 80 100 120 140 160

Potential (V vs. RHE) Scan rate (mV s™)

16

Current density (mA cm2)
o

' 2
[¢,]

Current density (1A cm2)

127

Figure 10

CV curves at different scan rates and the calculated ECSAs. (a) The CV curves
were measured at the scan rates of 60 mV s! to 160 mV s ' in the potential
window of 0.7 V-0.8 V (vs. RHE) for the polycrystalline MoP. (b) According to

the double-layer capacitance (Cq) method based on the CV curves, the ECSAs can

be calculated.

_31_



3.3.4 Continuous H, O, Electrosynthesis and Stability

MoP Pillars exhibited excellent performance in continuous H, O,
electrosynthesis under Os-saturated alkaline conditions. A steady state current
density of approximately —3.5 mA-cm ? was maintained at 0.1 V vs. RHE for
over &0 hours without noticeable degradation. Concurrently, the H->O,
concentration in the electrolyte increased progressively, reaching 7.6 mM after
10 hours of electrolysis, while the Faradaic efficiency remained above 90%
throughout the test.

The electrocatalytic stability and yield behavior are illustrated in Figure 11.
Figure 1la presents the H:O, yield rate and Faradaic efficiency across a
potential window of 0.1 -0.5 V, where the yellow coloration from the reaction
with TiOSO, confirms effective H;O, generation. Figure 11b compares the
theoretical H.O, vyield calculated from chronoamperometric data with the
experimentally detected concentration and efficiency over a 20 hours period,
revealing a maximum vyield rate approaching 359.97 mmol g'h™. The inset
image highlights the progressive color change during electrolysis. Long-term
durability is further demonstrated by the chronoamperometry profile in Figure
11c, showing stable current output over 28 hours at 0.1 V.

These results demonstrate that the MoP pillar catalyst not only enables high
activity and selectivity for the two-electron oxygen reduction reaction, but also
maintains morphological integrity and electrochemical stability during extended
operation. The consistently high Faradaic efficiency and long term durability
further underscore the strong potential of this system for practical and

decentralized H-O, production.

_32_



—_—
)
N
—
N

< 400 7
£ 1100 s " R ° 100 o
o L = 6| ° 3 &
T 300 10 8 E | 180 &
£ ) ~ 5 D
c 3) (@) 3
S 160 @ 4 160 @
@ 200} % = F:R)
© {40 & o 37 {40 @
3 100/ 0 2 5 20 0 2
- 2 214 . . =
®) = ~—— Theoretical H,0, yield (100% FE) -
£ 0 0 0 - : : : =10
0.1 0.2 0.3 0.4 0.5 0 2 4 6 8 10
Potential (V vs. RHE) Time (h)
(c)
& 5
5 o
<
£ 5 o o —
2
% -10
c
3-15¢
E, 20t
5 .05 . . . . . . .
© 0 10 20 30 40 50 60 70 80
Time (h)

Figure 11

(a) HoO- yield rates and FEs of the MoP pillars across voltages ranging from 0.1
0.5 V. The electrolyte was reacted with a 0.1 M TiOSO, solution to produce

yellow—colored HoTiO4. (b) Theoretical H.O> yield derived from the corresponding

chronoamperometry curve, alongside the detected H>O, molarity and calculated FE

over 10 h at 0.1 V. The inset image illustrates the color change of the reaction

mixture over time (left to right). (c) Long-term chronoamperometry of the MoP

pillars at 0.1 V for &0 h.
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3.3.5 Summary of Facet-Dependent Electrochemical Behavior

The electrocatalytic performance of MoP single crystals was strongly
influenced by their exposed crystallographic facets. MoP pillars exposing the
(1010) facet exhibited significantly higher H.O, selectivity, kinetic activity, and
intrinsic site-specific performance compared to (0001) facet nanoplates. These
advantages were consistently observed across both transient RRDE measurements
and long term continuous electrosynthesis, confirming the (1010) facet as more
favorable for the 2e~ ORR pathway. This facet dependent behavior highlights the
importance of precise surface engineering in optimizing the activity, selectivity,

and durability of MoP based electrocatalysts.

3.4 DFT Calculation Results

Density functional theory (DFT) calculations were performed to uncover the
facet dependent catalytic behavior of MoP single crystals. Under phosphorus rich
conditions, the surface free energy of several low index planes was evaluated,
and the P-terminated (0001) surface was identified as the most
thermodynamically stable. This explains the preferential nucleation of MoP on
this facet during synthesis, as illustrated by the surface energy comparison in
Figure 12. To investigate how growth conditions influence morphology, the
diffusion barrier of a Mo adatom was calculated for the stepped (0001) surface.
The barrier was found to be 2.1 eV. Based on this, lateral diffusion at 900°C is
estimated to be approximately 70 times faster than at 700°C, indicating that high
temperatures promote in plane crystal growth and the formation of nanoplate
morphologies with dominant (0001) facets. In contrast, lower temperatures limit
surface mobility, directing growth vertically and favoring exposure of the (1010)
facet in pillars. This trend aligns with the experimentally observed shape

evolution and diffusion—-driven morphology, as shown in Figure 13.
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Surface free energies of MoP as a function of the chemical potential of P, with

different orientations, terminations and coordination numbers.
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Figure 13

DFT-calculated diffusion energy barrier of a Mo adatom on the (0001) surface of
MoP. The energy profile represents the migration of a Mo adatom from the
terrace to a lower step edge, illustrating the energy barrier for lateral growth on

the (0001) surface.
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These facet specific growth directions are further illustrated in Figure 14,

which presents top and side views of atomic configurations for the P-terminated

(0001) and (1010) surfaces. Teal and pink spheres indicate Mo and P atoms,
respectively, highlighting the distinct atomic arrangements that govern their
morphological and catalytic behavior.

The electrocatalytic implications of these facets were explored through
calculated free energy profiles for both the two-electron and four—electron oxygen
reduction reaction pathways. As shown in Figures 15a and 15b, the (1010) facet
exhibited a lower overpotential for H-O, formation, requiring only 1.00V compared
to 1.26V on the (0001) facet. This suggests that the pillars more effectively
facilitate the two-electron pathway for selective hydrogen peroxide production.

To explain this trend at the electronic level, crystal orbital Hamilton population
(COHP) analysis was performed. The OOH intermediate exhibited a weaker
bonding interaction with the (1010) facet, as reflected by its less negative
integrated COHP value relative to that of the (0001) facet. This result is
illustrated in Figure 16a, which compares the COHP plots of MoP nanoplate and
pillar. Projected density of states (PDOS) analysis further revealed that the Mo -
d band center on the (1010) facet lies deeper in energy than on the (0001)
facet, as illustrated by the PDOS plots in Figure 16b for the nanoplate and
Figure 16¢c for the pillar. This electronic configuration reduces orbital overlap
with OOH#*, weakening adsorption and promoting intermediate desorption.

Collectively, these computational results clarify how facet-dependent surface
energetics, diffusion driven morphology, and intermediate binding strength work

in concert to enhance the 2e~ ORR activity of MoP single crystals exposing the

(1010) facet.
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Figure 14
DFT analysis of facet-dependent catalytic performance of MoP, showing atomic
configurations of bare and OOH-adsorbed phosphorus-terminated surfaces for both

nanoplate and pillar morphologies.

_38_



5.0 . Nanoplate
4.0 " 296 .- 3.52  U=00V
3.0 =T H0,(9) —U=123V
20 —uU=07V
> \
Q 10 | % 0.10
o 00 — c-..-0.54 .-
< 1.0
00 .. 20.73 1,0, (g)
-1.0 —" .77
20 1.26 . -2.37 _.-——
-3.0
4.0
0,(g) *OOH *0 *OH  H,0()
Reaction Coordinate
(b)
20— Pillar
4.0+ .3.22 . 3.52 —U=00V
3.0 . H0:(9) —U=123V
20} —uU=07V
> 10 N
) W04 450
o 00f -..020 .
< 1.0
0.0 ... -0.47 — R
10 pi—— R L
20 -1.00 232
3.0
4.0

O,(g)  *OOH *0 *OH H,0 (1)
Reaction Coordinate

Figure 15
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Chapter 4. Conclusion

This study highlights the essential role of crystallographic facet control in
optimizing the catalytic performance of molybdenum phosphide (MoP) single
crystals for the two-electron oxygen reduction reaction (2e” ORR). Using a liquid
metal assisted chemical vapor deposition method, well-defined crystal
morphologies were selectively synthesized by adjusting the growth temperature,
resulting in the exposure of either the thermodynamically stable (0001) facet or
the kinetically favored (1010) facet.

Comprehensive morphological characterization confirmed the high crystallinity
and facet specificity of the resulting MoP crystals. Electrochemical analysis
revealed that the (1010) facet exhibited superior HyO, selectivity, intrinsic
activity, and favorable reaction Kkinetics relative to the (0001) facet. These
experimental trends were further supported by density functional theory
calculations, which demonstrated weaker OOH* adsorption and a lower
overpotential on the (1010) facet, providing a mechanistic explanation for its
enhanced catalytic behavior.

These findings establish facet engineering as an effective strategy for tailoring
the reactivity of transition metal phosphide electrocatalysts. The insights
presented here offer a rational design framework for developing selective and
efficient catalysts for electrochemical hydrogen peroxide production and related

applications.
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