
 

THE PENNSYLVANIA STATE UNIVERSITY  

SCHREYER HONORS COLLEGE  

 

 

 

DEPARTMENT OF CHEMISTRY 

 

 

 

DIRECT POWDER SYNTHESIS OF MOLYBDENUM ALUMINUM BORIDE 

 

 

ZACHARY METZGER 

SPRING 2020 

 

 

 

A thesis  

submitted in partial fulfillment  

of the requirements  

for a baccalaureate degree  

in Chemical Engineering 

with honors in Area of Honors Chemistry 

 

 

 

Reviewed and approved* by the following:  

 

Raymond E. Schaak  

Professor of Chemistry  

Thesis Supervisor 

 

Raymond L. Funk 

Professor of Chemistry  

Honors Adviser 

 

* Signatures are on file in the Schreyer Honors College. 



1 

ABSTRACT 

The synthesis, evaluation, and characterization of ternary borides were investigated as 

catalysts for the hydrogen-evolution reaction (HER) as well as for the formation of new 2D 

materials.  MoAlB was targeted for these experiments due to its inherent layered structure and 

previous knowledge that bulk MoB is a highly active HER catalyst.1,2,3,4  A new synthetic 

approach to directly form a powder of MoAlB, which is typically synthesized as single crystals, 

was also developed and optimized.  Phase purity of both single crystal and powder forms was 

analyzed by X-ray diffraction.  MoAlB was investigated in its single crystal and powder forms to 

test for electrocatalytic HER activity under acidic conditions.   
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  Chapter 1:  

Introduction 

1.1  Introduction  

  As the world progresses towards a faster paced lifestyle that consumes 

energy at increasing volumes year after year, a critical need arises for a way to meet 

that demand.5   The fuel of the future must be sustainable, highly efficient, low cost, 

and environmentally friendly.  Hydrogen gas has been targeted as a clean energy 

source because upon combustion, it produces water vapor, contrasting its 

hydrocarbon counterparts that produce carbon dioxide, carbon monoxide, and various 

other poisonous and/or greenhouse gases.5  This brings about the problem of how to 

cleanly obtain hydrogen gas.  In the past, hydrogen gas has been produced in a few 

ways such as a by-product in crude oil processing; however, the hydrogen produced 

in this process is reliant on a non-renewable energy source and is usually used up 

later in the process eliminating it as a viable option.6  The best alternative to this 

would be to identify a heterogenous hydrogen evolution reaction (HER) catalyst that 

can abstract hydrogen gas by water electrolysis.      

1.2  Hydrogen Evolution Reaction (HER) 

  The hydrogen evolution reaction is proposed to reliably produce hydrogen 

via water electrolysis; however, the historically best catalysts for this reaction are 



2 

highly expensive and rare metals such as platinum, iridium, and palladium.7  The 

ideal candidate is a catalyst that is earth-abundant, highly active for HER, and simple 

and inexpensive to produce.  Many attempts have been successful in synthesizing 

catalysts that can mostly fit this profile, such as Ni2P and CoP.  For example, Ni2P 

nanoparticles exhibited the best activity for HER within an earth-abundant system at 

the time of its publication.8,9  This was a giant leap towards finding a catalyst for the 

HER that did not contain any non-earth abundant elements such as platinum or 

iridium.  The use of the nanoparticle morphology does provide a much higher surface 

area than that of its bulk counterpart, but there are atoms that reside beneath the 

surface of the particle that do not react with the external environment.  The ideal 

catalyst would minimize catalytically inactive core atoms and maximize catalytically 

active surface atoms.  Two-dimensional (2D) materials may be able to meet this need 

based on the potential for them to have a much higher surface atom to total atom 

ratio. 

1.3  Investigation of 2D Materials Derived from 3D Counterparts 

  The discovery of graphene in 2004 led to the increased interest in 2D 

materials as a research focus.10  This discovery sparked a new section of research 

looking at the intrinsic properties of three-dimensional (3D) versus 2D materials such 

as the high strength of the material as well as its electronic properties in its 2D 

form.11,12  A similar discovery was made in the HER catalyst field when MoS2 was 

found to have no or minimal catalytic activity when it was in its bulk 3D form.  
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However, when it was modified to exist in its 2D form, it became active for HER.  

This discovery and others like it spiked an interest in the 2D community and 

motivates the question of what other properties of materials were unique to their 2D 

forms. 

  Since the discovery of graphene, the exploration of 2D materials has been 

in the forefront of many scientists’ minds.  Finding other materials that can be 

chemically or physically modified to form 2D materials was a key point of interest.  

A very interesting sub-group of 2D materials that have recently been discovered are 

MXenes, the 2D derivative of MAX phases.13  MAX phases are bulk, layered solids that 

contain carbon or nitrogen and have the formula Mn+1AXn (MAX), where n=1 to 3 

and 5.14  These materials usually contain an early transition metal (M), a metalloid 

like Al or Si (A), and carbon or nitrogen (X).15  These materials have been shown to 

be capable of having their structure delaminated to form 2D analogues (MXenes).16  

This delamination is caused by chemically etching the A element from the structure 

to leave 2D layers that are bonded in plane and made up of the MX elements, thus the 

designation MXenes – 2D “ene” nanosheets derived from bulk MAX phases.  Figure 

1, depicts the etching of the Al layer from the MAX phase structure to form a 

MXene.15           
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Figure 1: Structural comparison between MAX Phases (left) and a MXene 

(right).  Adapted with permission from Babak Anasori, Yu Xie, Majid 

Beidaghi, Jun Lu, Brian C. Hosler, Lars Hultman, Paul R. C. Kent, Yury 

Gogotsi, and Michel W. Barsoum, ACS Nano 2015 9 (10), 9507-9516. DOI: 

10.1021/acsnano.5b03591. Copyright 2015 American Chemical Society.21 

  MXenes have been successfully applied to various energy storage 

applications such as Li-ion based energy storage technology or HER catalysis for 

water splitting, solar cells, and fuel cells.17,18  However, their promising structure is 

currently limited in composition to early transition metal carbides and nitrides within 

the Mn+1AXn formula.  There is a strong desire to maintain the useful structural 

features of MXenes while expanding them in composition beyond carbides and 

nitrides.  

1.4 MAB Phases as Potential Avenues to Mimic MXenes 

  MAB phases are heterolayered metal borides that are gaining popularity 

due to their structural similarity to MAX phases.  MAB phases exhibit interesting 

magnetocaloric effects and have the potential to form 2D “MBene” materials via 

etching the A element, in analogy to MAX phases forming MXenes.  MAB phases 
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adopt several structure types including MAlB (M = Mo and W), M2AlB2 (M = Fe, 

Mn, Cr), M3AlB4, and M4AlB6 (M = Cr).19  The most commonly studied phases are 

MoAlB and Fe2AlB2, due to a combination of their synthetic accessibility and the 

attractive properties exhibited by these two phases.  MAB phases are a group of 

materials that were discovered by Jeitschko in the 1960’s.20  However, as a material 

class, they have received little attention relative to MAX phases due to the narrower 

compositional range of MAB phases and the general synthetic challenges related to 

metal borides relative the MAX phase carbides and nitrides. 

  MAB phases have a unique structural feature that distinguishes them from 

MAX phases and is a key factor for their 2D properties and potential catalytic 

activity.  The synthetically accessible MAB phases, if fully etched to form a 2D 

material, would only have surface metal atoms while most MAX phases would have 

internal metal atoms not available for catalysis, as seen in Figure 2. For example, 

Mo2TiAlC2 forms Mo2TiC2 sheets (with buried titanium) upon etching Al, while 

MoAlB would form MoB sheets.  The discovery of a MBene (a boride analog of a 

MXene) may lead to the discovery of a new 2D material with maximal surface area, 

high catalytic activity, and earth-abundant elements that is well suited for HER 

catalysis.     
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Figure 2: Structural comparison between MAB Phases (left) and a MAX phase 

(right). Adapted with permission from Babak Anasori, Yu Xie, Majid Beidaghi, 

Jun Lu, Brian C. Hosler, Lars Hultman, Paul R. C. Kent, Yury Gogotsi, and 

Michel W. Barsoum, ACS Nano 2015 9 (10), 9507-9516. DOI: 

10.1021/acsnano.5b03591. Copyright 2015 American Chemical Society.21  
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Chapter 2: 

 

MoAlB Powder Synthesis 

2.1  Introduction 

  MAB phases are traditionally synthesized in a variety of ways such as by 

aluminum flux, arc-melting, hot and cold-pressing the materials, and spark-plasma 

sintering.21  All of these methods involve relatively complex equipment that is 

expensive, requires extensive knowledge and experience in solid-state chemistry, 

and many require post-synthetic steps to access the desired material.  The 

aluminum flux method, one of the simplest synthetic methods, precipitates single 

crystals from a molten aluminum flux after heating in a furnace for an extensive 

period. When removed from the flux, the crystals are encased in an aluminum shell.  

This method also requires an aluminum digestion step that can be dangerous and 

time consuming.  Residual aluminum flux media and aluminum-containing 

intermetallics are present as impurities that require the use of a high concentration 

of hydrochloric acid to remove.  Despite treatment with hydrochloric acid, some 

impurities remain. Some MAB phases are very acid stable, including MoAlB, 

while others, such as Fe2AlB2, are not. Thus, in these cases, digestion of the flux 

media is not selective and results in a decreased yield.  After all of the crystals are 

separated from the acid solution, the crystals need to be mechanically separated 
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from the leftover acid-stable byproducts by hand. This is a tedious step that slows 

down the production since the crystals cannot be separated through other 

properties, such as magnetism. Collectively, these factors make the flux growth of 

MAB phase single crystals less attractive than synthetic methods that do not rely on 

a large excess of aluminum. An alternative synthetic method is needed to facilitate 

the synthesis and subsequent experimental studies of MoAlB and related MAB 

phases. The following sections describe a method that I developed for the synthesis 

of MoAlB powder that is facile, scalable, and results in a relatively pure product.   

2.2  Experimental 

 2.2.1 Materials:  

 To synthesize the powdered form of MoAlB, Fe2AlB2, WAlB, Ni2AlB2, 

and Co2AlB2 the following chemicals were purchased and used without further 

purification: MoB  (Alfa Aesar, 99.5 %), FeB, (Alfa Aesar, 98%), WB (Sigma-

Aldrich, 99%), NiB (Sigma-Aldrich, 99%, contains Ni4B3), Co2B-Co3B (Alfa 

Aesar, 99%), Al chips (NOAH Technologies, 99.99%), Titanium foil (Sigma-

Aldrich, 99.7%,  0.25 mm, trace metals basis),and Zr foil (Sigma Aldrich, 99.2%, 

1 mm).  The crucible used was a 2 mL alumina crucible (Coorstek).   
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  2.2.2 Procedure: 

 MoAlB Powder Synthesis.  Powdered MoAlB was synthesized using a 

1:1.3 ratio of MoB to aluminum chips (1505.4 mg MoB, 494.6 mg Al) in a 2-

gram sample size, loaded into an alumina crucible, and placed in a Carbolite Tube 

Furnace Up to 1500 oC - STF/TZF within a mullite tube.  A small piece of Zr foil 

was added upstream of the alumina crucible in the tube furnace to help avoid the 

formation of Al2O3 in the system.  This mixture was heated under argon flow in a 

tube furnace for approximately 36 hours.  The tube was flushed with argon for 10 

min before the temperature was increased to 1400 °C at 2.5 °C / min.  The heating 

profile for this sample continued as follows: dwelled at 1400 °C for 10 hours, 

cooled to 900 °C at 1 °C / min, cooled to 300 °C at 3 °C / min, and lastly cooled 

to room temperature at 1 °C / min.  At this time the gas was automatically shut 

off.  The sample was then mechanically separated from the crucible with a 

hammer and ground into a powder for use with an agate mortar and pestle.  

Pictorial representation of the procedure can be found in Figure 3. 

 

Figure 3: Schematic of MoB:Al chips 1:1.3 powder synthesis 

[Recommendations for Syntheses: It is crucial that the binary boride powder is 

placed below the aluminum chips in this process, so the liquid aluminum can 
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proceed through the powder phase.  Otherwise, the product will be a mixture of 

phases and not the desired lightly sintered material.] 

   MoAlB Single Crystal Synthesis. MoAlB single crystals were prepared 

using a modification of a reported procedure from Okada et al.22  Mo powder 

(SigmaAldrich, 99.99%), B powder (Alfa Aesar, 98%), and Al chips (NOAH 

Technologies, 99.99%) were added to a 2 mL alumina crucible (Coorstek) in a 

Mo:Al:B 1:53.3:1 molar ratio. Each sample is prepared on a scale of 2 g total 

weight (124.2 mg Mo, 1861.8 mg Al, and 14.0 mg B). The crucible was then 

placed into a Carbolite Tube Furnace Up to 1500 oC - STF/TZF with a mullite 

tube.  The tube was flushed with argon for 10 min before the temperature was 

increased to 1400 °C at 2.5 °C / min.  The heating profile for this sample 

continued as follows: dwelled at 1400 °C for 10 hours, cooled to 900 °C at 1 °C / 

min, cooled to 300 °C at 3 °C / min, and lastly cooled to room temperature at 1 °C 

/ min.   The excess flux medium was digested in 3 M HCl at room temperature to 

yield MoAlB single crystals.  Pictorial representation of the procedure can be 

found in Figure 4. 

 

Figure 4: Schematic of Mo:Al chips:B 1:53.3:1 single crystal synthesis 

 Fe2AlB2 Powder Synthesis. Powdered Fe2AlB2 was synthesized using a 

1:1.3 ratio of FeB to aluminum chips in a 2-gram sample size (1310.4 mg FeB, 
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689.6 mg Al chips), loaded into a 2 mL alumina crucible.  A small piece of Zr foil 

was added near the alumina crucible in the Carbolite Tube Furnace Up to 1500 oC 

- STF/TZF within a mullite tube to help avoid the formation of Al2O3 in the 

system.  This mixture was heated under argon flow in a tube furnace for 

approximately 44 hours.  The heating profile for this sample was as follows: from 

ambient temperature and pressure heated to 1400 °C at 2.5 °C / min, dwelled at 

1400 °C for 18 hours, cooled to 900 °C at 1 °C / min, cooled to 300 °C at 3 °C / 

min, and lastly cooled to room temperature at 1 °C / min.  At this time the gas was 

automatically shut off.  The sample was then mechanically separated from the 

crucible and ground into a powder for use.   

 WAlB Powder Synthesis.  Powdered WAlB was attempted to be 

synthesized using a 1:2.5 ratio of WB to aluminum chips in a 2-gram sample size 

(1485.3 mg WB, 514.7 mg Al chips), loaded into a 2 mL alumina crucible The 

alumina crucible was loaded into the Carbolite Tube Furnace Up to 1500 oC - 

STF/TZF within a mullite tube.  This mixture was heated under argon flow in a 

tube furnace for approximately 44 hours.  The heating profile for this sample was 

as follows: from ambient temperature and pressure heated to 1400 °C at 2.5 °C / 

min, dwelled at 1400 °C for 18 hours, cooled to 900 °C at 1 °C / min, cooled to 

300 °C at 3 °C / min, and lastly cooled to room temperature at 1 °C / min.  At this 

time the gas was automatically shut off.  The sample was then mechanically 

separated from the crucible and ground into a powder for use. 
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 Ni2AlB2 Powder Synthesis.  Powdered Ni2AlB2 was attempted to be 

synthesized using a 2:1.5 ratio of NiB to aluminum chips in a 2-gram sample size 

(1549.0 mg NiB, 451.0 mg Al chips), loaded into a 2 mL alumina crucible.  The 

alumina crucible was loaded into the Carbolite Tube Furnace Up to 1500 oC - 

STF/TZF within a mullite tube.  This mixture was heated under argon flow in a 

tube furnace for approximately 44 hours.  The heating profile for this sample was 

as follows: from ambient temperature and pressure heated to 1400 °C at 2.5 °C / 

min, dwelled at 1400 °C for 18 hours, cooled to 900 °C at 1 °C / min, cooled to 

300 °C at 3 °C / min, and lastly cooled to room temperature at 1 °C / min.  At this 

time the gas was automatically shut off.  The sample was then mechanically 

separated from the crucible and ground into a powder for use. 

 Co2AlB2 Powder Synthesis.  Powdered Co2AlB2 was attempted to be 

synthesized using a 1:1.3 ratio of Co2B-Co3B (Co3B was used for the ratio 

calculation) to aluminum chips in a 2-gram sample size (1645.1 mg Co3B, 354.9 

mg Al chips), loaded into a 2 mL alumina crucible.  The alumina crucible was 

loaded into the Carbolite Tube Furnace Up to 1500 oC - STF/TZF within a mullite 

tube.  This mixture was heated under argon flow in a tube furnace for 

approximately 44 hours.  The heating profile for this sample was as follows: from 

ambient temperature and pressure heated to 1400 °C at 2.5 °C / min, dwelled at 

1400 °C for 18 hours, cooled to 900 °C at 1 °C / min, cooled to 300 °C at 3 °C / 

min, and lastly cooled to room temperature at 1 °C / min.  At this time the gas was 

automatically shut off.  The sample was then mechanically separated from the 

crucible and ground into a powder for use. 
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 Preparation of Powdered MoAlB Working Electrodes. The MoAlB 

that was synthesized as a powder was used in this preparation of the working 

electrodes for HER catalysis.  A stock suspension of ~2 mg / mL of a MoAlB 

powder and ethanol was made and was slowly dropped onto a 0.25 cm2 piece of 

titanium foil.  After one drop was cast, the foil that was now coated with some 

MoAlB was dried under ambient conditions.  Once dried, the MoAlB-coated 

titanium foil was annealed under forming gas (5% H2 95% Ar) for 5 hours at 400 

°C.  Sn-plated Cu wires were fastened to the annealed titanium foil via Ag paint 

that could dry overnight.  Once dried, all surfaces on the electrode that did not 

have MoAlB powder on them were covered with two-part epoxy.  This includes 

the metal wire and uncovered edges of titanium foil as seen in Figure 5. 

 

Figure 5: MoAlB Directly Synthesized Powder Working Electrode 

 Preparation of Single Crystal MoAlB Working Electrodes.  The 

MoAlB that was synthesized as crystals was used in this preparation of the 

working electrodes for HER catalysis.  The single crystals were ground using a 

mortar and pestle until a very fine powder was achieved.  A stock suspension of 

~2 mg / mL of a MoAlB powder and ethanol was made and was slowly dropped 
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onto a 0.25 cm2 piece of titanium foil.  After one drop was cast, the foil that was 

now coated with some MoAlB was dried under ambient conditions.  Once dried, 

the MoAlB-coated titanium foil was annealed under forming gas (5% H2, 95% 

Ar) for 5 hours at 400 °C.  Sn-plated Cu wires were fastened to the annealed 

titanium foil via Ag paint that could dry overnight.  Once dried, all surfaces on the 

electrode that did not have MoAlB powder on them were covered with two-part 

epoxy.  This includes the metal wire and uncovered edges of titanium foil.  

Photographs of the electrode can be found in Figure 6.  

 

 Figure 6: MoAlB Ground Single Crystals Working Electrode 

 Electrochemical measurements.  All electrochemical measurements 

were conducted on a Gamry Instruments Reference 600 potentiostat in a single 

compartment, four-necked round bottom flask using a 0.5 M H2SO4 solution.  

Three electrodes were used in each experiment where one of them was the 

working electrodes described above, the second was a graphite electrode, and the 

last one was a saturated calomel electrode (SCE).  
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  2.2.3 Characterization:  

 Powder X-ray diffraction (XRD) patterns were acquired using a Bruker-

AXS D8 Advance diffractometer with Cu Kα radiation and a LynxEye 1-D 

detector.   SEM data was collected on a FEI NOVA Nano SEM 630 instrument 

with a 5 kV accelerating voltage and 3 mm working distance.  The single crystal 

samples were placed on an SEM stub that was covered by carbon tape (TED 

PELLA) so they would lay flat.  The MoAlB direct powder synthesis product was 

added to an analogous carbon tape covered SEM stub by lightly dusting the stub 

with powder.  It was allowed to sit for a 1 minute then the excess powder was 

gently tapped off.   

2.3 Results and Discussion 

  2.3.1 Synthetic Results for MoAlB and Fe2AlB2.  

 A reliable approach to synthesize phase pure MoAlB was successfully 

established, as seen in Figure 7.  The ground sample was characterized using 

powder X-ray diffraction (XRD), scanning electron microscopy (SEM), and 

electron dispersive spectroscopy (EDS).  The major phase observed in all 

characterization techniques was consistent with the expected ternary boride.  

However, there were small alumina and MoB impurities in the MoAlB samples 

that can be considered minor phases that have a minimal impact on the HER 

catalysis and the etching studies.     
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Figure 7: Experimental powder XRD pattern for MoAlB. Red stars (*) 

indicate rhombohedral corundum (Al2O3) and the green star (*) indicates 

tetragonal MoB; all other peaks are MoAlB.  

 SEM with EDS analysis confirmed that the ratios between all three 

elements in each phase match the ratios expected for the desired ternary boride 

phase.  Rietveld refinement was performed for this direct powder synthesis of 

MoAlB using the GSAS II software suite.23  The phases that were confirmed 

using the refinement were MoAlB, Al3Mo, and Al2O3.  The Al2O3 phase was 

confirmed from the quantitative analysis of the XRD pattern shown in Figure 8.  

The relative percent of each phase in the system was 88% MoAlB, 3% Al3Mo, 

and 9% Al2O3.  These relative percentages are comparable to other percentages 

found in literature that are on average in the mid-high nineties for the MoAlB 

phase as well as same 3% for Al3Mo.24  They are not as high as the literature 

values that stem from less accessible synthetic procedures (i.e. procedures that 

require a hot press), but they are superior to other highly accessible techniques for 

powder synthesis. 
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Figure 8: Rietveld refinement of direct powder synthesis for MoAlB (red) 

with peak positions for Al2O3 (blue) and Al3Mo (green) also indicated. 

 When comparing Figure 7 and Figure 8 there is a difference in the impurities 

seen between them.  This is because the Rietveld refinement was done on an earlier 

sample in the lifetime of this project.  The main difference between the two samples is 

the addition of the Zr getter which was present in Figure 7 but not Figure 8.  The 

impurities may have changed slightly between the addition of this getter, but the main 

source of error for the sample to sample variation comes from the weight measurement of 

the aluminum chips.  The Figure 7 sample likely had a slightly lower ratio of Al chips to 

MoB leading to the formation of MoB or leaving some unreacted.  However, Figure 8 

likely had a slightly higher amount of Al chips added causing an aluminum intermetallic 

to form from the excess aluminum.  This was added to the report to emphasize the 

importance of precise measurement and sample to sample variability. 

 Fe2AlB2 was able to be synthesized as well, but there were many binary 

intermetallics that were found to accompany the ternary boride in all syntheses.  The 

purity of Fe2AlB2 can be seen in Figure 9 by comparing the reference pattern to the 

experimental pattern below. 
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Figure 9: Simulated Fe2AlB2 XRD pattern compared to the experimental 

powder form of the sample. Impurities are marked with asterisks. Peaks under 

the red bracket indicate monoclinic Al13Fe4 and green asterisks (*) indicate 

tetragonal Fe3B. All other peaks correspond to orthorhombic Fe2AlB2. 

 A key experimental change in this report that is different from Okada’s 

original approach to synthesize MoAlB and Fe2AlB2 single crystals is the use of 

Zr foil to mitigate oxide formation.  In these studies, it was imperative to use the 

Zr foil, also known as an oxygen getter, due to the formation of aluminum oxide 

(alumina) that formed along with the MoAlB powder.  Figure 10 below shows the 

presence of a peak diagnostic of alumina near 35º 2-theta.  This figure also shows 

a side-by-side comparison of MoAlB synthesized using no Zr getter (left) and 

with a Zr getter (right).  Incorporating Zr foil upstream of the alumina crucible 

helps to prevent the formation of alumina, because the Zr reacts with residual 

oxygen to remove it from the tube, thereby decreasing the amount of oxygen 

available to react with aluminum. 
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Figure 10: Experimental MoAlB XRD pattern with no Zr getter (left) and 

with Zr getter (right) where the most prominent alumina peak is circled. 

 The size of the Zr foil was also varied, and it was found that a roughly 1 

cm2 x 1 cm2 piece was the optimal amount.  Zr foil areas larger than 1 cm2 did not 

decrease the amount of the oxides that formed. 

 Throughout this project multiple different M metals in the MAB phases 

were tested to be adapted to this procedure.  MoAlB and Fe2AlB2 were found to 

be successful in producing analogous phases to the single crystal syntheses. 

However, metals other than Mo and Fe were studied as well, including Ni, W, and 

Co.  The XRD for each respective newly tried metal is seen in Figure 11. 
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Figure 11: Experimental XRDs showing the attempts at synthesizing WAlB 

(a), Ni2AlB2 (b), and Co2AlB2(c) via the direct powder synthesis. Panel (a) 

shows tetragonal WB, hexagonal Al5W, and rhombohedral Al2O3.  Panel (b) 

shows orthorhombic NiB, cubic AlNi, orthorhombic Ni5Al3, and 

rhombohedral Al2O3.  Panel (c) shows hexagonal Al5Co2, cubic AlCo, and 

rhombohedral Al2O3.  
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 Each of these syntheses did not produce any of the desired ternary boride 

phase.  All of the phases found were aluminum intermetallics, aluminum oxides 

or the binary boride used in the synthetic approach with the exception of the 

cobalt sample, i.e. WB, and NiB.  Each M element tried would be great avenues 

to pursue in the future as these contain elements of interest for the field due to the 

potential for properties not commonly exhibited by the related class of MAX 

phases, such as magnetic properties.        

  2.3.2 HER in Acid Conditions.   

 The directly synthesized MoAlB powder was tested for its ability to 

catalyze hydrogen evolution in comparison to the single crystal synthesis product.  

The single crystal product was already synthesized, made into electrodes, and 

published in the earlier reporting by Alameda et al.25  Fe2AlB2 was not tested due 

to the presence of multiple byproducts in the final syntheses.  As mentioned in the 

procedure section above, the single crystal MoAlB was ground into a fine powder 

to mimic the state of the directly synthesized MoAlB powder.  This was done 

because Alameda et al. found that the basal planes of the MoAlB single crystals 

were more active than the edge sites.25 Figure 12 shows an image of a MoAlB 

single crystal and powder.  
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Figure 12: MoAlB single crystal (a) and directly synthesized powder (b). 

These crystals have a coffin-like shape with the flat basal plane taking up the 

majority of the area and the much smaller surface area edges.  However, the 

powder has no distinct crystal morphology from SEM.  Grinding up the powder 

would ensure that the same overall surface area was achieved as well between the 

samples.   

 It was found that the direct powder synthesis of MoAlB produced a 

catalyst having slightly better performance than the MoAlB synthesized as the 

ground single crystals.  Three electrodes were tested for each sample type.  

MoAlB synthesized directly as a powder showed HER activity with an 

overpotential near 470 mV at 1 mA / cm2 and the ground single crystal MoAlB 

showed an overpotential of 457 mV at 1 mA / cm2, as seen in Figure 13.  The 

overpotentials are not reported at the standard 10 mA / cm2 current density 

because the electrode did not reach that current density before surpassing useful 

overpotentials.   

50 μm 
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a 
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Figure 13: Polarization data for HER catalysis in 0.5 M H2SO4 for MoAlB 

direct powder synthesis (red) and MoAlB ground single crystals (blue) with a 

Ti wire for comparison (black). 

 The previous report of MoAlB, that this section of work was inspired by, 

was an experiment to investigate the catalytic activity of MoAlB’s basal planes 

and the combination of basal planes and edges together to learn if there was a 

difference between their activities.  An additional motivational point behind this 

paper was to compare the HER activities of MoAlB structural variations with 

etched material.  The etching of MoAlB will be discussed more in Chapter 3.  The 

data that Alameda et al.25 first reported showed that edge sites have a lower 

catalytic activity compared to basal planes in MoAlB.  This was tested by creating 

single crystal electrodes, described above, having only the basal plane exposed 

and with both edge sites and basal planes exposed to the acidic medium.  The 
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same electrochemical testing procedure was conducted between each electrode 

and it was repeated several times.   

 The overpotential reported by Alameda et al.25, with the basal plane only 

exposed, ranged between 360-390 mV at 10 mA / cm2.  The combination of edge 

sites and basal plane were measured to have an overpotential near 400 mV at 10 

mA / cm2.  With this data, the conclusion was made that edge sites reduce the 

HER activity of MoAlB single crystals.  This same conclusion is proposed to be 

the reasoning for why the experimental data collected for the direct powder 

synthesis and ground single crystal data are so low.  When the single crystals are 

ground up, the ratio of basal planes to edges is decreased significantly due to the 

particles becoming more isotropic (less plate-like) upon grinding.  This decreases 

the catalytic activity of the overall substance and explains the overall trend seen 

for the decrease of the ground crystals to the original report.  The direct powder 

synthesis shows a similar result, but this sample performs better than the ground 

single crystals    

2.4 Conclusion 

 In conclusion, an easier synthetic approach to synthesize one ternary 

boride phase has been successful as well as the testing of that ternary boride for 

HER.  This new method will allow for the expansion of this field due to its 

simplicity, scalability, and independence from complex solid-state chemistry 

equipment.  The use of commercially available precursors allows for easy 
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preparation for the synthesis as well as it significantly cuts down the amount of 

total time needed to prepare a powder sample.  MoAlB can be produced in very 

similar purity to the previously preferred aluminum flux crystal synthesis, as well 

as the other synthetic methods of hot and cold-pressing, arc-melting, and spark 

plasma sintering with the addition of the zirconium foil.  The next steps will be to 

synthesize other ternary borides with this method to further advance the various 

synthetic pathways to achieving a MAB phase.  This work was later used as the 

synthesis portion of a paper co-authored by Alameda and myself.26  

 It was found that the HER activity of the MoAlB produced by this new 

synthetic method is much less active than its non-powder single crystal 

counterpart.  However, when the single crystals are ground and tested in the same 

powder form as the new synthetic material, it results in an overall lower activity 

for HER than the direct powder synthesis.  This is consistent with previous report 

by Alameda et al. and underlines the importance of the relationship between 

morphology and active sites (i.e. which facets are the active sites located on and 

to what degree does the morphology of the material expose those facets) to 

catalytic design.  It is certain that this new synthetic prep will give access to 

MoAlB easier than ever, but it does not appear to facilitate HER activity in the 

material.     
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Chapter 3: 

 

Exploration of New Etching Pathways for MoAlB 

3.1 Introduction 

 Etching has been the primary chemical method to transform 3D MAX 

phases into 2D MXenes,27 and it is also the approach being explored to access the 

theoretical MBene from MAB phase precursors.  The main hurdle that has been 

encountered comes from the incomplete etching of MoAlB.  The paper by 

Alameda et al.25 describes this partial etching where there are visible etched 

cavities in the single crystals, but the EDS analysis shows a very small difference 

in the Mo:Al:B ratio, which suggests that only partial etching of the crystals 

occured.11, 25 This prompted the exploration into different procedures to etch 

MAB phases to discover a condition to make MBenes that is distinct from 

MXenes, because the conditions used to synthesize MXenes do not appear to 

produce MBenes from MAB phases.  Literature that references ways to etch 

MAX phases mention the use of hydrogen fluoride (HF) based etching solutions 

either with the use of HF directly or in situ HF via most commonly LiF and 

HCl.23  This procedure is both dangerous and very corrosive to MoAlB due to the 

fluoride ions used to etch the material which makes it unsuitable for MAB 

phases.26  A new procedure that utilizes an etchant that is safer for the user and 

non-corrosive to the MAB phase would be an ideal candidate.  The combination 
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of the desire to form 2D MoB and the previously mentioned new synthetic 

pathway to make MoAlB directly into a powder, sparked interest in a new 

approach to etch MAB phases. 

3.2 Experimental 

 3.2.1 Materials  

 To synthesize the powdered form of MoAlB the following chemicals were 

purchased and used without further purification: MoB (Alfa Aesar, 99.5 %), Al 

chips (NOAH Technologies, 99.99%), and Zr foil (Sigma Aldrich, 99.2%, 1 mm).  

The crucible used was a 2 mL alumina crucible (Coorstek). 

  3.2.2 MoAlB Powder Synthesis   

 MoAlB Powder Synthesis.  Powdered MoAlB was synthesized using a 

1:1.3 ratio of MoB to aluminum chips (1505.4 mg MoB, 494.6 mg Al) in a 2-

gram sample size, loaded into an alumina crucible, and placed in a Carbolite Tube 

Furnace Up to 1500 oC - STF/TZF within a mullite tube.  A small piece of Zr foil 

was added upstream of the alumina crucible in the tube furnace to help avoid the 

formation of Al2O3 in the system.  This mixture was heated under argon flow in a 

tube furnace for approximately 36 hours.  The tube was flushed with argon for 10 

min before the temperature was increased to 1400 °C at 2.5 °C / min.  The heating 



28 

profile for this sample continued as follows: dwelled at 1400 °C for 10 hours, 

cooled to 900 °C at 1 °C / min, cooled to 300 °C at 3 °C / min, and lastly cooled 

to room temperature at 1 °C / min.  At this time the gas was automatically shut 

off.  The sample was then mechanically separated from the crucible and ground 

into a powder for use with an agate mortar and pestle.  Pictorial representation of 

the procedure can be found in Figure 14. 

 

Figure 14: Schematic of MoB:Al chips 1:1.3 powder synthesis 

[Recommendations for Syntheses: It is crucial that the binary boride powder is 

placed below the aluminum chips in this process, so the liquid aluminum can 

proceed through the powder phase.  Otherwise, the product will be a mixture of 

phases and not the desired lightly sintered material.] 

  3.2.3 Etching 

 MoAlB from the direct powder synthesis was mechanically separated 

from the crucible with a hammer, and ground with an agate mortar and pestle.  A 

sample of 200 mg of the ground MoAlB was submerged in 5 mL of 20% KOH at 

ambient conditions for 48 h with stirring.   
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  3.2.3 Washing and Selective Precipitation 

 The powdered MoAlB was centrifuged (13,500 rpm, 2 min) to obtain a 

settled pellet of MoAlB powder.  The excess liquid was decanted and replaced 

with DI water and sonicated to redispose and wash the settled powder.  The 

etched MoAlB sample was then allowed to dry under a light air flow.  

(Completion of 1 etch with no selective precipitation).  Etched samples were 

suspended in 10 mL of DI water, sonicated until the solution was dispersed, then 

allowed to settle for 2-3 minutes (referred to as selective precipitation).  The 

suspended particles were decanted and separated via centrifugation from solution.  

The suspended particles were dried under an air flow and reground.  These etched 

particles were submerged in a 5 mL 20% solution of KOH for additional 48 h 

period iteratively until the desired number of etches were achieved.  The larger 

particles were not used.  Figure 15 describes the etching and washing cycle for 

how to iteratively etch and selectively precipitate the MoAlB. 

 

Figure 15: Iterative etching and selective precipitation procedure. 
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   Changing Etchant Cation 

 MoAlB as-synthesized powder was mechanically separated from the 

crucible with a hammer, ground with an agate mortar and pestle.  A sample of 200 

mg of the ground MoAlB was submerged in 5 mL of 20% NaOH or LiOH at 

ambient conditions for 48 h with stirring.  Please refer to the 3.2.3 Washing and 

Selective Precipitation section for washing and selective precipitation procedure.   

   Decreased Concentration: 

 MoAlB as-synthesized powder was mechanically separated from the 

crucible with a hammer, ground with an agate mortar and pestle.  A sample of 200 

mg of the ground MoAlB was submerged in 5 mL of 10% KOH at ambient 

conditions for 48 h with stirring.  Please refer to the 3.2.3 Washing and Selective 

Precipitation section for washing and selective precipitation procedure.   

   Increased Temperature: 

 MoAlB as-synthesized powder was mechanically separated from the 

crucible with a hammer, ground with an agate mortar and pestle.  A sample of 200 

mg of the ground MoAlB was submerged in 5 mL of 20% KOH at 45 oC for 48 h 

with stirring.  Please refer to the 3.2.3 Washing and Selective Precipitation section 

for washing and selective precipitation procedure.   
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  3.2.4 Characterization:  

 Powder X-ray diffraction (XRD) patterns were acquired using a Bruker-

AXS D8 Advance diffractometer with Cu Kα radiation and a LynxEye 1-D 

detector. The CrystalMaker/CrystalDiffract software package was used to 

simulate XRD patterns for all binary borides as well as potential ternary borides.  

3.3 Results and Discussion 

  3.3.1 Iterative Etching of MoAlB Powder.   

 A reproducible, iterative etching procedure has been developed to better 

understand the etching pathway of MoAlB.  The iterative nature of the procedure 

is evident in the powder XRD data shown in Figure 16.     



32 

 

Figure 16: Powder XRD data for the iterative etching of MoAlB with 20% 

KOH for 48 hours where (I) is after the first etch and (V) is after the fifth etch.  

The large change in relative intensities can be seen by the red asterisks (*) at 

13, 26, 28, & 31 2-theta 
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These successive etches of MoAlB with 20% KOH show a decrease in the 

crystallinity of the particles, demonstrated by the change in the relative intensities 

of four peaks at 13, 26, 28, and 31, 2-θ.  These peaks likely signify a change in the 

MoAlB structure that will be discussed in greater detail in the 3.3.3 Role in 

Subsequent Research section of this thesis.  The specific change in intensity of the 

[0k0] peaks is because of preferred orientation where it is more stable for them to 

lay on their basal planes than edges when the powder is analyzed with XRD.   

  3.3.2 Testing Etchant Type, Concentration, and Temperature Affects. 

 The previous work done by this group concentrates itself on 10% NaOH 

as the primary etchant type and concentration.25, 26  This section of this thesis 

experiments with different etchant types and concentrations to determine if the 

20% KOH solution has any impact on the results seen in the XRD. 

 The procedure for a singular etch was carried out with two additional 

etchants to determine how the results depend on the cation present.  The 20% 

KOH was directly replaced with 20% NaOH and 20% LiOH solutions as the 

etchants shown in Figure 17.   
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Figure 17: Powder XRD data for the iterative etching of MoAlB with 20% 

NaOH and 20% LiOH for 48 hours where first etch is pictured.  The similar 

large change in relative intensities can be seen by the red asterisks (*) at 13º, 

26º, 28º, & 31º 2-theta. 

The substitution of NaOH or LiOH instead of KOH did not alter the relative 

intensities or positions of the XRD peaks.  The change in the XRD patterns 

suggest that the sample is losing its crystallinity due to the broadening of the 

peaks, and a chemical change occurring mainly to the [0k0] peaks due to etching.  

Although it is not as apparent in the sample that was only etched once, it can be 

seen mainly in the 13 and 26 2-theta peaks.  Each of the starred peaks in Figure 17 

show the same relative amount of change respective to each base. 
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 Additional tests were conducted to determine if concentration and 

temperature were factors in the degree of etching and structural changes 

previously observed.  When comparing 10% and 20% KOH, no significant 

difference were observed in the XRD patterns (Fig. 18 and Fig. 19), which 

indicates that etchant concentration does not play and important role. 

 

Figure 18: As synthesized MoAlB powder etched with 10% KOH for 48 

hours. 
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Figure 19: As synthesized MoAlB powder etched with 20% KOH for 48 

hours. 

The identical result was found for samples with increased temperature during 

etching as seen in Figure 20 where neither the intensities nor positions 

significantly changed in the XRD.   

 

Figure 20: As synthesized MoAlB powder etched with 20% KOH at 45oC for 

48 hours.  
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 Eliminating the etchant type, etchant concentration, and temperature 

effects as potential causes for the change found in the XRD patterns indicates that 

the etching behavior is not dependent on the etchant, but instead is dictated by a 

characteristic intrinsic to MoAlB.   

 

Figure 21: MoAlB single crystal etched by 10% NaOH for 24 hours showing 

etching cavities not fully penetrating the crystal.  Adapted from Figure 2c and 

4a of Alameda et al. “Topochemical Deintercalation of Al from MoAlB” paper.   

 Figure 21 shows a very small section of a much larger crystal in panel a 

with a few larger cavities and many white streaks showing stacking faults in the 

system.  Panel b in Figure 21 shows an atomic resolution view of a MoAlB 

stacking fault (whiter sections in panel a) in the vertical orientation.  The section 

of panel b directly to the left or right of the colored region shows normal stacking 

of MoAlB with two aluminum atoms staggered between each row of MoB units 

instead of the single line of aluminum atoms seen in green as seen in M2AlB2 type 

MAB phases.  The iteratively etched particles that slowly decreased in particle 

size with each consecutive etch, allowed for a higher density of these etching 

cavities and stacking faults to occur because there is less bulk MoAlB to conflict 

with the signal.  This made the XRD patterns exhibit the shift in intensity for the 

a b 
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specific peaks highlighted in Figure 16 since the etching mainly affects the (0k0) 

planes.25 

  3.3.3 Role in Subsequent Research   

 A recently published paper by myself and Alameda et al. details a method 

to access a hard-to-reach solid-state target, Mo2AlB2 by “translating low-

temperature topochemical reactivity at surfaces and submicron regions to bulk 

systems.”28  This was a direct application of the previous section where selective 

precipitation and iterative etching were able to identify smaller particles with a 

higher density of stacking faults.  This paper found that a metastable phase 

Mo2AlB2 can be derived from MoAlB when the smaller particles are etched, 

selectively precipitated, and then annealed at 600 oC for 4.5 hours with the overall 

scheme seen in Figure 22.    

 

Figure 22: Overall topotactic scheme to synthesize Mo2AlB2 (adapted from 

paper by Alameda et al).28 
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 The XRD pattern for Mo2AlB2 was simulated by Alameda et al. and is 

pictured below in Figure 23.    

 

Figure 23: Powder XRD data of Mo2AlB2-AlOx and simulated Mo2AlB2 

(adapted from Alameda et al).28 

 This figure shows the next step in the process after the iterative etching 

process that was discovered.  The iterative etching procedure requires a very large 

amount of as synthesized powder MoAlB that was discussed in Chapter 2 to be 

used in practice since only the smallest particles can be utilized.  However, as a 

result of this work, it is now possible to produce an experimentally viable quantity 

of MoAlB powder.     

3.4 Conclusion 

 In conclusion, a reproducible, iterative etching procedure has been 

developed to produce gram-scale MoAlB powder.  This method has been tested 

through isolating three independent variables which has identified that the initial 

results are not dependent on the concentration of etchant, type of etchant, or the 
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time that the particle is exposed to the etchant.  The results of these experiments 

showed changes in the relative intensities of the few highlighted peaks that can be 

attributed to a higher density of stacking faults in the (0k0) lattice planes.  This 

discovery has allowed for the expansion of the field’s understanding of MoAlB by 

leading to a paper by myself and Alameda et al.28 detailing a MoAlB sub-type 

that forms when etched and annealed post-etching.  The next steps to further 

progress this field will be to continue the development of post-synthetic and post-

etching methods to achieve the elusive 2D MoB on a bulk scale.   
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